


Frontiers in Antimicrobial
Agents

(Volume 2)

Current Trends in the
Identification and Development of

Antimicrobial Agents
Edited by

M. Amin-ul Mannan
Department of Molecular Biology and Genetic Engineering,

School of Bioengineering and Biosciences, Lovely
Professional University, Phagwara, Punjab-144011, India

Division of Infectious Disease, The Lundquist Institute for
Biomedical Innovation at Harbor- University of California

Los Angeles (UCLA) Medical Center, Los Angeles,
California, USA

&

Gaurav Kumar
Department of Microbiology, School of Bioengineering and

Biosciences, Lovely Professional University, Phagwara,
Punjab-144011, India



Frontiers in Antimicrobial Agents

(Volume 2)

Current Trends in the Identification and Development of Antimicrobial Agents

Editors: M. Amin-ul Mannan and Gaurav Kumar

ISSN (Online): 2452-2589

ISSN (Print):  2452-2570

 ISBN (Online): 978-981-5080-05-6

ISBN (Print): 978-981-5080-06-3

©2023, Bentham Books imprint. 

ISBN (Paperback): 978-981-5080-07-0

Published by Bentham Science Publishers Pte. Ltd. Singapore. All Rights Reserved.

First published in 2023.

BSP-EB-PRO-9789815080056-TP-364-TC-12-PD-20230308

mailto:permission@benthamscience.org


BENTHAM SCIENCE PUBLISHERS LTD.
End User License Agreement (for non-institutional, personal use)

This is an agreement between you and Bentham Science Publishers Ltd. Please read this License Agreement
carefully  before  using  the  ebook/echapter/ejournal  (“Work”).  Your  use  of  the  Work  constitutes  your
agreement to the terms and conditions set forth in this License Agreement. If you do not agree to these terms
and conditions then you should not use the Work.

Bentham Science Publishers agrees to grant you a non-exclusive, non-transferable limited license to use the
Work subject to and in accordance with the following terms and conditions. This License Agreement is for
non-library, personal use only. For a library / institutional / multi user license in respect of the Work, please
contact: permission@benthamscience.net.

Usage Rules:
All rights reserved: The Work is the subject of copyright and Bentham Science Publishers either owns the1.
Work (and the copyright in it) or is licensed to distribute the Work. You shall not copy, reproduce, modify,
remove, delete, augment, add to, publish, transmit, sell, resell, create derivative works from, or in any way
exploit  the Work or make the Work available for others to do any of the same, in any form or by any
means,  in  whole  or  in  part,  in  each  case  without  the  prior  written  permission  of  Bentham  Science
Publishers, unless stated otherwise in this License Agreement.
You  may  download  a  copy  of  the  Work  on  one  occasion  to  one  personal  computer  (including  tablet,2.
laptop, desktop, or other such devices). You may make one back-up copy of the Work to avoid losing it.
The unauthorised use or distribution of copyrighted or other proprietary content is illegal and could subject3.
you to liability for substantial money damages. You will be liable for any damage resulting from your
misuse of the Work or any violation of this License Agreement, including any infringement by you of
copyrights or proprietary rights.

Disclaimer:

Bentham Science Publishers does not guarantee that the information in the Work is error-free, or warrant that
it will meet your requirements or that access to the Work will be uninterrupted or error-free. The Work is
provided  "as  is"  without  warranty  of  any  kind,  either  express  or  implied  or  statutory,  including,  without
limitation, implied warranties of merchantability and fitness for a particular purpose. The entire risk as to the
results and performance of the Work is assumed by you. No responsibility is assumed by Bentham Science
Publishers, its staff, editors and/or authors for any injury and/or damage to persons or property as a matter of
products liability, negligence or otherwise, or from any use or operation of any methods, products instruction,
advertisements or ideas contained in the Work.

Limitation of Liability:

In no event will  Bentham Science Publishers,  its  staff,  editors and/or authors,  be liable for any damages,
including, without limitation, special, incidental and/or consequential damages and/or damages for lost data
and/or profits arising out of (whether directly or indirectly) the use or inability to use the Work. The entire
liability of Bentham Science Publishers shall be limited to the amount actually paid by you for the Work.

General:
Any dispute or claim arising out of or in connection with this License Agreement or the Work (including1.
non-contractual  disputes or  claims) will  be governed by and construed in accordance with the laws of
Singapore. Each party agrees that the courts of the state of Singapore shall have exclusive jurisdiction to
settle  any  dispute  or  claim  arising  out  of  or  in  connection  with  this  License  Agreement  or  the  Work
(including non-contractual disputes or claims).
Your rights under this License Agreement will  automatically terminate without notice and without the2.

mailto:permission@benthamscience.net


need for a court order if at any point you breach any terms of this License Agreement. In no event will any
delay or failure by Bentham Science Publishers in enforcing your compliance with this License Agreement
constitute a waiver of any of its rights.
You acknowledge that you have read this License Agreement,  and agree to be bound by its terms and3.
conditions. To the extent that any other terms and conditions presented on any website of Bentham Science
Publishers  conflict  with,  or  are  inconsistent  with,  the  terms  and  conditions  set  out  in  this  License
Agreement, you acknowledge that the terms and conditions set out in this License Agreement shall prevail.

Bentham Science Publishers Pte. Ltd.
80 Robinson Road #02-00
Singapore 068898
Singapore
Email: subscriptions@benthamscience.net

BSP-EB-PRO-9789815080056-TP-364-TC-12-PD-20230308

mailto:subscriptions@benthamscience.net


CONTENTS
FOREWORD   ........................................................................................................................................... i

PREFACE   ................................................................................................................................................ ii

LIST OF CONTRIBUTORS   .................................................................................................................. iii

 CHAPTER 1  ANTI-MICROBIAL DRUGS FOR EMERGING AND RE-EMERGING
MICROBIAL DISEASES: PARADIGM IN THE 21 ST   CENTURY   ................................................ 1

Shiv Swaroop, Nidhi Verma, Jay Kant Yadav and Janmejay Pandey
INTRODUCTION  .......................................................................................................................... 2

Evolution of Microbial Life & Co-evolution of the Human-human Microbiome  .................. 2
HUMAN PATHOGENS – PROKARYOTIC MICROORGANISMS & VIRUSES  ................ 3
EMERGING AND RE-EMERGING INFECTIOUS DISEASES  ............................................. 3

Causative Agents of Emerging and Re-Emerging Infectious Disease  .................................... 4
Determinants of Emerging and Re-Emerging Infectious Diseases  ......................................... 8
Adaptive Microbial Physiology for Resistance to Anti-Microbials  ....................................... 9
Countermeasures for Emerging and Re-Emerging Diseases  .................................................. 11

INFECTIOUS DISEASES: TREATMENT PARADIGM IN THE 21 ST  CENTURY   ............ 12
Anti-Microbials for Infectious Diseases in 21 st  Century   ....................................................... 12
Vaccines for Emerging and Re-Emerging Diseases  ............................................................... 13
Genomics Guided Discovery of New Classes of Antibiotics  ................................................. 15
Structure-Function Guided Discovery of Inhibitors of Drug Targets  ..................................... 16
Innovative Novel Alternative Anti-Microbial Therapeutics  ................................................... 18
Nanomaterials as Potent Alternative Anti-microbial Therapeutics  ........................................ 18
The Anti-Microbial Peptide as Potent Alternative Anti-Microbial Therapeutics  ................... 20

CONCLUSION  ............................................................................................................................... 21
CONSENT FOR PUBLICATION  ................................................................................................ 21
CONFLICT OF INTEREST  ......................................................................................................... 22
ACKNOWLEDGEMENT  ............................................................................................................. 22
REFERENCES  ............................................................................................................................... 22

 CHAPTER 2  EMERGENCE OF MULTIDRUG RESISTANCE MICROBES: BACTERIA,
FUNGI, AND VIRUSES   ......................................................................................................................... 28

Neha Malhotra, Pramod Kumar, Ramakrishnan Sethu and Sanjay K. Rohaun
INTRODUCTION  .......................................................................................................................... 29
PROBLEM OF MULTIDRUG RESISTANCE  ........................................................................... 30
MECHANISM OF MULTIDRUG RESISTANCE  ..................................................................... 31

Genetic Basis for Drug Resistance  ......................................................................................... 33
Biochemical and Mutational Basis for Drug Resistance  ........................................................ 33

Target Modification  ...................................................................................................... 34
Increased Activity of Energy-driven Efflux Pumps  ....................................................... 34
Other Biochemical and Mutational Events  ................................................................... 35

EVOLUTION OF MULTIDRUG RESISTANCE  ...................................................................... 35
Multidrug Resistance in Bacteria  ............................................................................................ 35

MDR in Gram-negative Bacteria  .................................................................................. 36
MDR in Gram-positive Bacteria  ................................................................................... 39
MDR and XDR in M. tuberculosis  ................................................................................ 41

Multidrug Resistance in Fungi  ................................................................................................ 42
Drug Resistance in Candida albicans and NAC species  .............................................. 43
MDR in Aspergillus Fumigatus  ..................................................................................... 45
MDR in Fusarium  ......................................................................................................... 45



Multidrug Resistance in Viruses  ............................................................................................. 45
MDR in Influenza Virus  ................................................................................................ 46
MDR in Human Immunodeficiency Virus (HIV)  ........................................................... 47

ACTION PLANS FOR COMBATING MULTIDRUG RESISTANCE AND THE GLOBAL
SURVEILLANCE PROGRAMS  .................................................................................................. 48
ADVANCES TO DEVELOP NEWER THERAPEUTICS FOR MULTIDRUG
RESISTANCE  ................................................................................................................................. 49

Fecal Microbiota Transplantation (FMT)  ............................................................................... 49
CRISPR-Cas System  ............................................................................................................... 49
Metallo-Drugs and Metallo-nanoparticles in MDR  ................................................................ 50
Use of Antibiotic Adjuvants  ................................................................................................... 51
Herbal Medicine  ...................................................................................................................... 52
Quorum Sensing (QS) Inhibitors  ............................................................................................ 52
Phage Therapy  ........................................................................................................................ 52
Antimicrobial Peptides (AMP)  ............................................................................................... 52
Therapies for Oxidant: Antioxidant Balance  .......................................................................... 53
Vaccines  .................................................................................................................................. 53
Monoclonal Antibodies  ........................................................................................................... 53

CONCLUSION  ............................................................................................................................... 54
CONSENT OF PUBLICATION  ................................................................................................... 54
CONFLICT OF INTEREST  ......................................................................................................... 54
ACKNOWLEDGEMENTS  ........................................................................................................... 54
REFERENCES  ............................................................................................................................... 55

 CHAPTER 3  BASICS OF THE DRUG DEVELOPMENT PROCESS   ........................................... 68
Salim Faruk Bashir, Shivani Meena and Gaurav Kumar
INTRODUCTION  .......................................................................................................................... 69
LEAD DISCOVERY  ...................................................................................................................... 70
LEAD OPTIMIZATION AND CHARACTERIZATION  .......................................................... 71
PRECLINICAL STUDIES  ............................................................................................................ 74

Formulation, Dosage, and Delivery  ........................................................................................ 75
Formulation  ................................................................................................................... 75
Dosage  ........................................................................................................................... 77
Delivery  ......................................................................................................................... 78

Absorption, Distribution, Metabolization, and Excretion Information (ADME)  ................... 78
Mode of Action of Drug  ......................................................................................................... 79
Toxicity/Side Effects  .............................................................................................................. 80
Compression with Other Similar Drugs  .................................................................................. 82
Interaction with Other Drug Molecules  .................................................................................. 83
Packaging Development  ......................................................................................................... 84

Labeling  ......................................................................................................................... 84
Biocompatible Materials  ............................................................................................... 84
Quantity/Volume  ........................................................................................................... 85

CLINICAL TRIALS (PHASE 1-3)  ............................................................................................... 85
Phase I Clinical Trial  .............................................................................................................. 86

Phase Ia- Single Ascending Dose  ................................................................................. 86
Phase Ib- Multiple Ascending Doses  ............................................................................ 87
Food Effect on Drug  ...................................................................................................... 87

Phase II Clinical Trial  ............................................................................................................. 87
Phase III Clinical Trial  ............................................................................................................ 88



NEW DRUG APPLICATION FILING AND APPROVALS (REGULATORY
APPROVALS FOR CLINICAL TRIALS)  .................................................................................. 90
CLINICAL TRIAL (PHASE 4)  ..................................................................................................... 92
POST-MARKET MONITORING  ................................................................................................ 93
CONCLUSION  ............................................................................................................................... 94
CONSENT FOR PUBLICATION  ................................................................................................ 95
CONFLICT OF INTEREST  ......................................................................................................... 95
ACKNOWLEDGEMENT  ............................................................................................................. 95
REFERENCES  ............................................................................................................................... 95

 CHAPTER 4  ANTI BACTERIAL DRUGS: A BRIGHT PAST BUT A CHALLENGING
FUTURE   ................................................................................................................................................... 105

Nitin Pal Kalia, Manoj Kumar, Souhaila Al Khodor and Sandeep Sharma
INTRODUCTION  .......................................................................................................................... 105
HISTORY OF ANTIMICROBIAL DRUGS  ............................................................................... 106
NOVEL ANTIBIOTICS FOR EFFECTIVE TREATMENT IN CLINICAL SETTINGS  ..... 109
ANTIBACTERIAL DRUGS: A BRIGHT PAST BUT A CHALLENGING FUTURE  .......... 114

Antibacterial Drugs Discoveries  ............................................................................................. 114
Broad-target Activity Challenges  ........................................................................................... 115
Medical Challenge  .................................................................................................................. 115
Increasing Research and Development Cost  ........................................................................... 115
Commercial Challenge for the Pharmaceutical Industry  ........................................................ 116
Challenges in Antibacterial Drug Discovery  .......................................................................... 116

CONCLUSION AND FUTURE PERSPECTIVES  ..................................................................... 117
CONSENT FOR PUBLICATION  ................................................................................................ 118
CONFLICT OF INTEREST  ......................................................................................................... 118
ACKNOWLEDGEMENTS  ........................................................................................................... 118
REFERENCES  ............................................................................................................................... 119

 CHAPTER 5  CURRENT ANTIFUNGAL DRUGS   ........................................................................... 125
Megha Kaushik, Arvind Sharma, Shefali Gupta and Pooja Gulati
INTRODUCTION  .......................................................................................................................... 126
COMMON FUNGAL PATHOGENS  ........................................................................................... 127
CLASSICAL ANTIFUNGAL DRUGS IN CLINICAL USE  ..................................................... 128

Polyenes  .................................................................................................................................. 129
Azoles  ..................................................................................................................................... 131
Pyrimidines  ............................................................................................................................. 132
Allylamines  ............................................................................................................................. 132
Echinocandins  ......................................................................................................................... 134

ANTIFUNGAL PEPTIDES  ........................................................................................................... 134
Mode Of Action  ...................................................................................................................... 135

MOLECULAR MECHANISM OF RESISTANCE IN FUNGI  ................................................. 136
Alteration of the Target Site  ................................................................................................... 137
Overexpression of Efflux-pumps  ............................................................................................ 138
Cellular Stress Pathways  ......................................................................................................... 138
Alteration of Membrane Homeostasis  .................................................................................... 139
Biofilm Formation  .................................................................................................................. 139
Genome Plasticity  ................................................................................................................... 140
Metabolic Bypass  .................................................................................................................... 141
Resistance By Mitochondrial Alteration  ................................................................................. 141

EMERGING TARGETS FOR NEW ANTIFUNGAL DRUGS  ................................................. 142
Fungal Cell Wall Proteins  ....................................................................................................... 142



Fungal Membrane Sphingolipids  ............................................................................................ 142
Metabolic Pathways  ................................................................................................................ 143
Signal Transduction Pathways  ................................................................................................ 144

ANTIFUNGAL AGENTS IN CLINICAL TRIALS  .................................................................... 144
Novel Azoles/tetrazoles  .......................................................................................................... 145
Ibrexafungerp (formerly Known As Scy078)  ......................................................................... 145
Rezafungin (Formerly Known As CD101)  ............................................................................. 146
Fosmanogepix (APX001)  ....................................................................................................... 147
Mat2203  .................................................................................................................................. 147
Ceragenins  ............................................................................................................................... 148
Others  ...................................................................................................................................... 149

ANTIFUNGAL VACCINES  .......................................................................................................... 150
CONCLUSION  ............................................................................................................................... 152
CONSENT FOR PUBLICATION  ................................................................................................ 152
CONFLICT OF INTEREST  ......................................................................................................... 152
ACKNOWLEDGMENT  ................................................................................................................ 153
REFERENCES  ............................................................................................................................... 153

 CHAPTER 6  ANTIVIRAL DRUGS - IN PAST AND CURRENT PANDEMICS   ......................... 167
Arijit Nandi, Anwesha Das, Wei-Yu Lin and Payal Chakraborty
INTRODUCTION  .......................................................................................................................... 168

Different Types of Viruses  ...................................................................................................... 168
Life Cycle of a Virus  ............................................................................................................... 169
Host–Virus Interactions  .......................................................................................................... 170

DEMOGRAPHY AND EPIDEMIOLOGY OF PAST AND PRESENT VIRAL
OUTBREAKS  ................................................................................................................................. 171
ANTIVIRAL DRUG THERAPEUTICS - RESEARCH & DEVELOPMENT  ........................ 173

Natural Products  ...................................................................................................................... 173
Chemical Entities and Different Types of Formulations  ........................................................ 174

Viral DNA Synthesis Inhibitors like Acyclovir, Valacyclovir, Maribavir and
Letermovir  ..................................................................................................................... 174
Viral RNA-dependent RNA Polymerase (RdRp) Inhibitors such as Favipiravir,
Remdesivir, Galidesivir and Ribavirin  .......................................................................... 174
Viral RNA Synthesis inhibitor - Sofosbuvir  ................................................................... 175
Fusion Inhibitor - Arbidol  ............................................................................................. 176
Endonuclease Inhibitor - Baloxavir  .............................................................................. 176
Viral Protease Inhibitor –Lopinavir  ............................................................................. 176
Inhibitors of Viral Penetration into the Host Cell such as Amantadine and
Rimantadine  .................................................................................................................. 176
Neuraminidase Inhibitors for e.g., Oseltamivir, Zanamivir, Peramivir and
Laninamivir  ................................................................................................................... 176

Biologicals – Vaccine & Sera Therapy  ................................................................................... 177
Types of Biological Products  .................................................................................................. 177

Vaccines  ........................................................................................................................ 177
Convalescent Plasma  .................................................................................................... 180
Monoclonal Antibodies  ................................................................................................. 180
Interferons (IFNs)  ......................................................................................................... 180

Translational Medicines  .......................................................................................................... 180
Repurposed Drugs  ......................................................................................................... 181
Combined Drugs  ........................................................................................................... 181
Prediction of Drug Targets  ........................................................................................... 181



Assay Development  ....................................................................................................... 181
In-Vitro Assay and Laboratory Findings  ...................................................................... 182
Others  ............................................................................................................................ 182

ADVANCED APPROACHES IN ANTIVIRAL THERAPY  ..................................................... 183
Insights into Advanced Immunotherapies  .............................................................................. 183
Ongoing Clinical Trials - New Antiviral Therapies  ............................................................... 184

Ebola  ............................................................................................................................. 184
Influenza  ........................................................................................................................ 184
SARS-CoV-2  .................................................................................................................. 185

Application of Artificial Intelligence  ...................................................................................... 185
Diagnostic Tool  ............................................................................................................. 186
Drug Development  ........................................................................................................ 186
Immunotherapy  ............................................................................................................. 186
Clinical Trial  ................................................................................................................. 186

CONCLUSION  ............................................................................................................................... 186
CONSENT FOR PUBLICATION  ................................................................................................ 187
CONFLICT OF INTEREST  ......................................................................................................... 187
ACKNOWLEDGEMENT  ............................................................................................................. 187
REFERENCES  ............................................................................................................................... 188

 CHAPTER 7  NATURAL PRODUCTS: ANTIBACTERIAL, ANTI-FUNGAL, AND ANTI-
VIRAL AGENTS   ..................................................................................................................................... 195

Shipa Rani Dey, Neha Gogia and Prasann Kumar
INTRODUCTION  .......................................................................................................................... 196
ANTI-BACTERIAL, ANTI-FUNGAL AND ANTI-VIRAL ACTIVITY  ................................. 197

Principle Antibacterial Phytochemicals  .................................................................................. 197
Terpenes  .................................................................................................................................. 198
Phenolic and Polyphenols  ....................................................................................................... 199
Coumarins  ............................................................................................................................... 199

EFFICACY OF PLANT-DERIVED NATURAL PRODUCTS IN MITIGATING
NEURODEGENERATIVE DISEASES  ....................................................................................... 201
CONTINUING SEARCH FOR NATURAL PLANT RESOURCES IN ANTI-CANCER
THERAPY  ....................................................................................................................................... 205
CONCLUSION  ............................................................................................................................... 206
CONSENT FOR PUBLICATION  ................................................................................................ 207
CONFLICT OF INTEREST  ......................................................................................................... 207
ACKNOWLEDGEMENTS  ........................................................................................................... 207
REFERENCES  ............................................................................................................................... 207

 CHAPTER 8  ANTIMICROBIAL DRUGS OBTAINED FROM MARINE ALGAE   .................... 213
Rohan Samir Kumar Sachan, Ritu Bala, Abdel Rahman M. Al-Tawaha, Samia
Khanum and Arun Karnwal
INTRODUCTION  .......................................................................................................................... 214
DIVERSITY IN THE MARINE ENVIRONMENT  .................................................................... 215
CLASSIFICATION OF SEAWEEDS  .......................................................................................... 217

Green Algae  ............................................................................................................................ 218
Red Algae  ................................................................................................................................ 219
Brown Algae  ........................................................................................................................... 220

ANTIMICROBIAL COMPOUNDS FROM MARINE ALGAE  ............................................... 221
Polysaccharides and Sulfated Polysaccharides  ....................................................................... 222
Lipid, Glycerol, and Sterols  .................................................................................................... 224
Phenolic Compounds and their Derivatives  ............................................................................ 226



Pigments  .................................................................................................................................. 227
Lectin  ...................................................................................................................................... 228
Alkaloids  ................................................................................................................................. 228
Cyclic Peptides  ........................................................................................................................ 229
Terpenes and its Derivatives  ................................................................................................... 229
Halogenated Compounds  ........................................................................................................ 230

ANTIMICROBIAL ASSESSMENT OF COMPOUNDS FROM MARINE ALGAE  ............. 231
In-vitro Assessment  ................................................................................................................ 231

Disc Diffusion Method  .................................................................................................. 231
Minimum Inhibitory Concentration (MIC)  ................................................................... 232

In-vivo Assessment  ................................................................................................................. 233
PRODUCTION OF ANTIMICROBIAL COMPOUNDS FROM MARINE ALGAE  ............ 233

Factors Affecting their Production  .......................................................................................... 233
Extraction Techniques and Solvent Effect  .............................................................................. 234

IMPACT ON HUMAN HEALTH  ................................................................................................ 235
Seaweeds as Food  ................................................................................................................... 235
Medicinal Use of Seaweeds  .................................................................................................... 237

Seaweed as Medicines  ................................................................................................... 237
Respiratory Treatment  .................................................................................................. 238
Hormones in Seaweeds  ................................................................................................. 238
Essential Fat and Vitamins in Seaweeds  ....................................................................... 239

CONCLUSION  ............................................................................................................................... 240
CONSENT FOR PUBLICATION  ................................................................................................ 240
CONFLICT OF INTEREST  ......................................................................................................... 240
ACKNOWLEDGEMENT  ............................................................................................................. 240
REFERENCES  ............................................................................................................................... 241

 CHAPTER 9  MUSHROOM AND RELATED FUNGI: A NATURAL SOURCE OF ANTI-
MICROBIAL COMPOUNDS   ................................................................................................................ 248

Prabhjot Kaur, Abhijit Dey, Vijay Kumar, Padmanabh Dwivedi, Tabarak Malik,
R.M. Banik, Brijendra Pratap Mishra and Devendra Kumar Pandey
INTRODUCTION  .......................................................................................................................... 249
ANTI-MICROBIAL COMPOUNDS FROM MUSHROOMS  .................................................. 251

Bio-active Compounds: Anti-Bacterial Properties  ................................................................. 253
Bio-active Compounds: Anti-Fungal Properties  ..................................................................... 256
Bio-active Compounds: Anti-Viral Properties  ........................................................................ 259

EXTRACTION OF BIOACTIVE COMPOUNDS FROM MUSHROOMS  ............................ 259
CONCLUSION  ............................................................................................................................... 263
CONSENT FOR PUBLICATION  ................................................................................................ 264
CONFLICT OF INTEREST  ......................................................................................................... 264
ACKNOWLEDGEMENTS  ........................................................................................................... 264
REFERENCES  ............................................................................................................................... 264

 CHAPTER 10  NANO-PARTICLES FOR MICROBIAL GROWTH AND DRUG DELIVERY 273
Pranjali Chole, Camil Rex, Sabia Imran, Kasi Gopinath and Lokesh Ravi
INTRODUCTION TO NANOPARTICLES  ................................................................................ 274

Types of Nanoparticles  ........................................................................................................... 275
Organic Nanoparticles  .................................................................................................. 275
Liposomes  ...................................................................................................................... 275
Dendrimers  .................................................................................................................... 275
Carbon-based NPs  ........................................................................................................ 276
Polymeric Nanoparticles  ............................................................................................... 276



Metal Nanoparticles  ...................................................................................................... 277
Gold Nanoparticles  ....................................................................................................... 277
Silver Nanoparticles  ...................................................................................................... 278
Zinc Oxide Nanoparticles  ............................................................................................. 278
Titanium Dioxide Nanoparticles  ................................................................................... 279
Magnetic Nanoparticles  ................................................................................................ 279
Ceramic Nanoparticles  ................................................................................................. 279
Quantum Dots  ............................................................................................................... 280

SYNTHESIS OF NANOPARTICLES  ................................................................................... 280
Green Synthesis  ............................................................................................................. 280
Chemical Synthesis  ........................................................................................................ 281
Physical Synthesis  ......................................................................................................... 281

ANTIBACTERIAL NANOPARTICLES  ..................................................................................... 281
ANTIBACTERIAL APPROACHES  ...................................................................................... 282

Bacterial Cell Wall  ........................................................................................................ 282
Role Of Biofilm Formation  ............................................................................................ 282
Growth Rate Control  ..................................................................................................... 283

ANTIBACTERIAL MECHANISM OF NANOPARTICLES  ............................................... 283
Release Of Metal Ion From Nanoparticles  ................................................................... 283
Oxidative Stress  ............................................................................................................. 284

NANOPARTICLES AGAINST DRUG-RESISTANT BACTERIA  ..................................... 285
ANTI-FUNGAL NANOPARTICLES  .......................................................................................... 286

ANTI-FUNGAL MECHANISM OF NPS  .............................................................................. 286
ANTI-PARASITIC ACTIVITIES  ................................................................................................ 287

ANTI-PARASITIC MECHANISM OF NPS  ......................................................................... 287
Mechanism  .................................................................................................................... 288

NPS AGAINST DRUG RESISTANT PARASITES  ............................................................. 288
Chitosan Nanoparticles   ................................................................................................ 288
Gold Nanoparticles  ....................................................................................................... 289
Silver Nanoparticles  ...................................................................................................... 289

ANTI-VIRAL NANOPARTICLES  .............................................................................................. 289
ANTI-VIRAL MECHANISM OF NANOPARTICLES  ........................................................ 289

Mechanism 1  ................................................................................................................. 289
Mechanism 2  ................................................................................................................. 290

DRUG-DELIVERY SYSTEM  ....................................................................................................... 290
TYPES OF NANOTECHNOLOGY-BASED DRUG DELIVERY SYSTEMS  .................... 291

Nanobots  ....................................................................................................................... 291
Nanoghosts  .................................................................................................................... 291
Nanoclews  ..................................................................................................................... 292
Nanoneedles  .................................................................................................................. 292
Nanoclusters  .................................................................................................................. 293
Liposomes  ...................................................................................................................... 293
Nanobubbles  .................................................................................................................. 294
Exosomes  ....................................................................................................................... 294
Injectable Nanoparticle Generator  ............................................................................... 295
Nano Terminator  ........................................................................................................... 295
Niosomes  ....................................................................................................................... 296
Carbon Nanotubes  ........................................................................................................ 297

APPLICATIONS OF DRUG DELIVERY NANOPARTICLES  ........................................... 297
CONCLUSION  ............................................................................................................................... 298
CONSENT FOR PUBLICATION  ................................................................................................ 298



CONFLICT OF INTEREST  ......................................................................................................... 298
ACKNOWLEDGEMENTS  ........................................................................................................... 298
REFERENCES  ............................................................................................................................... 298

 CHAPTER 11  CURRENT APPROACHES TO ANTIMICROBIAL FORMULATIONS AND
THEIR DELIVERY   ................................................................................................................................ 304

Kaushita Banerjee and Harishkumar Madhyastha
INTRODUCTION  .......................................................................................................................... 305
ANTIMICROBIAL FORMULATIONS AND THEIR TYPES  ................................................. 309

Plant Antimicrobials  ............................................................................................................... 309
Antimicrobial Peptides  ............................................................................................................ 310
Immunomodulatory Agents as Antimicrobials  ....................................................................... 312
Colloid-based Antimicrobials  ................................................................................................. 314

MECHANISM OF ACTION OF ANTIMICROBIAL FORMULATIONS AND THEIR
DELIVERY  ..................................................................................................................................... 315

Mechanistic Approach of Resistance to Antimicrobials in Microorganisms  ......................... 316
Inactivation of Antimicrobials  ....................................................................................... 317
Modification of the Target  ............................................................................................ 317
Drug Efflux Pumps in Resistance Development  ............................................................ 318
Role of Plasmid-mediated Drug Efflux Pump Systems  ................................................. 318

CHALLENGES IN DEVELOPING CONTEMPORARY ANTIMICROBIAL
FORMULATIONS  ......................................................................................................................... 321

Inexorableness to Antimicrobial Resistance  ........................................................................... 322
Manageability of Resistance  ................................................................................................... 322

EFFECTIVENESS OF CONTEMPORARY ANTIMICROBIALS OVER THE
TRADITIONAL THERAPIES  ...................................................................................................... 323

Antimicrobial Peptides  ............................................................................................................ 323
Phage Therapy  ........................................................................................................................ 324
Vaccines  .................................................................................................................................. 324
Potentiators Replacing the Currently used Antibiotics  ........................................................... 325
Biomaterials Combined Antimicrobials  ................................................................................. 326

CONCLUSION  ............................................................................................................................... 329
CONSENT OF PUBLICATION  ................................................................................................... 330
CONFLICT OF INTEREST  ......................................................................................................... 330
ACKNOWLEDGEMENTS  ........................................................................................................... 330
REFERENCES  ............................................................................................................................... 330

 CHAPTER 12  IMMUNOINFORMATICS - ROLE IN THE IDENTIFICATION OF NEW
CLASSES OF ANTIMICROBIALS   ...................................................................................................... 339

Sunil Krishnan G., Amit Joshi and Vikas Kaushik
INTRODUCTION  .......................................................................................................................... 340
IMMUNE SYSTEM AND IMMUNOINFORMATICS  .............................................................. 341
ANTIMICROBIALS AND ITS NEW CLASSES  ........................................................................ 341

Antiviral  .................................................................................................................................. 343
Antibacterial  ............................................................................................................................ 344
Antifungal  ............................................................................................................................... 344
Antiprotozoals  ......................................................................................................................... 344
Anthelmintics or Antihelminthics  ........................................................................................... 345
Plant-sourced Natural and Small Antimicrobials  ................................................................... 345

IMPORTANCE OF VACCINE AS AANTIMICROBIAL AGENT  ......................................... 346
IMMUNOINFORMATICS ROLE IN ANTIMICROBIALS  .................................................... 347

Antimicrobial Peptides  ............................................................................................................ 347



Antimicrobial Databases and Immunoinformatics Tools  ....................................................... 347
IMMUNOINFORMATICS ROLE IN VACCINES DEVELOPMENT  ................................... 350

Machine Learning in Antimicrobial Peptides  ......................................................................... 351
Antimicrobial Peptide’s role in Gastrointestinal Infections  .................................................... 352

FUTURE PROSPECTUS  .............................................................................................................. 352
CONCLUSION  ............................................................................................................................... 353
CONSENT FOR PUBLICATION  ................................................................................................ 354
CONFLICT OF INTEREST  ......................................................................................................... 354
ACKNOWLEDGEMENTS  ........................................................................................................... 354
REFERENCES  ............................................................................................................................... 354

 SUBJECT INDEX    ....................................................................................................................................   359



i

FOREWORD

M. Amin-ul Mannan and Gaurav Kumar have done a wonderful job in compiling the book
entitled  Frontiers  in  Antimicrobial  Agents  Vol.  2,  Current  Trends  in  Identification  and
Development  of  Antimicrobial  Agents.  All  chapters  in  the  book  are  written  by  well-
experienced  researchers;  however,  keeping  the  convenience  of  readers  in  mind,  simple
language  is  used  throughout  the  book.  The  book  is  also  well  supported  with  diagrams,
photographs,  tables,  etc.,  to  make  the  content  lucid  and  interesting.

I hope that this book will help the readers to update and upgrade their knowledge and skills in
the field of anti-microbial drug discovery and development.

Further,  I  appreciate  the  editors,  Dr.  Mannan  and  Dr.  Kumar,  for  taking  the  initiative  to
compile recent developments in the field of a very important global problem. Further, I also
wish all the best to the contributors. I hope that this book will make its contribution to the
field of anti-microbial drug discovery and development.

Manish Kumar
Associate Professor

Head of the Department of Biophysics
University of Delhi-South Campus

South Moti Bagh, New Delhi-110021
India
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PREFACE

Microorganisms are ubiquitous organisms; we cannot imagine our existence without them.
These  are  one  of  the  world's  greatest  living  populations.  Some  bacteria  can  harm  people,
others enable us to live on this planet, and a few have no effect on us. Microbial infections
have  long  been  one  of  the  primary  causes  of  morbidity  and  mortality  around  the  world.
Despite the fact that the discovery of a wide range of anti-microbial medicines has aided in
the control of the impact of microbial diseases, the growth of drug resistance among bacteria
has lowered the efficiency of anti-microbial agents, paving the need for novel anti-microbial
treatments.

Keeping the recent developments in context, this book “Frontiers in Antimicrobial Agents
Vol. 2, Current Trends in the Identification and Development of Antimicrobial Agents”
is an effort to bring together the experience of eminent researchers to discuss various aspects
of  anti-microbial  research.  Different  chapters  of  this  book  cover  various  aspects  of  anti-
microbial  drugs,  drug  resistance,  emerging  and  re-emerging  microbial  diseases,  drug
discovery,  sources  of  novel  anti-microbial  compounds,  and  future  needs  of  anti-microbial
drugs.  The  book  will  be  useful  for  microbiologists,  biotechnologists,  pharmacologists,
clinicians,  researchers  in  biotechnology,  or  any  scholar  of  the  allied  fields  who  have  an
interest in working on anti-microbial drug discovery and development.

The chapters incorporated have been written in simple and straightforward language, while
significant  emphasis  has  been  given  to  providing  updated  information.  Keeping  the
researchers  in  mind,  each  chapter  is  well  supported  with  the  latest  references,  which  will
assist them in following the information in more detail.

We would like to express our gratitude to all the authors of the chapters for contributing their
knowledge and experience to make this book possible. We also like to thank Dr. Neeta Raj
Sharma, Professor and Dean, School of Bioengineering and Biosciences, Lovely Professional
University, for supporting us throughout. Lastly, we want to extend our sincere thanks for
various favors extended by our family members at  various stages of  the publication.  With
this,  we hope that the content of this book will  be helpful for the readers to improve their
knowledge in the field of anti-microbial drug discovery and development.

M. Amin ul Mannan
Department of Molecular Biology and Genetic Engineering

School of Bioengineering and Biosciences
Lovely Professional University

Phagwara, Punjab-144011
India

Division of Infectious Disease
The Lundquist Institute for Biomedical

Innovation at Harbor- University of California Los Angeles (UCLA) Medical Center
Los Angeles, California

USA

&

Gaurav Kumar
Department of Microbiology

School of Bioengineering and Biosciences
Lovely Professional University

Phagwara, Punjab-144011
India
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CHAPTER 1

Anti-Microbial  Drugs  for  Emerging  and  Re-
emerging Microbial Diseases: Paradigm in the 21st

Century
Shiv Swaroop1, Nidhi Verma2, Jay Kant Yadav2,* and Janmejay Pandey2,*
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Abstract:  Infectious  diseases  are  one  of  the  leading  causes  of  human  deaths
worldwide.  They  have  devastated  human  life  for  a  very  long  time;  however,  with
advancements  in  diagnostics,  prevention,  and  therapeutic  approaches,  they  were
controlled to  a  manageable  extent  during the second half  of  the 20th  century.  It  was
assumed that  humankind has  successfully  defeated  the  threat  of  infectious  diseases.
However, many infectious diseases have undergone re-emergence and are now a major
cause of concern. Besides, there is the emergence of several new infectious diseases.
These  diseases  are  termed  re-emerging  and  emerging  infectious  diseases,  and
collectively account for more than 20 infectious diseases. World Health Organization
has identified these diseases as the predominant health hazard faced by human beings.
Owing to this situation, there is an urgent need to revisit infectious diseases and make
efforts towards the development of anti-microbial drugs for emerging and reemerging
microbial diseases. The present book chapter aims to provide a comprehensive account
of re-emerging and newly emerging infectious diseases and the paradigm shift of anti-
microbial  drugs  in  the  21st  century.  It  is  expected to  provide useful  insight  into  this
important research and development area.
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INTRODUCTION

Evolution  of  Microbial  Life  &  Co-evolution  of  the  Human-human
Microbiome

Prokaryotic microorganisms are the first form of life to evolve on earth several
million years before the evolution of more complex forms of life [1]. The solar
system, including earth and moon, is estimated to have originated ~ 4.54 billion
years ago [2]. In the beginning, the Earth’s environment was dominated by strong
radiation, volcanic eruptions, and extremely high temperatures. These conditions
were too harsh for the origin and evolution of life. With the passage of time and
the  alteration  of  Earth’s  environment,  prokaryotic  microorganisms  originated,
evolved,  and  migrated  to  acquire  a  ubiquitous  presence  on  earth  [3].  The
evolution of prokaryotic microorganisms has continued ever since, and now they
are  acknowledged  to  be  ubiquitously  present  on  earth.  Their  evolution  has
resulted  in  microorganisms  being  endowed  with  the  capability  of  thriving  in  a
wide variety of microenvironments, including those characterized by extremes of
physio-chemical conditions.

One of the most prominent ecological niches having the presence of prokaryotic
microorganisms is on and within other living being, including human beings [4,
5]. It is now well-acknowledged scientific knowledge that human being consists
of  ~  1013  human  cells  and  ~  1014  microbial  cells.  Collectively,  the  microflora
associated  with  the  human  body  is  referred  to  as  human  microbiome  and
represents  an  enormous  genetic  diversity  repertoire  [6].  Recent  studies  have
defined  human  microbiome  as  a  vital  determinant  of  human  health  and  results
obtained  with  these  studies  have  suggested  that  well-being  depends  upon  the
complex  interactions  that  occur  between  the  environmental  factors,  human
nuclear  DNA,  mitochondrial  DNA,  and  the  microbiome  [7].  The  Human
microbiome is also argued to have a critical role in promoting human evolution
[8].

Owing  to  the  close  interaction  of  human  beings  with  microorganisms,  human
evolution is suggested to have progressed through a long and tough contest for
survival  between  human  beings  and  microorganisms.  In  this  contest,  human
beings  have  been  successful  in  attenuating  or  even  domesticating  potential
pathogens. It is apparent from the observation that microorganisms cause diseases
in  human being  only  under  the  following conditions:  (i)  the  immune system is
weakened; (ii) microorganisms and viruses infect a sterile part of the body.
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HUMAN  PATHOGENS  –  PROKARYOTIC  MICROORGANISMS  &
VIRUSES

A small fraction of total prokaryotic microorganisms and viruses cause diseases in
human hosts even when they are not immunocompromised or injured [9]. Further,
they can exit the host body to affect other non-infected hosts [5, 6]. Despite these
common  characteristics,  each  pathogen  implements  a  unique  mechanism  for
eliciting  the  disease,  making  it  extremely  challenging  to  understand  the
underlying mechanism of different infections [6]. Yet another challenge related to
infectious microbial disease is the lack of a comprehensive list of all pathogens
for  a  very  long  time.  Recently,  Taylor  and  co-workers  generated  a  list  of  all
known human microbial pathogens; it contained entries of each microbial species
known to be causing disease in human beings [10]. There are ~ 1400 species of
infectious  microorganisms  that  cause  diseases  to  humans.  These  include  217
viruses and prions,  538 bacteria and rickettsia,  307 fungi,  66 protozoa and 287
helminths [10, 11]. An alarming observation from this list is the fact that ~ 175
pathogenic species have been identified for the first time only during the last 2
decades.  They cause  diseases  that  are  considered  emerging infectious  diseases.
Additionally, the last 2-3 decades have also seen the re-emergence of infectious
diseases  that  were  earlier  thought  to  be  successfully  treated  with  available
countermeasures  [12,  13].

EMERGING AND RE-EMERGING INFECTIOUS DISEASES

During  the  second  half  of  the  20th  century,  it  was  proposed  that  the  long  war
against  microbial  pathogens  had  been  won  with  the  advancement  of
countermeasures,  including  antibiotics,  vaccines,  etc.  By  the  1970s,  effective
treatments  were  available  against  the  most  prevalent  infectious  diseases.  The
situation  was  aptly  complemented  by  improved  methods  for  sanitation,  food
handling, pasteurization, etc., to cut down on the variety of food & water-borne
infectious diseases [11]. As a consequence, exemplary success was achieved with
the mitigation of many infectious diseases. One such example was ‘smallpox’; in
1979,  the  World  Health  Organization  (WHO)  declared  smallpox  the  first-ever
disease to be completely eradicated by technological intervention. Inferring from
this  success,  the  scientific  and  medical  community  projected  that  “infectious
diseases  would  be  completely  eliminated  in  the  near  future”  [14].  However,
microorganisms  have  exhibited  remarkable  adaptability  and  adapted  to
circumvent  anti-microbial  therapeutics.  It  has  resulted  in:  (i)  non-pathogenic
microorganisms  becoming  pathogenic,  and;  (ii)  susceptible  pathogenic
microorganisms  becoming  resistant  towards  anti-microbial  therapeutics.  The
former is referred to as “Emerging pathogens”, while the latter is referred to as
“Re-emerging pathogens”. According to the definitions by the National Institute
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of Allergy and Infectious Diseases (NIAID), “Emerging Infectious Diseases” are
infections that have newly appeared in a population or have existed previously but
are  rapidly  increasing  in  incidence  [15].  The  Human  Immunodeficiency  Virus
(HIV)  and  Severe  Acute  Respiratory  Syndrome  (SARS)-coronavirus  (SARS-
CoV)  are  typical  examples.  These  diseases  were  never  faced  by  human beings
before  the  1980s  and  2003,  respectively  [16].  “Re-Emerging  Infectious
Diseases” as diseases that reappear after being on a significant decline. Influenza-
A  virus  pandemics  of  1957,  and  1968  are  examples  of  re-emerging  infectious
diseases.  Other  examples  include  malaria,  tuberculosis,  cholera,  pertussis,
influenza,  pneumococcal  disease,  gonorrhea,  etc.  [17].  Another  category  of
infectious  diseases  observed  in  the  recent  past  is  “Deliberately  Emerging
Infectious Diseases”. This category includes diseases that have emerged due to
the deliberate release of the infectious agent. The bioterrorist attack of anthrax on
the United States of America in the year 2001 falls into this category [12]. With
strict  global  regulations  on  the  deliberate  release  of  infectious  pathogens,
incidences of deliberately emerging infectious diseases have been kept in a strong
check.

Incidences  of  both  emerging  and  re-emerging  diseases  have  had  a  societal  and
economic  impact  at  the  global  levels  [13].  The  recent  COVID-19  pandemic  is
another  example  of  an  emerging  infectious  disease.  On  March  11,  2020  (i.e.,
within 3 months of the first report of its outbreak), the World Health Organization
declared the COVID-19 outbreak a global pandemic [18]. It has been predicted to
adversely  affect  the  global  economy  over  the  next  12-18  months  [19].  It  will
cause massive losses in GDP in the year 2020 [20]. The secondary effects of the
COVID-19 pandemic are also reasoned to be quite severe and long-lasting [21].
Therefore,  such  emerging  and  re-emerging  infectious  diseases  must  not  be
overlooked  as  they  may  cause  public  fear,  economic  loss,  and  other  adverse
outcomes.

Causative Agents of Emerging and Re-Emerging Infectious Disease

Amongst  the  175  new  infectious  microorganisms  identified  during  the  last  3
decades,  ~  50  have  been  identified  by  the  Center  for  Disease  Control  and
Prevention for causing life-threatening diseases and affecting infections include
millions of people across the globe [22]. Amongst these, the most threatening is
SARS,  MERS,  Ebola,  Chikungunya,  Avian Flu,  Swine Flu,  and Zika  Virus.  In
2018, the list of major emerging infectious diseases identified during the last 3 to
4  decades  are  dominated  by  viruses  the  WHO  committee  stated,  “given  their
potential to cause public health emergency; there is an urgent need for R&D on
Crimean-Congo hemorrhagic fever, Ebola virus and Marburg virus disease, Lassa
fever, Middle East Respiratory Syndrome (MERS) and Severe Acute Respiratory
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Syndrome  (SARS),  Henipaviral  Diseases,  Rift  Valley  Fever,  and  Zika  Virus
Disease [23]. The list of major emerging infectious diseases identified during the
last  3  to  4  decades  are  dominated  by  viruses  [11].  A  summary  of  the  broad
taxonomic distribution of emerging and re-emerging microbial human pathogens
is presented in Fig. (1).

Fig. (1).  Broad taxonomic distribution of emerging and re-emerging microbial human pathogens; dataset
adapted from [11].

Most of the prominent emerging and re-emerging infectious pathogens have also
been characterized up to their species level.  A summary of species,  the disease
caused, and the year of identification of some of the major bacterial and emerging
viral pathogens are presented in Table 1.

Table 1. Major emerging bacterial and viral pathogens (since 1970); adapted from [22, 24].

Pathogenic Bacterial Species Year Identified Diseases Caused in Human Beings

Emerging Bacterial Pathogens

Campylobacter spp. 1973 Diarrhea

Clostridium difficile 1974 Pseudo-membrane colitis & Toxic megacolon

Streptococcus bovis 1974 Endocarditis

Legionella pneumophilia 1976 Lung infection

Staphylococcus aureus 1981 Toxic shock syndrome

Escherichia coli O157:H7 1982 Hemorrhagic colitis

Chlamydia pneumoniae 1983 Lung infection
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Pathogenic Bacterial Species Year Identified Diseases Caused in Human Beings

Helicobacter pylori 1983 Gastric ulcers

Rhodococcus equi 1986 Pneumonia in immunocompromised patient

Spotted fever group Rickettsia spp. 1990 Spotted fever rickettsiosis

Vibrio choleraeO139 1992 Diarrhoea

Aerococcus spp. 1992 Urinary Tract Infections & Endocarditis

Wolbachia spp. 1995 Lymphatic filariasis

Simkania negevensis 1997 Lung infection

Actinobaculum schaalii 1997 Urinary Tract Infections

Parachlamydia acanthamoebae 1997 Lung infection

Waddlia chondrophila 2007 Miscarriage

Neoehrlichia mikurensis 2010 Neoehrlichiosis: systemic inflammation

Escherichia coli (O104:H4) 2011 hemolytic uremic syndrome

Emerging Viral Pathogens

Ebola virus 1976 Hemorrhagic fever

Human T cell leukemia virus (HTLV) 2 1982 Adult T-cell leukemia/lymphoma

Human immunodeficiency virus (HIV) 1983 Acquired immunodeficiency syndrome

Hepatitis E virus 1988 Hepatitis

Human Herpes virus6 (HHV6) 1988 Roseola

Hepatitis C virus 1989 Hepatitis

Guanarito virus 1991 Hemorrhagic fever

Sabia virus 1994 Hemorrhagic fever

Hendra virus 1994 Hemorrhagic fever, Encephalitis, Pneumonia

Human Herpes virus 8 (HHV8) 1995 Kaposi sarcoma

Avian Influenza virus 1997 Pneumonia

Nipah virus 1999 Encephalitis

Human metapneumovirus 2001 Bronchiolitis, Pneumonia

The geographical distribution of incidences of emerging infectious diseases is yet
another  critical  point  for  deliberation.  Characteristically  such  incidences  have
been  reported  from  diverse  regions  of  the  world;  for  example,  E.coli  strain
O157:H7;  and  Hendra  Virus  were  identified  from  Japan  &  Australia,  while
H3N2v influenza and Human Monkeypox virus were identified from the United
States.  Some of  the most  dreaded emerging infectious agents,  e.g.,  HIV,  Ebola
Virus, Zika Virus, and drug-resistant Tuberculosis, were identified in Central and
Sub-Saharan Africa. A comprehensive account of the global geographical pattern
for  emerging  and  re-emerging  infectious  diseases  has  been  provided  by  the

(Table 1) cont.....
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National Institute of Allergy and Infectious Diseases (NIAID), NIH - USA [25].
A graphical representation of data accessible from this report is presented in Fig.
(2).

Fig. (2).  Geographical distribution of first reported human cases of disease caused by major emerging, re-
emerging, and deliberately emerging infectious diseases. Dataset adapted from [25].

North America and Central & Sub Saharan Africa have been the major sites for
the identification of both emerging and re-emerging infectious diseases, whereas
almost  negligible  cases  of  new  infectious  diseases  have  been  reported  from
Australia  &  Oceania  and  Polar  Regions.  It  could  be  argued  that  successful
identification  of  emerging  and  re-emerging  infectious  may  be  biased  and
prominently  influenced  by  the  availability  of  adequate  diagnostic  tools  [24].

Another  important  observation  with  regard  to  emerging  and  re-emerging
infectious diseases is the fact that ~ 75% are zoonotic in nature [12, 22]. Many of
the  recent  infections  have  probably  emerged  due  to  human  interactions  with
animal  hosts  [12].  This  observation  corroborates  well  with  increased  human-
wildlife  interactions  through  activities  related  to  domestic  animals,  companion
animals,  animal  exhibits,  animal-centric  tourism,  and  above  all,  exotic  animal
cuisine.  Once  any  pathogen  finds  its  way  into  the  human  body,  it  could  infect
other human beings leading to incidences of disease pandemics.

Although,  the  increased  human  interaction  with  wildlife  can  explain  the
emergence  of  new  infectious  diseases;  however,  it  does  not  explain  the  re-
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emergence  of  infectious  diseases  that  were  previously  controlled  with
countermeasures.  Also,  it  does  not  provide  an  appropriate  explanation  for  the
emergence  of  virulent  strains  of  non-virulent  species  (e.g.,  hemorrhagic  E.coli
strain O104:H4). This suggests that the phenomenon of emerging and re-emerging
infectious diseases is much more complex than previously envisaged. A theory in
this  regard  suggests  that  emerging  diseases  have  been  present  in  the  Earth’s
environment;  however,  they  were  not  detected  in  the  past  due  to  a  lack  of
infection incidences and the non-availability of diagnostic tools [24]. The other
theory is based on ‘antigenic drift’ and ‘acquisition of anti-microbial resistance
due to random mutations’  [16,  24].  A more elaborate  deliberation of  the major
determinants of emerging and re-emerging infectious diseases is presented below.

Determinants of Emerging and Re-Emerging Infectious Diseases

Infectious  diseases  have  been  emerging  and  re-emerging  for  millions  of  years,
however,  the  rate  of  incidences  has  increased  significantly  during  the  past  few
decades  [13].  This  increase  has  been  brought  about  by  the  alteration  of
environmental  factors,  anthropological  activities,  and  increased  microorganism
and  human  interaction  [26].  Present-day  societies  find  it  difficult  to  handle
emerging and re-emerging infectious diseases [12]. The possible explanations rest
in  present-day infectious  diseases  being multifaceted  and influenced by factors
including  (i)  global  climate  changes;  (ii)  alterations  in  population  composition
(iii) acquisition of antibiotic resistance and antigenic drift in microorganisms; (iv)
acquisition  of  pesticides  resistance  amongst  vector  pests;  (v)  change  in  human
demographics and behavior; lack of public health services and infrastructure; (vi)
international  trade  and  commerce;  (vii)  increased  global  interdependence  and
business-related global travel; and (vii) expansion of agricultural land, etc. [27].
These determinants are broadly classified into 3 categories as listed in Table 2.

Table 2. Classification of major determinants of emerging and re-emerging infectious diseases.

Major Determinants of Emerging and Re-emerging Infectious Diseases

Environment Specific Host Specific Pathogen Specific

Global Climate Change
Environmental pollution

Alteration of ecological niches
Expansion of agriculture land use
Expansion of industrial activities

Mass scale deforestation
Altered demography of reservoir host

Contamination of food or water supplies

Non-judicious antibiotics use
Wildlife encroachment
Increased susceptibility

Altered human demographic
Global trade and travel

Occupational health hazard
Lack of health services

Poverty and social inequality

Genetic mutations
Pesticide resistant
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Delineation of each factor is technologically challenging; however, some of the
factors  are  now  possible  with  the  advent  of  technologies  such  as  ‘pathogen
genomics’  [28].  Results  from studies  on  pathogen  genomics  indicate  that  most
emerging and re-emerging infectious microorganisms are genetically adapted for
heightened  transmission  and  pathogenic  characteristics.  Examples  of  such
pathogens  include  multidrug-resistant  and  extensively  drug-resistant  (MDR,
XDR) Mycobacterium tuberculosis,  methicillin-resistant Staphylococcus aureus
(MRSA),  etc.  [29].  Ecological  changes  in  agricultural,  industrial,  and  clinical
practices  are  other  major  determinants  for  incidences  of  emerging  and  re-
emerging  infectious  diseases.  Short-term  change  in  weather  conditions  has
impacted  emerging  and  re-emerging  infectious  diseases  through  alteration  of
vector behavior or changed behavior of the human being [30]. Medical treatments
and  clinical  practices,  like  blood  transfusion  and  organ  transplantation  and
xenotransplantation,  have  created  new  ways  for  infectious  microorganisms  to
spread [31]. The spread of HIV through blood transfusions during the mid-1980s
to 1990s is a prime example of the same [32].

Altered human demographics, including recreational activities, wildlife poaching,
bush-meat harvesting, and sexual contact with wildlife animals, have emerged as
major risk factors for animal-derived emerging and re-emerging infections [33].
Changes in approaches for food processing and packaging, animal farming, and
rapid  dissemination  of  food  supplies  have  also  had  a  profound  effect  on
incidences  of  emerging  and  re-emerging  diseases  [34].  Global  trade  and
commerce-related  international  travel  have  emerged  as  yet  another  major
demographic change-related determinant for emerging and re-emerging diseases
[35].  The  ease  with  which  human  beings  and  commercial  goods,  including
animals,  are  transported  around  the  world  has  significantly  increased  the
incidences  and  spread  of  infectious  agents.  Poor  public  health  measures,
breakdown of public health initiatives, poor hygiene, and lack of drinkable water
have  also  accelerated  the  incidences  of  infectious  diseases  [36].  Incomplete
immunization programs have also contributed to the emergence of diseases that
were previously not experienced [37, 38]. Last but not least, changes in human
lifestyle  and  the  prevalence  of  lifestyle  diseases  have  increased  human
susceptibility  to  infectious  agents.

Adaptive Microbial Physiology for Resistance to Anti-Microbials

It is widely acknowledged that microorganisms have acquired resistance to anti-
microbials through spontaneous mutations, however, in the recent past, adaptive
microbial physiology has also been recognized as a vital mechanism for resistance
towards conventional anti-microbials [39]. It defines resistance on the basis of (i)
Monoclonal heterogeneity; (ii) Microbial persistence; (iii) Microbial dormancy &
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(iv) Microbial biofilm formation [40]. A small minority of otherwise genetically
homogeneous microbial populations shows resistance to inhibitory concentrations
of anti-microbial agents; and competence transformation with extracellular DNA
[41]. Clonal heterogeneity has attained a very important place in the recent past in
both basic as well as applied research. It is now being considered the fundamental
question  to  address  for  tackling  the  issues  pertaining  to  microbial  resistance.
According  to  the  present  understanding,  the  microbial  population  may  become
resistant to conventional anti-microbials through one of the four possible routes,
as  depicted  in  Fig.  (3).  It  is  critical  to  address  them  to  evade  the  problems  of
emerging and re-emerging infectious diseases in general and bacterial infections
in particular.

Fig.  (3).   Graphical  representation  of  possible  routes  for  microbial  population  becoming  resistant  to
conventional anti-microbials. i.e., due to (i) event of genetic mutation; (ii) occurrence of persister cells in the
population; (iii) occurrence of dormant cells in the population; (iv) formation of microbial biofilms.
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The  theory  of  adaptive  physiology  is  critical  in  explaining  ‘multiple  drug
resistance’;  A  phenomenon  that  is  difficult  to  explain  only  on  the  basis  of
spontaneous genetic mutation. The discovery that resistance could be conferred by
cytoplasmic factors in addition to the chromosomal mutation provided one of the
first examples for further discoveries being made subsequently in this direction.
Noticeably, the cytoplasmic resistance factors were later identified for conferring
resistance toward multiple antibiotics.

Countermeasures for Emerging and Re-Emerging Diseases

The  conventional  countermeasures  have  suffered  the  loss  of  efficiency  and
efficacy  against  emerging  and  re-emerging  diseases.  Antimicrobial-resistant
phenotype against most of the classes of antibiotics has happened within a few
years of their deployment. A graphical representation showing the timeline for the
deployment of antibiotics and identification of the resistant phenotype is shown in
Fig. (4).

Fig. (4).  Graphical representation showing the timeline of anti-microbial resistance development relative to
the time of deployment of anti-microbial agents. (Dataset adapted from CDC’s “Antibiotic resistance threats
in the United States, 2013 [42].

One of the noticeable observations from the above graphical representation is the
discovery of a resistant phenotype against a particular class of antibiotic within a
few years of its deployment; for example, the identification of ‘penicillin-resistant
phenotype’ in 1943 following its deployment in 1940. This observation suggests
that  microorganisms  may  be  inherently  bestowed  with  resistance  capabilities
against  antibiotics.  Mutations  may  be  an  accelerating  force  for  escalating
adaptation to natural and modified antibiotics derived from chemical modification
of  the  naturally  occurring  antibiotics  [43].  The  phenomenon  has  also  rapidly
transmuted into an alarming situation due to the non-discovery of any new class
of antibiotics for almost 3 and half decades now. There is an emergent need for
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alteration  of  the  treatment  regime  for  effectively  managing  and  mitigating  the
emerging and re-emerging infectious diseases in the 21st Century.

INFECTIOUS  DISEASES:  TREATMENT  PARADIGM  IN  THE  21ST

CENTURY

The  emerging  and  re-emerging  infectious  diseases  are  complex  multi-facet
problems.  Consequently,  the treatment regime for them also needs to be multi-
facet  and  integrated  to  address  different  categories  of  major  determinants  of
emerging and re-emerging diseases. The treatment regime must have a program
consisting of (i) legislative regulation for improvement of global environmental
conditions, sanitation, and public health conditions; food and water availability;
strict  regulation  on  trans-border  transportation  of  plant  and  animal  material;
reduction of  human-animal  interactions for  poaching,  recreation or  commercial
purposes;  and  (ii)  scientific  advancement  for  characterization  of  mechanisms
underlying  the  emergence  and  re-emergence  of  infectious  diseases;  and  (iii)
development  of  innovative  treatment  procedures  [44].  The  latter  will  be
accomplished  by  scientific  disciplines  such  as  genomics,  proteomics,  structure
biology, bioinformatics, cheminformatics, nanotechnology, etc.

Anti-Microbials for Infectious Diseases in 21st Century

While  other  countermeasures,  including  legislative  regulations,  are  still  being
defined,  the  progress  concerning  the  development  of  anti-microbials  has  been
quite substantial. Many scientific discoveries have been made recently with regard
to emerging and re-emerging infectious diseases. A notable example has been the
design  and  development  of  ~  20  anti-retroviral  drugs  that  have  significantly
reduced  HIV  -associated  morbidity  and  mortality  [45].  Many  other  anti-
microbials against emerging and re-emerging infections are at various stages of
development. At this point, it is pertinent to highlight that the process of ‘Anti-
microbial  Therapeutics  Development  for  Human  Application’  is  extremely
rigorous and involves several levels of laboratory, pre-clinical and clinical trials
prior to deployment for clinical application; it takes 10 – 15 years and costs about
0.2 – 1.3 Billion US$ [46]. A graphical representation showing the timeline for
successful drug development is shown in Fig. (5).
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Fig. (5).  Graphical representation of the typical timeline for drug discovery, development, and deployment.
Adapted from [46].

The timeline shown in this figure also stands true for vaccines and anti-microbial
drugs. However, with recent advancements in the fields of in silico drug discovery
and development,  the  time duration  for  drug deployment  is  expected  to  reduce
significantly. Still, the time required for a new drug to be deployed in the market
would range from ~ 5 years [46, 47]. This timeline may not be acceptable for the
mitigation  of  emerging  and  re-emerging  diseases  since  they  usually  acquire
pandemic  status  and  require  immediate  therapeutic  interventions  [48].  The
approach  suitable  for  the  discovery  and  development  of  ‘anti-microbial
therapeutics  against  emerging  and  re-emerging  infectious  diseases’  should  be
wholistic and compatible with the expedited approval process. Many therapeutic
regimes are suited to these characteristics. A brief description of progress made
concerning some of these approaches is presented below:

Vaccines for Emerging and Re-Emerging Diseases

Scientific  understanding  of  the  human immune system has  grown substantially
during the past 4-5 decades; consequently, it is now possible to rationally design
and  develop  vaccines  against  most  infectious  pathogens.  Several  neo-classical
vaccine  platforms  based  on  the  use  of  recombinant  proteins,  short  peptide
antigens, viral vector-based vaccines, genes encoding for immunogenic chimeric
proteins, and pseudo-virions-based vaccines have been developed [49, 50]. The
critical feature of most modern-day vaccine design approaches is the use of these
novel  vaccine  candidates  [15].  Vaccines  being  developed  on  these  new
approaches are being referred to as rationally designed vaccines and include (i)
Viral vectors-based vaccines; (ii) Virus-like particles; (iii) Nucleic acid vaccines;
and (iv) Subunit vaccines. A brief description of these platforms is presented here:
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Viral vectors-based vaccines: Some viral families could be effectively used as
vectors  for  expressing  the  antigen  in  the  background of  an  active  heterologous
virus. This stimulates immune responses for the generation of both humoral and
cellular  immunity  [51].  One  of  the  successful  examples  of  viral  vector-based
vaccines is based on the vesicular stomatitis virus (VSV) platform. VSV is non-
pathogenic  to  humans;  therefore,  a  recombinant  VSV  virus  harboring  any
antigen-expressing  gene  can  induce  an  immune  response  without  causing  any
disease  to  the  human  being  [52].  Another  successful  example  is  Simian
Adenoviruses  (SAV);  its  E1  gene  is  deleted  and  replaced  with  a  heterologous
antigen gene [53].

Virus-like particles: These are assemblies of viral proteins that mimic the native
virus.  They  do  not  contain  viral  genetic  materials  and  provide  a  safe  and
noninfectious alternative to traditional live virus-based vaccines [54]. A unique
property  of  VLPs  is  their  particulate  nature  which  is  extremely  useful  in  the
development of effective and affordable recombinant vaccines [54]. They elicit a
strong immunogenic response like those elicited by the whole virus vaccines. The
structures  of  VLP  are  unique  and  allow  for  the  insertion  of  foreign  antigenic
sequences [55, 56]. VLPs have been used to develop the FDA-approved vaccines
for Hepatitis B and Human Papillomavirus; these vaccines are now commercially
available.  Despite  the  advantages  associated  with  VLP,  this  platform  faces
significant  challenges  in  translation  from  laboratory  models  to  clinical
deployment. Therefore, to date, only a very few VLP vaccines have been adopted
into the vaccination schedule [55].

Nucleic  acid  vaccines:  Nucleic  acid  vaccines  have  been  proposed  as  a  safer
alternative to  live and inactivated vaccines.  They contain only DNA or mRNA
which  is  taken  up  by  cells  and  converted  to  proteins  by  using  host  cells’
transcription and translational machinery. Despite their relatively nascent nature,
these  vaccines  are  being  applied  to  a  wide  range  of  infectious  and  malignant
diseases  [57].  DNA  vaccines  have  been  successfully  evaluated  against  many
emerging viruses like Dengue [58], CHIKV [59], and EBOV [60] using different
animal models. More recently, mRNA or vaccine development has been getting
great  attention  due  to  its  high  potency,  low  manufacturing  cost,  and  safe
administration mode [61]. In several preclinical and clinical studies, mRNA-based
vaccines have shown a safe and durable immune response in animal models and
humans [62].

Subunit  vaccines:  Subunit  vaccines  consist  of  synthetic  peptides  or  purified
recombinant proteins, which include well-defined epitopes of a viral protein. This
approach  presents  antigens  to  the  immune  system  without  introducing  viral
particles. The major advantages of subunit vaccines include ease of production,
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upscaling  at  the  time  of  high  demand,  stability,  high  shelf  life,  and  no  risk
associated with the use of the whole virus, etc. An alternative method of making a
subunit vaccine is based on putting the antigen coding gene into a viral vector or
attenuated bacterium that serves as a recombinant vaccine (called a recombinant
subunit  vaccine)  [63].  There  are  few  subunit  vaccines  presently  in  use,  while
others are being developed against difficult-to-vaccinate viruses, e.g., Ebola virus
[64, 65] and HIV [66].

Genomics Guided Discovery of New Classes of Antibiotics

Microbial  bioactive  secondary  metabolites  are  an  important  source  of  anti-
microbial drugs. To date, ~ 20,000 microbial metabolites have been isolated and
characterized for diverse biological activities. However, the past 3 decades have
experienced an abrupt decline in the discovery of new classes of antibiotics. This
phenomenon is attributed to several factors, including technical challenges related
to  isolation  and  purification  of  antibiotics;  extremely  low  concentrations  of
antibiotics  produced  under  standard  laboratory  conditions;  lack  of  scientific
understanding  of  parameters  for  robust  expression  of  genes  encoding  the
antibiotics; and, above all, the redundant discovery of previously known natural
products [67].

To  harness  the  repertoire  of  natural  anti-microbials,  several  efforts  have  been
made for culture-independent and genomics-guided discovery of novel bioactive
natural products. More than 30,000 complete bacterial genomes were sequenced
and annotated by 2015 [68], and > 1,50,000 bacterial genomes are expected to be
sequenced  and  annotated  by  2022  [69].  The  total  number  of  Actinobacterial
genomes completely sequenced to date is ~ 3074. Computational analyses of these
genomes  have  led  to  the  development  of  ‘pipelines’  that  can  be  used  for  the
prediction of non-ribosomal peptides and type I and II polyketides [70]. Several
tools  based  on  gene  cluster  prediction  algorithms,  e.g.,  SMBP,  and  MIBiG
database  [71],  have  been  developed  for  predicting  the  genomic  potential  for
synthesis  of  novel  bioactive  secondary  metabolites.  A  graphical  representation
highlighting  the  process  of  genomics-guided  discovery  of  novel  anti-microbial
therapeutics is presented in Fig. (6).
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Fig. (6).  Graphical representation of the genomics-guided and conventional approaches for identification
novel secondary metabolite. The genomics guided approach maximizes the prospective of identifying genes/
gene clusters with the potential to synthesize novel secondary metabolites.

This  approach  has  been  successfully  used  for  the  identification  of  a  few novel
secondary metabolites during the past few years. A novel antibiotic substance was
recently identified from Allosalinactinospora lopnorensis strain CA15-2T using
this approach [72]. Noticeably, the genome analyses of A. lopnorensis CA15-2T
showed that it contains 17 gene clusters that could potentially encode known or
novel  secondary  metabolites  [73].  Genomics-guided  mining  has  also  been
implemented for the identification of secondary metabolites in fungal strains. As
many as 28 novel molecules have been identified in crude extracts of Aspergillus
pachycristatus [74].

Structure-Function Guided Discovery of Inhibitors of Drug Targets

The discovery and development of anti-microbial therapeutics have undergone a
remarkable  paradigm  shift  in  the  recent  past.  From  times  of  serendipitous
discovery of penicillin by Sir Alexander Fleming in the 1930s to the late 1990s,
the discovery of anti-microbial therapeutics had remained overly dependent upon
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screening-based  methods.  This  approach  was  quite  successful  in  identifying  a
number  of  new  anti-microbials.  However,  there  has  been  a  marked  decline
discovery,  and  development  of  new  antibiotics  since  the  1990s.  It  has  been
realized that the use of a screening-based approach may not be sufficient for the
mitigation of infectious diseases in the 21st century and beyond [75]. Fortunately,
the 1990s also experienced the advent of computational approaches for explaining
the  physico-chemical  characteristics  of  biological  macromolecules.  Since  its
advent has substantiated and expedited the discovery and development process of
countermeasures against ‘emerging and re-emerging infectious microorganisms’.
Collectively,  the  computational  approaches  have  resulted  in  the  inception  of  a
new paradigm for the search for new anti-microbial therapeutics. It integrates the
basic  understanding  of  microbial  cell  physiology  and  biochemistry  with  the
principles  of  mathematic  modeling,  virtual  screening,  and  molecular  dynamic
simulations. It has resulted in the development of several innovative platforms for
carrying  out  hypothesis-driven  screening  of  drugs  instead  of  empirical  labor-
intensive  and  non-economical  screening  for  bioactive  metabolites  [76].  In
addition, these approaches have also paved the way for the rational designing of
novel drugs, selective modification of existing drugs and, thereby, minimizing the
efforts  and  investments  required  for  development  and  eventual  deployment.  In
contrast  to  the  conventional  approach,  the  ‘structure-function  guided’  non-
conventional approach focuses on target identification, determination of structural
characteristics  of  identified  targets,  and  virtual  screening  of  the  most  potent
drug(s). The only major limitation of this approach is the identification of a very
large number of potentially active modulator compounds (referred to as hits). The
large number of hits makes establishing prioritization for experimental validation
difficult.  Another  interesting  notion  with  regards  to  the  comparison  of
conventional and non-conventional approaches for drug discovery is: “either of
the  approaches  alone may not  be  sufficient  to  provide a  sustainable  system for
discovery and development of novel antibacterial therapeutics” [75].

The key factors for the use of the neo – conventional approach is the identification
of druggable microbial targets that are: (i) previously characterized as essential for
the  growth  and  survival  of  microorganisms;  and  (ii)  not  homologous  to  any
essential  gene  within  the  human  genome.  From  the  point  of  view  of
implementation, this approach heavily depends upon X-ray crystallography and/
or  NMR  resolved  structure  determination  of  target  proteins.  However,
crystallography can be extremely challenging, especially for structural proteins,
membrane-bound  proteins,  and  protein-protein  complexes.  Additionally,  it
requires extensive upstream experimentation that is tedious, time-consuming, and
non-economical [77]. These limitations are addressed by computational biology
approaches of homology modeling and de novo modeling as alternative routes for
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predicting  the  structure  of  target  proteins  for  structure-guided  drug  design,
discovery,  and  development  [78].

Once a  high-quality  protein structure  or  model  is  available,  the  structure-based
drug design can be applied in a variety of methods. The most common path passes
through  the  identification  of  chemical  starting  points  through  virtual  screening
and  docking  of  potential  drug  molecules.  Molecules  with  the  best  docking
characteristics  are  used  for  the  generation  of  a  virtual  protein-drug  complex,
which  is  subsequently  subjected  to  molecular  dynamics  (MD)  simulation  to
improve the quality and confidence of in silico scoring. The drugs found to have
stable  protein-drug  complexes  are  eventually  tested  in  in  vitro  validation
experiments [79].  Despite the challenges, this approach is quite impressive and
has been successful in the identification of a number of drug molecules, including
anti-microbial  therapeutics.  It  is  worth  highlighting  that  while  the  conventions
screening approach has a hit rate of ~ 0.30%, whereas, the structure-guided drug
discovery may have a hit rate of >10% [80]. A comprehensive review of the same
is presented by Staker and a co-worker [81].

Innovative Novel Alternative Anti-Microbial Therapeutics

Apart from the advancements in the above-mentioned anti-microbial therapeutic
regimes, there is also a need for the development of innovative novel alternative
anti-microbial  therapeutics.  It  is  essential  because  microorganisms  can  rapidly
adapt and disseminate antibiotic resistance phenotypes [82]. Novel anti-microbial
therapeutic approaches would be based on the convergence of material science,
nanotechnology,  synthetic  chemistry,  etc.  Some  examples  of  such  alternative
therapeutics are at various stages of development, ranging from laboratory studies
to pre-clinical and clinical studies.

Nanomaterials as Potent Alternative Anti-microbial Therapeutics

Nanomaterials (including nano-fibers, nano-particles) have been reported for anti-
microbial activities against a wide variety of microorganisms ranging from non-
pathogenic model organisms, e.g., E.coli and Bacillus subtilis [83] to pathogens,
e.g.,  Methicillin-resistant  Staphylococcus  aureus  (MRSA)  and  Pseudomonas
aeruginosa  [84].  Conventionally,  nanomaterials  are  categorized  into  2  broad
categories  (i.e.,  metallic  nanomaterial  and  non-metallic  nanomaterial).
Nanomaterials  of  both  metallic  and  non-metallic  types  in  diverse  shapes  and
forms have been proposed as potent anti-microbials [85]. Initial discoveries in this
regard established silver nanoparticles (AgNPs) as important antibacterial, even
against antibiotic-resistant strains [86]. AgNPs are of special interest due to their
relatively easy synthesis, chemical stability, catalytic activity, high conductivity,
and surface plasma resonance characteristics that make them ideal for their use as



Anti-Microbial Drugs Frontiers in Antimicrobial Agents, Vol. 2   19

anti-microbial  therapeutics.  The  anti-microbial  characteristic  of  AgNPs  is
determined by their higher surface-to-volume ratio, providing better contact with
microorganisms.  Even  the  AgNPs  synthesized  with  the  use  of  green  synthetic
processes  show  noticeable  anti-microbial  activity  against  wound-infecting
pathogens,  including  Bacillus  subtilis,  Enterococcus  faecalis,  Staphylococcus
epidermidis,  multidrug-resistant  Staphylococcus  aureus  [87].  The  efficacy  and
stability of metallic nanomaterial,  including AgNPs in biomedical  applications,
were major concerns for a long time; the same has been addressed with the use of
biopolymers  based  on  noninflammatory  capping  agents  like  collagen  and
peptides. Similarly, AgNPs have been combined with other nanomaterials, such as
graphene  oxide  (GO),  having  antibacterial  activity  for  enhanced  anti-microbial
properties [88]. The mechanism for this synergistic effect was defined based on
GO wrapping around bacterial cells, while the Ag component of the NPs killed
the bacteria with its toxicity.

Nanoparticles  made  up  of  non-silver  metals,  e.g.,  gold-based  nanomaterials  or
titanium-based nanomaterials, are also reported for anti-microbial activity. They
exhibit  strong  anti-microbial  effects  against  bacterial  strains  that  cause  wound
infections  [89].  Photocatalytically  active  TiO2  is  reported  for  anti-microbial
activity  against  several  microorganisms,  including  microbial  strains  that  are
resistant  again  multiple  drugs  [90].  Yet  another  development  in  the  field  of
nanomaterial-based  anti-microbials  has  been  the  development  of  ferric  oxide
(Fe3O4) NPs that exhibit anti-microbial activity and also act synergistically with
other  anti-microbial  substances.  These  novel  nanomaterials  are  adequate  for
biomedical  applications,  such  as  hospital  tools,  but  also  food  preservation  or
wastewater  treatment.

Just like the metallic nanomaterial, the non-metallic polymer-based nanomaterials
have  also  been  reported  as  potent  anti-microbial  therapeutics.  Particularly,
positively charged biomolecules, e.g., chitosan nanomaterials. They are positively
charged and interact efficiently with negatively charged microbial cell membranes
to  induce  cell  damage  or  cell  lyses.  A  few  studies  have  shown  enhanced  anti-
microbial  activities  for  chitosan  nanoparticles  modified  with  the  integration  of
antibacterial substances. In one such study, chitosan NPs containing protamine, a
natural  anti-microbial  peptide  showed  significantly  enhanced  anti-microbial
activity  towards  pathogenic  E.  coli  [91].  These  examples  establish  that
nanomaterials are suitable candidates for future development of alternative anti-
microbial  to  be  used  for  existing  as  well  as  emerging,  re-emerging  infectious
pathogens. In hindsight, it is important to emphasize that further research would
be  essential  to  determine  the  physiological  and  mechanistic  features  of
nanomaterial-mediated  anti-microbial  activities.  It  would  also  be  important  to
address  how  combined  approaches  that  employ  both  nanomaterials  and  small



20   Frontiers in Antimicrobial Agents, Vol. 2 Swaroop et al.

molecule-based  drugs  would  perform  in  developing  sustainable  anti-microbial
nanomaterials.

The  Anti-Microbial  Peptide  as  Potent  Alternative  Anti-Microbial
Therapeutics

Anti-microbial peptides (AMPs) are short, positively charged peptides with potent
antibacterial,  antiviral,  and  antifungal  activity.  They  are  also  known  as  host
defense  peptides.  They  are  found  in  widespread  forms  of  life,  ranging  from
microorganisms to humans [92]. AMPs constitute an important component of the
first  line  of  defense  against  foreign  attacks,  and  they  are  indispensable
components of the innate immune system in different life forms [93, 94]. AMPs
exert  their  anti-microbial  activities  through  disruption  of  the  bacterial  cell
membranes, modulation of the immune response, and regulation of inflammatory
activities. They are also indicated to be able to render synergistic activities along
with  conventional  antibiotics.  Hence,  AMPs are  projected  as  potent  alternative
anti-microbial  therapeutics  of  the  future.  They  are  gaining  priority  in  the
development of anti-infective drugs, particularly against drug-resistant pathogens
[95] and also against emerging and re-emerging infectious pathogens [96]. AMPs
were first discovered in the 1980s; thereafter, they have been a subject of curiosity
and research for enhancing their efficacy and formation as anti-microbial drugs.
According  to  the  anti-microbial  peptide  database,  3234  anti-microbial  peptides
from  six  kingdoms  (358  bacteriocins/peptide  antibiotics  from  bacteria,  5  from
archaea, 8 from protists, 20 from fungi, 360 from plants, and 2400 from animals,
including  some  synthetic  peptides)  have  been  identified  to  date
(http://aps.unmc.edu/AP/main.php).  A  few  of  them  have  been  approved  for
clinical  application  by  the  U.S.  Food  and  Drug  Administration  (FDA).

As  stated  earlier,  most  AMPs  are  short  peptides  with  a  net  positive  charge
responsible for their attraction toward negatively charged membranes of bacteria
[97].  The  hydrophilic  and  hydrophobic  amino  acids  of  AMPs  are  precisely
segregated in such a manner that their solubility is ensured in both aqueous and
lipid-rich environments. The shortest AMPs are as small as 10 to 20 amino acids
in length, and the largest ones are in the range of ~100-150 amino acid residues.
Structurally,  the  shorter  AMPs  possess  simple  secondary  structures,  including
alpha-helix, beta-sheet, or unstructured, however, certain AMPs, particularly of
the defensins family, may have elaborate three-dimensional structures. For most
of  the  past  25  years,  AMPs  were  regarded  to  be  nonspecific  and  functionally
redundant. Furthermore, it was believed that the biochemical simplicity of AMPs
reflected fundamentally irresistible modes of action, including permeabilization of
the  cell  envelope  through  the  formation  of  open  pores,  which  was  assumed  to
largely prevent bacterial evolution of resistance.

http://aps.unmc.edu/AP/main.php
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While looking for alternative anti-microbial therapeutics to be used against drug-
resistant  microorganisms  and  emerging  &  re-emerging  infectious
microorganisms; AMPs are projected as a promising solution, due to their wide
spectrum of activity against several microorganisms [96]. AMPs hold potential for
translational  applications,  however,  rigorous  research  would  be  required  to
establish  a  fundamental  understanding  towards  maximizing  their  potential.
Optimization of their biochemical properties and pharmacodynamics will render
them,  ideal  candidates,  against  which  evolution  of  resistance  might  be  rare  or
substantially less frequent.

Translation development of AMP-based anti-microbial preparations is presently
faced with several limitations; one such limitation is their proteolytic degradation.
The  advent  of  AMPs-based  nanoparticles  is  projected  to  circumvent  this
limitation. Currently, AMPs-conjugated nanoparticles have attracted the attention
of  the  scientific  community  due  to  their  enormous  advantages  in  terms  of
effective  delivery  and  stability  [98].  The  main  goals  of  AMPs-  conjugated
nanoparticles are to increase therapeutic efficacy, minimize side effects, offer a
controlled  pharmacokinetic  profile,  protect  the  encapsulated  peptide  from
degradation,  and  reduce  toxicity.  Various  types  of  nanomaterials,  such  as
polymers, hydrogels, microgels, liposomes, self-assembly systems, etc., are being
explored to enhance their (AMPs) therapeutic efficacies.

CONCLUSION

While Humanity continues to face the threatening crisis posed by incidences of
emerging and re-emerging infectious diseases in the 21st century, there is also a
tremendous  opportunity  for  scientific  advancements  for  developing  innovative
countermeasures and therapeutic paradigms with the development of novel anti-
microbial drugs. Given the inherent uncertainty associated with emerging and re-
emerging infectious diseases, the global community needs to shift from the ‘Wait
&  Watch’  approach  to  a  more  'Proactive  Prediction'  approach  for  predicting
future incidences of emerging and re-emerging diseases. Questions such as why a
certain disease or certain types of diseases emerge at a particular location and a
particular  time  may  provide  valuable  information  and  facilitate  a  reasonable
disease  prediction  system.  Address  these  questions  and  be  technologically
prepared to tackle the possible threats posed to the very survival of human beings.
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Abstract:  Increased  incidences  of  multidrug-resistant  (MDR)  microorganisms  has
become a global health concern for humans, animals, and agriculture. The advent of
newer resistance mechanisms evolving in microorganisms at a high rate compared to
the  treatments  available  urges  the  need  to  understand  its  origin  and  reservoirs.  The
expanded  use  of  antimicrobial  drugs,  inefficient  diagnosis  as  well  as  broad  use  in
agriculture  and  veterinary  contributes  to  the  emergence  of  resistance  in
microorganisms. Presently, almost all infectious agents (bacteria, fungi, and viruses)
have  developed  MDR.  About  7  lac  people  die  of  bacterial  resistance  to  antibiotics
every year, with an estimated ~10 million deaths by 2050. Similarly, MDR arising in
pathogenic  fungi  like  Candida,  Aspergillus,  or  Fusarium  to  the  limited  therapeutic
options  is  highly  challenging.  Bacteria  and  fungi  develop  resistance  mainly  due  to
biofilm formation, increased efflux pump activity, drug target mutations, drug binding
alterations, chromosome abnormalities, and the ability to escape host immune defenses.
The  co-existence  of  MDR  bacteria  and  fungi  forming  biofilms  is  even  much  of  an
alarm in medicinal applications. Apart from these, drug resistance to current antiviral
therapeutics has imposed significant risk amidst life-threatening diseases caused due to
viruses  like  HIV and influenza  A.  Owing to  its  severity  and complexity,  we aim to
illustrate the detailed mechanism and evolution of MDR in bacteria, fungi, and viruses.
We  also  review  different  approaches  to  deal  with  MDR,  emphasizing  alternatives,
vaccine  development,  global  surveillance  programs  and  stewardship  measures  to
combat  resistance.
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INTRODUCTION

The presence of multidrug-resistant  pathogens is  one of the greatest  challenges
posing a serious health concern around the globe. Multidrug resistance (MDR), as
the name suggests, arises when an organism is resistant to more than one class of
drug. Several aspects, like high mutagenesis rate, overexpression of efflux pumps,
and alterations in drug binding, are responsible for rendering drug resistance and
making  current  clinical  therapeutics  ineffective.  Moreover,  selective  pressure
arising due to excessive use or misapplication of anti-infective agents in clinical
setups,  inefficient  diagnosis,  expanding  usage  in  agriculture,  animal  feed  and
aquaculture, travels, and immigration has enabled pathogenic microbes to adapt
and develop antimicrobial resistance. Additionally, the transmission of resistant
genes through a horizontal gene transfer mechanism has led to the enhancement
of resistant microbes. Multidrug resistance is a global threat as there exist limited
treatment options. This condition worsens when there is resistance to second-line
drugs  or  all  therapeutics,  as  is  the  case  for  extremely  drug-resistant  (XDR)  or
drug-resistant  (TDR)  pathogens.  Today,  multidrug  resistance  has  evolved  in
almost all bacterial, fungal and viral pathogens and has served to be an emerging
crisis,  especially  for  immunocompromised  patients,  chemotherapies,  surgeries,
tuberculosis,  HIV-AIDS,  etc.  This  has  further  resulted  in  prolonged  illness,
increased  treatment  costs,  and  high  mortality  rates.

Occurrence of multidrug resistance in nosocomial infecting ESKAPE pathogens,
including Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter  baumannii,  Pseudomonas  aeruginosa,  and  Enterobacter  cloacae
has  resulted  in  high  morbidities  and  mortalities.  In  addition,  the  emergence  of
New Delhi Metallo-β-lactamase-1 (NDM-1) and mobile colistin-resistant (MCR)
strains has been another major concern for the clinical and agricultural society,
where  the  food  chain  is  a  big  reservoir  for  dissemination  of  resistance  [1  -  4].
Moreover,  drug-resistant  Mycobacterium  tuberculosis  has  created  a  state  of
emergency and needs urgent control to curb the spread. It has resulted in half a
million new cases and 230 000 deaths reported globally in 2018, with about 8.5%
of MDR-TB cases having XDR-TB [5].

Multidrug  resistance  in  pathogenic  fungal  species  like  Candida,  Aspergillus,
Cryptococcus,  and  Fusarium  spp.  that  causes  life-threatening invasive  diseases
like Candidiasis, aspergillosis, fusariosis, meningitis, pneumonia, etc.,  is highly
alarming. The treatment options for fungal infections are quite restricted; thus, the
emergence  of  multidrug  resistance  becomes  a  great  challenge.  The  recent
catastrophic crisis from the multidrug-resistant Candida Auris, which is difficult
to  be  identified  with  standard  laboratory  practices  and  is  called  a  “mysterious
bug” or “superbug” has created serious infectious and death outbreaks around the
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globe [6, 7].

The  worldwide  spread  of  life-threatening  viral  diseases  has  demanded  strict
adherence  to  anti-retroviral  therapies  but  has  also  worsened  the  problem  of
multidrug  resistance  in  viruses  and  has  important  economic  implications.

High  incidence  of  MDR  pathogens  necessitates  the  development  of  newer
strategies, efficient diagnostics, contact tracing, the discovery of novel targets for
microbial  pathogenicity  without  affecting  the  normal  microbial  flora  and  the
development of further resistance to other anti-infectives. Unlike the conventional
approaches,  which  target  affecting  essential  metabolic  processes,  several
alternative  methods  of  treatment  are  in  demand  to  combat  resistant  microbes.
These include the use of inhibitors for quorum sensing, biofilm formation, protein
synthesis,  cell  wall  synthesis,  use  of  monoclonal  antibodies,  antimicrobial
peptides, phage therapy, essential oils, nanotherapeutics, vaccine, and CRISPR-
Cas9  system.  Additionally,  combinatorial  therapy  has  profound  applications  to
disseminate  the  wide  majority  of  drug  resistance  pathogens  [8].  Moreover,  the
advancement in whole-genome sequencing has led to a  better  understanding of
specific  diagnostic  resistance  markers,  which  would  encourage  the  use  of
appropriate  treatments  and  prevent  the  rapid  disease  transmission  of  MDR
pathogens  within  the  community.  Therefore,  it  becomes  important  that  these
action  plans  should  be  globalized  and  implemented  with  appropriate  financial
support. In this book chapter, we bring together information on the evolutionary
mechanisms of multidrug resistance in pathogenically significant bacteria, fungi,
and  viruses,  focusing  on  their  resistance  markers  to  drugs.  We  also  discuss
alternative approaches and global action plans to circumvent the emergence and
transmission of resistant microbes.

PROBLEM OF MULTIDRUG RESISTANCE

Treatment strategies to effectively control MDR infections faces many challenges.
A few of these include detection at the right time, cost, toxicity of higher doses of
different  drug  combinations,  targeting  the  individual  MDR  microbe,  and  non-
practical observational treatment. Globally, MDR is amongst the top ten threats to
public health. Antimicrobial drugs are used to treat infections, exposed surgical
procedures,  and  other  medical  advanced  treatments  such  as  transplants  and
chemotherapy. The presence of Certain bacteria inside the tumors inactivate the
drug used to treat cancer, and thus, chemotherapy becomes ineffective. Moreover,
chemotherapy-induced neutropenia may also trigger endogenous infections, as the
case of bacteria in the GI tract may spread to the bloodstream by translocation and
cause  sepsis.  Such  procedures  as  transplantation,  surgery,  chemotherapy  and
HIV-AIDS suppress the immunity making the host more prone to other microbial
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infections. The condition even worsens if these microbes are MDR. In 2016, 490
000 people got MDR-TB infections globally and XDR-TB has also spread to 105
countries.  In  the  case  of  HIV,  some  countries  have  up  to  40%  of  people  with
resistant  HIV to the first-line regimens.  Additionally,  co-infection of  HIV with
MDR  bacteria  (like  K.  pneumoniae,  Enterobacter  aerogenes,  Shigella,  and
Escherichia coli ), MDR fungus (like Candida spp., Aspergillus spp.) and other
viruses  (like  influenza  and  paramyxoviruses)  have  created  alarming  situations
around the globe. Therefore, there is an urgent need to understand the co-infection
burden  too.  Apart  from  healthcare-associated  MDR  infections,  practices  like
wastewater  treatment,  antimicrobial  sprays  and  animal  live  stocks  are  also
significant  sources  of  MDR microbes  in  aquatic  and  agricultural  environments
(Fig. 1).

Increasing resistance levels pose important economic and health implications. The
second and third-line regimens are 3-18 times more expensive. It is expected that
if no measures are taken, it would lead to an estimated death of about 300 million
people  in  the  coming  35  years  and  a  loss  of  economic  production  too  (~100
thousand  billion  dollars).

Fig. (1).  Sources of MDR pathogens. MDR microbes are spread across all the sectors of life by the improper
and/or overuse of antimicrobials in Agriculture, Aquaculture, wastewater treatment, livestock, and healthcare
management, ultimately leading to the spread of resistant microbes in the community.



32   Frontiers in Antimicrobial Agents, Vol. 2 Malhotra et al.

Resistance  to  anti-infectious  agents  is  an  ever-evolving,  multifactorial  process
involving several molecular and biochemical key features like overexpression of
efflux pumps, mutations, alterations in the drug target, drug sequestration, drug
inactivation, etc. This can be a naturally occurring intrinsic/inherent property of
an organism to be resistant to the action of the drug or acquired resistance in a
previously susceptible organism. Intrinsic resistance is majorly contributed by the
presence of efflux pump or membrane permeability or certain genes and loci. For
example,  multidrug  resistance  in  Gram-negative  (G-ve)  bacteria  arising  due  to
impermeable  outer  membrane  barrier  and  efflux  pumps  makes  it  tolerant  to
Gram-positive (G+ve) antibiotics as well as fluconazole resistance in Fusarium
spp [9]. On the other hand, microbes may undergo selective pressure induced in
the  presence  of  excess  anti-infectives  leading  to  biochemical,  mutational,  and
genetic  adaptations,  thus,  Acquired  Multidrug  resistance.  Acquired  resistance
arises  mainly  from  the  transmission  of  genetic  determinants  on  plasmids,
bacteriophages,  and  transposons.  The  spread  of  resistance  genes  is  a  dynamic
phenomenon  and  occurs  multi-directionally  across  different  organisms.  The
resistance genes are present in humans, clinical patients, nosocomial setups, live
stocks,  agriculture,  aquaculture,  etc.  that  acts  as  reservoirs,  and  their
dissemination  happens  rapidly,  causing  increased  evidence  for  multidrug  or
pan/total-drug resistance situations for almost all microbes (Fig. 1). Furthermore,
the  acquisition  of  resistance  to  multiple  drugs  may  also  arise  due  to  either  co-
resistance  or  cross-resistance.  Co-resistance  occurs  when  there  is  a  transfer  of
multiple  genetic  elements  or  plasmids  in  the  same  microbial  cell  or  by  the
acquisition  of  mutations  in  different  genetic  elements  conferring  resistance  to
more  than  one  class  of  antibiotics  or  antimicrobials.  For  example,  methicillin-
resistant  S.  aureus  (MRSA)  accumulates  multidrug  resistance  to  other  drugs,
including beta-lactams, macrolides, aminoglycosides, or fluoroquinolones [10]. In
contrast,  cross-resistance  refers  to  the  phenomenon  when  the  single  resistance
determinant (like multidrug resistance efflux pumps or drug modifying enzymes)
leads to resistance to an entire class of antimicrobials or even different classes of
antimicrobials agents. For instance, aminoglycoside modifying enzymes results in
resistance  to  several  members  of  aminoglycosides;  efflux  pumps  can  extrude
several different classes of antimicrobials and non-antimicrobial agents, leading to
multi-drug  resistance  [11].  A  few  of  the  other  examples  of  co-  and  cross-
resistance  contributing  to  MDR  in  fungus  are  mentioned  in  detail  under  next
sections.

In  the  following  section,  we  broadly  define  various  intrinsic  and  acquired
mechanisms  of  evolving  drug  resistance  into  two  major  categories:  Genetic  as
well  as  Biochemical  and  mutational  basis  (Fig.  2),  while  the  role  of  specific
resistance mechanisms is highlighted along with the respective MDR microbe in
subsequent sections.

MECHANISM OF MULTIDRUG RESISTANCE
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Fig. (2). Drug Resistance mechanism in microbes. Diverse mechanisms play a role in achieving MDR in
microbes viz. (1) Reduced access to the target. This can occur due to (a) Reduced permeability of the drug
through impermeable cell walls as in G-ve bacteria. (b) Increased Efflux Activity by the overexpression of
drug resistance efflux pumps resulting in drug outflow from the cells. (c) Poor conversion of a drug by the
mutations or absence of enzymes leading to the conversion of an inactive Pro-drug into its active form. (d)
Drug  Sequestration  to  biofilm,  making  it  unavailable  for  the  target  within  the  cell;  (2)  Drug  Binding
Alterations: It involves loss of drug and target binding by either (a) Modification of target involving genetic
mutations in genes expressing the target or by post-translational modification. (b) Drug Alteration by any
form of modifications or its hydrolysis; (3) Acquisition of Resistance: It involves acquiring resistance genes
by  either  recombination  or  transposition  of  mobile  genetic  elements  by  Transduction,  Conjugation,  or
Transformation.

Genetic Basis for Drug Resistance

Genetic mechanisms for drug resistance mainly arise due to the transmission of
resistant  genes  through  mobile  elements  present  on  plasmids,  transposons,  and
integrons. For example, in bacteria, such resistance elements are acquired by the
drug-susceptible  recipients  via  genetic  events  like  transduction  (by
bacteriophages),  transposition  (mobile  genetic  elements),  conjugation  (by
plasmids  and  conjugative  transposons),  transformation  (by  free  DNA
incorporation  into  the  chromosome).

Biochemical and Mutational Basis for Drug Resistance

It is essential for a drug to be accessible and bind to the target site. Microbes have
evolved  several  mechanisms,  such  as  target  modification,  drug  alterations,
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overexpression of efflux pumps, or cell wall impermeability, thus making the drug
inaccessible or unable to reach the target at an appropriate concentration to inhibit
its activity. We have discussed a few instances of these resistance mechanisms in
the  following  sections,  while  these  have  been  discussed  along  with  respective
microbes as well.

Target Modification

This is a common mode adopted by the microbes to develop resistance that helps
evade antimicrobials. Resistance to antiviral drugs is predominantly achieved by
mutations in the genes encoding the target protein and/or antiviral drug activator.
For  example,  Amantadine  resistant  strains  of  influenza  virus  have  developed
resistance  to  the  mutations  in  the  gene  encoding  M9  protein,  HIV  develops  a
mutation in protease and reverses the transcriptase gene when in the presence of
antiretrovirals [12, 13]. Few instances of antibiotic and antifungal resistance by
target  modification  involve  alteration  of  DNA  gyrase  resulting  in  quinolone
resistance,  modification  of  penicillin-binding  protein  leading  to  β-lactam
resistance,  the  substitutional  mutation  in  rpoB leading  to  rifampicin  resistance,
point mutations in genes encoding Erg11p makes the enzyme resistant to triazoles
in  A.  fumigatus,  Candida  spp.,  mutations  in  FKS1  reduces  the  susceptibility  of
yeast and Candida spp. against echinocandins [14 - 18].

Increased Activity of Energy-driven Efflux Pumps

Efflux transporters throw the drug out of the cell,  making it  inaccessible to the
drug target.  Efflux pumps are universally present in almost all  kingdoms. They
were first shown to be playing a role in tetracycline resistance in E.coli [19 - 21].
They are either selected for a single drug or may allow an array of structurally
unrelated  molecules  to  be  transported,  thus  termed  multidrug-resistant  efflux
transporters.  The  determinants  for  efflux  pumps  may  be  present  extra-
chromosomally on the mobile genetic element (plasmids) or chromosomes [22 -
24]. Therefore, the spread of resistance determinants may be contributed by either
horizontal  gene  transfer  and/or  through  a  selection  of  resistance  mutations,
additionally  resulting  in  a  multi-resistance  phenotype  [11].  Efflux  pumps  are
classified into five major  categories  based on features  like sequence similarity,
specificity for the substrate, number of components, membrane-spanning regions,
and energy source. These include (a) ATP-binding cassette (ABC) superfamily;
(b) Small Multidrug Resistance (SMR) family; (c) Multidrug and Toxic Extrusion
(MATE)  family;  (d)  Major  Facilitator  Superfamily  (MFS);  (e)  Resistance-
nodulation-division (RND) family. The ABC, SMR, MATE and MFS families are
present in G+ve and G-ve bacteria, while the RND family is exclusively occurring
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in  G-ve  bacteria  [11].  Fungus,  on  the  other  hand,  usually  possess  either  ABC
transporters and/or MFS pumps. Drug resistance in fungi through efflux pumps is
majorly contributed by either their constitutive overexpression or drug-responsive
inducible response.

Other Biochemical and Mutational Events

Other significant resistance mechanisms of drug resistance in microbes include:

Decreased Cell Wall Permeability

The presence  of  an  impermeable  outer  membrane  usually  makes  G-ve  bacteria
resistant  to  drugs  like  vancomycin.  Alterations  of  porins  by  modulating  their
expression  and  function  also  result  in  resistance  in  conjunction  with  increased
activity of efflux pumps like OprD-mediated resistance in P. aeruginosa [25].

Bypass of the Target Site

Using  this  strategy,  microbes  can  establish  new  targets  mimicking  the  similar
biochemical function of their original targets but fail to be inhibited by the anti-
microbials.  For  example,  the  acquisition  of  PBP2a and peptidoglycan structure
modification  has  resulted  in  the  emergence  of  methicillin-resistant  S.  aureus
(MRSA), and vancomycin-resistant Enterococci (VRE) strains, respectively [26].

Increased Expression Of Drug Modifying Enzymes Or Hydrolytic Enzymes

Mutations  in  the  genes  encoding  drug  activation  enzymes  have  resulted  in
resistance  in  microbes  and  viruses.  For  instance,  mutations  in  genes  encoding
thymidine  kinase,  an  acyclovir  activator,  have  led  to  resistance  to  the  herpes
simplex  virus  [27,  28].

EVOLUTION OF MULTIDRUG RESISTANCE

Multidrug Resistance in Bacteria

The emergence of MDR in bacteria (G+ve and G-ve) is a serious health challenge
worldwide. Several global discussions and meetings like “68th meeting of World
Health assembly” in May 2015, “United Nations General Assembly (UNGA)” in
September  2016,  “Rudolf-Schülke  foundation”  [29],  etc.,  involving  many
countries  are  timely held to  discuss  over  the seriousness  on resistant  microbes.
G+ve bacteria differ G-ve radically in the cell wall organization of the structures
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outside  the  plasma  membrane  but  below  the  capsule  [30].  G+ve  cell  wall
comprises a thick peptidoglycan layer as the primary component with cell  wall
teichoic acid (WTA). Compared to G+ve, the G-ve bacteria additionally possesses
a membrane (OM; lipopolysaccharide) outside the thin peptidoglycan layer, and
this structure is known as the cell envelope (Fig. 3). In the following sections, we
intend to describe the evolution of multidrug resistance in G+ve and G-ve bacteria
arising due to differences in their cell wall while briefly highlighting the concerns
over the emergence of highly drug-resistant strains of M.tuberculosis.

Fig.  (3).   Cell  wall  architecture  of  G+ve  and  G-ve  bacteria.  To  better  understand  the  drug  resistance
mechanism, described in this chapter, we highlight the major differences in the cell wall of G-ve (left panel)
and G+ve bacteria (right panel). (Figure designed using BioRender.com).

MDR in Gram-negative Bacteria

The presence of an outer membrane obligates a permeability barrier to drugs in G-
ve  bacteria,  attributing  to  intrinsic  antibiotic  resistance.  Besides  this,  MDR
evolved in G-ve bacteria by several other different mechanisms that are alarming
to  humans.  Antimicrobial  Resistance  Threats  Report  by  CDC  (AR,  2019)  has
listed G-ve MDR bacteria under three different categories. The first class includes
urgent threats, followed by the serious (2nd) and third—concerning threats [31].
The first class includes carbapenem-resistant Acinetobacter, carbapenem-resistant
Enterobacteriaceae  (CRE),  and  drug-resistant  Neisseria  gonorrhoeae;  Serious
threats  include  drug-resistant  Campylobacter,  extended-spectrum  β-lactamase
(ESBL)-producing Enterobacteriaceae,  multidrug-resistant  P.aeruginosa,  drug-
resistant nontyphoidal Salmonella, drug-resistant Salmonella serotype Typhi, and
drug-resistant Shigella. Concerning threats and watch list include drug-resistant
Bordetella pertussis. In Europe, there are different programs like ENABLE and
MAGNET  (European  Gram-Negative  Antibacterial  Engine  and  Molecules
Against Gram-Negative Infections, respectively; https://imi.europa.eu). In 2017,
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WHO’s  priority  list  (to  guide  and  promote  research  and  development  of  new
antibiotics) included G-ve bacteria in almost all the above categories [32]. Other
MDR G-ve bacteria of medical importance include the following: Acinetobacter
spp.,  Citrobacter  spp.,  Escherichia  coli,  Klebsiella  spp.,  Serratia  marcescens,
Yersinia  spp.,  Haemophilus  influenzae,  Helicobacter  pylori,  Legionella
pneumophila,  and  Vibrio  cholerae.  G-ve  bacteria  show  MDR  against  all
commonly used antibiotics used globally to control bacterial infections, including
ureidopenicillins,  fourth-generation  cephalosporins  (cefotaxime,  ceftazidime),
carbapenems,  fluoroquinolones  (ciprofloxacin),  aminoglycosides,  polymyxins,
tetracyclines,  chloramphenicol,  sulphonamides  (co-trimoxazole),  and
glycylcycline.

Besides these threats, the ESBL  and CRE  strains, along with strains with mcr-1
gene,  pose  serious  global  challenges  in  terms  of  their  detection,  control,  and
spread. The emergence of ESBL strains required the increased use of carbapenem
antibiotics  [33].  But  due  to  the  development  of  resistance  against  it,  colistin
(polypeptide) has been used to bind to the lipopolysaccharides and phospholipids
in  the  OM.  Unfortunately,  bacteria  have  evolved  to  colistin  too  by  the
transferrable  gene  mcr-1  and  spread  to  different  countries  in  the  world  (from
China  to  the  U.S.A.),  affecting  farm animals,  and  humans  [34  -  37].  The  most
prominent strains amongst CRE are K. pneumoniae carbapenemase (KPC), New
Delhi  metallo-beta-lactamase  (NDM),  Oxacillin  carbapenemases  (OXA-48),
Imipenemase  metallo-beta-lactamase  (IMP),  and  Verona  integron-encoded
metallo-beta-lactamase (VIM) [38, 39]. Different mechanisms have been opted by
different bugs for evolving against the drugs to kill  them to survive and spread
infection. Some G-ve bacteria have innate resistance as their natural resistance to
vancomycin due to the inability to penetrate the OM, innate ampicillin resistance
in  Klebsiella  as  well  as  chloramphenicol  and  trimethoprim  resistance  in
Pseudomonas  [29].

Clinically  isolated  strains  act  differently  during  antibiotic  treatment.  On  drug
treatment, the pathogenic bacteria usually get filamented without the division of
chromosomes. In G-ve bacteria, (e.g., E. coli strains upon ciprofloxacin treatment)
development of resistance in the multi-chromosome filamented cell occurs mainly
by  mutations  or  recombination  [40].  Other  mechanisms  include  mutations  in
genes resulting in target or drug alterations and increased activity of efflux pumps
[39]. The drug is also blocked by decreasing the number of porins in the cell wall.
Different  regulators  affect  efflux  pump  levels.  Expression  of  soxS  (a  bacterial
stress-response gene) increases ~ 3.5 times higher during antibiotic treatment. A
similar change is also seen in the stress gene rob [41]. Other mechanisms, such as
quorum sensing, biofilms, and bacterial two-component systems, also regulate the
expression and activity of efflux pumps [42]. V.cholerae uses efflux mechanisms
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like MATE or integrons or SXT constant for developing resistance. MDR species
is seen in Guinea Bissau with transmissible plasmid having a resistance gene for
trimethoprim (dhfrXII) and aminoglycoside resistance [43, 44].

Mutations  occur  in  the  target  protein-encoding  gene  giving  resistance  to  the
antibiotics.  Campylobacter  has  mutations  in  gyrA  (target  genes  for
fluoroquinolones),  23s  rRNA  mutations,  and  rRNA  methylase  gene  erm(B),
conferring  resistance  to  macrolides;  P.  aeruginosa  bears  mutations  in  genes
encoding enzymes like DNA gyrases and type IV topoisomerases (GyrA, GyrB,
and ParC, ParE) in TOPRIM domain leading to fluoroquinolone resistance and in
elongation factor G (fusA1) for aminoglycoside resistance [45]. N. gonorrhea, the
causative  agent  of  sexually  transmitted  infections,  infects  106  million  cases
annually worldwide [46]. Its infection affects the throat, rectum, and genitals. But
MDR  in  N.  gonorrhea  has  evolved  to  all  known  drugs  used  for  its  treatment.
Moreover,  its  co-infection  with  Chlamydia,  another  major  causative  agent  for
sexually transmitted infections, is of concern and even transmits from the mother
to the child during birth. Drug resistance in Neiserria arises due to mutations in
genes. For instance, mutations in gyrA and parC genes for Quinolone, penA for
Penicillin,  porB,  mtrR,  and  ponA  genes  for  cefixime  or  ceftriaxone,  rpsJ  for
tetracycline and mtrR and 23s RNA for azithromycin drugs [47]. Acquisition of
resistance  genes  by  transduction,  transformation,  and  conjugation  is  also
commonly  seen  in  bacteria.  The  transfer  of  multiple  resistance  genes  in
Salmonella sp. consists of blaTEM-1 (ampicillin resistance) and dfrA7, sul1, sul2
(trimethoprim-sulfamethoxazole  resistance).  The  presence  of  other  genes,
including  the  catA1  for  the  chloramphenicol  resistance  and  strAB  for  the
streptomycin  resistance,  is  associated  with  an  IncHI1  plasmid.  Ceftriaxone
resistance is gained by acquiring an extended-spectrum beta-lactamase (ESBL; in
Italy, Nepal, and France) gene [48]. The AcrAB-TolC efflux pump exports drugs
(from the  cell)  used  during  the  treatment.  Overexpression  of  this  pump  occurs
after  exposure  to  fluoroquinolones,  admitting  the  evolution  of  MDR  [49].  S.
typhimurium may have as many as 10 types of efflux pumps [50]. Horizontal gene
transfer  in  Campylobacter  acquired  a  plasmid  harboring  tetracycline  and
kanamycin-resistant  genes,  tet(O)  and  aphA-3  [51,  52].  Other  modes  include
transposons  (mobile  genetic  elements,  e.g.,  Tn5053)  or  integrons  like  Verona
integron  encoded  Metallo  beta-lactamase,  e.g.,  VIMPA  [53,  54].  Some  multi-
resistance regions (MRR) are made up of multiple types of mobile elements, as
seen  in  Klebsiella  and  Shigella  [55].  An  evolving  mechanism  for  developing
MDR is  also through exporting the resistance genes via  Outer-inner  membrane
vesicles  (O-IMVs),  which involve protrusion from bacteria  containing both the
outer and the plasma membranes having the bacterial  cytoplasmic components,
too [56 - 59].
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MDR in Gram-positive Bacteria

As discussed above, these bacteria have a thick cell wall and are exploited as a
target for the most antibacterial to stop their growth. For example, penicillin has
been  widely  used  for  treating  Staphylococci  and  Streptococci  infections.
Unfortunately, resistance to penicillin was soon developed due to the emergence
of the penicillinase enzyme, which resulted in the discovery of more β-lactams
antibacterial  drugs.  But  bacteria  emerged  with  resistance  to  these  too.
Understanding the cell wall architecture is important to develop newer antibiotics
required for bacterial killing. Penicillin-binding proteins (PBPs) are the bacterial
catalytic  proteins  required  for  a  new  cell  wall  synthesis  that  has  a  glycosidic
backbone consisting of polymerized lipid II by transglycosylase activity of PBPs
(repeating  units  of  N-acetylmuramic  acid  (MurNAc)  and  N-acetylglucosamine
(GlcNAc). PBP’s dd-transpeptidases activity carries out the indispensable step for
cross-linking to get structural rigidity. The beta-lactam binds to the bacterial DD-
transpeptidase enzyme and inhibits its activity, blocking new cell wall synthesis
and hence bacterial cell death. G+ve bacteria have thick cell walls consisting thick
peptidoglycan layer compared to G-ve bacteria, where OM has a role in blocking
antibiotic entry into the cell. Hence, beta-lactams are most effective against G+ve
bacteria  with  high  transpeptidase  activity.  But  these  bacteria  have  developed
several defense mechanisms in the form of beta-lactam sensors like BlaRs, which
get  acetylated  and  relay  this  sensing  to  the  evolution  of  resistance  in  G+ve
bacteria posing a significant public health threat. Hence, CDC has given a list of
G+ve  bacteria  for  R&D,  and  new  antibiotics  needed  [31],  while  WHO  has
published  a  priority  list  for  these  resistant  bacteria.  CDC  has  classified  these
bacteria  under  different  threat  groups as  Urgent  Threats,  including Clostridium
difficile;  Serious  Threats,  including  vancomycin-resistant  Enterococci  (VRE),
methicillin-resistant Staphylococcus aureus (MRSA), Streptococcus pneumoniae,
and  Mycobacterium  tuberculosis;  Concerning  Threats  for  the  erythromycin-
resistant group A. Streptococcus, clindamycin resistant group A. Streptococcus;
and a watch list for Mycoplasma genitalium.

We are discussing here, in detail, the top candidate, S. aureus. In 1959, methicillin
(celbenin)  was  developed,  and  in  1961  methicillin  resistance  evolved  in  this
bacterium against cephalosporins and carbapenems. The resistance is conferred by
the modified PBP resulting in low binding of penicillin and other β-lactams. S.
aureus  is  often  present  asymptomatically,  with  ~  20%  of  individuals  as  a
persistent nasal carriers and around 30% are intermittent carriers. MRSA emerged
via horizontal gene transfer with penicillinase plasmids by bacteriophages. MRSA
evolved with the mecA gene that generates PBP2 with a lower affinity to bind to
beta-lactam antibiotics. The risk continues to be prolonged hospitalization, ICUs,
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long use of urinary catheters or central venous access, and other practices. MRSA
outbreaks are known as both healthcare-associated (HA-MRSA) and community-
associated (CA-MRSA). Many humans make antibodies against S. aureus. MRSA
escapes the immune system by modifying the cell wall by glycosylation [60]. The
vaccine development programs in the past have not been successful [61]. MRSA
is a versatile pathogen and endures multiple resistance determinants and is found
in  food-producing  animals  to  seafood  (fish)  due  to  extensive  antibiotic  use  in
these industries [62]. This issue gives a high chance to spread into the food chain
too, both on land and sea. Many strains with resistance have zoonotic potential
(moving  between  humans  and  animals),  among  livestock  or  pets,  and  wildlife
[63]. MDR-MRSA transmission has been found among primates [64]. This bug is
so smart that after extreme antibiotic treatment, a small subpopulation of bacteria
as  a  result  of  phenotypic  variation,  differentiates  into  dormant,  spore-like  cells
called  persisters  [65].  These  species  mutate  highly,  evolve  against  antibiotics
used, and have small colony variants (SCVs), where many metabolic alterations
result in MDR.

Access to the immune system is also limited by biofilm formation and allowing
them  to  escape  [66].  It  is  accompanied  by  the  biosynthetic  pathway
downregulation,  toxin/antitoxin  expression  to  stop  translation,  etc.  Many  other
genes  like  Rel  A,  RelE,  MazF,  HipA kinase,  ClP/Lon  (proteases),  DksA/ppGpp
(alarmone  for  TCA  regulation),  and  persister  genes  –glpD,  plsB,  and  GlpF
(Glycerol  metabolism),  and  by  regulating  counteraction  for  reactive  oxygen
species  (ROS)  [67  -  69]  afford  the  cell  with  the  ability  to  endure  metabolic
changes accepting persistence. MRSA undergoes mutations in the bshA and fosB
genes  encoding  for  bacillithiol  (Glutathione  counterpart,  required  for  the  ROS
defense),  reducing  fosfomycin  and  H2O2  resistance,  followed  by  a  decrease  in
NADPH (required for thioredoxin antioxidant), altogether helping in the survival
in the phagolysosome [70]. Some bacteria are resistant to glycopeptides (cell wall
inhibitor), e.g., in MDR Enterococcus faecium (owing to the presence of Van A-
E, and VanG clusters), resulting in low binding affinity to antibiotics [71]. Also,
the co-infection in patients (~30%) with VRE and MRSA resulting the transfer of
drug-resistant  genes.  Due  to  the  extensive  use  of  vancomycin  antibiotics  for
treating  MRSA  infections,  the  evolution  of  newer  strains  -  vancomycin-
intermediate S. aureus (VISA) and VRE resulted in the vancomycin-resistant S.
aureus (VRSA) [72]. The D-Ala-D-Ala residues act as decoy targets to block the
vancomycin  antibiotic.  Vancomycin  physically  blocks  the  D-alanyl-D-alanine
residue  (DDR)  and  interferes  with  the  substrates  of  cell  wall  formation  [73].
Transposon with genes for vancomycin resistance occurs in VRE, where it will
replace  the  DDR  with  D-Ala-D-Lac  [74].  S.  aureus  is  resistant  to  quinolones
(inhibits  DNA  gyrase  and  topoisomerase  IV)  by  mutating  genes  of  these  two
enzymes (grIA and gyrB) [75]. Other MDR species are S. epidermidis (resistant to
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exopolysaccharide matrix in biofilms against drug penetration), S. saprophyticus
(UTI infections). In the case of S. pneumonia, the vaccination reduced the disease
but  also  formed  non-vaccine  serotypes.  MDR  and  XDR  in  serotype  15A  is  of
concern  [76,  77].  It  is  non-susceptible  to  many  drugs  (fluoroquinolones,
penicillin,  cephalosporins,  macrolides,  lincosamides,  tetracyclines,  and
carbapenems).

Low-level  MDR  is  reported  in  Listeria  monocytogenes  to  streptomycin,
chloramphenicol, trimethoprim, and macrolide. Sensitivity to drugs also decreased
with the help of acquired active efflux pumps or transposons (against tetracyclines
and fluoroquinolones) [78]. Its lipoteichoic acid (LTA) also plays a role in MDR.
LTA  is  an  important  polymer  of  the  bacterial  cell  wall  (G+ve)  (Fig.  3).  LTA
forms  an  extracellular  envelope  with  peptidoglycan  and  teichoic  acids  that
protects from lysis. Also, the D-alanylation of LTA plays a major role in MDR
[78].  Mycoplasma  genitalium  is  sexually  transmitted  (20%  of  nongonococcal
urethritis)  and  has  increased  its  dissemination  with  HIV  infections  (human
immunodeficiency virus).  MDR in this  organism is  increasing as  ~ 40% of  the
strains have resistant to azithromycin and fluoroquinolone. These MDR strains are
prevalent in Australia, Japan, the US, and Europe [79].

In a healthcare setting, the MDR infection is also from C. difficile (CDI). These
bugs produce the toxins - TcdA, TcdB, and CDT [80]. The life cycle of C. difficile
involves spore formation, which endows it with persistence and resistance. MDR
strains  are  found  in  the  USA,  China,  and  Asia.  The  strain  found  in  Italy  is
resistant  to  rifampicin,  imipenem,  moxifloxacin,  clindamycin,  and
chloramphenicol [81].  The cfr  gene (encoding RNA methyltransferase) triggers
multiple resistances (mainly to peptidyl transferase inhibitors) by methylation of
the  23S  rRNA  [80,  82].  Similarly,  spores  formed  in  Bacillus  anthracis  and
Bacillus cereus that cause infection by its toxin or capsule have gained resistance
to  penicillin,  ampicillin,  cephalosporins,  and  trimethoprim  [73,  83].  Another
toxin-mediated infection causative agent is Corynebacterium diphtheria. It causes
diphtheria  facilitated  by  A-B  exotoxin  (translational  inhibitor).  Resistance  is
acquired by the HGT of genes, but the non-toxigenic strains of Corynebacterium
and C. diphtheriae (NTCD) are considered critical emerging bugs as they are not
vaccine-preventable [84, 85].
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Apart from the above two categories of bacteria classified based on their cell wall,
M. tuberculosis is considered as a separate class possessing an entirely different
cell wall composition rich in mycolic acid. The presence of a highly impermeable
outer membrane, along with other mechanisms like drug degrading and modifying
enzymes  as  well  as  horizontally  transferred  chromosomal  mutations,  are
responsible  for  conferring  a  high  level  of  drug  resistance.  Moreover,  the  rapid
emergence of multidrug-resistant M. tuberculosis (MDR-TB) is a growing public
health  concern  that  occurs  due  to  resistance  to  front-line  drugs,  especially
Rifampicin  and  Isoniazid.  Management  of  MDR-TB  thus  required  the  use  of
second-line  drugs  that  include  fluoroquinolones  and  aminoglycosides.
Geographically,  MDR-TB is  more  challenging  in  Southeast  Asian  and  African
countries  like  India,  China,  the  Russian  Federation,  Indonesia,  Nigeria,  and
Pakistan, accounting for about 60% of the global burden [5]. Unfortunately, the
advent  of  even  more  resistant  strains  of  M.  tuberculosis  (known  as  extremely
drug-resistant  tuberculosis  or  XDR-TB),  for  the  front-line  drugs  plus
fluoroquinolones as well as one of the three injectables (kanamycin, capreomycin,
or amikacin) has destabilized the global economy and WHO’s END-TB program
milestones. MDR- and XDR-TB is mainly arising due to inadequate treatment, the
transmission of resistant bacteria, or infection with resistant strains. MDR-TB and
XDR-TB are problematic as it involves difficult treatment with second-line drugs,
low  detection  capabilities,  a  longer  treatment  regimen  (18-24  months)  with  a
lower treatment (55%), and a high death rate (15%). Whole-genome sequencing
tools have facilitated the identification of drug-resistant strains for various drugs
in  use.  Unfortunately,  due  to  high  costs  and  limited  resources  in  developing
countries,  there  is  an  increased  spread  of  highly  resistant  strains  in  the
community. Therefore, this demands an urgent development of collaborative aids,
better and rapid diagnostic tools, identification of specific resistance markers as
well as newer strategies and drugs that could significantly reduce the treatment
time and complications associated with it.

Multidrug Resistance in Fungi

Infections  caused  due  to  fungi  are  a  serious  health  concern  around  the  world,
posing a major threat to those with weakened immunity like HIV/AIDS, cancer,
organ  transplant,  asthma,  and  corticosteroid  therapies.  The  most  commonly
occurring  fungal  pathogens  are  Candida,  Aspergillus,  Fusarium,  and
Cryptococcus  species.  These  fungal  pathogens  are  responsible  for  an  annual
estimated  case  of  over  a  billion  and  cause  1.4  million  deaths  worldwide.  Like
bacteria, fungi have also developed antifungal resistance. Antifungal resistance,
especially MDR in fungi, arises when it becomes completely resistant to at least
two  classes  of  drugs  simultaneously.  Drug  resistance  in  fungi  is,  therefore,  a

MDR and XDR in M. tuberculosis
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critical concern due to the limited treatment options available. Antifungal drugs
can be classified into five major classes,  namely polyenes,  pyrimidine analogs,
echinocandins,  triazoles  and  allylamines,  wherein  each  class  can  have  several
drugs. Azoles (ketoconazole, fluconazole, itraconazole, miconazole, voriconazole)
are  the  most  commonly  used  antimycotics  inhibiting  cytochrome  P450  14α-
lanosterol  demethylase  and  block  ergosterol  synthesis  [86].  Echinocandins
(caspofungin, micafungin, and anidulafungin) inhibit the synthesis of the cell wall
by targeting β-1,3-Glucan synthase [87]. Polyenes (including amphotericin B and
Nystatin) bind to membrane sterols, mainly ergosterols and act by changing their
permeability  and  cell  death  [88].  Pyrimidines  (including  5-Flucytosine)  inhibit
nucleic  acid  synthesis  by  targeting  thymidylate  synthase  [89].  Finally,
Allylamines inhibit squalene epoxidase enzyme leading to squalene toxicity and
thus affecting ergosterol synthesis.

Some fungi are naturally or intrinsically resistant to the drugs, while few develop
resistance  over  time  when  exposed  to  antifungal  agents.  Several  factors,  like
improper use of antifungal agents, extensive use of fungicides in agriculture, and
the use of antibiotics for fungal treatments, lead to multidrug resistance in fungi.
Drug resistance has been observed extensively in Candida and Aspergillus species
to almost all drug options available. Drug resistance in fungi arises mainly due to
(1) a decrease ineffective drug concentration which occurs by overexpression of
efflux  pumps  and/or  drug  targets,  poor  pro-drug  conversions,  and  drug
sequestration in biofilms; (2) drug target alterations and (3) metabolic bypass. The
following sections would briefly illustrate the evolution of multidrug resistance in
pathogenic fungi, with special emphasis on Candida spp.

Drug Resistance in Candida albicans and NAC species

Among most of the invasive fungal infections occurring in immunocompromised
patients,  those  caused  by  Candida  albicans  rank  leading  fungal  pathogen  of
humans. But infections caused by other species of Candida, also known as non-
albicans are also common, especially in neonates. Worryingly, the emergence of
multidrug-resistant  Candida  species,  which  were  naturally  susceptible  to  the
known drugs,  is  becoming another  major  worldwide concern.  The evolution of
drug  resistance  is  a  rapid  phenomenon  in  C.  albicans.  Antifungal  resistance  in
Candida  occurs  due  to  a  variety  of  reasons,  each  of  which  is  briefly  detailed
below:

(a) Overexpression of efflux pumps: Among various mechanisms, overexpression
of drug efflux pumps contributes to the primary cause of resistance by reducing
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the intracellular accumulation of drugs. The genome of C. albicans possesses 28
ABC-type  and  96  MFS  transporters.  Drug  efflux  caused  due  to  either
overexpression or transcriptional regulation of CDR1 and CDR2 (Candida Drug
Resistance) transporters belonging to the PDR (pleiotropic drug resistance) class
as well as MDR1 and FLU1 (Fluconazole resistance) belonging to MFS class are
majorly involved in conferring drug resistance to C. albicans and C. dubliniensis
[90 - 95]. Similarly, C. glabrata has 18 ABC and 33 MFS transporters.

(b)  Alterations  in  the  drug  target  enzyme:  Another  important  mechanism
responsible  for  drug  resistance  in  C.  Albicans  involves  modulation  of  the
ergosterol biosynthetic pathway by the induction of 14α-demethylase expression
or point mutations in the ERG11 gene. This altered expression results in reduced
affinity to fluconazole and hence resistance [96, 97].

(c)  Biofilm formation:  Drug sequestration to  the  extracellular  matrix  is  another
very common mechanism of drug tolerance among most  Candida  species [98].
The  presence  of  β-1,3-  glucans  (produced  by  enhanced  expression  of  Fks1
encoded Glucan synthase) in the extracellular matrix of C. albicans biofilms plays
a significant role in sequestering azole, echinocandins, pyrimidines, and polyenes,
thus imparting resistance [17, 99 - 101].

(d) Loss of function mutation: Candida also circumvents the toxic effects of drugs
by diverting the metabolic functions in the cell. For example, defective or loss of
function mutation in ERG3 gene encoding sterol Δ5,6 desaturase found in several
species can bypass the otherwise toxic effects from 3,6-diol derivatives of 14α-
methylated sterols. Such mutations have led to resistance to azole and AmB drugs
[101].

(e)  Cross  Resistance  and  Co-resistance  leading  to  Multidrug  Resistance:
Simultaneous mutations of ERG11 (encoding sterol 14α-demethylase) and ERG5
(encoding C22 desaturase) as seen in C. Albicans  led to co-resistance for azole
and  amphotericin  B  [102].  Other  incidences  include  selective  pressures  caused
due to fluconazole resistance which led to cross-resistance to amphotericin B due
to the defective sterol Δ5,6 desaturase [103]. Point mutations in FKS2 encoding β-
1,3-glucan synthase, as well as overexpression of ABC transporters, led to MDR
to flucytosine, caspofungin, and azoles in C. glabrata [104].

C. auris is a new species identified in 2009 that exhibits features, not like other
related  fungi  and  has  led  to  simultaneous  exponential  nosocomial  outbreaks  in
healthcare facilities around the world. It has raised serious concern as it persists in
colonization  almost  indefinitely  and  exhibits  high  transmissibility  and  shows
resistance to multiple drug classes. It is the first fungal pathogen to be considered
a  public  health  threat  by  the  Centers  for  Disease  Control  (CDC).  C.  auris  has
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shown  resistance  to  azoles,  polyenes,  and  echinocandins.  Currently,  the
mechanism for drug resistance remains less understood but is quite similar to that
in  C.  albicans.  For  instance,  mutations  in  the  ERG11  gene  or  increased  efflux
pump activity, or mutations in FKS1 gene were found to be similar to C. albicans
resulting  in  either  fluconazole  or  echinocandin  resistance.  The  resistance
mechanism for  amphotericin  B is  not  clear  yet.  Though less  complex,  C. auris
also  forms  a  biofilm  that  pertains  to  its  colonization  over  the  surfaces  and  is
responsible for multidrug resistance [6, 7, 105, 106].

MDR in Aspergillus Fumigatus

A.  fumigatus  is  an  invasive  pathogen  that  is  the  primary  cause  of  the  disease
aspergillosis. The rate of mortality often even increases to more than 88% in high-
risk  immunocompromised  patients.  Triazoles  and  AmB  are  the  most  effective
treatment options for dealing with A. fumigatus. Unfortunately, their extensive use
in  agriculture  as  fungicides  and  accidental  exposures  on  contact  led  to  the
emergence  of  resistant  fungi.  Drug-resistant  strains  of  fungi  were  initially
identified in Europe but have now been seen around the globe. Drug resistance to
triazole is contributed by characteristic mutation TR34/L98H in the gene encoding
Cyp51A [7]. Other incidences include high expression of efflux pumps belonging
to either ABC type (AfuMDR4) or MFS type (AfuMDR3) leading to resistance to
itraconazole [107].

MDR in Fusarium

Fusarium  is  usually  a  plant  pathogen  but  is  also  identified  to  cause  human
fusariosis. Fusarium is resistant to almost all classes of antifungals known. Few
Fusarium  spp.  exhibits  inherent  primary  resistance  mechanisms  without  prior
exposure to the antifungals. Secondary resistance develops for azole in previously
susceptible  strains.  Unlike  A.  fumigatus,  secondary  resistance  arises  due  to  the
deletion of CYP51 encoding 14α-demethylase. CYP51A deletion makes Fusarium
graminearum susceptible to azoles and other antifungals. Additionally, mutations
in the FKS1 gene (P647A and F639Y) might lead to intrinsic resistance against
echinocandins in Fusarium solani. Efflux pumps are also predicted to be involved
in  incurring  azole  resistance  in  Fusarium  spp.  Cross-resistance  for  azoles,
echinocandins,  and  polyenes  are  also  commonly  seen  in  Fusarium.  The  actual
mechanism of resistance is yet to be understood [108].
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Similar to antibiotic resistance, the resistance against antiviral drugs is also well
documented  and  increasing  with  the  ever-growing  mutational  repertoire  of  the
viral  genome.  The  mitigation  of  drug  resistance  against  viral  infection  is  more
challenging  due  to  its  obligate  intracellular  parasitic  nature.  The  following
sections  explore  some of  the  most  prevalent  forms  of  viruses  and  their  current
status of antiviral drug resistance.

MDR in Influenza Virus

Influenza virus is one the most prevalent form of virus found across the globe and
is divided into classes of; type-A, type-B, type-C, and type-D. According to the
Center  for  Disease  Control  and  Prevention  (CDC)-USA,  type  A  and  B  cause
seasonal epidemics every year in winter in the United States called flu—a form of
the  disease  that  causes  acute  febrile  respiratory  disease  in  young  children,  the
elderly and immunocompromised individuals.  Type-A has only the potential  to
emerge as a source of a global pandemic, however, type-C is considered a very
mild form of influenza that does not qualify as an epidemic, and type-D is only
limited to animals [109, 110].

For  influenza  A,  two major  classes  of  drugs  are  employed,  1)  M2 Ion  channel
inhibitor  (rimantadine  and  amantadine)  and  2)  neuraminidase  inhibitor  (NAIs;
laninamivir,  peramivir,  oseltamivir,  zanamivir).  The  M2  ion  channels  are
tetrameric integral membrane protein that allows pH-sensitive gating on the host
endosome  surface  [111],  upon  acidification,  it  leads  to  completion  biogenesis,
facilitated by the release of virion particles [112]. The drug adamantanes bind to
the  pore  of  the  M2  Channel  to  block  proton  conductance  and  viral  biogenesis
[113]. The Influenza-virus (IAV) acquires resistance to the adamantanes by key
mutations of pore-lining [114].

Adamantanes, and later included rimantadine [115], were highly successful drugs
with  an  efficacy  rate  close  to  90%  [116],  but  just  in  the  last  two  decades,  the
resistance  increased  significantly  from  1%,  before  the  year  2000  globally  to;
73.8% in China, 22.7% in Taiwan, 69.6% in Hong Kong as a major contributor
for overall 27% in the entire Asian continent, while Europe, North America, and
South America had less than 5% that now encompasses overall 12.3% increase
[117].  The single  mutation of  S31N is  responsible  for  98.2% of  resistant  cases
against the drug adamantane [117].

These studies strongly support the notion of the development of drug resistance
among  IAVs  with  crucial  mutations,  and  some  of  the  key  reasons  for  such
adaptation  are  conferred  on  the  nature  of  intermediate  hosts—pigs,  birds,  and
horses,  like  animals,  act  as  reservoirs.  Therefore,  the  development  of  antiviral

Multidrug Resistance in Viruses
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medicine  and  universal  vaccine,  along  with  global  surveillance  of  circulating
intermediate  hosts,  becomes  extremely  important  to  restrict  drug  resistance.

MDR in Human Immunodeficiency Virus (HIV)

HIV  infects  the  immune  cells,  causing  acquired  immune  deficiency  syndrome
(AIDS)  if  it  remains  untreated.  There  are  two  forms  of  HIV viruses;  HIV-1  is
almost synonymous with HIV, while HIV-2 is very limited in west Africa and less
than 0.01% in the population of the USA. The development of the combination of
antiretroviral drugs leads to remarkable control and management of HIV [118].
Unfortunately,  the  development  of  resistance  in  HIV  against  these  drugs  is
compromising  their  effectiveness  [119].

HIV is a challenging viral infection for effective treatment due to; the very high
genetic  variability  conferred  by  error-prone  reverse  transcriptase  (RT)  [120].
There are five commonly used classes of drugs for antiretroviral therapy (ART);
1)  Protease  inhibitors  (PIs),  2)  Nucleoside  reverse  transcriptase  inhibitors
(NRTIs),  3)  Non-nucleoside  reverse  transcriptase  inhibitors  (NNRTIs),  4)
Integrase  strand  transfer  inhibitors  (INSTIs)  and  5)  C-C  motif  chemokine
receptor-5  (CCR5)  antagonist  [121].  Almost  all  drug  resistance  arises  with  the
selection  pressure  of  applied  medicine;  some  drug-resistant  mutation  requires
more than one site of alternation, while sometimes a single mutation confers the
resistance.  Usually,  there  is  no  cross-resistance;  one  class  of  resistant  HIV
remains  completely  susceptible  to  the  other-unrelated class  that  patient  has  not
been administered [122], however, significant resistance has been observed within
the same class of ART drugs [123].

Protease inhibitors are key drugs applied for ART, stopping the proteases to act
on polyproteins – responsible for the release of mature viral functional proteins.
The  key  resistance  associate  mutation  for  this  class  may  be  found  in  over
(Stanford University drug resistance database). Reverse transcriptase is targeted
by two major classes of drugs: 1) Nucleoside reverse transcriptase inhibitors, and
2) Non-nucleoside reverse transcriptase. Moreover, the other class, Integrase, is an
essential enzyme of HIV and an excellent drug target, which incorporates the viral
genome  into  the  host’s  cell  chromatin.  Integrase  strand  transfer  inhibitors
(INSTIs) are among the newest class of ART. The major mutations responsible
for conferring resistance against these four classes are available in the Stanford
University HIV drug resistance database (https://hivdb.stanford.edu/).

The  “Maraviroc”  is  a  special  ART  that  prevents  the  binding  of  the  tropical

https://hivdb.stanford.edu/
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receptor  of  HIV-1  gp120  to  seven  transmembranes  G  protein-coupled  R5
receptors  [124].  The  most  common reason  to  acquire  the  resistance  among the
patients undergoing R5 receptor inhibitor is the elongation of the CXCR4 (X4)
region on the surface of the virus [125], however, a rare binding of HIV-1 gp 120
to inhibitor-bound R5 receptor can also take place in some mutations [126].

There  are  significant  classes  of  inhibitors  that  have  been  developed  for  ART,
however, the error labile nature of viral genome amplification, always seeds the
new mutation classes that compromise the efficacy to render the drug altogether
ineffective.  Therefore,  a  selective  combination  of  unrelated  classes  has  greater
success in checking the viral load, along with this, a continuous understanding of
fundamental principles always paves the way to discover new drug targets, better
than previous generation drugs.

ACTION PLANS FOR COMBATING MULTIDRUG RESISTANCE AND
THE GLOBAL SURVEILLANCE PROGRAMS

The  main  drivers  of  MDR  microbes  are  the  misuse  and  overuse  of  antibiotic
drugs.  Therefore,  antimicrobial  stewardship  programs  (ASP)  are  required  to
optimize the use of antimicrobials. ASP includes coordinated interventions aimed
at  achieving  the  appropriate  use  of  antimicrobial  drugs  for  enhanced  health
outcomes  and  reduced  resistance  by  promoting  the  selection  of  the  best
procedures. Many steps, like education (improving awareness and understanding
of  resistance  in  microbes),  deep  surveillance,  laboratory  strategies  (better
detection and new equipment), pharmacy strategies (optimized effective dosing),
new  medicines  and  vaccines,  etc.,  are  included.  Several  organizations  conduct
ASP with education and advocacy programs for resistance control and access to
effective  antibiotics,  e.g.,  CDC  [127],  SHEA  [128],  EU  (ESAC,  ESCMID,
ESGAP)  [129],  Do  Bugs  Need  Drugs-CCAR  [130],  and  WHO  [131].  ASP  is
gaining  thrust  globally,  Sweden  (100%  ASP),  the  United  States  (88%  ASP),
France (81% ASP), and the United Kingdom (77% ASP) [132]. Sharing of these
best  practices  across  the  globe  (including  different  institutions,  regions,  and
countries)  must  continue  for  ASP  to  progress.  It  is  well  supported  by  the
establishment  of  TATFAR  [133]  for  the  US  and  European  activities  and
programs.  To  expedite  the  complete  implementation,  a  stronger  direction  from
WHO will play a big role; WHO has developed the global action plan (GAP) on
microbial resistance [46, 134 - 136]. Many required steps like expanded coverage
(including services like hygiene,  preventative care,  and vaccination to slow the
spread of resistance), better oversight and quality of care (improve oversight in
health care practices), smarter, fairer financing (in the case of treatable infections,
to close existing access gaps), better information (surveillance, monitoring, and
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response),  and  improved  stewardship  and  governance  (improve  awareness  and
understanding) are needed globally [137]. World Bank proposes to use the GAP
where  his  recommendations  as  to  the  options  for  a  country’s  action  plan  are
structured  in  different  sectors  like  health,  agriculture,  water,  sanitation,  and
hygiene.

ADVANCES  TO  DEVELOP  NEWER  THERAPEUTICS  FOR
MULTIDRUG RESISTANCE

Recent  studies  demonstrated  that  the  emergence  of  MDR  bacterial  infections,
viral and fungal infections alarm our scientific communities, urging us to identify
novel  drugs  with  a  different  mechanism  of  action.  We  present  a  few  of  the
advances that need to be exploited and implemented into real practice for treating
MDR  microbes.  In  the  subsequent  section,  we  also  discuss  alternatives  to
conventional therapeutics that have potential and found applications in the field of
medicine.

Fecal Microbiota Transplantation (FMT)

FMT is the engraftment of fecal microbiota from a healthy donor to re-establish it
in  the  gut  of  patients  with  MDR microbes.  FMT has  served  to  be  a  promising
therapy for  intestinal  MDR bacterial  decolonization  while  restoring  the  normal
gut microbiota in patients with MDR. The success rate is 70–94% (C. difficile).
FMT  decolonized  the  vancomycin-resistant  Enterococci,  ESBL  and
carbapenemase-producing Enterobacteriaceae, and MRSA [138 - 143]. FMT has
also  worked  well  on  immuno-compromised  patients  too.  The  safety  of  FMT is
also tested in lentivirus-infected primates and showed increased numbers of Th17
and Th22 cells (which significantly decrease HIV or SIV infection) on performing
FMT [144]. Successful FMT is also performed in dogs having diarrhea coupled
with parvovirus infection [145].

CRISPR-Cas System

This  is  a  DNA editing technology adaptive  from bacteria  and archaea  where  it
provides  a  defense  against  viral  attacks  or  plasmid  challengers.  The  foreign
nucleic  acid  fragments  are  integrated  into  the  host  chromosome  at  a  repetitive
element known as a CRISPR (clustered regularly interspaced short palindromic
repeat).  The other component is  a protein associated with CRISPR called Cas9
that  has  nuclease  activity  and  uses  a  small  RNA  guide  to  specify  the  site  of
cleavage [146]. Reprogrammed CRISPR-Cas-based genomic editing technique is
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very  specific  for  the  target  and  forms  chances  to  manipulate  MDR  microbes
[147]. It  could be utilized to target sequence-specific MDR microbes while not
affecting  avirulent  strains,  for  example,  targeting  plasmids  harboring  the
resistance genes in Corynebacterium, Staphylococcus, and M.tuberculosis [148 -
151]. The antimicrobial function of CRISPR-Cas has already been documented in
a mouse model to kill S. aureus. CRISPR has also been applied in C.albicans to
delete the genes encoding efflux pumps and biofilm factors. This technology can
also be extended to target other clinically relevant fungal pathogens like C. auris,
Cryptococcus, Aspergillus, and Mucorales [152 - 155]. CRISPR-Cas system also
finds its application to target different sequences of HIV. The small RNA guide is
designed to match the sequences (stored in the patient’s reservoir), conserved sites
in  the  virus  genome,  and  co-receptor  CCR5  or  CXCR4  [156,  157].  At  the
technical  and  ethical  levels,  the  use  of  CRISPR-Cas  in  humans  with  MDR
infections needs more advances to be implemented. But there lies a big hope in
CRISPR-Cas.

Metallo-Drugs and Metallo-nanoparticles in MDR

MDR  microbes  (bacteria,  viruses,  and  fungi)  cause  infections  that  are  hard  to
control  and  are  alarming  to  identify  novel  drugs  with  different  mechanism  of
action [158]. The coordination of metal complexes, a combination of metal and
organic  compounds,  has  focused  much  attention  on  an  alternative  approach  to
antimicrobial  therapy,  which  may  overcome  many  issues  such  as  solubility,
toxicity,  and  resistance  of  individual  metal  ions  and  ligands.  Several  metal
complexes such as bismuth-, gallium-, gold-, iron-, palladium-, silver-, ruthenium-
and copper-based coordination complexes have attempted human clinical trials for
curing  cancer,  malaria,  and  other  neurodegenerative  diseases  [159  -  161].  The
discovery of  Salvarsan [162],  Auranofin  [163],  and Cisplatin  [164],  etc.,  is  the
authentic evidence to dive deep into the search for metallodrugs against multidrug
resistance. While several targets are exposed, nucleic acids (DNA or RNA) and
membranes are the most vulnerable targets for antimicrobial drugs. The mode of
action  for  the  metal  complexes  is  distinct,  and  the  former  is  based  on  the
intercalation between DNA base pairs or DNA cleavage, while the latter is based
on  either  loss  of  membrane  integrity  or  lipid  peroxidation.  Since  the
bioavailability of copper ions are prominent in the human body, the focus of this
chapter  is  the  interaction  of  copper  (II)  complexes  with  either  nucleic  acids  or
membranes.  In  the  last  few decades,  copper  intercalating complexes  have been
well-documented, creating a roadmap to discovering novel antimicrobial agents
[165, 166]. The mechanism underlying those complexes is that they selectively
target  the  DNA,  cleaving  into  either  single-stranded-  (ssDNA)  or  double-
stranded- (dsDNA) DNA, which also sheds light on the retrospective studies of
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old  copper  complexes  that  exhibited  “Chemical-nuclease”  activity  [167].  The
future  direction  toward  the  finding  of  antimicrobial  drugs  will  include  simple,
modified, and mixed-ligand copper(II) complexes [168, 169]. The advantages of
mixed ligand copper (II) complexes are to incorporate recognition elements such
as amino acids,  peptides,  nucleotides,  more specifically,  antibiotics,  along with
intercalation  ligands  (simple,  substituted-,  and  modified-1,10-phenanthrolines).
To illustrate the mechanism of action in bacteria, we have devised several mutants
to quantify the reactive oxygen species (ROS), iron-metabolism, generated by the
copper  (II)  complexes  as  they  are  redox-active  complexes,  which  will  for  sure
create  a  huge  impact  on  the  discovery  of  drugs,  alternative  to  multidrug
resistance.

In recent years nanomaterials are playing a vital role in medicine and technology.
One  of  the  main  applications  is  to  deliver  either  metal  ions  or  the  metal-
complexes  to  the  specific  target.  For  instance,  cisplatin-based  nanomaterials
deliver cisplatin to the cancer cell specifically. Furthermore, the chemistry behind
the metal-based nanocomplexes is also considered a prominent solution against
multidrug  resistance,  and  its  mechanism  of  action  is  entirely  different  from
traditional  drugs,  exhibiting  resistance  activity.  The  merits  of  metal-based
nanoparticles  over  the metal  complexes are size,  shape,  roughness,  and surface
energy [169], which are crucial for their in vivo activity. Several studies provide a
detailed explanation of the copper nanoparticles (CuNP) that exhibited excellent
antimicrobial  activity  against  a  wide  range  of  microorganisms.  However,  the
molecular level of understanding is still lacking, due to the limited knowledge of
the interface between chemistry and microbiology. The future direction will  be
required to focus on the refurbished metallodrugs and their impact on the MDR
microbes.

Use of Antibiotic Adjuvants

The  adjuvants  are  compounds  having  the  potential  to  enhance  the  bactericidal
activities  of  antibiotics.  It  helps  in  killing  resistant  microbes  in  different  ways,
boosting  host  response,  antibiotic  accumulation,  inhibiting  signaling,  etc.,  and
therefore  also  blocks  the  resistance  [170].  For  example,  Zn2+  is  used  by  the
metallo  beta-lactamases  to  cleave  the  antibiotic  (carbapenems).  But  a  natural
fungal compound, Aspergillomarasmine A (AMA), sequesters the Zn2+ metal and
enhances the meropenem’s antibiotic activity on NDM-1 or VNM. Interestingly,
other metals like Cu+2 ions also act as carbapenem adjuvants by metal exchange
[171].  Similarly,  adjuvants  (after  screening  compound  libraries)  could  be  used
against efflux pumps or biofilm to stop diverse MDR microbes.
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Herbal Medicine

Herbal extracts have a wide spectrum of activity with minimal side effects (e.g.,
Apocynaceae  family,  used  much  in  the  Ayurvedic  system  of  medicine).  Many
plant  secondary  metabolites  have  been  used  for  broad  antimicrobial  activities,
e.g., flavonoids, alkaloids, essential oils, etc. [172]. Anti-microbial activities are
shown  against  many  pathogenic  microbes  like  Acinetobacter,  Staphylococcus,
Streptococcus,  Bacillus,  E.  coli,  M.  tb,  S.  typhi,  Candida,  Fusarium,  etc.
Therefore, a metabolic engineering approach toward the secondary metabolites of
medicinal  plants  or  marine  microbes  could  be  applied  for  MDR  control  [173,
174].

Quorum Sensing (QS) Inhibitors

Quorum sensing is a bacterial communication system based on cell number using
small  molecules  to  regulate  virulence.  For  QS,  G-ve  bacteria  use  N-acyl
homoserine  lactones  and  G+ve  bacteria  use  ribosomally  produced  peptides.
Several molecules have been identified that inhibit QS in many bacteria. A few of
these  include  M64  which  inhibits  QS  of  P.  aeruginosa  and  5’-methylthi-
-DADMe-ImmucillinAs,  inhibiting  QS  of  E.  coli  and  Vibrio  cholerae.  More
chemical libraries with similar actions need to be screened and tested for use as
effective antimicrobials.

Phage Therapy

Phages are gaining an advantage over antibiotics because of their stability in the
environment. They have found a positive impact on their use in the development
of  new therapeutics  to  control  MDR microbes  [175,  176].  Pseudomonas  phage
inhibits  Candida  and  Aspergillus  by  blocking  the  fungal  metabolism  and  also
possesses  potent  antiviral  activity  against  human adenovirus  [177,  178].  Phage
phi11  endolysin  (via  endopeptidase)  shows  anti-biofilm  activity  in
Staphylococcus  [179].  Another  phage  with  lytic  endolysin  inhibits  biofilms  in
Streptococcus [180].

Antimicrobial Peptides (AMP)

These  are  the  peptides  (~  5-100  amino  acid  residues)  used  by  microbes  as  a
defense  against  invasion  by  other  species.  AMP  directly  kills  a  vast  class  of
pathogens, bacteria, fungi, and viruses [181, 182]. They act on membranes as they
have a positive charge (Arg/Lys residues) and hydrophobicity too. A few of the
examples include P5 and P9 peptides that displayed activity against MRSA [183];
cationic peptides having antibacterial activity against VRE strains [184].
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Therapies for Oxidant: Antioxidant Balance

Oxidants like reactive oxygen or nitrogen species (superoxide, hydrogen peroxide,
peroxynitrite ions, and radicals) are produced inside the aerobic cells continuously
(accidental  oxygen  collision  at  the  flavin  center  or  by  Fenton  chemistry)  and
comprise  threats  to  the  proper  cell  growth  [185  -  187].  To  counter  this  effect,
several  redox molecules,  enzymes,  or mechanisms exist  in the cell  [188].  Even
macrophages produce reactive oxygen (ROS) or reactive nitrogen species (NO) to
kill microbes [189]. In this regard, quantum dot therapeutics (QD therapy) could
use  oxygen  for  oxidant  species  generation  and  targeting  MDR cells.  Using  the
redox  chemistry,  many  types  of  oxidant  species  (O2-,  OH•,  H2O2,  and  NO  or
ONOO−)  can  be  formed  inside  the  MDR  microbes  resulting  in  multiple  cell
damages  [190].  In  the  case  of  M.  tuberculosis,  several  front-line  drugs  are
prodrugs and need activation by the oxidants from the host cell.  Unfortunately,
the bacilli have evolved to neutralize these oxidants making the drugs ineffective.
Therefore,  it  is  an  urgent  need  to  develop  methods  to  increase/proper  use  of
oxidants  to  make  the  drug  active  and  stop  bug  growth.

Vaccines

The use of vaccines to prevent the spread of antimicrobial resistance is at a boom
and  requires  global  implementation.  They  have  an  advantage  over  traditional
antibiotics as they are sustainable without causing resistance. There is a minimal
likelihood  for  microbes  to  develop  resistance  to  vaccines  because  of  various
reasons, like (1) vaccines are used as prophylaxis when the microbial load is less
to  develop  resistance;  (2)  multiple  modes  of  action  of  vaccines  which  would
require several mutations to generate resistance; (3) even if resistance is observed,
disease reduction is quite effective [191]. Moreover, in contrast to the discovery
of antibiotic options coming up, numerous vaccines are being developed having
activity against antimicrobial-resistant pathogens [192]. Next, the use of vaccines
has been shown to reduce the occurrence of disease and has also reduced the use
of  antibiotics.  For  instance,  the  introduction  of  the  pneumococcal  conjugate
vaccine for pneumococcal infection has indicated a 64% drop in antibiotic use and
reduced incidences of infection [193]. Finally, vaccines preserve the microbiome,
unlike the disruptions observed with the use of antibiotics [194].

Monoclonal Antibodies

Other  promising  alternatives  to  antibiotics  are  pathogen-specific  monoclonal
antibodies  (MAbs),  which  are  safe  and  potent  molecules  having  the  ability  to
reduce the spread of resistance by reducing the antibiotic load. They have been
increasingly used for rheumatologic and inflammatory diseases and oncological
practices. Currently, only three mABs have been licensed for bacterial infections,
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namely raxibacumb and obiltoxaximab for inhalational anthrax and bezlotoxumab
against  the  C.difficile  toxin  B.  In  contrast,  the  only  licensed  mAB  for  viral
infection  is  Palivizumab,  which  is  required  for  the  treatment  of  respiratory
syncytial virus (RSV). Numerous other mAB candidates are in the clinical trials
pipeline to be used against HIV, C.difficile, rabies prophylaxis, and S.aureus [195,
196].

CONCLUSION

Drug  resistance  is  an  ever-evolving  problem  creating  serious  health  concerns
throughout the world. Wide exposure to antimicrobials in all sectors of life, like in
agriculture, hospitals, the pharma industry, or hospital wastewater treatment, has
led to selection pressure and the evolution of resistance in almost all microbes to
adapt to these drugs. The rate of emergence of resistant microbes far exceeds the
frequency  at  which  newer  therapeutic  options  are  developed.  Moreover,  co-
infection with more than one MDR microbe in patients is tough to control. For
instance, one-third of deaths by MDR microbes are due to MDR-TB co-infected
with HIV. It has been seen in the majority that drug resistance is mainly arising
and persistent in developing nations and henceforth travels to other parts of the
world, thus making it a global health problem. Furthermore, factors like lack of
resources, inability to understand the dynamicity of disease resistance, high cost
as  well  as  improper  treatments  and  diagnosis  have  led  to  the  rapid  spread  of
resistance within the population. To circumvent the problem of drug resistance,
there  is  an  urgent  need  to  think  and  act  multi-dimensionally.  Development  of
rapid diagnostic measures to detect MDR strains of microbes, proper treatment,
controlled  use  of  antimicrobials,  and  involvement  of  newer  alternative
approaches.  Finally,  educating  and  spreading  awareness  within  the  rural  and
urban societies as well as collaborative socio-political commitments for the proper
use of antimicrobials would aid to curb the disease.
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Abstract: Drug discovery and development is a complex and lengthy process aimed at
producing therapeutic substances that can be both effective in terms of pharmacological
activity, specificity, good affinity to its target molecule, and safe for humans. It is a
necessary  step  due  to  many  emerging  diseases  of  microbial,  parasitic  and  genetic
diseases affecting the entire world so that effective prophylaxis and treatment could be
provided. The successful process of discovering a new drug relies on proper discovery
and  characterization  of  the  lead  compound  followed  by  the  preclinical  studies  that
ascertain  the  safety  and  efficacy  of  the  newly  discovered  compound.  A  number  of
information  gathered  from  preclinical  studies  that,  include  information  about  the
formulation, dosage, delivery, pharmacokinetic, pharmacodynamic, mode of action of
the drug as well as its relation with other drugs when they interacted, could determine
the  fate  of  the  new  drug’s  approval  by  the  regulatory  agency  for  a  clinical  trial  on
humans. Human clinical trials with the new drug under investigation are carried out on
volunteers in different phases with a common goal to ascertain the new drug's safety,
efficacy, and possible side effect in the actual environment. Since the human body is
more  dynamic,  optimal  dosage  and  effect  of  other  substances  on  the  drug  itself  are
determined so as to ensure better treatment; satisfactory results from the human trial
could pave the way for application and approval for a human trial in phase IV where
the drug may subsequently go for commercialization but with strict monitoring for any
unforeseen  side  effect  most  especially  in  a  vulnerable  group.  Although  this  is  an
expensive, tedious and risky process for the pharmaceutical industry and volunteers,
which takes many years, it is necessary. This chapter discusses the necessary steps for
developing a new drug from the initial discovery from bench-top up to human trial and
commercialization as an over-the-counter drug.

Keywords:  Clinical  trial,  Discovery,  Drug,  Efficacy,  Lead  compound,
Pharmacodynamic,  Pharmacokinetic,  Toxicity.
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INTRODUCTION

Drug discovery and development is the process that takes years to serve fruitful
results as a potential drug. The advent of modern medicine and challenges in drug
development has dramatically changed the process of drug discovery. Emerging
pandemic viral infections remain a constant threat, with many entering the human
population due to contact with animals. The most recent such infection includes
the  recent  SARS-Covid-19  (severe  acute  respiratory  syndrome)  that  affected
different countries worldwide [1]. The mortality rate and speedy transmission of
coronavirus have influenced the need to discover and develop potential candidate
drug molecules. Several research studies are ongoing to develop antiviral therapy.
Tan et al. tested in vitro inhibition of SARS-CoV with 10 commercially available
antiviral drugs and have found complete inhibition of cytopathic effects of SARS-
CoV in culture for subtypes of interferon, β-1b, α-n1, α-n3, and human leukocyte
interferon α [2]. The discovery of new therapeutic drugs has increased the survival
of  the  population  with  varieties  of  infectious  and  non-infectious  diseases  [3].
Progress  has  been  observed  in  reducing  the  mortality  rate  in  HIV-infected
children with the advent of HAART therapy and the case of the world’s leading
cause  of  death  from  the  infectious  agent  Mycobacterium  tuberculosis  [4].
Significant  improvements  in  tuberculosis  treatment  occurred  over  2-3  decades
after the new drug regime was discovered [5, 6]. Effective prophylaxis, treatment
regimens, and chemotherapy have evolved over decades of research, dramatically
reducing tuberculosis morbidity and mortality [7].

The discovery of a drug with the desired pharmacological activity, specificity, and
affinity  with  the  target  molecule  involves  a  series  of  processes  after  target
identification and validation [8]. This series of processes involves lead discovery,
lead  optimization,  preclinical  studies,  clinical  studies,  and  post-marketing
surveillance, along with the involvement of regulatory bodies in each step of drug
development  [9].  Each  step  in  drug  discovery  and  development  plays  a
considerable role and thus determines the quality of a clinical candidate molecule
[10].

The development and discovery of drugs remain lengthy, complicated processes
affected by different factors. The advent of technology provides a set of tools and
algorithms to carry out the process of drug discovery and development smoothly
without complexity [11]. In recent times, very good progress has been made in
new techniques and approaches to discover drugs for everyday use. Techniques
like  quantum  chemistry,  virtual  target  profiling,  and  in  silico  drug  designing
through  computational  methods  have  made  the  process  of  drug  development
easier  than  the  traditional  method  [12  -  14].
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LEAD DISCOVERY

Once a target is identified and validated, the drug design and development process
moves toward the lead discovery against an identified target. Lead discovery is
regarded  as  screening  active  molecules  known  as  hits  that  show  desired
antimicrobial  activity  against  an  infectious  microorganism.  There  are  different
varieties  of  sources  for  lead  molecules;  these  sources  include  natural  products
(Microbial  metabolites,  plant  extracts,  and  animal  isolates),  chemical  libraries,
and computational medicinal chemistry. Screening strategies are employed to get
lead molecules for several hits, thus, these strategies play a vital role to discover a
lead  molecule  against  the  target  protein  or  enzyme  [15].  These  Screening
techniques range from conventional strategies of screening to modern strategies
like computer-aided drug designing and fragment-based lead discovery, thus, the
selection of the strategies itself presents a challenge for the generation of quality
leads for novel drug development [16]. Several fragment-based drug discoveries
of novel drug molecules have been reported in recent years with antibacterial and
antiviral  activity  [17,  18].  Table  1  demonstrates  a  few  lead  molecules  with
antimicrobial activity isolated from different sources with their mode of action.

Besides  the  availability  of  potent  sources  of  leads,  natural  products  serve  as  a
viable source for lead discovery. Natural products research keeps investigating an
assortment  of  lead  molecules  with  a  desired  biological  spectrum  that  can  be
utilized  as  a  layout  for  new  medication  by  the  drug  industries  [19].

Microbial  products  are  one  of  the  most  promising  sources  that  have  long  been
reported as potent pieces of evidence for lead discovery. Singh S.B. et al. reported
the  discovery  of  Lucensimycins  A  and  B  from  Streptomyces  licenses  MA7349
using an antisense strategy that showed activity against a well-established target
known as protein synthesis [20]. Plant extracts have been regarded as the second
most  useful  natural  source  for  lead  generation  due  to  their  desired
pharmacological  activities,  most  of  which  are  not  investigated  yet  [21].
Gadamsetty  and  his  group  have  reported  cytotoxic,  anti-inflammatory,  and
antioxidant activity of extracts from Drypetes Sepiaria. The screening of extracts
from Drypetes Sepiaria was performed by standard methods and further tested by
in  vitro  methods  for  cytotoxicity,  anti-inflammatory  response,  and  free  radical
scavenging activity,  which have shown more activity than standard compounds
[22].  Whereas microbial  and plant sources serve as continuing sources for lead
generation, animal sources have also been reported for drug development. There
are a variety of animal sources that serve as a path for the development of drugs
used  against  diseases.  For  example,  compounds  from leech  have  shown potent
characteristics as anticoagulants and serve as an antibiotic [23]. Recent studies on
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extracts  of  saliva  have  reported  antimicrobial  activity  of  theromacin  and
theromyzin  [24].

Table 1. Lead compounds with their therapeutic values and sources

Source Name Lead Compound Pathogen Specificity Mode of Action References

Camellia sinensis Catechins
Broadly active against

G+ and G-
MRSA

Suppression of
virulence factors
and reversion of

resistance

[25]

Clusiaceae,
Umbelliferae and

Rutaceae
Coumarin Hepatitis, influenza, HIV

Inhibits protein
involved in

transcription and
translation

[26]

Nectandra leucantha Dehydrodieugenol B
Neolignans Trypanosoma cruzi

Inibition of
Trypanosoma. cruzi

amastigotes
[27]

Actinomycete
Verrucosispora strain

AB 18-032
Abyssomicins

Methicillin-resistant
Staphylococcus aureus

strains (MRSA),

Inhibit the
biosynthesis of

pABA
[28]

Tethya crypta Nucleoside Ara-A
(vidarabine)

Herpes, vaccinica and
varicella zoster viruses.

Inhibits viral DNA
polymerase and
DNA synthesis

[29]

Marinactinospora
thermotolerans
SCSIO 00652

Marthiapeptide A
Antibacterial activity

against a panel of Gram-
positive bacteria

- [30]

Actinoplanes
philippinensis

MA7347
Philipimycin S. aureus Inhibits protein

synthesis [31]

Daphne gnidium L. Daphnane diterpenes HIV type-1 and
coxsackievirus

Interference with
the expression of
HIV co-receptors,

CCR5, and CXCR4

[32]

Aspergillus versicolor Anthraquinone
Vibrio

MRSA ATCC and
MRSA CGMCC

topoisomerase IV
and AmpC β-

lactamase enzymes
[33]

Aigialus parvus Aigialomycins D in vitro antimalarial _ [34]

LEAD OPTIMIZATION AND CHARACTERIZATION

The discovery and identification of new lead compounds with the potential to be
developed into a potent drug is just an early or first step in the complex process of
drug discovery; proper optimization and characterization of such molecules need
to be carried out, which can play a significant role in the success of developing
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the compound into an active drug for preliminary studies of safety, efficacy in the
preclinical trial [35], such characterization and optimization can help check the
presence  of  desirable  interactions  against  the  target  and  thus  may  lead  to
producing  a  potent  pre-clinical  drug  candidate  with  required  attributes  and
minimize the rate  of  failure of  drug discoveries  [36].  This  step is  also taken to
further  understand  the  lead  molecule  for  a  structure-activity  relationship,
biophysical characteristics, as well as other compounds properties that define its
activity [37].

The  activities  of  many  compounds  have  a  lot  of  correlation  between  their
structure and their binding sites, with a focus on their affinity to the target protein.
High throughput screenings by technological advances, such as nuclear magnetic
resonance  (NMR),  liquid  chromatography-Mass  spectrometry  (LCMS),  liquid
chromatography-Nuclear magnetic resonance (LC-NMR), X-ray crystallography,
high-performance liquid chromatography (HPLC), and gas chromatography-mass
spectrometry  (GCMS)  in  collaboration  with  in  silico  or  computer-based
mathematical  models  are  used  widely  in  understanding  the  new  compound
structure in relation to the target protein or ligand so that it helps in predicting the
possible  structure-function  relationships  through  compound-target  affinity
strength  [38,  39].

NMR  technique  proved  to  be  an  invaluable  method  for  optimization  and
characterizing a newly discovered lead compound with respect to its activity [40].
This is a technique that is highly sensitive even with the most complex mixture of
compounds,  such  as  crude  extracts  of  natural  entities  like  plants  crude  extract
when compared to other techniques. It is the most used method in the structure-
based approach of biomolecule activity identification; depending on the type of
target for the new lead compound, different types of NMR are employed, such as
ligand-based NMR, protein-based NMR, etc. [41, 42]. Some of these techniques
give rise to other screening methods, such as fragment-based ones that identify the
sequence of the compound residues and thus give clear structure [43].

The mass spectrometric techniques, such as GCMS and LCMS, are the advanced
methods that usually measure the mass of the newly discovered compound and
compare it with that of known compounds databases so that structure homology
can  be  assessed.  Since  similarity  in  structure  can  mostly  depict  similar
functionality,  these  methods  have  a  great  tendency  to  detect  metabolites  or
compounds  at  very  low  concentrations;  hence  widely  used  for  phytochemical
analysis, the choice of the method depends on the type and volatile nature of the
compound under investigation [42].
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HPLC is one of the most advanced methods of chromatographic techniques with a
good  promise  of  separating  and  characterizing  complex  biomolecules  present
within a biological system. This technique is adopted widely in pharmaceutical
industries and research centers for characterizing potential drug molecules due to
its excellent specificity, accuracy, and precision [44]. The combination of HPLC
and  NMR  recently  has  proved  to  be  an  invaluable  approach  in  investigating
complex compounds, such as through stop-flow HPLC-NMR; this is successfully
used in characterizing and analyzing lead compounds during drug discovery (Fig.
1) [45].

Fig. (1).  Schematic representation of drug discovery and development process.

Suitable lead compound characterizations that have the potential to be developed
into a final approved drug are expected to have certain attributes obtained from
the  various  number  of  the  above  techniques.  Such  attributes  include  less  than
g/Mol  molecular  weight,  the  number  of  hydrogen  donors,  and  acceptors  to  be
maximum  5  and  more  than  10  respectively,  lower  than  5  partition  coefficient,
these properties are, however, not tentative as many excellent compounds were
proved  to  be  worthy  of  drug  candidates  without  fulfilling  all  [46].  Some  lead



74   Frontiers in Antimicrobial Agents, Vol. 2 Bashir et al.

compounds may have a good attribute but may show lower affinity toward their
target  protein  or  ligand,  which  may  hamper  their  potential  as  better  drug
candidates. These types of compounds are thus optimized for better affinity and
activity  through  what  is  called  the  hit-to-lead  approach,  which  may  lead  to
forming  a  potent  and  efficient  compound  [47].

The process of optimization may involve mutating the molecule into another in a
smoother  passion  so  that  the  new  one  can  have  better  attributes  of  molecule-
ligand affinity as compared to the original molecule; this is usually achieved with
the  aid  of  computer-based  simulations,  such  as  molecular  mechanics  structure
design [48, 49]. Another method of optimizing a compound is by simplifying its
overall structure for better binding, which is achieved by reducing the complexity
of its scaffold and/or chiral center removal and maintaining proper conformation;
these  are  then  subjected  to  various  docking  approaches  to  assess  the  binding
affinity  to  the  ligand  or  target  macromolecules  [50,  51].

PRECLINICAL STUDIES

The  preclinical  studies  of  any  new  drug  to  be  developed  are  designed  and
undertaken  to  assess  the  initial  aspects  of  the  drug,  such  as  its  efficacy,
safety/toxicity, pharmacodynamics, and pharmacokinetics on non-human subjects
before  it  is  given  or  tested  on  human  subjects.  This  step  is  crucial  to  the
pharmaceutical industry because it  is a deciding factor as to whether or not the
new  compound  or  drug  possesses  any  benefit  of  clinical  relevance  to  be
considered worthy of developing a new drug for human use or development into
an investigational new drug. In preclinical studies, it begins with an unrestricted
or unspecified dose, and it is left to the investigator to decide what a starting dose
should be [52, 53].

Preclinical studies or testing involve testing the new drug candidate or compounds
using  two  approaches  that,  are  in  vitro  and  in  vivo  methods,  however,  a  third
approach,  called  in  silico  method,  is  recently  gaining  momentum.  The  in  vitro
method involves testing the new drug candidate in a test tube, plate/petri dishes,
or in cell culture, while the in vivo method involves testing the drug candidate in a
living  system such  as  animal  models  and  other  human  tissues  [52].  Preclinical
studies do not usually take a very long period of time, most especially the in vitro
aspect,  and  the  detailed  information  gathered  determines  whether  or  not  the
investigational  new  drug  application  could  be  filed  for  approval  for  testing  in
human subjects in phase I clinical studies from the concerned  regulatory agencies
or authorities, it is important to note that a large number of new  compounds that
undergoes  this preclinical  studiesfailed to qualify  for approval to the  next phase
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of investigation with an average of 1 new molecule accepted out of 5000 under
investigation [54].

Preclinical  studies  though an initial  aspect  of  a  new drug investigation,  is  very
important to any new drug and thus cover the following aspects with respect to
the new compound under investigation:

• Formulation, dosage, delivery.

• Absorption, distribution, metabolization, and excretion information.

• Mode of action of the drug.

• Toxicity/side effects.

• Compression with other similar drugs.

• Interaction with other drug molecules.

• Packaging development.

These  and  other  factors  help  the  researcher  or  the  regulatory  agency  decide
whether such a new compound or drug can be considered for approval to proceed
to the next phase of development [55].

Formulation, Dosage, and Delivery

The  study  of  the  formulation  of  a  potential  drug,  its  intended  dosage,  and  its
delivery  system is  important  in  the  preclinical  studies  of  any  new drug.  These
aspects  significantly  affect  the  way  a  drug  act  in  the  body  of  its  consumer
(pharmacodynamic)  as  well  as  how  the  body  act  on  the  drug  itself
(pharmacokinetic), the data obtained from this study can thus be used efficiently
in designing further drug trials. The formulation, dosage, and delivery are most
importantly determined when in vivo or animal studies are undertaken since this is
where the effect of the living system on the drug can be seen; nevertheless, these
parameters are also that important even during in vitro studies [56].

Formulation

Many  factors  are  placed  under  consideration  during  the  formulation  process
because not only do they affect the new drug’s potential action in the body of the
consumers, but they also could significantly influence its acceptability to the targ-
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eted  population,  a  change  in  any  one  of  these  factors  may  influence  the  drug
action in the body of the consumer.

In formulating a new drug, some of the main factors considered are the stability of
both the compound and its base (to temperature, humidity, light, solvents, and in
the presence of other compounds), organoleptic properties (odor, taste, and color),
physical  property  (solid,  liquid  or  gas),  solubility  (in  both  water,  acid  or  basic
medium),  characterization  studies  on  its  bulk  material  (crystallization,
polymorphism,  its  fine  particles,  hygroscopic  property,  material  density)  and
interactions  with  other  body  components,  such  as  proteins  and  plasma  [57].

Proper  knowledge  of  the  stability  of  the  drug  to  temperature  can  show  the
suitability of the drug to be administered to the target consumers. A suitable drug
must not be destroyed by a certain range of temperatures, both high and low, for
the purpose of consumption or storage. Many compounds within a new drug can
be changed to another form at a certain temperature which may automatically alter
the  initial  drug  properties  and  thus  deviate  from  its  intended  purpose.  Proper
testing under different temperature ranges is essential under both in vitro and in
vivo  tests  [58].  Factors  such  as  humidity  and  light  are  equally  important
parameters tested as they may influence drug stability, especially during storage.
The stability is also affected by the type of solvent used or which the drug may
come in contact with during administration; some compounds dissolve better in a
given solvent such as water than others hence inappropriate solvent may likely
give less activity even on a standard dose; other organic compounds when present
may alter the new drug stability if such compounds were found to react with some
of the new drugs. All these can be tested on the new drug before and/or during in
vitro and in vivo study [59].

The  taste,  odor,  and  color  (organoleptic  properties)  of  the  drug  is  another
important  aspect  that  is  considered  while  formulating  a  drug;  not  all  new
compounds isolated and intended to be used in developing a new drug have an
acceptable  taste,  odor,  or  color  to  the  consumers.  The  new  drug  may  be
unpalatable or unappealing to the consumers in its original form. The taste and
odor  could  be  influenced  by  using  a  suitable  vehicle,  excipients  or  coating  for
easy deliverance into the body (most especially for oral formulations); depending
on the target population (children or adults for instance), the formulation should
be made such that the new drug can have wider acceptability [60].

The physical  property or  intended form of  the drug,  such as  the solid-liquid or
gas,  should  be  put  into  account;  this  largely  depends  on  the  intended  route  of
administration,  such  as  the  oral  or  intravenous  route,  since  this  may  affect  the
absorption  of  the  drug  as  well  as  its  bioavailability  in  the  body  [61].  The
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crystalline and polymorphic nature of the intended drug can also define its activity
in the body as such, it has to be appropriately determined during the preclinical
studies. Some of the earlier known drugs were shown to exhibit different activity
and  stability  when  presented  in  different  polymorphic  forms,  for  instance,  the
well-known chloramphenicol palmitate exists in 3 crystalline forms A, B, C and
amorphous D form, among which B form was more active and preferred as well
based on its higher stability in the body of the consumers such as stomach acid
[62].

Dosage

During preclinical studies, it is imperative to design properly the recommended
dosage of the new drug to be administered in each target group. This is because
the new compounds nowadays are hardly taken in their natural forms. They are
usually mixed with other substances that serve as stabilizers, vehicles or aides for
administration and thus referred to by many names such as excipients, adjuncts,
etc.; these substances has no medical value whatsoever, but it is proper to be taken
into account as they may influence the final required dose when the new drug is
taken by the consumer.

Most  of  the  drug  dosages  are  usually  in  a  very  minute  amount  however,  when
designing a drug during the preclinical stage, a large dosage must be prepared, for
instance, when a tablet or capsule is to be made for oral administration such that
the resultant dose is achieved when the patient/consumer take the drug or when it
is absorbed into the body. The dosage of the drug must be carefully chosen such
that the drug required amount is obtained before being destroyed by various body
conditions such as an acidic environment or eliminated, and the vehicle for the
drug chosen to protect the drug from its unwanted organoleptic property such as
bitterness  and  odor  does  not  alter  the  final  required  dose.  Proper  design  of  the
appropriate vehicle is made for administering liquid drugs and gives optimal drug
action when it reaches its intended target, etc. [63].

The  dosage  design  of  the  new drug  may  differ  based  on  the  intended  mode  of
administration, such as the oral, intravenous, nasal, or topical routes. These and
many more factors can play a significant role in deciding which dose should be
used for investigational new drug application for starting trials on human subjects
after establishing its safety level using in vivo study. Many natural products are
poisonous if used without control as such, and the new drug dosing could be that
required amount to give optimum therapeutic value with little or no side effects
possible. Some factors considered for  dosing include the ability of the drug to be
absorbed  once  administered,  body parameters of the intended  consumer such as
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weight,  age,  etc.,  drug  binding  ability  to  receptors,  the  rate  at  which  it  is
metabolized,  etc.  [64].

Delivery

The new drug delivery design is closely related to the formulation design whereby
the  approaches  selected  for  the  drug  delivery  must  be  ones  that  may  result  in
maximal therapeutic value at a relatively low dosage. Many delivery routes, such
as the oral, intravenous, topical, ophthalmic, nasal, etc., play a significant role in
deciding the basic approach to be adopted for the delivery, poor choice of delivery
approach may not directly affect the drug’s pharmacodynamics, but rather it will
change  its  pharmacokinetic  nature  which  in  turn  place  an  impact  on  the  drug
pharmacodynamic thus may lead to various pharmacology-related problems [65].

The  overall  idea  of  designing  delivery  approaches  is  to  ensure  maximum drug
bioavailability in the body with respect to various solvents used and, most likely
environment in which the drug may be localized when consumed. For drugs that
are meant for oral administration, for instance, some of the parameters considered
are those related to the drug solubility, such as the effect of co-solvents, reducing
the  size  of  the  particles,  crystallization,  pH  adjustments,  etc.  Nowadays,  some
novel  ways  are  used  for  efficient  drug  delivery  design,  even  during  preclinical
studies, such as targeted drug delivery, local drug delivery, delayed drug delivery,
etc. [66].

Absorption,  Distribution,  Metabolization,  and  Excretion  Information
(ADME)

Preclinical  studies  help an investigator  compile  information about  the potential
new drug pharmacokinetic data; pharmacokinetics describes how the new drug is
processed from the point of entry or route of administration up to the point where
it  is  eliminated  from  the  body.  This  pharmacokinetic  information  can  be  seen
generally  in  two  ways  that  are  absorption  and  elimination,  with  the  latter
encompassing the distribution, metabolism, and excretion from the body [67]. The
study of new drug pharmacokinetics during preclinical studies is carried out under
both in vitro  and in vivo  methods, however when taken by in vitro  method, the
term  ADME  is  commonly  employed;  when  the  study  is  carried  out  by  in  vivo
technique,  the  term  that  is  mostly  used  is  pharmacokinetics  even  though  both
terms  refers  to  the  same  thing.  Apart  from  the  aforementioned  two  methods,
nowadays, an additional third method called in silico is gaining popularity which
employs the use of mathematical models and computer simulation methods to est-
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imate or predict the way a new drug under investigation could be absorbed and
eliminated from the body [68].

The pharmacokinetic information provides a great benefit in every drug discovery
and development process since a lot of other processes that follow may directly or
indirectly be defendants on this information before the investigational new drug
application  (IND)  could  be  filed  [69].  Proper  understanding  of  the  new  drug
attributes about its absorption, distribution, metabolism, and excretion can be part
of the most considerable factors while designing the final dose regimens for all
particular groups of potential consumers such as the adult, children, pregnant, and
nursing mothers [70]. In this part of the study, most works are associated with the
oral  route  of  administration  as  it  is  one  of  the  most  preferred  ways  of
administering  drugs  due  to  the  convenience  associated  with  it,  information
gathered from the mathematical model or in silico analysis together with that of
the  in  vitro  analysis  are  used  to  give  an  idea  on  the  in  vivo  analysis  to  be
undertaken since the in vitro and in silico analyses showed data or result under the
fixed condition as compared to in vivo which is more dynamic in nature [71].

All pharmacokinetics study is carried out as per the principles of the declaration
of Helsinki and its amendments, and the study is designed based on the type and
nature of the drug under investigation, for instance, the study may be designed for
the single formulation, double formulation with interval or a third approach if the
new  drug  has  a  very  long  half-life  [72].  The  absorption,  distribution,
metabolization,  and  excretion  are  assessed  by  estimating  an  area  under  a
concentration-time graph or by a kinetic model by determining the drug’s plasma
concentrations [14, 68].

Mode of Action of Drug

Every new drug under discovery and development must undergo what is referred
to  as  a  mechanism  of  action  test  during  a  preclinical  stage  to  help  direct  the
researcher on how the drug may work in its consumers. This will also clear a path
on  the  toxicological  study  aspect  of  the  preclinical  testing  or  study.  Drugs  act
differently  in  the  way  they  exhibit  their  actions,  however,  most  of  the  action
occurs at the molecular level, with proper understanding being a key to setting the
appropriate  dose.  This,  together  with  pharmacokinetic  information,  can  give  a
solid base for dose-effect-related study [73]. The mechanism of action study on a
new  drug  provides  a  deep  insight  understanding  of  how  the  drug  binds  with
different  receptors  or  target  sites  as  well  as  how its  activity  is  similar  to  other
previously  known  standard  drugs.  These  processes  are  usually  carried  out
nowadays through the bioinformatics-based mathematical model at the molecular
level [74].
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The  new  drug  under  discovery  and  development  is  assessed  for  a  defined
mechanism of action, including its specificity and potential high affinity. In this
approach, two molecular tests are usually carried out with regard to the potential
targets.  These  are  high-throughput  test  which  is  based  on  the  new molecule  or
drug interaction with the target protein or cell lines in shortest possible time (e.g.,
24 hours) and compared with standard compound databases. At the same time, the
second is a low throughput which is carried over a long period of time on tissue,
organs, and animals (in vivo) [52].

The drugs are known to act by an array of methods such as inhibiting a particular
pathway of a particular metabolite, or hormones, or preventing the synthesis of
some key components. However, the main aspect is shown by earlier researchers
such as Ehrlich, who indicates that a substance can never work unless it binds to a
particular receptor. Modern scientists consider this a gold standard in defining a
new drug potential activity even though it might not be clear-cut evidence due to
other factors associated with it [75].

One of the best in vitro approaches for determining the mode of action nowadays
is target-based screens which are regarded as efficient based on the fact that it is
based on assays that  are  developed to identify compounds with specificity to a
particular molecule in the body. This is closely followed by a phenotypic screen
used on cellular, tissue or organ level, even though cells are the most used [76].
The  target-based  approach  is  regarded  however  as  the  most  cost-effective  and
efficient but has a certain setback as it requires an in-depth understanding of the
disease itself [77]. Whichever means is chosen, the objective always remains the
same, and the result or data generated are crucial toward the success of the newly
discovered drug development during both filing for approval for human trial as
well as optimizing the drug performance with regard to the targeted disease.

Toxicity/Side Effects

The  toxicity  tests  on  the  new  drug  under  development  are  rigorously  taken  to
ascertain whether or not the new molecule or drug poses some health risk or is
safe for consumption. Just like other parameters discussed above, a toxicity study
is of paramount importance because it is one of the largest determinants on which
the dose formulation of the new drug is made. This is because despite the fact that
the  new  drug  may  possess  a  reasonable  activity,  efficacy  or  potency  on  a
particular type of disease, it may, however, be disregarded if it is found to be too
toxic at smaller doses thus, safety determination matters [78]. It is a well-known
fact  that  most  usable  substances  may  indeed  become  poison  at  a  given
concentration  or  dose.  In  fact,  a  large  number  of  therapeutic  substances  have
toxicity potential, but with careful selection of suitable dosing, most of their side
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effects are avoided hence the need for toxicity studies or testing during preclinical
studies before investigational new drug application (IND) [79].

Toxicity  studies  of  new  drugs  are  carried  out  under  both  in  vitro  and  in  vivo
methods however, more recently, an in silico  approach is also adopted. In vitro
methods mostly employs testing different doses of the drug on cells to determine
which concentration of the drug is lethal enough to kill half of the cells used for
the study, the higher that concentration of the drug is observed, the better or safer
is the new drug [80, 81]. In vivo studies are usually carried out with animals that
mimic the human body systems so that less variation could be experienced when
it comes to human trial in terms of both treatment and dosage, such model animals
are  chosen  based  on  their  metabolic  pathways  and  genetic  similarities  with
humans, of these, the most commonly used models are rodents such as the mice,
rats and guinea pigs [82]. Some of the most common tests carried out to determine
the  toxicity  or  safety  of  a  new drug during preclinical  studies  include repeated
doses, acute toxicity, reproductive toxicity, carcinogenic toxicity, genetic toxicity,
and toxicokinetic testing.

The repeated dose toxicity studies carried out on the test animals involve testing a
given dose of  the new drug over a certain period of time.  This type of  toxicity
testing is also known by other names such as chronic toxicity test, subchronic or
subacute toxicity testing. This test gives an idea of the possible toxicity or safety
of the new drug when used over a long period of time, thus guiding for proper
instruction about the duration of use. On the other hand, acute toxicity testing is
used to show an effect of a particular dose, usually, a high dose of the drug, over a
short period, such as one day, so that safe dosing can be made [83].

The reproductive toxicity testing is aimed at determining how the new drug under
investigation  could  affect  the  test  animal  fertility;  this  is  further  tested  for  its
effect on pregnancy, such as on fetuses and newborn infants, data from this study
is used in ascertaining whether or not the new drug may be safe for pregnant and
nursing mothers when the human trial  is  taken [84].  Based on the reproductive
toxicity study, the new drug may be recommended or not to a such group, or a
certain dose may be recommended at a particular stage of their pregnancy for a
short period of time only [85]. The carcinogenic toxicity study is a study that is
taken for a long period of time and thus may prolong the preclinical studies' time.
This study is usually carried out if the drug under discovery and development is
designed for such chronic diseases or those that are recurring; most of the time,
such studies are designed and started as early as possible [86].

Genetic  toxicity  testing  is  aimed  at  assessing  the  drug's  potential  to  alter  the
genetic constitution of the test subject over a given period of time, and this is thus
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focused on the molecular composition of the host animal for possible mutation, or
the cancer-causing ability of the drug, such test is carried under both in vitro and
in vivo conditions [87]. The toxicokinetic studies are similar to that of studies on
the absorption, distribution, metabolism, and excretion (ADME), but here, a very
high  dose  is  used  so  that  information  can  be  acquired  about  the  high  dosage
relation with the ADME parameters. This will help the regulatory authorities, and
the investigation set a safety margin for the new drug under clinical conditions
[83, 88].

The preclinical toxicology studies, despite being efficient in assessing the safety
of the new drug under investigation, have their shortcomings as well, despite in
vivo testing; some of the immunomodulation in humans are poorly predicted, in
addition to limitations that are associated with the experiments [89].

Compression with Other Similar Drugs

The new drug compression properties in relation to other similar drugs are studied
under preclinical study, such properties such as the new molecule elastic behavior,
plasticity, the punch filming propensity, and its fragment ability are intensively
studied as they play a key role in making a decision about choosing materials for
the  drug  formulation,  indicate  how  these  properties  could  affect  the  rate  of
absorption,  distribution,  metabolism,  and excretion  and also  how the  new drug
may behave  in  the  presence  of  other  drugs  when  used  as  standard  prescription
drugs or during clinical trial [90].

The compression properties of the new drug are compared with that of the other
known similar  drug,  and  the  information  gathered  can  help  significantly  in  the
formulation of the new drug since such properties such as elasticity and plasticity
can  affect  the  drug's  mechanical  stability  during  manufacturing  as  well  as  oral
stability,  flowability,  etc.  less  plasticity  in  a  new drug  can  lead  to  high  dosage
formulation  which  may  ultimately  increase  possible  plasma  concentration  and
toxicity [91]. Compression of the most powdered drug into tablets used for oral
administration is of paramount importance under suitable properties so that dosing
can be made with high precision during the manufacturing process, knowledge of
the  compression  with  a  similar  drug  during  preclinical  trial  can  help  file  an
application for human trial indicating a precise dose to be used that will be safe
for human consumption [92].

The new drug that may come as tablets are usually formulated from a wide variety
of starting materials as their vehicles or excipients, which range from granules,
powders or pellets, such materials must have good physical properties related to
their compressibility that may help in predicting the new drug performance in the
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body when made into a tablet with their properties such as surface area, porosity,
compaction and flow property put in consideration [93, 94]. Understanding these
properties during preclinical studies can help prepare optimal drug formulation in
suitable  size  without  affecting  the  original  chemical  property  of  the  new  drug
under investigation or that of other drugs that may be co-administered with it [95].

Interaction with Other Drug Molecules

A study of the interaction of the new drug under investigation is crucial during
preclinical studies. Due to a large number of drugs available to consumers with
increasingly new ones developed every year, many concerns are raised as a result
of the potential of the newly developed drug to interact with other drug molecules,
some of these interactions may results in the loss of activity to one of the drug or
development of adverse reactions in the consumer which may lead to a number of
consequences  that  are  life-threatening  sickness,  physical  disability,  genetic
alteration  or  even  death  [96].

The safety assessment of a new drug in vitro or in vivo describes the behavior of
the new drug alone in the body of the test models only, which is not enough for
the drug's overall safety until its interaction profile with other drugs is assessed in
relation to altering the new drug bioavailability [97]. Some drug-drug interactions
can lead to toxicity in the body when interacting with other drugs and increase
their  plasma concentration  due  to  anticoagulation  failure,  such  as  that  between
phenytoin  and  warfarin  coadministration  [98].  Different  drug-drug  interaction-
related clinical manifestations have been documented, including but not limited to
renal and hepatic failures, seizures, heart problems, visual impairments and coma
[99].

The new drug interaction study with other drugs during the preclinical stage is of
paramount  importance  in  consideration  to  those  vulnerable  groups  such  as  the
elderly  that  are  using a  large  number  of  medications  daily,  thus  a  particular  or
different  formulation  form of  the  same drug  may be  used  or  recommended for
them  if  it  is  discovered  to  be  safe.  Drug  interaction  with  other  molecules  is
nowadays shown to be on the rise due to the large use of herbal medicines as an
alternative therapy which necessitates the new drug regulatory agencies to set it as
mandatory  practices  during  preclinical  testing  of  any  potential  new  drug  to  be
tested for  possible  drug-drug related-interaction which may lead to the adverse
reaction before approval for human trial is given [100].

Most  of  the  drug  interactions  occur  during  absorption  and  elimination
(distribution, metabolism, and excretion), whereby drugs may bind to a particular
receptor  and prevent  the work of  another.  A typical  example is  seen with such
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anti-acid drugs that prevent other drug's activity like ketoconazole, which needs
an  acidic  environment,  some drugs  like  tetracycline  may  form complexes  with
other  drugs  that  have  multivalent  cations  such  as  magnesium  or  aluminum  (or
even  food  like  milk  that  is  rich  in  such  ions)  and  thus  prevented  from  been
absorbed into the body, some drugs may simply prevent others from binding to a
particular receptor due to competition if they happen to have a same binding site
and thus increase the other drug’s concentration in the body which may lead to
increased toxicity [100 - 102].

Packaging Development

During the preclinical stage, packaging development is another important aspect
considered for  a  new drug under  development  before  it  is  approved for  human
clinical trial. Such development may come with different challenges, leading to
the  rejection  of  the  investigational  new drug application.  Since  this  is  used  for
application and approval purposes, package design and development of the new
drug  under  investigation  must  be  done  in  such  a  way  that  it  meets  the  basic
requirements of the concerned regulatory agencies and thus may not necessarily
be  exactly  as  it  would  be  for  commercialization  purpose  where  certain  aspects
such  as  graphics  can  be  added.  In  packaging  development,  the  following
parameters are placed into consideration: Labeling, biocompatible materials, and
quantity or volume of the drug. Proper package design may ensure consistency in
information between batches of each drug for commercial purposes [88, 103].

Labeling

This is one of the most important aspects of any packaging development; it gives
information  about  the  drugs'  initial  finding,  such  as  those  related  to  safety,
labeling must contain a well-recognizable text and symbols that are standard as
per the regulatory agency guidelines and region. One of the most important things
is a warning label that clearly shows that it is an investigational new drug so that
it  will  be  known  that  the  respective  regulatory  authority  does  not  clear  it.  In
addition,  the  detail  of  the  manufacturer  and or  distributor,  batch number,  other
warnings, the quantity of the drug, intended route of administration etc. must all
be present or proper justification for omission should be given [103].

Biocompatible Materials

Consideration of the packaging design/material of a new drug under investigation
is very important due to the fact that most of the drug activity on the test subjects
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relies on the purity of its compounds. When choosing a packaging material, such
materials must be biocompatible with the content (the new drug) and thus should
not  be  reactive,  capable  of  absorbing  moisture,  and  thus  less  chance  of
contaminating the new drug, which may alter its intended purpose and safety. The
choice of proper packaging material includes the primary container, covers, seals,
and outer package; selecting packaging material at the proper time can enhance or
help in getting approval from the regulatory agencies during investigational new
drug applications (IND) [104].

Quantity/Volume

The quantity or volumes of the investigational new drug play a significant role
mostly in terms of the proposed cost  of  the new drug,  a  package design that  is
made to hold a low volume of the drug tends to lead to a high-cost drug due to
mostly  budget  challenge.  Many  new  drugs,  most  especially  those  intended  for
intravenous administration, usually are packaged in lower quantities for single use
only  to  prevent  contamination;  hence  may  likely  be  relatively  expensive,  low
volume packaging may also be used for the purpose of the drug trial only after
which may be changed for commercial purpose in larger volume (for drugs that
are  supported)  provided  that  it  did  not  change  the  approval  of  the  regulatory
agencies  [105].

CLINICAL TRIALS (PHASE 1-3)

Clinical  trials  are  steps  taken  by  scientists  to  ensure  long-term  and  short-term
safety as well as the acceptability of novel drugs that are going to be introduced
into the population. This is imperative as new drugs may have both benefits and
risks associated with them. Clinical trials are carried out in phases (phase I-IV),
which are  monitored by the  funding agency such as  pharmaceutical  companies
and  the  regulatory  authority  such  as  the  United  States  Food  and  Drugs
Administration  (FDA)  or  India  Central  Drugs  Standard  Control  Organization
(CDSCO),  the  process  is  strictly  monitored  by  the  concerned  authorities  and
reports  analyzed  to  measure  the  potential  benefit/risk  ratio  on  the  tested
population  in  both  the  long  and  short  term  tests  before  finally  approved  for
clinical usage [106]. A large amount of money in billions of U. S dollars is spent
every year on trials related to new pharmaceutical drugs and interventions, and for
a drug to be finally ready and fully accepted, it may take an average of 10 to 12
years before such drug reaches the completion of its trial phases [107, 108].
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Phase I Clinical Trial

This phase of the clinical trial is aimed at providing safety, optimum dosage, and
side  effect  information  related  to  the  new  drug,  where  it  is  tested  on  healthy
volunteers or patients. The trial is usually carried out in a small number of healthy
volunteers, such as 20-100 or 15-30 patients whose conventional treatment failed
or  are  in  terminal  illness  due  to  severe  life-threatening diseases  such as  cancer
[109]. This trial phase is taken to assess the safety of the new drug rather than its
efficacy and thus is referred to as first-in-human studies. The data generated may
support the possibility of further testing in the next phase [110]. Phase I clinical
trial  is  not  carried  out  in  a  randomized  pattern  as  such,  it  may  be  prone  to
selection  bias  with  regard  to  test  subjects  [111,  112].

In Phase I, the new drug to be tested is administered to a few volunteers at a very
low dose usually carried by contract research organizations (CRO) in a clinical
trial clinic; the dosage used is usually a fraction of the toxic dose that is obtained
from the data of pre-clinical studies in animal models, and the volunteers will be
kept  under  24-hour  surveillance  by  trained  professionals  until  half-life  of  the
drugs  is  over  [113].  The  dosage  is  increased  gradually  in  other  patients  to  the
point where the drug side effects are considered too high to bear, or the required
result is obtained on the test subjects. A piece of good safety information qualifies
the test drug to be tested in a phase II clinical trial. Since this phase is conducted
in  a  controlled  setting,  most  healthy  volunteers  are  often  inconvenienced  by
spending  time  in  such  an  environment,  and  as  such,  they  may  be  given  some
incentives to cater to the inconvenience [114]. With healthy volunteers, control
groups  are  usually  kept  while  in  life-threatening  disease  patients  as  volunteers
(e.g., cancer patients); the control groups are usually ignored [113].

Phase I clinical trial can be taken or divided into different parts, which include the
single dose (Phase Ia), multiple doses (Phase Ib), and food effects on the drug;
these divisions can help generate a piece of pharmacokinetic information about
the new drug in question such as its rates of absorption and elimination under both
functional and impaired hepatic and renal conditions.

Phase Ia- Single Ascending Dose

In this phase, volunteers are divided into fewer groups of about 3 people, which
are taken sequentially and given the lower dose of the new drug followed by their
behavioral observation for its safety, when there is a lack of any side effects and
the result is within expected value then a higher dose is given to the next group
and so on till unacceptable toxicity is observed in a given group [115]. Another
group will then be treated with the same dose until side effect is observed that is
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too severe to be tolerated; this is then considered as the highest tolerable dose or
maximum tolerable dose for the new drug, which is usually considered when one-
third  of  the  volunteers  showed  the  unacceptable  toxicity,  the  dose  is  then
considered the maximal  tolerable  dose when other  group showed similar  result
and thus the trial with increasing dose is terminated [116].

Phase Ib- Multiple Ascending Doses

In this test,  the test  subjects are subjected to multiple doses of the new drug to
assess  its  tolerable  and  safe  dose  through  constant  investigation  of  the
pharmacokinetics and pharmacodynamics properties from samples taken such as
blood and other body of the participants or volunteers. The doses are increased
gradually in other groups till a given predetermined level of observable toxicity,
after which the test is stopped, and available data is analyzed [115].

Food Effect on Drug

This is usually carried out as a short crossover study that is aimed to analyze the
effect  of food on the absorption rate of the new drug; the test  is  carried out on
volunteers in any of the above testing scenarios whereby some of the volunteers
are tested with a given dose of the drug after eating. In contrast, others were given
the same dose after they had fasted, and differences in the bioavailability of the
new  drug  in  various  body  fluids  of  the  volunteers  were  assessed.  Its  rate  of
absorption  is  determined  under  both  conditions  [115].

Phase  I  clinical  trials  usually  have  a  success  rate  of  about  70%  on  the  tested
volunteers,  however,  where  the  trial  result  in  this  phase  showed undesirable  or
unexpected results  due to adverse toxicity,  consideration for  the next  treatment
might be reassessed or dropped [109].

Phase II Clinical Trial

In  this  phase,  the  drug  under  investigation  is  assessed  for  its  efficacy,
effectiveness,  and  its  further  side  effect  on  the  trial  participants  or  volunteers;
phase II is carried out once the dose range and preliminary safety are assessed and
found  to  be  within  the  acceptable  range  in  phase  I  trial,  in  addition  to  the
aforementioned  aim,  phase  II  drug  trial  also  is  carried  out  with  reference  to
specificity  on  a  particular  type  of  disease  or  outcome  as  such  different
combinations  of  the  drug  are  tested  on  the  volunteers  for  better  efficacy  and
effectiveness  [117].
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Phase  II  drug  trial  is  usually  carried  out  on  100-300  volunteers  that  harbor  a
particular  disease,  however,  the  drug  is  assumed  to  have  no  curative  value  as
such, it is not compared to a standard cure [109, 118]. To some extent, this phase
is also regarded as a further extension of phase I in terms of safety assessment, but
unlike  the  previous  phase,  this  phase  is  carried  out  as  a  randomized controlled
trial  in  treatment  centers  such  as  hospitals  by  professional  clinical  researchers,
thus less prone to selection bias as compared to phase I trial, this phase account
for most of the drug discovery and development failures when it failed its efficacy
test or showed to have high toxic effects under both standard and genetic testing
[116, 119].

In the study of the efficacy, the assessment is focused on the drug's ability to give
a result  of  interest  on a  particular  disease  in  the  tested group,  for  example,  the
fever, tumor size, reduction of a particular hormone or metabolite, etc. within a
specified period of time [120]. On the other hand, when the drug is to be tested for
effectiveness, the focus on the drug is based on how it influences the disease itself
rather than its outcome; as such, the trial volunteers are treated similar to the way
they would be  with  the  standard drug under  standard medical  practice;  In  both
these  tests,  the  participants  under  investigation  must  have  a  specific  disease  to
which the drug is tested for and have no any other ongoing ailment [121].

The  trial  participants  are  treated  with  either  the  new  drug,  standard  drug  or  a
placebo, and the outcome is assessed as per the volunteer’s conditions; those that
receive the standard drug or placebo serve as a control for the trial. The clinical
researcher usually observes the participants for months or years to ascertain the
overall safety, efficacy, and effectiveness of the new drug for its acceptability as
compared to the placebo or the standard drug [122]. The phase also paves the way
for the investigator or clinical researcher to design methods for the next phase of
the investigation, although studies have shown that the nature of reporting pattern
about clinical trial may differ and leads to many data losses along the way [123,
124]. The success rate of phase II drug trials is around 33% and has the highest
rate  of  drug  trial  failures  as  stated  above,  the  success  with  regard  to  the  drug
effects such as lesser hospital visits, longer life, and general body well-being is
more  preferred  than  its  efficacy  such  as  less  cell  count  of  the  causative  agents
[125, 126].

Phase III Clinical Trial

This is one of the most valuable phases regarding new drug clinical trials.  It  is
designed  based  on  the  outcome  of  the  phase  II  trial.  It  is  also  a  randomized
controlled  trial  conducted  at  various  clinical  centers  with  many  participants
involved. The number of participants taken for the phase III trial depends largely
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on the type of disease the researchers are dealing with, but generally, the number
ranges between 300-3000 participants or even higher [109]. Although the trial is
randomized,  the  participants  are  usually  grouped  based  on  their  similarities  to
ensure more acceptable results, such that the data generated from them should be
a result of the drug's effectiveness rather than their differences. The groupings are
not influenced by the clinicians or participants until the trial period is over and the
result is assessed [114].

Phase III clinical account for the most time taken during drug trials and is also the
most  expensive  due  to  the  larger  number  of  participants.  It  is  also  the  most
difficult aspect of the new drug trial as many variables have to be considered by
each  participant  [127].  This  phase  is  aimed  at  further  assessment  of  the  drug's
effectiveness and can be terminated in any given group if a problem arises, such
as severe side effects observed in the participants. Phase III clinical trial is usually
conducted  pre-approval  of  the  new  drug  for  commercial  purposes  by  the
concerned or regulatory authorities such as the Food and Drug Administration of
the United States (FDA) hence regarded as the pre-marketing phase, and one of
the most important and critical stage since its outcome determines the new drug
fate in terms of filing for approval [128].

In some instances, which mostly depend on the requirement and urgency during
the trial phase, an adaptive design may be employed whereby the previous trial
phases may be altered to end an unsuccessful design which may greatly reduce the
time  taken  for  a  drug  trial,  as  seen  during  the  most  recent  Covid-19  pandemic
[118, 129].

A couple of successful or satisfactory data generated from phase III clinical trials
are gathered and used for application for approval; detailed information is shown
from both animal studies,  safety or toxicity,  optimum dosage,  formulation,  and
shelf life. This information is used during the marketing phase for calling off the
newly approved drug should certain side effects emerge post-approval.

This  phase  has  been shown to  have an average success  rate  of  25-30%, with  a
disparity  among  industry-sponsored  (40%)  and  non-industry-sponsored  (7%)
candidates  [130].  A  ten-year  survey  of  phase  II  clinical  trial  drug  success  rate
showed that it was found to be between 5-14% with a result of more defendants
on the type of disease treated; hence some maybe even at  a lower range [125].
Most of the time, however, almost half of the drug candidates failed to produce a
satisfactory  result  in  this  phase  or  meet  the  requirements  for  approval  into  the
marketing phase [131].
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NEW  DRUG  APPLICATION  FILING  AND  APPROVALS
(REGULATORY APPROVALS FOR CLINICAL TRIALS)

New  drug  application  is  a  step  taken  by  new  drug  regulatory  agencies  before
giving approval to any newly developed drug to be released into the market for
commercialization. This application has a primary role of ensuring general safety
to  the  public  upon  which  they  will  serve  as  consumers  of  the  test  drug.  The
regulatory authority or agency can thus make an informed decision about whether
or  not  the approval  can be given based on the information submitted about  the
initial  test  such  as  the  in  vitro  test,  animal  test,  Phase  I-III  clinical  trials,  etc.
[132]. All this information can give an overall idea of the following:

• Risk/benefit analysis of the new drug safety and efficacy

• Whether its labeling reflects drug contents, precautions,and warnings

• Good manufacturing ethics and standards are adhered to

•  Quality  control  measures  are  taken  to  ensure  maintaining  the  original  drug's
nature and shelf life.

All the above-mentioned are required not only for the new drug but also for an
investigational drug application [133].

Different  regulatory  authorities  of  countries  or  regions  have  their  specific
guidelines, some of which may be similar, information submitted about the new
drug is preliminary reviewed, and a decision about its acceptance or otherwise is
communicated to the applicant within about two months. A standard review of the
application is then carried out, which can last about 10 months or 6 months for a
priority review. It is only when the drug is approved that it can be legally sold as
an  over-the-counter  drug.  It  is  indicated,  however,  that  some  of  the  review
processes  of  agencies  such  as  the  FDA  lack  transparency,  although  efforts  are
underway for improvement [134].

It  is  important  to  note  that  the  new  drug  application  (NDA)  differs  from  an
investigational new drug application (IND), whereby the former is filed at the end
of phase III clinical trial before releasing the drug for commercialization while the
latter is filed just after animal studies is completed before the human trial began
and  thus  its  requirement  is  based  on  non-clinical  data  [135].  Similar  product
applications  are  made  under  different  names  and  regulations,  for  instance,  the
application for a generic drug is termed an Abbreviated New Drug Application
(ANDA), vaccines are termed a Biologic License Application (BLA), while drugs
made  for  animal  use  (veterinary  purpose)  are  applied  as  New  Animal  Drug
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Application  (NADA),  but  all  the  purpose  remain  the  same;  for  generic  drugs
(drugs  that  are  chemically  similar  to  a  previously  patented  new  drug),  the
requirements are not as strict as that of new drug application whereby clinical trial
data is exempted from its application [115, 135].

Different countries have a different sets of regulations that govern their new drug
applications; in India, the Central Drugs Standard Control Organization (CDSCO)
is responsible for all regulations related to drugs, medical devices, and cosmetics
for the well-being of the general public, which is ensured by different sets of rules
such as ethical guidelines for biomedical research that involve human volunteers,
act on drugs and cosmetics as well as good clinical practices; many regulations
relevant to clinical trial in India keep changing especially from 2005-2016 as such
can be regarded as under development [136].

In a general sense, however, the regulatory guidelines for all concerned authorities
are  aimed  primarily  at  enforcing  the  laws  of  the  country  about
patient’s/consumers  health  and  prevention  from  exploitation  by  the  pharma
industries;  different  people  also  have  shown  to  have  different  attitudes  toward
clinical  trials  in  terms of  both safety  and privacy which varies  widely between
countries as well as from urban and rural areas based on behavioral and cultural
diversity [137]. Some of the requirements of the new drug application include the
following, among others:

- Registration with the ethics committee for study approval.

- Registration for initiation of clinical trial.

- Obtaining the volunteers informed consent.

- Reporting any adverse situation that happens during the course of the trial.

- Detailed evidence about the new drug's effectiveness for clinical purposes.

- Toxicological information of the new drug based on non-clinical data.

- All microbiological aspects about the application of the new drug.

- Detailed information about the labeling and packaging material of the new drug.

- Full guidelines on the drug usage, including dosage and timing.

- The drug bioavailability in the body, shelf-life, and metabolic aspects.
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All the above, along with others, can pave the way to the successful approval of
the new drug for commercial purposes or the next line of trial by drug developers
[133, 138].

CLINICAL TRIAL (PHASE 4)

This phase is taken only after approval is sought from the concerned authorities to
be  sold  onto  the  public  domain,  which  is  based  on  the  data  and  information
obtained from previous phases (Phase I-III) and pre-clinical/animal studies; it is
usually  taken  after  the  newly  approved  drug  is  released  into  the  market  thus
referred to as post-marketing study or surveillance. This phase is a final phase that
is  concerned  or  aimed  at  assessing  the  final  safety  of  the  drug  in  the  general
public, commonly called pharmacovigilance [139]. This phase is crucial as it is
focused on the long-term effect of the drug on the general population, usually due
to compatibility issues with other drugs, effect on some populations not covered
in  previous  phases,  such  as  pregnant  and  nursing  mothers,  as  well  as  certain
effects  it  may  incur  on  babies  during  breastfeeding  [109].

Side  effects  or  abnormalities  reported  due  to  the  approved  drug  may  lead  to  a
certain  change  in  policy  about  its  approval  given,  some  of  which  may  include
termination of the drug use when severe side effects are reported, changing the
drug use to a particular population instead of the general population or restricted
to be used only under certain conditions such as last resort choice or under severe
clinical disease to which there are no any available alternatives [140].

Much information is generated in Phase IV clinical trials such as the drug safety
and  side  effects  related  to  a  larger  population  of  different  ethnicities,  social
statuses, and other underlying medical conditions. In other words, this phase tests
the final performance of the drug in real-world; by this, it signifies the taking of
what  is  referred  to  as  non-interventional  studies  where  the  new  drug  is
administered  as  per  the  normal  clinical  setting  of  other  approved  drugs  in
accordance to standard clinical  practice,  adverse or  unseen side effects  that  are
seriously  observed  during  this  phase  is  constantly  reported  to  the  concerned
regulatory authorities for further assessment as to whether or not the approval of
the  drug  remains  or  certain  changes  need  to  be  made,  on  the  other  hand,  non-
serious  side  effects  are  also  documented  and  reported  at  certain  time  intervals
[141].

It is important to note that despite the fact that phase IV clinical trial follows a
randomized sampling pattern; a study has shown that the degree of randomization
taken during phase IV clinical trial of drugs differs significantly between the type
of  disease  under  investigation;  drugs  related  to  mental  health  have  the  highest
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randomization  pattern  while  that  of  cancer-related  ones  showed  to  have  fewer
randomization,  this  is  largely  associated  with  the  number  of  funding  from
authorities such as National Institute of Health (NIH) in the United States which is
showed to be higher  on mental  health-related drugs than on those designed for
oncology purposes [142].

POST-MARKET MONITORING

Postmarketing monitoring or surveillance is the study that is designed to ensure
the well-being or safety of the patients as consumers of the newly approved drug,
and  it  is  also  carried  out  to  check  on  any  disparities  such  as  changes  in  the
originally-approved drug that may be either voluntary or involuntary, many of the
information  can  be  gathered  from  a  variety  of  source  such  as  databases  and
publications [143]. Despite a ton of information generated during the course of a
new drug trial from the initial phase to the last one, still, additional information
can be  obtained about  the  true  nature  of  the  drug when released to  the  general
population, most of the information gathered is dependent on the time taken by
the drug post-approval into the market or in the general public, the report made is
reviewed, and certain modifications are made if necessary with respect to initial
approval given to the drug [109].

Postmarketing monitoring or surveillance thus serves many or diverse purposes
during  both  short  term  and  long  term  of  the  new  drug  use,  however,  certain
general objectives can be mentioned, some of which include assessing the newly
approved  drug’s  true  efficacy  and  safety  in  standard  conditions  within
populations,  nature  of  the  drug  in  the  presence  of  other  prescription  drugs,
assessment between actual and potential impact of the drug intended use, generate
data that can be used in its cost-benefit analysis [144].

It is mostly a common perception by many that the regulatory authority-approved
drugs such as FDA are generally safe, but that is not the case in reality. Despite
the  randomized  trials  strategies  that  were  adopted  in  the  course  of  testing  the
drugs,  many  adverse  reactions  are  reported  with  respect  to  drugs  approved  for
commercial purposes, which can range from minor to major ones, including death
in  some  instances,  adverse  reactions  that  were  reported  during  post-market
surveillance/monitoring of approved drugs have been showing to be rising from
the last two decades with about 50% of the approved ones showed to have severe
side effects [145].

Post-market  monitoring/surveillance  is  not  practiced  the  same  way  across  the
globe, different countries have a different set of rules and guidelines on how this
surveillance  is  taken  hence  a  variability  in  findings  and  approach  to  the  study
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design about the approved drugs, but in the general sense, the objective remains
the  same  which  is  the  plan  for  risk  management,  most  of  this  surveillance  is
carried out in basically two ways which include:

1. Monitoring all populations that are using the approved drug.

2.  Monitoring  vulnerable  populations  such  as  older  people,  children,  pregnant
women,  etc.  While  countries  like  The  United  States,  Japan,  China,  Korea,  and
those under European Union have their established guidelines, others like India
have their guidelines still under development and thus less strict as compared to
the rest [146].

The post-marketing surveillance is carried out not only by the respective country's
regulatory  authority  but  also  by  the  manufacturing  pharmaceutical  companies
themselves, some withdrawal of drugs from the market has been reported by some
of the major pharmaceutical companies across the globe after they discover some
of their drugs severe side effects with respect to a certain group of patients, these
unforeseen circumstances are what makes post-marketing monitoring important
aspect of any drug development process [108]. Errors that may lead to withdrawal
or  termination  of  a  particular  new  drug  approval  may  sometimes  be  far  from
common human errors but rather based on diverse collective factors related to the
environmental, genetic, and socioeconomic profile of the consumers [147].

As there are many ways of generating data about post-market drug surveillance,
many problems are reported due to many disparities in information, and thus post-
marketing  monitoring  needs  to  be  further  improved  to  ensure  the  proper  well-
being  of  the  consumers  of  such  newly  approved  drugs  [148].  Post-marketing
monitoring is constantly evolving since drug regulatory authorities, and pharma
industries  record  all  information  and  learn  from  previously  evolved  problems
related  to  drug  development  [149].

CONCLUSION

New drug development is the tedious, expensive and complicated process taken
before  any  new  drug  reaches  potential  consumers.  However,  despite  all  these
challenges, the process is necessary due to the risk involved when drug safety is
assessed wrongly, which may lead to an array of mild and severe side effects or
even death in critical situations. Clinical trials ensure that all the benefits, such as
the efficacy and effectiveness of the new drug, is obtained and compared with its
risks and side effect. Ensuring an unbiased and standard trial of the drug by its
investigators and regulatory authorities can result in producing a qualitative drug
that may save a life. There is no doubt that a clinical trial can be both beneficial
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and counter-productive to both the volunteers, investigators, and pharmaceutical
companies,  but  the  proper  design  of  such  a  clinical  trial  may  lead  to  a  high
benefit/risk ratio and thus approval of the new drug if the regulatory process is
carried under professional, transparent and unbiased manner or with reevaluation
of different regulatory rules and regulation should the need arises.
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Abstract:  The  discovery  of  penicillin  opened  the  avenues  for  antibacterial  drug
discovery  to  address  the  global  problem  of  deadly  infectious  diseases.  However,
despite the availability of potent antibiotics and effective vaccines, bacterial infections
are  still  the  major  contributors  to  morbidity  and  mortality  worldwide.  The  use  of
antibiotics is a two-edged sword; on the one hand, antibiotics have helped us combat
deadly bacterial infections. On the other hand, overuse of antibiotics has led bacterial
pathogens to develop drug resistance.  The components of  the bacterial  cell-like cell
wall,  cell  membrane,  protein  synthesis,  and  nucleic  acid  synthesis  were  targeted  to
develop  effective  drugs.  Using  these  selective  microbial  targets,  multiple  potent
antibiotic classes were developed in the last century, but emerging bacterial resistance
and a decline in the number of new antibiotic approvals in recent years are pushing us
back  to  the  pre-antibiotic  era.  An  increase  in  multidrug-resistant  strains  and  the
ineffectiveness  of  current  drugs  pose  a  challenge  for  researchers  to  develop  new
antibiotics with a novel mechanism to treat drug resistance. In the current chapter, we
focus on the antibacterial drug used for the treatment of important human pathogens.

Keywords: Antibiotics, Anti-bacterial, Drug resistance, Drug discovery, Human
pathogens.

INTRODUCTION

The golden era of antibiotic discovery began in the 1930s with the discovery of
Penicillin  by  Alexzander  Fleming,  followed  by  the  identification  of  several
antibiotics.  The  discovery  of  antibiotics  in  the  last  century  revolutionized  the
management and treatment of microbial infections caused by bacteria. The bacter-
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ial infections that would normally have been fatal were now curable. Since then,
antibiotics  have  revolutionized  the  medical  field,  saved  lives  and  eased  the
suffering of billions of patients. Today, antibiotics are an indispensable part of our
modern life, not only for the treatment of microbial infections but also for modern
medical procedures of high-risk patients, such as procedure of organ transplants,
cancer  chemotherapy,  prenatal  care,  intensive  care  etc.  However,  due  to  the
misuse  of  antibiotics,  these  gains  are  going  to  be  seriously  paralyzed  by  the
emergence of microbial-resistant strains. Unfortunately, the increasing bacterial
resistance to antibiotics is not confined to a single country, but it poses a severe
threat  to  human  health  globally.  Moreover,  the  emergence  of  antimicrobial
resistance did not come alone; it was also accompanied by a sharp decline in the
approval of new antimicrobial drugs. The increase in antibiotic resistance is now
an  emerging  challenge  to  global  health  agencies.  Although  all  the  health  care
agencies,  including  pharmaceutical  industries,  biotech  companies,  regulatory
agencies,  new  ventures  both  at  small  and  large  scales,  as  well  as  academic
laboratories, are working hard to revive the antibiotics discoveries programs, the
discovery of new antibacterial drugs is continuously declining.

The consequences of emerging resistant bacteria are vast and going to impact all
branches of medical practices. The discovery of new antibiotics is a two-edged
sword  one  way,  we  are  treating  the  infection,  and  another,  we  are  imposing
selective  pressure  on  bacterial  cells  to  develop  resistance  (mutants).  Though
different  selective  microbial  targets  such  as  cell  wall,  cell  membrane,  protein
synthesis  and  nucleic  acid  were  explored  to  overcome  the  emerging  bacterial
resistance;  along  with  the  antimicrobials  discovery,  bacteria  also  have  evolved
and  adopted  different  mechanisms  of  antimicrobial  resistance  such  as  by
impairing  the  selective  antimicrobial  agents  permeability,  enzymatically
inactivating  the  antimicrobial  structure,  forming  the  antimicrobial  resistant
biofilm,  inducing  target  mutations,  expressing  efflux  pumps  to  decrease  the
effective  concentration  of  antimicrobial  agents  and  many  others.  This  chapter
focused  on  the  current  antibacterial  drugs  and  the  antibacterial  pipeline  under
clinical  development.  We  also  highlighted  the  challenges  of  pharmaceutical
companies and new approaches to antibacterial discoveries to combat the endless
cycle of antibacterial resistance.

HISTORY OF ANTIMICROBIAL DRUGS

We normally  correlate  the  beginning  of  the  “antibiotic  era”  with  the  names  of
Paul Ehrlich and Alexander Fleming, but we have evidence of using some plant
extracts or molds on wounds well before the discovery of bacteria as an infectious
disease agent [1, 2]. During the ancient period, Egyptian healers used bread molds
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to treat surface infections well before the discovery of penicillin [3]. Later, Paul
Ehrich came up with an idea of a “magic bullet” that  can selectively target  the
infection-causing  bacteria,  not  the  host.  This  idea  led  him  to  discover  a  drug
against syphilis, a disease almost incurable at that time [4]. During the same time,
he  coined  the  term  “chemotherapy”  in  the  early  1900s  after  identifying  some
chemicals and dyes to selectively color the bacterial cells [3, 4]. According to his
theory, these chemicals were capable of inducing some substances to selectively
kill bacteria without harming others [5].

The  discovery  of  Paul  Ehrlich  and  his  systematic  screening  procedure  for
antimicrobials led to the discovery of many drugs. Following a similar screening
procedure, Josef Klarer, Fritz Meitzsch, and Gerhard Domagk did the screening of
a large number of chemical compounds against bacterial pathogens, which led to
the discovery of the sulfa drug “sulfonamidochrysoidine” (KI-730, Prontosil).

Prontosil was later developed by a Bayer chemist, and the first human recipient of
this drug was the daughter of Domagk, who was suffering from a Streptococcus
infection  and  was  completely  cured  after  treatment  [7].  Domagk  received  the
Nobel Prize in medicine in 1939 for his discovery of prontosil [8]. Later, the sulfa
drugs  were  further  explored  and  led  to  the  discovery  of  multiple  synthetic
antimicrobials,  including  quinolines  and  oxazolidinones  [9].

Probably, many of us are aware of the serendipitous discovery on 3 September
1928 when Alexander Fleming noticed the growth of mold on his old plates of
Staphylococci  in  his  research  laboratory  at  St.  Mary’s  Hospital  in  London.  He
observed  that  the  mold  (Strain  of  Penicillium  notatum)  growth  inhibited  the
nearby bacterial growth, which later led to the discovery of penicillin [10]. Even
though Fleming tried for many years to scale up the purification of penicillin but
failed,  fortunately,  an  Oxford  team  named  Howard  Florey,  Ernst  Chain  and
Norman  Heatley  could  optimize  the  large-scale  production  of  penicillin  [11],
which was later used for treating the soldiers suffering from wound infections and
pneumonia during World War II. Fleming was also among the first scientists who
noticed the penicillin treatment failures if non-lethal quantities of the drug used,
as  a  police  officer  suffering  from  scratch  from  a  rose  bush  and  treated  with
penicillin died due to an insufficient amount of penicillin [12]. Fleming, Florey
and Chain received the Nobel Prize in physiology and medicine in 1945 for their
incredible  work.  In  1945,  Dorothy  Hodgkin  studied  the  crystallography  of
penicillin  V  and  revealed  its  structure  for  the  first  time  and  was  awarded  the
Nobel prize in chemistry in 1964.

Soon after the introduction of penicillin for clinical use, two major concerns were
observed;  1)  penicillin  was  found to  be  allergic  to  most  of  the  patients,  and 2)
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penicillin-resistant isolates were reported [13 - 15]. To overcome these concerns,
erythromycin (macrolide) was introduced for allergic patients [16]. Following the
same  antimicrobial  screening  procedures,  Selman  Waksman  also  discovered
various  antibiotics  in  the  1940s,  including  actinomycin,  streptomycin  and
neomycin [12]. A similar antimicrobial screening path was also followed by other
researchers  to  discover  several  new antibiotics,  which  led  to  the  golden  era  of
antibacterial discoveries between the 1950s to 1970s. The discovery of different
antibiotics and their reported resistance are summarized in Fig. (1).

Fig.  (1).   Discovery  of  different  antibiotics  classes  and  emergence  of  first  resistance.  Timeline  of  the
antibiotics discovery. Res: Resistance

A  new  class  of  antibiotic,  tetracycline,  was  discovered  in  1948  by  Benjamin
Duggar using soil, which was the only experimental antibiotic at that time. As a
result  of  chemical  modification,  a  new drug was developed,  Rifamycin,  by J.C
Sheeman (the first person to make penicillin chemically), and this drug was used
to treat tuberculosis. In 1962, the antibiotic Metronidazole was used to treat the
bacterial  infection  named Gingivitis.  During  the  course  of  antibiotic  treatment,
many of the bacterial strains developed resistance to the existing antibiotics using
different  mechanisms.  This  emergence  of  drug  resistance  allows  researchers  to
discover new antibiotics that can treat these resistant bacterial strains in clinical
settings [17].

Before  antibiotic  resistance,  it  was  noticed  that  penicillin  was  allergic  to  most
people. To reduce this allergic reaction, in 1940, the drug named Erythromycin
(Macrolide)  was  an  alternative  drug  for  penicillin-allergic  patients.  In  1950,
penicillin was the first drug that showed resistance to various strains by producing
the  enzyme  penicillinase  [12].  Thereafter  colistin,  the  first  polymyxin,  was
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discovered in Japan by Y.  Koyama in 1970 and was used as  a  replacement  for
toxic drugs. But bacteria managed to develop drug resistance to this drug as well.
With time, Staphylococcus aureus also started showing resistance to methicillin
and  was  first  reported  in  1961  in  U.K.  Vancomycin,  the  glycopeptide,  was
discovered and was known as the first drug which was effective against MRSA.
The  drug  was  first  isolated  from  a  soil  sample,  which  was  sent  by  Borneo.  In
Japan, vancomycin-intermediate S. aureus was reported, and in 1980, it was seen
that  some  of  the  bacteria  were  getting  resistant  to  Beta-lactamase  and  thereby
becoming  resistant  to  ampicillin.  Thereafter,  Merck,  a  well-known  pharma
company, discovered the “last resort” drug called Carbapenems, which was able
to treat the infections caused by beta-lactam-resistant bacteria. During this period,
carbapenems were considered the drug of last resort, and resistance to this drug
left us with no other option [18].

In late 2001, linezolid, another drug that was the first new class of oxazolidinones
for MRSA, was discovered as an alternative drug. In 2006, the European Union
banned the use of antibiotics as growth promoters in the production of animals.
On 9 July 2012, the Generating Antibiotic Incentives Now (GAIN) and the Food
and Drug Administration Safety and Innovation Act (FDASIA) were signed into
US  law  to  handle  the  problem  of  antibiotic  resistance  [19  -  21].  Antibiotic
resistance was recognized as “The World Economic Forum Global Risk “in 2013
and  2014.  The  first  report  on  the  global  status  of  antibiotic  resistance  was
published in 2014 by WHO. In July 2014, the UK prime minister announced that
there is an urgent and global need to address the problem of antibiotic resistance
therefore,  he  launched  a  commission:  Review  on  Antimicrobial  resistance.  In
2015,  the  WHO  released  a  global  action  plan  and  approved  a  new  method
(microchips)  and  drug  (teixobactin)  for  resistant  bacteria.

NOVEL ANTIBIOTICS FOR EFFECTIVE TREATMENT IN CLINICAL
SETTINGS

According to the latest clinical trial data, there are few antibacterial drugs either
with new mechanisms of action or better potency, under clinical development to
combat  the  challenge  of  emerging  multidrug-resistant  bacteria.  We  have
summarized the new antibacterial agents or combinations along with their target
product  profile  (TPP)  and  mechanism  of  action  in  Table  1.  However,  taken
together, there is a lack of novel antibacterial agents for emerging Gram-negative
pathogens. Indeed, the recent worldwide spread of multi-drug resistant pathogens
(Table 2), mainly ESBL-producing Enterobacteriaceae and carbapenem-resistant
Pseudomonas aeruginosa isolates, illustrate that efforts to solve the antibacterial
resistance problem cannot be combat with the current antibacterial pipeline, more
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refined  approached  and  joined  antibacterial  discoveries  programs  are  required.
Drug-resistant  concern  is  not  only  limited  to  critical  priority  pathogens;
unregulated  or  misuse  of  antibiotics  has  increased  the  antibiotics  resistant  rate
>50% among common pathogens [20]. Besides, high consumption of antibiotics
is also known to correlate with an emerging high antibiotics resistance rate.

We all are worried about our future generations due to bacterial infections caused
by drug resistant strains. If serious concerns are not shown now, we will not be
able to resolve the issues later and ultimately, they may have to face problems like
the  non-availability  of  effective  antibiotic  drugs  for  treatment.  Antibiotic
resistance  is  a  major  concern  of  today’s  health  care  system.  Though,  many
scientists  worldwide are working towards a  common goal  i.e.,  regulated use of
antibiotics  and  the  formulation  of  new  antibiotics  to  replace  the  existing  one
which became less effective against resistant bacteria strains. The letter written by
the President of Infectious Disease Society of America [IDSA] to the Assistant
Secretary of Health and Human Services was about the importance of antibiotic
therapies  in  almost  all  clinical  treatments  like  organ  transplants  and  cancer
therapy;  therefore,  more  focus  should  be  on  toward  antibiotic  stewardship,
making  new  policies  for  R&D  in  antibiotic  discovery  and  production.

The emergence of drug-resistant strains and the gap in antibiotic discovery is a
major concerns. Normally it takes around 10-15 years to develop a new antibiotic,
and on the other hand, bacteria start showing resistance to antibiotics immediately
after  exposure.  For  example,  in  the  2000s,  Linezolid  was  approved  for
commercial use, and in 2002, the first linezolid-resistant isolate was reported [21],
and by 2010 increasing linezolid resistance strains impacted its clinical uses [21].
Therefore, antibacterial discovery is an endless cycle, and we must continuously
supply  the  new  antibiotics  to  combat  the  resistance.  In  February,  2017  World
Health  Organization  [WHO]  published  the  list  of  pathogens  for  R&D  of  new
antibiotic  formulations.  The  type  of  resistance  shown  by  the  pathogens  can  be
divided into three major categories (Table 1). Even IDSA launched the “10×20’
Initiative” to research and develop 10 novel antibiotics by 2020 [22, 23].

Table 1. List of antibiotics, class, mode of action and their indications.

Antibiotic Class Spectrum Against
Organisms

Indications Dose Mechanism of
Action

Ceftaroline [24, 25]
[Teflaro/Zinforo]

Cephalosporin ABSSSI: MRSA, MSSA,
S. pyogenes, S.

agalactiae, CABP:
MSSA, H. influenzae, S.

pneumoniae,

FDA: CABP
and ABSSSI
EMA: CABP

and cSSSI

IV: 600 mg
over 5 to 60
min every 12

hr

cell wall synthesis
inhibition by
inactivating

penicillin-binding
proteins [PBP]
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Antibiotic Class Spectrum Against
Organisms

Indications Dose Mechanism of
Action

Ceftobiprole [26, 27]
[Zevtera/Mabelio]

Cephalosporin MRSA, ampicillin-
susceptible enterococci
and penicillin-resistant

pneumococci

EMA: HAP
[excluding
VAP] and

CABP

IV: 500 mg
over 2 hr
every 8 hr

binding to PBPs,
including the PBP-
2a of MRSA, and
blocking bacterial
cell wall synthesis

Telavancin
[28 - 29]
[Vibativ]

Lipoglycopeptide MRSA, vancomycin-
intermediate S. aureus

and penicillin-resistant S.
pneumoniae

FDA: cSSSI,
HAP

[including
VAP]

IV: 10 mg/kg
over 60 min
every 24 hr

for 7–14
days

[cSSSI] and
7–21 days

[HAP/VAP]

Inhibition of cell
wall synthesis of

peptidoglycan
chain and
disrupting

membrane barrier
function by

dissipating its
potential

Dalbavancin [30 - 31]
[Dalvance/
Xydalba]

Lipoglycopeptide MRSA, S. pyogenes, S.
agalactiae and E. faecalis

strains
susceptible to
vancomycin

FDA:
ABSSSI

IV: 1000 mg
over 30 min
loading dose
followed by
once weekly
500 mg over

30 min

binding to D-
alanyl-D-alanine
terminus of the

stem pentapeptide
in peptidoglycan,
preventing cross-

linking of cell wall
synthesis

Oritavancin [32 - 33]
[Orbactiv]

Glycopeptide MSSA, MRSA, VRE and
vancomycin-intermediate
and vancomycin-resistant

staphylococci

FDA:
ABSSSI
EMA:

ABSSSI

IV: 1200 mg
single dose
over 3 hr

disrupts the
bacterial

membrane
integrity leading to

the bactericidal
killing, inhibits
bacterial RNA

synthesis

Tedizolid [34, 35]
Phosphate
[Sivextro

Oxazolidinone MRSA, vancomycin-
intermediate

Enterococcus spp.

FDA:
ABSSSI
EMA:

ABSSSI

IV: 200 mg
once daily

over 1 h for 6
days

PO: 200 mg
once daily
for 5 days

binding to the 23S
ribosomal RNA

[rRNA] of the 50S
subunit of the

bacterial ribosome
and inhibits protein

synthesis

Besifloxacin [36, 37]
[Besivance]

Fluoroquinolone MRSA, S. epidermidis,
S.

pneumoniae, and H.
influenzae

FDA:
bacterial

conjunctivitis

Instill one
drop in the

affected
eye[s] 3

times a day,
for 7 days

inhibits DNA
topoisomerases,
including DNA

gyrase and
topoisomerase IV,

Delafloxacin [38, 39]
[Baxdela]

Fluoroquinolone S. aureus [including
MRSA], S. pneumoniae,

other fluoroquinolone
resistant strains

[Ineffective against
Fluoroquinolone-resistant

enterococci]

FDA:
ABSSSI

IV: 300 mg
over 1 hr

every 12 hr
PO: 450 mg
tablet every

12 hr for 5 to
14 days

inhibits DNA
gyrase and

topoisomerase IV

(Table 1) cont.....
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Antibiotic Class Spectrum Against
Organisms

Indications Dose Mechanism of
Action

Ozenoxacin [40, 41]
[Ozaenex/Xepi]

Non-fluorinated
quinolone

MRSA, MSSA, MRSE
and S. pyogenes

FDA:
impetigo

Topical:
apply a thin
layer to the

affected area
twice

daily for 5
days

NA

Omadacycline [42, 43]
[Nuzyra]

Tetracycline MRSA, penicillin-
resistant

and multidrug-resistant
S.

pneumoniae, and
vancomycin-resistant

Enterococcus spp.

FDA: CABP,
ABSSSI

Duration:
7–14 days

Loading IV
Day 1:

200 mg over
1 hr once

daily or 100
mg over 30
min twice

daily
Maintenance:
100 mg over

30 min or
300 mg po
once daily
6 Loading

PO
[ABSSSI]

Day 1 and 2:
450 mg once

daily
Maintenance

PO
[ABSSSI]

300 mg once
daily

binds to the 30S
ribosomal

subunit and
inhibits protein

synthesis

Ceftolozane/tazobactam
[44]

cephalosporin
combined with

BLI

Gram-negative pathogens complicated
UTI [cUTI]

or acute
pyelo-

nephritis
[APN]

1.5 gm
intravenous
[IV] every 8

hr

Inhibits β-
lactamase

Ceftazidim/avibactam
[45]

cephalosporin
combined with
non–b-lactam

BLI

Resistant Gram-negative
bacilli producing

extended spectrum β-
lactamase (ESBL),

klebsiella pneumoniae
carbapenemases {KPCs}

and / or AmpC β-
lactamases and P.

aeruginosa

complicated
UTI [cUTI]

or acute
pyelo-

nephritis
[APN]

2000/500 mg
IV every 8 hr

Inhibits β-
lactamase

(Table 1) cont.....
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Antibiotic Class Spectrum Against
Organisms

Indications Dose Mechanism of
Action

Meropenem/vaborbactam
[46, 47]

Carbapenem carbapenem-resistant
Enterobacteriaceae

Gram-negative bacilli-
producing ESBL, KPC,

and/or AmpC β-
lactamases.

complicated
UTI [cUTI]

or acute
pyelo-

nephritis
[APN]

2 gm/2 gm
for 10 days

binds to several
penicillin-binding
proteins [PBPs],
and inhibits of

serine
carbapenemases

Cefiderocol [48, 49] Cephalosporin Carbapenem resistant
gram-negative bacteria

complicated
UTI [cUTI]

or acute
pyelo-

nephritis
[APN]

2 gm IV
every 8 hr

binds to PBP3 of
Gram-negative

bacteria and
inhibits bacterial

cell wall synthesis

Plazomicin [50 51] Aminoglycoside Escherichia co li,
Klebsiella pne umoniae,

Cit robacter spp.,
Enterobacter spp. and

Serratia spp
methicillin-resistant S.

aureus [MRSA],
methicillin -susceptible
S.au reus, coagulase-

negative staphylo cocci
and Staphylococcus sa

prophyticus

complicated
UTI [cUTI]

or acute
pyelo-

nephritis
[APN]

15 mg/kg
every 24 hr

inhibits bacterial
protein synthesis

and exhibits dose-
dependent

bactericidal
activity

Finafloxacin [52] Fluoroquinolone Gram negative organism complicated
UTI [cUTI]

or acute
pyelo-

nephritis
[APN]

800 mg per
day

inhibits the activity
of bacterial type II

topoisomerases

Eravacycline [46] fluorocycline Gram Negative organism complicated
UTI [cUTI]

or acute
pyelo-

nephritis
[APN]

1.5 mg/kg

IV: Intravenous; PO: Per Oral administration; cUTI: Complicated Urinary Tract Infections; ABSSSI: Acute
Bacterial Skin and Skin Structure Infections; MRSA: Methicillin-Resistant Staphylococcus aureus; MSSA:
Methicillin-Sensitive Staphylococcus aureus; VRE: Vancomycin-Resistant Enterococci; CABP: Community-
Acquired Bacterial Pneumonia; FDA: Food and Drug Administration; EMA: European Medicines Agency;
HAP: Hospital-Acquired Pneumonia; VAP: Ventilator-Associated Pneumonia; cSSSI: Complicated Skin and
Skin-Structure Infections; APN: Acute Pyelonephritis.

Table 2. List of antibiotic-resistant bacteria based on their priorities and hazard levels.

Bacterial pathogens and hazard level Reported antibiotics resistant to

1. Hazard level: urgent: [Critical Priority]
• Acinetobacter baumannii

• Enterobacteriaceae
• Pseudomonas aeruginosa

Carbapenem-resistant
Carbapenem-resistant, ESBL-producing

Carbapenem-resistant

(Table 1) cont.....
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Bacterial pathogens and hazard level Reported antibiotics resistant to

2. Hazard level: serious: [High Priority]
• Enterococcus faecium
• Helicobacter pylori

• Neisseria gonorrhoeae
• Salmonellae

• Staphylococcus aureus
•

Vancomycin-resistant
Methicillin-resistant, vancomycin-intermediate and

resistant
Clarithromycin-resistant

Fluoroquinolone-resistant
Fluoroquinolone-resistant

Cephalosporin-resistant, fluoroquinolone-resistant

3. Hazard level: concerning [Medium Priority]
• Haemophilus influenzae

• Shigella spp.
• Streptococcus pneumoniae

Penicillin-non-susceptible
Ampicillin-resistant

Fluoroquinolone-resistant

Global  priority  list  of  antibiotic-resistant  bacteria  to  guide  research,  discovery,  and  development  of  new
antibiotics, World Health Organization, 2017. ESBL: Extended Spectrum Beta-Lactamases.

Most  of  these  antibiotics  are  still  under  development  and  are  supposed  to  be
available  in  the  near  future  to  meet  the  emerging  challenge  of  antibacterial
resistance.  But  considering  the  lack  of  novel  antibacterial  agents  with  a  new
mechanism of action, and most of the antibiotics used presently are estimated to
be useless within five to ten years, will this be the end of the antibiotics era, or are
we going to enter the pre-antibiotics era.

ANTIBACTERIAL  DRUGS:  A  BRIGHT  PAST  BUT  A  CHALLENGING
FUTURE

Antibacterial Drugs Discoveries

In  the  last  century,  antibiotics  developments  have  revolutionized  our  ability  to
manage bacterial infections and achieved remarkable advances on several fronts: a
better  understanding  of  bacterial  pathogenesis  and  cure;  a  substantial
improvement in the efficacy and therapeutic effects of antibiotics;  a significant
improvement in various medical interventions and their outcomes such as open-
heart surgery and even transplantation medicine [52, 53]. The remarkable success
of antibacterial drugs has led to substantial decreases in morbidity and mortality
associated  with  bacterial  infections  worldwide  [54].  However,  excessive  and
inappropriate  use  of  antibiotics  has  provided  intense  and  selective  pressure  on
microorganisms, leading to preferential survival and the emergence of antibiotic
resistance  mechanisms  in  bacteria  [55,  56].  The  increasing  consequences  of
multidrug-resistant bacteria have posed severe threats to almost all  branches of
medical  practice.  Although,  the  pharmaceutical  industries  had  worked  hard  to
combat the increasing drug resistance by developing several antibacterial classes
with different mechanisms of action [57 - 62]. However, resistance has already
been observed for  the majority of  antibiotics classes (Fig.  1)  [63].  Moreover,  a

(Table 2) cont.....
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decline in the number of new antibiotic approvals and the growing emergence of
multidrug-resistant bacteria has contributed to the situation where there are little
or  no  treatment  options  for  multidrug-resistant  bacterial  pathogens.  Therefore,
there  is  no  escape  from  the  emerging  antibiotics  resistance,  and  continuous
antimicrobial  research  for  antibiotics  must  be  promoted  to  protect  humanity.
Though indirect, clear evidence suggests that pharmaceutical firms rejected their
new initiatives for antibacterial discovery [64, 65].

Broad-target Activity Challenges

Over the past three decades, technological advancements and the recognition of
microbial  importance  in  maintaining  human  health  [66,  67],  have  led  to  high
expectations  to  develop  new  and  specific  approaches  for  the  prevention  and
treatment  of  infection.  The  general  consensus  is  that  the  gut  microbiota  is  the
target  of  broad-spectrum  antibiotics,  which,  apart  from  eliminating  the  target
pathogen,  also influence the  composition of  symbiotic  microbiota  by killing or
providing  strong  selective  pressure  to  develop  resistance  [68].  Even  early
exposure  to  broad-spectrum  antibiotics  in  early  life  was  shown  to  play  a
pathogenic  role  in  several  human  diseases  [67,  69,  70].  Nevertheless,  several
pharmaceutical  companies  have  based  their  antibacterial  research  and
development  on  narrow-spectrum  antibacterial  agents  and  have  started  testing
their pre-clinical R&D candidates for their selectivity and impact on the healthy
gut microbiota [71 - 73]. However, the low success rate and poor financial returns
from developing new narrow-spectrum antibacterial drugs, forced companies to
withdraw from their new antibacterial research programs [74].

Medical Challenge

The consequences of emerging antibacterial-resistant pathogens are vast and pose
a severe threat to almost all branches of medical procedures. Without access to
effective antibiotics, practices such as prosthetic surgery, organ transplantation,
management of immunosuppressed cancer patients, and care of elderly patients or
neonates  will  be  severely  impacted.  In  addition,  increasing  health  care  costs
associated with managing resistant bacteria and indirect costs such as days away
from work or loss of output due to premature death are further jeopardizing our
life.

Increasing Research and Development Cost

Preclinical  evaluation  of  new antibacterial  agents  is  an  extensive  process  since
several optimizations are required to bring a new chemical entity from the hit to
the clinical candidate, which takes at least 6-8 years (Fig. 2). This is in addition to
the rising costs of preclinical and sclinical research estimated at about $400-800
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million per  new candidate  [75],  which has  posed a  considerable  barrier  to  new
antibacterial drug programs. Besides, antibiotics are also known as miracle bullets
[76] and are typically used to treat  disease for a short-course,  thereby reducing
their continuous need. In comparison, the treatment of non-communicable chronic
diseases such as hypertension, diabetes, and arthritis require lifelong medication
and  is  also  very  common  in  the  elderly  population;  therefore,  pharmaceutical
firms  have  diverted  their  energies  toward  drug  development  to  treat  those
conditions  as  they  return  more  benefits  to  them.

Commercial Challenge for the Pharmaceutical Industry

Many  patients  use  an  ideal  drug  for  a  relatively  long  period  of  time  from  a
commercial  point  of  view.  However,  an  effective  antibacterial  agent  cured  the
patients within a few days. Therefore, from a business point of view, antibacterial
agents do not have all the traits that an anti-cancer drug or other successful anti-
diabetic drugs usually have. This is one of the main reasons, why Big Pharma is
withdrawing  from  their  anti-bacterial  programs  and  the  development  of  new
antibiotics  is  turning  out  to  be  difficult.

Fig. (2).  Pre-clinical evaluation of new chemical entities from hit identification to lead optimization. HTS:
High  Throughput  Screen;  FBDD:  Fragment-Based  drug  Discovery;  ADMET:  Absorption,  Distribution,
Metabolism, Elimination, Toxicity; Pre-IND: Pre-Investigational New Drug; PK: Pharmacokinetics; PK-PD:
Pharmacokinetic-Pharmacodynamic;  PAE:  Post-Antibiotic  Effect;  MoA:  Mechanism  of  Action;  MIC:
Minimum  Inhibitory  Concentration.

Challenges in Antibacterial Drug Discovery

Due to the emergence of resistance to almost all the available antibiotics, there is
a pressing need to identify novel antibiotics with a unique mode of action. Aside
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from the resistance-mediated fall  in  clinical  efficacy,  available  antibiotics  have
side  effects,  with  issues  in  dosing  regimens  and  their  usage,  particularly  for
children that limit their utility [77]. Antibiotic discovery faces various issues at
economic and scientific levels. Despite strenuous attempts to utilize a wide range
of  modern  antibiotic  discovery  platform  strategies,  including  genomics,
bioinformatics, systems biology and post-genomic approaches, success has been
marginal. Therefore, it is not an easy task to find new classes of antibiotics using
old  strategies  [78].  Also,  failure  to  consider  the  importance  of  clinical  use,
manufacturing, regulatory practices, the feasibility of clinical study designs and
reimbursement are not only inefficient but are the major causes behind the failure
of Research led programs.

Bacterial cells have a cell wall (Gram-positive) and an additional outer membrane
(Gram-negative) which plays a crucial role in protecting bacteria from chemical
treatment. Except for the cell wall and outer membrane, almost all the targets are
intracellular. Therefore, it is very important for the compound to penetrate these
barriers  and  engage  its  biological  targets.  That  is  why  whole  cell-based  high
throughput  assays  are  preferred over  cell-free  screening approaches  in  order  to
address the issue of permeability and efflux [79].

For  more  than  two  decades,  different  research  groups  have  been  focused  on
chasing  new targets,  and  novel  compound  scaffolds  and  approaches  have  been
considered inefficient in terms of output. Though it is always convenient to find
compounds that kill bacteria, it is hard to find novel anti-bacterial classes eligible
for development. Therefore, it is worth to change the strategies and focus on: {(i)
innovative chemistry on and around known clinically effective drug scaffolds; (ii)
alternative  ways  to  inhibit  the  function  of  clinically  validated  targets;  (iii)
understanding  resistance  mechanisms  and  how  they  can  be  inhibited;  (iv)
establishing phenotypic screens to identify new molecules; (v) understanding the
utility of animal models and the risks around reducing drug-efficacy hurdles; (vi)
establishing the levels of in vitro  resistance development that are unacceptable;
(vii). Bioprospecting to identify novel drug scaffolds and making this an option in
searching for new antibiotics or exploring existing ones for additional indications}
[80,  81].  Improving  bacterial  culture  techniques,  molecular  biology  and
metagenomics  will  make  natural  product  drug  discovery  easier  and  more  cost-
effective, evading these limiting factors.

CONCLUSION AND FUTURE PERSPECTIVES

Failure  to  predict  and  fully  understand  the  underlying  mechanisms  of  bacterial
resistance  to  antibiotics,  the  leading  cause  of  nosocomial  infections  and
mortalities, has limited our options for effective therapeutics. Moreover, despite
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the  deployment  of  substantial  capital  and  encouragement  over  the  last  three
decades,  discovering  innovative  targets  or  chemical  scaffolds  has  failed,  thus,
different  strategies  are  urgently  required  to  rebuild  sustainable  discoveries
programs  and  foundations  for  future  antibacterial  drugs.

To resolve this void of antibacterial research and discovery, we recommend that
both academia, as well as pharmaceutical companies, play an important role. For
example,  academia  should  receive  adequate  funding  to  explore  potential  new
bacterial targets and the resistance mechanism of bacterial pathogens, particularly
selective permeabilities and the multi-drug efflux mechanism of Gram-negative
bacteria.  On  the  other  hand,  major  pharmaceutical  companies  need  to  play  a
critical  role  in  providing  appropriate  training  for  next-generation  academic
researchers on SAR (structure-activity relationship) optimization and making the
antibacterial leads database publicly accessible to everyone.

Moreover, old natural product leads databases may also be helpful in developing
new  programs;  however,  an  adequate  strategy  should  be  taken  to  ensure
performance and not replicate past failures. In addition, an unprecedented level of
investment should be provided by government agencies for (i) understanding the
mechanisms of drug resistance and exploring the reverse-antibiotics programs [3],
(ii)  innovative  and  advanced  animal  models,  not  only  for  assessment  of
antibacterial efficacies but also for exploring the risks for resistance development
and clinical efficacies [54, 66, 83] (iii) discovering alternative antibacterial targets
such as virulence factors or multi-drug efflux inhibitor to enhance the efficacy of
existing  antibiotics  (iv)  streamlining  the  drug  approval  process  [82]  (v)
repurposing  drugs  to  fill  the  antibacterial  discovery  void  [84]  (vi)  promising
contract  of  government regulatory authorities with pharmaceutical  industries to
support  academia  in  early  pre-clinical  programs  and  also  support  the  clinical
development to meet the unmet medical needs. Such methods are expected to help
fill the vacuum of antibacterial exploration in the near future.
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Abstract:  Fungal  infections  are  one  of  the  major  causes  of  fatalities  worldwide,
causing  an  estimated  1.5  million  deaths  annually.  Over  the  past  few  decades,  the
incidences  of  fungal  infection  have  risen  with  the  increase  in  the  cases  of
immunocompromised patients. However, the impact of fungal diseases on public health
is often underestimated. These infections are predominantly caused by the Aspergillus,
Candida,  and  Cryptococcus  species.  Current  therapeutic  approaches  to  treat  such
fungal infections are limited to five distinct classes of antifungal drugs, viz. polyenes,
echinocandins, azoles, pyrimidine analogs, and allylamines. Moreover, a few synthetic
molecules  are  also  used  as  fungicidal  agents.  Despite  the  current  antifungal
armamentarium,  the  burden  of  fungal  infection  is  exacerbated  by  the  emergence  of
drug resistance, host toxicity, and negative interactions with other drugs. The paucity of
new antifungal drugs has further complicated the treatment of fungal infections. These
limitations provide a rationale for developing novel antifungals preferably with new
mechanisms and molecular targets. This chapter thus summarizes the currently used
antifungal  drugs,  their  effective  combinations,  and  the  challenges  inherent  to  the
development of new antifungal drugs. The chapter also addresses strategies to bolster
the antifungal pipeline involving emerging new targets for better management of fungal
infections.
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INTRODUCTION

Fungal  diseases  present  a  serious  threat  to  human  health,  causing  1.5  million
deaths  annually  [1].  The  global  burden  caused  by  fungal  diseases  is
underestimated due to the lack of diagnosis and public surveillance programs [2].
Even  though  fungi  are  ubiquitous  in  the  environment  and  display  an  extensive
diversity,  only  a  few  species  are  recognized  as  disease-causing  pathogens  in
humans  [3].  The  majority  of  the  fungal  species  are  considered  opportunistic
pathogens,  causing  disease  in  immunosuppressed  patients  (like  Candida  and
Aspergillus),  while  few  can  infect  healthy  humans  (Histoplasma  and
Paracoccidioides).  Lately,  the  clinical  relevance  of  fungal  diseases  has
substantially increased, owing to the rising population of immuno-compromised
patients in large parts of the world. These high-risk individuals include those with
multiple co-morbidities, HIV infection, organ transplantation, prolonged hospital
stay, chemotherapy, and those treated with broad-spectrum antibiotics [4].

Fungal infections like superficial mycosis of skin and nails are the most common
type  of  infections  encountered  in  humans,  followed  by  infections  caused  by
Candida  species  [5].  While  invasive  fungal  diseases  are  less  frequent  than
superficial skin infections, they account for very high mortality rates (more than
50%,  irrespective  of  provided  antifungal  treatment)  [6].  The  majority  of  the
fungal-related  mortalities  (~90%)  are  associated  with  species  belonging  to
Candida,  Aspergillus,  Cryptococcus,  and  Pneumocystis.

Although  various  antifungals  with  different  targets  are  available,  they  have
modest  success  in  treating  these  life-threatening  fungal  infections.  Factors  like
delay in disease diagnosis and fungal identification, narrow spectrum of activity
of drugs, toxicities, and emergence of drug resistance have played major roles in
defining  the  efficacy  of  these  antifungal  agents.  The  combinations  of  these
existing drugs are therefore used to treat certain infections; however, their efficacy
is still questionable. Initiatives by GAIN (Generating Antibiotic Incentives Now)
and  “Orphan  Drug  Act  and  Fast  track”  designation  by  US  Food  and  Drug
Administration (FDA) actively encourage the development of new antifungals by
providing fast-track description and orphan drug market exclusivity [7]. Thus, the
development  of  new  inhibitors  and  new  antifungals  to  tackle  resistant  fungal
infections  is  the  need  of  the  hour.

In  this  book chapter,  the  current  armamentarium of  antifungal  agents  and their
resistance mechanism are described. It will also provide an outline of the ongoing
efforts  to  develop  novel  and  promising  antifungal  agents  under  clinical  trials.
Further,  the emerging targets for the development of antifungal compounds for
better management of fungal infections are also discussed.
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COMMON FUNGAL PATHOGENS

Candida  is  a  ubiquitous  fungus  that  lives  as  commensal  on  the  mucosal
membranes  of  humans.  It  is  the  most  common  fungal  agent  associated  with
invasive  infections,  especially  in  at-risk  populations.  C.  albicans,  C.  glabrata,
C.krusei, C. lusitaniae, C. parapsilosis, and C. tropicalis are some of the human
colonizers and opportunistic pathogens of this genus [8]. C. albicans is the most
important  human  pathogen  causing  illnesses  ranging  from  mild  mucosal
infections  (oral  and  vaginal  candidiasis)  to  fatal  systemic  diseases.  In  oral
infections,  carriage  of  Candida  is  mediated  via  non-specific  host  barriers  like
saliva,  while  oropharyngeal  candidiasis  occurs  mostly  in  patients  undergoing
chemotherapy or AIDS. In vaginal candidiasis, the epithelium becomes Candida
sensitized,  thereby  causing  hyperactivation  of  the  innate  immune  system  and
generating a non-protective immune response [9]. Systemic infections occur when
C.  albicans  enter  the  blood  through  medical  implants  or  neutropenia  [3].
Moreover,  Candida  non-albicans  like  C.  auris  have  emerged  as  another
bloodstream-infecting pathogen. CDC has laid concern over this pathogen owing
to the increased incidences of multi-drug resistance and misidentification of the
pathogen using standard laboratory methods (https://www.cdc.gov/fungal).  The
global dissemination of this emerging pathogen could be attributed to its ability to
colonize skin and growth even at high temperatures.

Two closely related Cryptococcus species viz. C. neoformans and C. gattii are the
main  causative  agent  of  cryptococcosis.  C.  neoformans  is  widely  distributed,
while C. gattii has limited geographical distribution. Recently, C. gattii infections
have  raised  an  alarming  situation  suggesting  the  evolution  of  virulent  fungi
affecting  the  healthy  human  community  [10].  C.  neoformans  var.  grubii  is
associated with approximately 95% of cryptococcal infections globally, affecting
a majority of AIDS patients [11].

Aspergillus  species  are  associated  with  invasive  infections  causing  relentless
pneumonia. It is known to infect patients with underlying lung diseases affecting
3  million  people  globally  [12].  A.  fumigatus  is  a  common  pathogen  of
aspergillosis, which grows well at human febrile temperatures but is well-adapted
to  higher  temperatures  as  well.  Transmission  occurs  through  conidiophores
producing conidia. This fatal pathogen is associated with an overall 50% mortality
rate despite being treated swiftly.

Pneumocystis  jirovecii  is  another  common  opportunistic  fungal  pathogen,
associated  with  pneumonia,  affecting  individuals  with  weakened  immunity,
especially HIV/AIDS patients. Typically, patients with underlying diseases, like
those suffering from cancer,  transplant  recipients,  or  under immunosuppressive

https://www.cdc.gov/fungal
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medication, are more prone to pneumocystis infections. This infection is spread
through  an  airborne  route  of  transmission  and  accounts  for  4  million
pneumocystis infections annually. Fusarium, penicillium, and mucor are among
other emerging opportunistic fungal pathogens. These fungal pathogens are also
responsible  for  other  health  diseases,  including  fungal  eye  infections,
sporotrichosis,  and  mycetoma.  All  these  fungal  infections  are  treated  with  the
current arsenal of antifungal drugs. However, a rise in resistant species has been
observed  in  the  fungal  kingdom,  including  drug  resistant-resistant  Aspergillus
species and multidrug-resistant C. auris [13 - 15].

CLASSICAL ANTIFUNGAL DRUGS IN CLINICAL USE

Currently, five antifungal drug classes, namely, polyenes, azoles, echinocandins,
allylamines, and pyrimidine analogs, are used to treat systemic fungal infections.
The  mode  of  action  and  mechanism  of  resistance  for  these  main  classes  are
depicted in Table 1. These antifungal agents are directed against the fungal cell
wall,  ergosterol  biosynthesis  pathway,  or  fungal  DNA/RNA.  Important
characteristics  of  major  antifungal  agents,  along  with  their  mechanism  of
resistance,  are  described  in  the  section  below.

Table 1. Major antifungal drug classes, their mode of action, and resistance mechanisms in them.

Class Activity
Spectrum Antifungal Drugs Target/Mode of Action Resistance

Mechanism

Azoles Fungistatic

Fluconazole,
Itraconazole,
Miconazole,

Voriconazole,
Posaconazole,
Clotrimazole

Ketoconazole,
Isavuconazole, etc.

Inhibition of lanosterol
demethylase leads to
loss of cell membrane
integrity and inhibition
of growth

1. Modifications of
ERG11 gene (encoding
lanosterol demethylase)
by:
a) Point mutations
b) Upregulation
2. Alterations in the
ergosterol biosynthetic
pathway
3. Overexpression of
CDRs and MDR genes
encoding efflux pumps
4. Metabolic bypass
5. Genome plasticity

Echinocandins Fungicidal
Anidulafungin,
Caspofungin,
Micafungin

Inhibits enzyme β-(1,3)
glucan synthase

Target alteration by
point mutations in

FKS1 and FKS2 genes.
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Class Activity
Spectrum Antifungal Drugs Target/Mode of Action Resistance

Mechanism

Polyenes Fungicidal Amphotericin B,
Nystatin, Natamycin

Decreases the ergosterol
content in the cell

membrane

1. Increase in ergosterol
synthesis
2. Point mutations in
ERG3 and ERG6

Allylamines Fungicidal Terbinafine, Naftifine Ergosterol biosynthesis
CDR1 can use
terbinafine as a

substrate

Pyrimidine
analogs Fungicidal 5-fluorocytosine, 5-

fluorouracil

Incorporation of
fluorinated pyrimidine
into DNA and RNA

thereby inhibiting vital
cell processes

1. Point mutations in
FCY1, FCY2, FUR1

2. Increased synthesis
of pyrimidines

Polyenes

Polyenes are the most common broad-spectrum antifungal compounds to be used
for  treating  invasive  fungal  infections.  Polyene  macrolides  are  amphipathic
molecules with a large hydrophobic lactone ring of 26–28 carbons having three to
eight double bonds and a hydrophilic polyhydroxy chain (Fig. 1) [16]. Although
more than 100 different  compounds classified  as  trienes  (rapamycin),  tetraenes
(natamycin),  heptanes  (amphotericin  B  and  candicidin),  and  a
pseudoheptaene/tetraene (nystatin) have been isolated, but only amphotericin B
(AmB),  pimaricin,  candicidin,  and nystatin  are  the  most  widely  used polyenes.
Amongst them, AmB and nystatin are the first antifungals developed and are still
the  most  commonly  used.  Polyenes  show  activity  against  both  yeasts  and
filamentous fungi and are commonly used to treat invasive fungal infections like
Cryptococcus, Aspergillus, and Candida infections [17].

All  polyenes  attach  to  sterols,  especially  ergosterol,  present  in  the  fungal
cytoplasmic  membrane,  and  form a  complex.  This  complex  has  a  hydrophobic
outer core and a hydrophilic inner core due to the presence of a hydroxyl group
[18,  19].  This  configuration  forms  a  pore  making  the  cell  membrane  leaky,
leading to the loss of vital cellular components, elimination of ions, and ultimately
causing the death of the organism [20, 21]. Recently, another mode of action has
also been reported by several researchers. It suggests the binding of polyenes to
ergosterol initiates chromatin margination and condensation, DNA damage, and
generation of reactive oxygen species due to the transfer of electrons in the cell
membrane [22].

(Table 1) cont.....

.



130   Frontiers in Antimicrobial Agents, Vol. 2 Kaushik et al.

Polyenes specifically kill fungal cells because of the presence of high ergosterol
content in fungal cell membranes as compared to mammalian cells. However, low
selective toxicity toward mammalian cells occurs and leads to serious side effects
[23].  The  most  common  adverse  effect  of  polyenes  is  chills,  hypomagnesium,
rigors, fever, and nephrotoxicity [24, 25]. Despite these, polyenes such as AmB
and nystatin are regarded as a ‘gold standard for treating severe invasive fungal
infections.

Fig.  (1).   Chemical  structures  of  Polyenes  (A)  represented  by  AmB  and  Azoles  (B)  represented  by
fluconazole,  voriconazole,  posaconazole  and  itraconazole.
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Azoles

Azoles  are  the  second  largest  class  of  synthetic  antimycotic  compounds
containing  five-membered  azole  rings  attached  to  other  aromatic  rings  via  a
carbon-nitrogen bond [27]  (Fig.  1).  The azoles  in  clinical  use  can be classified
into either imidazole, which contains a basic azole ring with two nitrogen atoms
(such as miconazole and ketoconazole) or triazoles containing a basic azole ring
with three nitrogen atoms (such as fluconazole and itraconazole). Replacing the
imidazole ring with triazole,  azoles as antifungals are more advantageous, with
increased  specificity  to  fungal  enzymes,  improved  solubility,  and  increased
polarity,  thereby  increasing  their  efficacy  [28].  Clotrimazole,  miconazole,  and
ketoconazole,  which  are  imidazole-based  drugs,  were  among  the  first  azole
compounds to be used for treating fungal infections. Later, the next generation of
triazole antifungals, such as voriconazole, posaconazole, and ravuconazole, with
increased specificity, was developed.

Oral azoles, such as fluconazole, are widely used to treat cryptococcal meningitis
[29].  It  is  the  drug  of  choice  in  the  intensive  care  unit  (ICU),  during  organ
transplantation,  and  at  times  in  neutropenic  patients  [30,  31].  It  is  also  used  to
treat adult neutropenic patients with invasive candidiasis. In children, fluconazole
is used as the drug of choice in high-risk infants, which are susceptible to invasive
candida  infection  [30,  31].  Itraconazole  is  effective  against  fluconazole-
susceptible Cryptococcus, Candida, and Coccidioides, and shows little efficacy in
treating  aspergillosis  [32].  Ketoconazole  is  employed  for  the  treatment  of
infections  caused  by  dimorphic  fungi  and  Candida.  Voriconazole  is  used  for
treating infections caused by Aspergillus, Candida, Scedosporium, and Fusarium
species [33].  Miconazole is  used against  C. albicans  [34].  The posaconazole is
used as a drug of choice in invasive candidiasis, coccidioidomycosis, and other
voriconazole-resistant invasive fungal diseases [35, 36].

The  antifungal  activity  of  the  azole  arises  from  its  ability  to  inhibit  the
biosynthesis  of  ergosterol  by  inhibiting  cytochrome  P450-dependent  enzyme,
lanosterol  demethylase  (14ᾳ-sterol  demethylase  or  P450DM)  [37,  38].  The
cytochrome  P450,  along  with  lanosterol  demethylase  removes  the  14ᾳ-methyl
group of lanosterol [39]. The azoles bind to the active site cytochrome P450 via
Fe in the heme group [40]. The binding of the azole to cytochrome P450 inhibits
the demethylation of lanosterol, leading to accumulation of 14ᾳ-methylated sterol
and  a  reduction  in  ergosterol.  The  ergosterol  depletion  disrupts  the  membrane
structure, inhibiting cellular growth [30, 31]. The strength of interaction between
different types of azoles and cytochrome P450 determines their level of inhibition
on different fungi.
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Azoles  also  react  with  the  mammalian  cytochrome  P450  but  have  a  greater
affinity for fungal P450DM due to different active site conformation [40] and thus
cause  various  side  effects.  Thus,  the  oral  and/or  parenteral  intake  of  azoles  is
restricted. Due to toxicity toward mammalian cells,  most imidazoles have been
restricted  only  for  topical  applications.  Only  triazoles  viz.  luconazole,
itraconazole,  isavuconazole,  posaconazole and voriconazole have been licensed
for treatment of invasive fungal disease [24].

Pyrimidines

Pyrimidines are a synthetic class of antimycotic drugs. 5- fluorocytosine (5-FC) is
a fluorinated analog of pyrimidine cytosine [41] (Fig. 2). In the 1950s, flucytosine
was  developed  as  a  potential  anti-cancer  drug.  Later  it  was  discontinued  as  a
potential antineoplastic drug because of a lack of specificity against tumor cells.
Later in the 1960s, it was first shown to be active against many yeast infections
[42]. Monotherapy with flucytosine is not recommended due to the rapid onset of
resistance;  therefore,  it  can  only  be  used  in  combination  with  other  known
antifungals  like  AmB.  Cryptococcal  meningitis  and  other  invasive  fungal
infections  can  easily  be  treated  with  this  combination  [43].

The fungistatic activity of 5-FC is mediated by cytosine permease that transports
5-FC  inside  the  fungal  cell  [42].  Once  inside  the  cell,  it  is  converted  to  5-
fluorouracil  (5-FU)  via  the  enzyme  cytosine  deaminase.  Subsequently,  uracil
phosphoribosyltransferase  (UPRT)  converts  5-fluorouracil  into  5-fluorouridylic
acid.  The 5-fluorouridylic acid is later phosphorylated and can incorporate into
RNA molecules, disrupting translation. The phosphorylated 5-FU is also a potent
inhibitor  of  the  enzyme  thymidylate  synthase.  The  thymidylate  synthase  is
involved  in  nuclear  division  and  DNA replication  [44].  Hence,  5-FC interferes
with the vital processes of replication, transcription, and translation in the fungal
cell.

Allylamines

Allylamines are a class of ergosterol biosynthetic inhibitors that are structurally
related  to  thiocarbamates  (Fig.  2).  These  include  terbinafine,  butenafine,  and
naftifine.  Terbinafine  is  highly  effective  against  dermatophytes.  In  vitro  assay
shows terbinafine to be highly active against Fusarium spp., Aspergillus spp., and
other  filamentous  fungi,  but  exhibits  varied  efficacy  for  yeasts.  When
administered with azoles and AmB, it is found to be highly effective even against
azole-resistant strains of Aspergillus, C. neoformans, and C. albicans [45]. In vivo
studies have proved that terbinafine is not a very effective antifungal agent against
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systemic  sporotrichosis,  invasive  aspergillosis,  pulmonary  cryptococcosis  ,  and
systemic  candidiasis.  Butenafine  and  naftifine  are  used  as  efficacious
antimycotics for topical applications in dermatomycoses [46], whereas terbinafine
is an oral-systemic agent.

Fig.  (2).   Chemical  structures  of  (A)  Echinocandins  represented  by  micafungin,  caspofungin  and
anidulafungin (B) Allylamines represented by terbinafine and butenafine (C) Pyrimidine analogs represented
by flucytosine.
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The  early  steps  of  ergosterol  biosynthesis  are  inhibited  by  allylamines.
Allylamines  are  reversible,  noncompetitive  inhibitors  of  the  enzyme  squalene
epoxidase.  The  squalene  epoxidase,  along  with  squalene  cyclase,  converts
squalene to lanosterol, which later forms ergosterol in the fungal cell [47]. Hence,
inhibition  by  allylamines  leads  to  the  accumulation  of  squalene  rather  than
ergosterol in the cell [20]. Thereby, leading to increase membrane permeability,
which leads to fungal cell death by disruption of cellular functions.

Echinocandins

The  echinocandins  are  the  recently  developed  antimycotic  agents  comprising
anidulafungin, caspofungin, and micafungin. Echinocandins are cyclic lipopeptide
molecules that are water-soluble and amphiphilic. The lipopeptide consists of a
medium-sized cyclic peptide containing six amino acids, which is N-acylated with
a  branched  or  unbranched  aliphatic  fatty  acid  chain.  The  formation  of  aminal
linkage between the d-amino group and the C-terminus of the dihydroxyomithine
residue leads to the cyclization of peptide in a lipopeptide molecule (Fig. 2). The
various echinocandins class of antifungals differs from each other either due to
variation  in  a  fatty  acid  chain  of  amino  acids  in  the  hexapeptide  [48].
Echinocandins are a drug of choice to cure invasive infections caused by azole or
AmB-resistant  strains  of  Aspergillus  and  Candida  [49].  They  have  several
additional  merits  like  reduced  emergence  of  drug-resistant  isolates,  fewer  drug
interactions, and an improved safety profile [50, 51].

1,3-β  -glucan  is  an  important  component  of  the  fungal  cell  wall  that  provides
structural integrity. It is synthesized by the enzyme 1,3-β-D-glucan synthase. The
echinocandins act as a non-competitive inhibitor of this enzyme [47, 52]. Hence,
the fungal cell losses its structural integrity and undergo osmotic lysis [49, 52].
Echinocandins have high specificity for fungal cells because mammalian cells do
not contain 1,3-β-glucan synthase, and therefore, they can mediate its antifungal
activity  without  any  side  effects  on  human  cells  [53].  Caspofungin,  an
echinocandin,  is  as  effective  as  AmB  for  treating  mucosal  and  systemic
candidiasis  [54,  55].  It  is  also  considered  salvage  therapy  for  invasive
aspergillosis [54]. Although echinocandins are generally regarded as safe drugs,
however, cardiac-associated side effects such as cardiac failure and arrhythmias
have developed after caspofungin administration [56].

ANTIFUNGAL PEPTIDES

In addition to the five main classes,  antimicrobial  peptides with potent  activity
against fungi have also emerged as effective antifungal agents [57]. The origin of
antifungal  peptides  is  highly  diverse,  ranging  from  higher  plants  and  even
vertebrates  to  microorganisms.  Regardless  of  their  origin,  they  have  some
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common features, such as overall positive charge, amphipathicity, and small size.
The antifungal peptides include linear peptides, α-helical peptides, peptides with
β-sheet configuration, peptides with a mixed β-sheet and α-helix configuration,
transformed cyclic peptides, depsipeptides and lipopeptides [58]. The unicellular
organisms generally produce small antifungal peptides (<1.5 kDa). These small
antifungal peptides are cyclic structures consisting of a fatty acyl moiety and/or
non-protein  amino  acid.  The  multicellular  organisms  produce  either  linear  α-
helical or cystine-stabilized defensin-like large antifungal peptides (>3 kDa). The
peptides with antifungal activity are effective in the treatment of various invasive
infections caused by Candida and Aspergillus [59]. With the increasing problem
of  drug  resistance  against  classic  antibiotics,  the  interest  of  researchers  is
diverting  towards  antifungal  peptides  with  greater  efficacy  and  safety  [60].

Large  numbers  of  antimicrobial  peptides  are  obtained  from  plants.  The  plants
express a large number of peptides in response to fungal infections. The peptides
are either being constitutively produced or expressed upon fungal attack. These
antifungal  peptides  have  been  classified  into  seventeen  families.  Many  of  the
antifungal peptides are enzymes such as chitinases (PR-3), peroxidases (PR-9), (1
→ 3)-β-glucanases (PR-2 -4, -8, and -11), oxalate oxidases (PR-16 and -17) and
proteinases (PR-7) [61]. Other antifungal peptides of plant origin include small,
disulfide-rich  proteins  such as  plant  defensins,  thaumatin-like  proteins,  hevein-
and knottin- type proteins, thionins, snakins, Ib-AMP’s, and lipid transfer proteins
(LTP) [62]. Vertebrates also secrete antifungal peptides as an adaptive immune
response  to  fungal  attacks  [61].  The  antifungal  peptides  in  mammals  are  often
expressed  in  the  epithelial  layers  and  neutrophils.  The  majority  of  antifungal
peptides  belong  to  histatins,  cathelicidin,  defensins,  and  lactoferricin  groups.
Humans and closely related primates express histatins, while cathelicidins have
been identified only in mammals. These antifungal peptides from mammals are
successfully  used  to  treat  infections  caused  by  C.  albicans  [63].  Bacteria  and
fungi also secrete extracellular antifungal peptides to survive better in competing
natural  environments.  A huge array of  antimicrobial  peptides has been isolated
and  identified  from  microorganisms.  The  antifungal  peptides  from
microorganisms  include  aculeacins,  bacilliomycin  F,  helioferins,  cepacidins,
leucinostatins,  nikkomycin,  polyoxin,  syringomycin,  echinocandin,  and
aureobasidin.  These  antifungal  peptides  with  diverse  origins  show  promising
activity  against  Candida,  Aspergillus,  Mucor,  and  Fusarium  strains  [64].

Mode Of Action

The antifungal peptides initially target the cell membrane and cell wall of fungus
and  then  attack  their  intracellular  targets  like  protein  synthesis  machinery,
mitochondrial  membrane,  and  nucleotides.  To  get  inside  the  cell,  antifungal
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peptides  interact  with  cell  wall  components,  such  as  β-glucan,  chitin,  and
mannoproteins  [65].  The  plant  defensin  NaD1  from  tobacco  (Nicotiana  alata)
targets a cell wall mannoprotein and induces leakage from the cell [66]. The cell
wall  protein  Ssa1/2p  of  C.  albicans  is  an  ideal  target  for  histidine-rich  saliva
peptides,  the  histatins  [67].  The  histatins  bind  to  cell  wall  and  then  penetrates
inside the cell through the cell membrane leading to intracellular effects [68].

β-glucans present in the cell wall polysaccharide network is the next unique target
for the antifungal peptides [69]. Various fungi produce cyclic lipopeptides, which
inhibit unique steps in the synthesis of β-glucan, which leads to a weaker cell wall
and  the  death  of  fungal  cells.  These  lipopeptides  non-competitively  inhibit
enzymes involved in 1,3-β-glucan synthesis [70]. These peptides are not effective
against  fungi  like  Cryptococcus,  Scedosporium,  Trichosporon,  and  Fusarium,
which lack 1,3-β-glucan in their cell walls [71, 72]. N-acetylglucosamine of chitin
is an ideal target for several plant antifungal peptides having a lectin-like activity
like ᾳ-thionins from barley and wheat [73], the peptides Tu-AMP1 and Tu-AMP2
from  tulip  [74],  Pp-AMP1  and  2  from  Japanese  bamboo  (Phyllostachys
pubescens) [75] and Ac-AFP1 and 2 peptides from Amaranthus caudatus [76].

Once antifungal  peptides  cross  the  cell  wall,  their  next  target  is  the  fungal  cell
membrane.  The  selectivity  of  the  membrane-active  antifungal  peptides  is
dependent  on  the  composition  of  the  membrane,  especially  the  charge  on  the
membrane  [77].  The  glycerophospholipids  (GPLs),  sterols,  lysolipids,  and
sphingolipids  are  the  main  lipids  of  eukaryotic  cell  membranes.  The  cationic
antifungal  peptides  interact  with  glycerophospholipids  disrupting  the  cell
membrane integrity [78]. The human ᾳ-helical cationic peptide cathelicidin LL-37
shows antifungal activity against Candida species [62]. Defensin is another large
class of cationic antifungals that shows varying activity against fungal pathogens.
For  example,  human  neutrophils  (HNP1-3)  produce  ᾳ-defensins  which  exhibit
weaker activity against yeast as compared to human β-defensins [79].

MOLECULAR MECHANISM OF RESISTANCE IN FUNGI

Fungi are among organisms that quickly adapt to their environment, making them
resistant to cellular stress induced by antifungal compounds [80 - 82]. Resistance
to  most  of  the  classes  of  antifungal  compounds  has  already  been  reported  in
various pathogenic fungi [83] (Table 1). The mechanism of antifungal resistance
can  be  intrinsic  or  adaptive,  depending  on  the  fungal  species  and  antifungal
compound used against it. Furthermore, the resistance can develop to a specific
drug or different classes of antifungal compounds. The molecular mechanism of
resistance in common fungal pathogens is described in the following section (Fig.
3).
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Fig.  (3).   Common  resistance  mechanisms  against  antifungal  compounds.  A)  Biofilm  formation  forms  a
physical  barrier  against  antifungal  compounds.  B)  Overexpression  of  efflux  pumps  results  in  less
accumulation  of  antifungal  drugs.  C)  Exposure  to  antifungal  drugs  results  in  changes  in  cell  membrane
permeability,  leading to  restricted  uptake of  drugs.  D)  Increased production of  Hsp90 induces  cell-stress
pathways resulting in increased tolerance. E) Prevention of cellular stress by inhibiting alternate pathways to
reduce the accumulation of toxic intermediary products. F) Loss of mitochondrial complex I due to change in
the amino acid sequence of subunit proteins results in increased resistance against azole. G) Alteration of
drug targets results in resistance against antifungal compounds. Overexpression of the target for antifungal
compounds results in decreased efficacy.

Alteration of the Target Site

The alteration of the target site by point mutation and/or overexpression is one of
the most frequently found resistance mechanisms in microorganisms [83, 84]. A
point  mutation  can  potentially  reduce  the  binding  of  antifungal  drugs  to  target
proteins.  In  contrast,  the  upregulation of  the target  gene can greatly  reduce the
efficacy of antifungal compounds by overproduction of the target protein [83, 84].
Resistance due to site alteration has been reported in C. albicans, A. fumigatus, C.
glabrata, and C. neoformans, whereas overexpression of the target was found in
C. lusitaniae [85].

This  resistance  mechanism  is  well  accounted  for  by  the  drugs  triggering
membrane  stress  by  an  imbalance  of  sterol  composition  such  as  azole,
echinocandins,  and  polyenes.  The  alteration  in  azole  target  lanosterol
demethylase,  encoded  by  the  ERG11  gene  (Table  1),  leads  to  the  depletion  of
ergosterol [84]. Azole and polyene resistance due to point mutation in the ERG11
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gene has been demonstrated in most pathogenic fungi [86 - 90]. The upregulation
of  the  ERG11  gene  leading  to  its  overexpression  has  also  been  described  as  a
major resistance mechanism in clinical isolates of C. albicans  and A. fumigates
[83].  In  the  case  of  echinocandins,  point  mutation  in  the  FKS1  gene  encoding
(1,3) β-D-glucan synthase has been reported.

Overexpression of Efflux-pumps

Efflux  pumps  are  transporter  proteins  found  in  the  cell  membrane  and  are
responsible for maintaining cell viability by the extrusion of toxic products. Five
major  families  of  efflux  transporters,  namely  “ABC  (ATP  binding  cassette),
MATE  (multidrug  and  toxic  efflux),  MF  (major  facilitator),  SMR  (small
multidrug  resistance),  and  RND  (resistance-nodulation-division)”  are  found  in
eukaryotes. Except for the ABC family which derives energy from the hydrolysis
of ATP, the others obtain energy from the proton motive force [91]. ABC family
derives  energy  from  the  hydrolysis  of  ATP  to  export  toxic  substances  [91].
Overexpression  of  efflux  pumps  is  another  important  resistance  mechanism  in
microorganisms  against  toxic  compounds.  The  increased  expression  causes  the
synthesis of more transporter proteins, which in turn leads to increased transport
of antifungal compounds outside of the cell [92]. This upregulation of the efflux
pump  has  been  reported  in  A.  fumigatus  and  several  Candida  spp.  against  the
azole compounds [93 - 95]. In a recent study of C. albicans isolated from northern
Indian states, it was found that increased expression of genes encoding ABC or
MF efflux pumps (CDR1, CDR2, and MDR1) is among the common mechanisms
of resistance [96].

In  addition  to  efflux  activity,  these  pumps  also  confer  antifungal  resistance  by
decreasing the influx of antifungal compounds, thereby reducing the intracellular
drug accumulation [97].  This mechanism has been reported in A. fumigatus,  C.
albicans, and C. neoformans against azoles and pyrimidine [84]. This mechanism
of resistance is not present in isolates exposed to echinocandin and polyenes, as
these compounds exercise their fungicidal activity from outside of the cell [92].

Cellular Stress Pathways

Fungal pathogens relish a wide range of ecological settings, and their micro-niche,
including the temperature, pH, and nutrient level, lay immense cellular stress on
fungal  cells.  As  a  result,  they  have  developed  some  innate  stress-response
mechanisms,  which  allow  them  to  survive  this  cellular  stress  [83].  This  stress
response mechanism is also known to help them survive chemical stress induced
by different antifungal agents and, in turn, helps in the development of resistance
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against  these  compounds.  Heat  shock  proteins  (Hsp90)  and  the  target  of
rapamycin (TOR) protein kinase are two critical fighters in the arsenal of fungal
cells,  which  enable  them  to  tolerate  the  chemical  stress  induced  by  antifungal
drugs. Chaperone proteins are highly conserved from bacteria to humans and help
maintain cellular homeostasis by interacting with other proteins and helping them
obtain their final functional forms [98]. Similarly, TOR kinase acts as a growth
regulator and manages the cellular response to nutrient availability. In Candida
and Aspergillus, Hsp90 is known to increase resistance to azoles and echinomycin
by stabilizing key regulators  of  the  stress  response  of  cells  to  chemical  stimuli
[99]. Inhibition of Hsp90 is known to have an inverse effect on drug susceptibility
in both C. albicans and A. fumigatus [100]. Similarly, the inhibition of the TOR
function  prevents  the  growth  in  the  fungal  cells  and  diminishes  the  ERG3-
mediated  azole  resistance  [84].

Alteration of Membrane Homeostasis

In fungi, the cell membrane serves as a protective barrier between the cell and its
environment,  like  in  other  organisms.  The  fungal  cell  membrane  ergosterol  is
mainly  responsible  for  membrane  homeostasis  in  fungi  [83].  Azoles  and  AmB
target ergosterol content resulting in disruption of membrane homeostasis [101].
Along with ergosterol, sphingolipids and sterols are also important constituents of
fungal membranes working together in complexes [102]. It has been shown that
any disturbance in ergosterol-sphingolipid interaction can result in increased or
decreased  drug  susceptibility  in  common  pathogenic  fungi.  In  C.  albicans,  a
mutation in FEN1 or FEN12 genes, which encodes an enzyme for the synthesis of
a precursor of sphingolipids, resulted in increased resistance to azoles [102]. In
another  study,  exposure  to  echinocandins  inhibits  the  synthesis  of  β-D-glucan,
thereby generating membrane stress, which further stimulates the formation of a
second cell wall polysaccharide-chitin, rejuvenating the cells and weakening the
effects  of  the  drug  [103].  Similarly,  in  A.  fumigatus,  exposure  to  caspofungin
triggers changes in the lipid composition of the plasma membrane surrounding β-
(1,3)-D-glucan  synthase,  which  leads  to  echinocandin  resistance  [104].  In  C.
glabrata,  resistance to AmB was found when grown in lactate  or  oleate due to
alterations  in  the  architecture  of  the  cell  wall  with  a  lower  content  of  β-glucan
[105].

Biofilm Formation

Biofilm  formation  is  an  important  adaptation  strategy  employed  by
microorganisms  to  ensure  their  survival  in  a  stressful  environment.  A  biofilm
refers  to  a  network  of  cells  attached  to  each  other  and/or  to  a  surface  in  an
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extracellular  matrix  (ECM).  This  ECM  surrounding  fungal  biofilms  acts  as  a
physical barrier and thus prevents the diffusion of antifungal compounds into the
fungal  cells,  thereby  reducing  drug  efficacy  [106].  Although  widely  studied  in
bacteria,  biofilm  formation  by  pathogenic  fungi  has  only  recently  gained  the
attention  of  the  scientific  community  [107].  Many  filamentous  yeasts  and
dimorphic fungi prefer this community life because it can easily overcome host
defense reactions, protect against antifungal compounds, and increase host surface
adhesion [108].

Biofilm formation has been reported in C. albicans, T. asahii, A. fumigatus, and
C. neoformans and was found to be associated with elevated levels of resistance
against antifungals belonging to different classes [109 - 112]. The mechanism by
which  fungal  biofilms  promote  antifungal  resistance  is  not  well  understood.  In
addition to acting as a physical barrier, drug efflux pumps formed during the early
phase  of  biofilm  formation  also  contribute  to  resistance,  thus  making  it  a
potentially multifaceted resistance mechanism [106, 107]. Additionally, the ECM
seems to play an essential role against antifungal drugs due to its ability to capture
and store antifungal agents. This has been demonstrated in the case of fluconazole
and AmB in C. albicans [113 - 115].

Genome Plasticity

The  ability  of  fungal  species  to  adapt  to  their  ever-changing  and  diverse
environmental conditions can be attributed to their remarkable genome plasticity.
Genome plasticity contributes to long-term evolutionary changes, and this genetic
exchange between distantly related strains is considered to be a vital process for
ecological adaptations in many species [116]. In addition, genome changes, such
as aneuploidy, loss of heterozygosity (LOH), and chromosomal rearrangements,
can  also  lead  to  drug  resistance  [83].  Aneuploidy  refers  to  the  presence  of  an
abnormal  number  of  chromosomes in  cells  compared to  wild-type  populations.
Aneuploidy in fungi either occurs spontaneously or as a result of stress generated
by  genetic  or  environmental  factors.  Although  microorganisms  poorly  tolerate
aneuploidy, however, it provides benefits of rapidly developing genetic diversity
without permanent commitment to mutant genotype.

The  role  of  aneuploidy  in  developing  azole  resistance  in  both  clinical  and
laboratory setups is well established [84]. In C. albicans, i(5L) isochromosome is
formed  due  to  a  duplication  of  the  left  arm  at  chromosome  5.  Addition  and
deletion of i(5L) isochromosome directly corresponds to the gain and loss of azole
resistance. The elevated azole resistance in i(5L) isolates is due to the enhanced
expression  of  two  genes  viz.ERG11  and  TAC1,  which  are  present  at  the  same
locus  [117].  Also,  the  formation  of  i(5L)  is  typically  followed  by  a  loss  of
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heterozygosity  event,  which  further  contributes  to  the  increased  resistance  for
azole. This increased resistance is due to hyperactive alleles of ERG11, TAC1, and
MRR1  (that  encodes  for  the  target  of  azole  drugs  and  the  transcription  factors
which upregulate drug efflux pumps) [118].

Metabolic Bypass

This lesser-known mechanism of antifungal resistance is the bypass of the target
enzyme in  the  metabolic  pathway.  It  was  first  noted  in  C.  albicans  against  the
azole  compounds  [119].  In  this  mechanism,  the  fungal  cells  adopt  a  defensive
strategy of  inactivating  some pathway enzymes to  prevent  the  accumulation  of
toxic metabolites [83]. In C. albicans, 14α-methylated sterol intermediates were
not converted to toxic sterols intermediate when sterol Δ5,6-desaturase ERG3 was
non-functional,  further  preventing  membrane  stress.  In  C.  albicans  isolates
resistant to AmB, a similar loss of function was found in ERG3 and ERG11 genes
[120]. This mechanism has also been found in A. fumigatus,  suggesting that its
distribution in the fungal world may be higher than we currently think [120, 121].

Resistance By Mitochondrial Alteration

Mitochondria  have  recently  been  identified  as  an  important  contributor  to
virulence and antifungal  drug resistance,  especially in human fungal  pathogens
[122,  123].  A  recent  study  has  established  the  involvement  of  mitochondrial
complex  I  subunits  in  the  development  of  resistance  to  azoles  in  A.  fumigatus
[123]. A mutation in the 29.9 KDa subunit protein resulting in a change in E180D
amino  acid  was  associated  with  resistance  to  azoles  in  clinical  isolates.  This
disruption  leads  to  the  biochemical  inhibition  of  enzymes  or  loss  of  ability  to
change  state,  causing  resistance  to  azoles.  The  underlying  mechanism  of  cell
death  is  an  abnormal  hypoxic  response,  which  seems  to  be  restored  by  the
dysregulation of mitochondrial complex I. Another study supports the presence of
mitochondrial dysfunction and triazole resistance in A. fumigatus. Mutations were
found  in  mitochondrial  superoxide  dismutase  (MnSOD),  Mdm31  (inner
membrane  protein,  and  Tom70  (outer  membrane  protein),  which  resulted  in
antifungal  resistance  [124].  Lately,  a  study  on  A.  fumigatus  also  reported  that
mitochondrial dysfunction was related to multidrug resistance caused by defects
in heme A biosynthesis [125]. It triggers calcium signaling, thereby up-regulating
a  series  of  calcified  neuron-dependent  response  element  genes  leading  to
antifungal  drug  resistance  [125].
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EMERGING TARGETS FOR NEW ANTIFUNGAL DRUGS

Nowadays, the rapid emergence of drug resistance and the lack of new antifungals
are  the  main  impediment  to  the  control  of  mycosis.  The  advancements  and
extensive studies on the fungal lifecycle have led to the identification of new and
potential  targets  for  antifungal  activity.  The  components  of  the  fungal
architecture,  particularly  the  fungal  cell  wall,  cell  membrane,  and  metabolic
pathways,  could  act  as  a  promising  antifungal  target.

Fungal Cell Wall Proteins

The fungal cell is enclosed in a cell wall, unlike the mammalian cell. It is made up
of  chitin,  beta-glucan,  and  mannoproteins.  Cell  surface  proteins  are  one  of  the
important  components  of  the  fungal  cell  wall.  These  are  characterized  by  the
modification/addition  of  glycosylphosphatidylinositol  (GPI)  anchor  at  their  C
terminus [126]. This post-translational modification results in the transportation of
the protein from the endoplasmic reticulum to the cell membrane and cell wall.
The  GPI  anchor  synthesis  genes  like  G17  and  Ecm33  have  been  identified  as
crucial  for  the  maintenance  of  virulence  and  morphogenesis  [127,  128].  It  was
observed  that  the  repression  of  GPI  anchor  genes  resulted  in  the  cell  wall  and
morphological  defects,  resulting  in  fungal  cell  death  due  to  autophagy  and
necrosis  [129,  130].  Recently,  studies  have identified molecules  inhibiting GPI
anchor  synthesis.  One  such  molecule  is  gemination  (ER  stress  inducer)  which
specifically  inhibits  Gwt1,  an  acyltransferase  involved  in  GPI  anchor
biosynthesis.  Gepinacin-treated  Saccharomyces  cerevisiae  cells  showed  altered
localization  of  Emp24,  which  is  responsible  for  the  trafficking  of  GPI  anchor
proteins from ER to Golgi bodies [131]. The sublethal concentration of gepinacin
in  C.  albicans  causes  thinning  out  of  the  outer  mannoprotein  coat  and  further
exposure of β-glucans to the cell surface. This, in turn, resulted in enhanced host
immunogenicity against C. albicans [131, 132]. G365 and G384 are among other
inhibitors of Gwt1, which result in growth suppression and altered virulence and
enhanced  immune  response  in  fungal  isolates  of  C.  albicans  and  A.  fumigatus
[133].

Fungal Membrane Sphingolipids

Sphingolipids  are  ubiquitous  membrane  components  essential  for  cellular
metabolism,  signal  transduction,  and  virulence  in  fungal  species.  Studies  have
shown that targeting sphingolipid biosynthesis negatively affects fungal virulence.
In C. albicans,  deletions of  genes responsible  for  sphingolipid biosynthesis  are
associated with loss of virulence [134]. Glucosylceramides (GlcCer), one of the
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fungal-specific  sphingolipids,  have  emerged  as  a  potent  target  for  antifungal
studies. In a mouse study, the C. neoformans strains devoid of GlcCer synthase I
were  observed  to  be  avirulent  [135].  These  studies  showed  that  molecules
targeting  the  inhibition  or  deletion  of  sphingolipid  biosynthesis  enzymes  may
serve  as  potential  antifungal  agents.  Two  compounds  have  been  identified  as
potent  inhibitors  of  fungal  sphingolipid  GlcCer  viz.  N′-(3-brom-
-4-hydroxybenzylidene)-2-methylbenzohydrazide  (BHBM)  and  3-bromo-N′-
(3-bromo- 4-hydroxybenzylidene)  benzohydrazide (D0).  These two compounds
have  shown antifungal  activity  against  C.  neoformans  and  invasive  candidiasis
[136].

Metabolic Pathways

Fungal metabolic pathways also provide important targets for the identification of
potential antifungal agents. The metabolic glyoxylate cycle aids in fungal survival
in nutrient-deficit host niches. An enzyme of this pathway, isocitrate lyase, can
serve as a target of some potent inhibitors. It has been regarded as important in the
invasion  of  fungal  isolates  of  C.  albicans  and  A.  fumigatus  but  not  for  C.
neoformans. Compounds like apigenin (API), caffeic acid (CAFF), mohangamide
A and mohangamide B and rosmarinic acid (ROS) have been reported as potent
inhibitors to isocitrate lyase in the C. albicans model [137, 138].

Heme biosynthesis is another metabolic pathway that has emerged as a potential
target  for  antifungal  studies.  Molecules  like  hemofungin  and  azaoxoaporphine
alkaloid  sampagine  have  been  identified  as  potent  inhibitors  of  the  heme
biosynthesis  pathway.  Hemofungin  displayed  antifungal  activities  against  A.
fumigatus and insect models of fungal infections, while sampagine showed strong
inhibitory activity on fungal biofilms [139, 140].

Lately, drugs disrupting the essential micronutrients, zinc, and iron homeostasis
have been identified as appealing antifungal targets. Compounds like artemisinin
and pyrvinium pamoate have been shown to possess antifungal properties [141].
These compounds interfere with the metal uptake and transcriptional regulation in
the fungal pathogen, C. albicans. One of the anticancer protein kinase inhibitors,
AR12,  has  been  repurposed  for  its  antifungal  activity.  AR12  is  an  antitumor
celecoxib-derivative with a wide range of activity against molds, dimorphic fungi,
and yeasts, including azole and echinocandins-resistant Candida [142]. AR12 is
reported  to  inhibit  fungal  acetyl-CoA  synthetase  activity  (involved  in  acetate
metabolism)  along  with  the  downregulation  of  host  chaperone  proteins,  thus
increasing  host  immune  response  [143].



144   Frontiers in Antimicrobial Agents, Vol. 2 Kaushik et al.

Signal Transduction Pathways

Mitogen-activated  protein  kinase  (MAP  kinase)  pathway  is  one  of  the  stress
signaling  pathways  which  allows  the  adaptation  of  the  fungal  cell  to
environmental changes. Several MAP kinase pathways like Mkc1, Cek1, Cek2,
and HOG pathways have been recognized with potential therapeutic implications.
These pathways play important roles in virulence and act as promising targets for
antifungal drugs. The high osmolarity glycerol (HOG) pathway, responsible for
cellular stress response, has emerged as one of the most promising pathways for
antifungal studies. Two compounds, namely, 4- and 5-substituted 1,2,3-triazoles,
have been reported to inhibit Hog1-type MAPK cascade both in vitro and in vivo
in S. cerevisiae [144]. Another compound, ambruticin S (cyclopropyl-pyran acid),
is  found  to  be  a  potent  fungicidal  agent  against  coccidioidal  infections  [145].
Recently, coccidioidal murine models were treated with KOSN-2079 and KOSN-
2089  (analogs  to  ambruticin  S)  [146].  These  agents  also  exhibit  antifungal
activities,  suggesting  the  ability  of  inhibitors  of  the  HOG  pathway  as  potent
antifungal  agents.

Inhibitors  to  other  important  pathways,  like  the  PDK-1  pathway  and  calcium
signaling  pathway  have  also  displayed  antifungal  activities  [147].  Further
investigations into the calcium signaling pathway have identified compounds like
Crz1, fingolimod hydrochloride (FTY720), and AFPNN5353 which act as anti-
infective agents against infections caused by C. albicans, C. neoformans, and A.
fumigatus  [148  -  150].  Inhibitors  to  farnesyltransferases  (catalyzes  post-
translational  lipidation)  have  also  been  studied  in  various  fungal  models  and
reported  as  efficient  antifungal  agents.  One  of  the  inhibitors,  manumycin  A,
originally an anti-cancer agent is reported to inhibit C. neoformans by hindering
the  localization  of  Ras1  to  the  cell  membrane  [151].  Tipifarnib  and
ethylenediamine inhibitor  2 are among other farnesyltransferase inhibitors with
potent antifungal activities against C. neoformans.

Biofilm formation has also been explored as a target for antifungal activities. Bcr1
is a transcription factor known to regulate the expression of adhesins like Als1,
Als3, Hwp1, and a novel mutation Ece1. Mutations or deletions in Bcr 1/or in one
of the adhesins have resulted in incomplete biofilm formation in vitro, suggesting
that  targeting  the  biofilm  adhesion  proteins  or  transcription  factors  could  be  a
promising antifungal agent [152].

ANTIFUNGAL AGENTS IN CLINICAL TRIALS

In the last decade, new formulations or new drugs with different targets or the use
of combined drug therapy have strengthened the antifungal pipeline in combating
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fungal  infections.  Several  new  antifungal  agents  have  been  developed  and  are
under different phases of clinical trial studies. They have been reported to show
high efficacy in combating invasive fungal  infections and are regarded as safe.
These  agents  target  fungal  cell  membranes,  cell  walls,  or  pathways  for  the
synthesis of genetic materials. Some important antifungal agents in clinical trials
are discussed below.

Novel Azoles/tetrazoles

Viet Pharmaceuticals has developed new metalloenzyme inhibitors of lanosterol
14  α-demethylase  with  higher  specificity  to  fungal  cytochrome  P51  (CYP51)
enzyme than related human CYP450 enzyme. The improved target specificity was
achieved by replacing the imidazole or triazole moiety of azoles (which binds to
CYP450 with high affinity) with tetrazole moiety [153]. VT1161, VT1129, and
VT1598 are such tetrazoles presently under clinical trials [154].

VT1161  is  a  novel  ergosterol  synthesis  inhibitor  directed  against  Candida
infections  [155].  It  was  found  to  have  more  efficacy  than  fluconazole  in
preventing the dissemination of infection, owing to its longer half-life and high
plasma  levels.  VT1161  has  also  demonstrated  high  oral  absorption  in  murine
pharmacokinetic  models  [156].  VT1161  has  successfully  entered  into  phase  2
clinical trials for the treatment of vaginal candidiasis. A phase 2 randomized and
double-blind study showed the drug to be efficacious compared to fluconazole for
the treatment of vulvovaginal candidiasis (VVC) [157]. It has also demonstrated
positive  results  in  various  phase  2b  clinical  trials  for  the  treatment  of
onychomycosis [158]. Lately, VT1661 has been granted the “Qualified Infectious
Disease  Product  (QIDP)”  and  “Fast  Track”  designations  for  the  treatment  of
RVVC.

VT1129,  another  promising  oral  tetrazole,  has  depicted  high  efficacy  in  vitro
against C. neoformans, C. gattii and Candida species [159]. When administrated
orally, this tetrazole reduced the fungal burden and increased the survival time in
the murine model of cryptococcal meningitis [160]. Recently, VT1129 has been
granted  “fast  track”,  “orphan  drug,”  and  “QIDP”  designations  by  the  FDA  for
treating cryptococcal meningitis [155]. VT1598 has the broadest spectrum activity
amongst the tetrazoles, being highly potent against most fungal pathogens [161].

Ibrexafungerp (formerly Known As Scy078)

Ibrexafungerp (formerly known as SCY078) is a novel,  first-in-class antifungal
agent  developed  by  Scynexis,  Inc.  (Jersey  City,  USA)  [162].  Ibrexafungerp  (a
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triterpenoid) is an enfumafungin derivative, functionally similar but structurally
distinct  to  echinocandins.  They  are  also  glucan  synthase  inhibitors  and  can  be
administered  orally.  Unlike  echinocandins,  the  activity  of  ibrexafungerp  is  not
compromised by mutations in the target protein, fks [163]. This triterpenoid has
recently been granted QIDP designation by FDA.

Ibrexafungerp  showed  excellent  in  vitro  activity  against  Candida  species
(including  MDR  C.  glabrata  and  C.  auris),  Paecilomyces  variotti,  Aspergillus
species, and pan-resistant S. prolificans [164 - 166]. Its activity is also reported
against  molds  and  echinocandins-resistant  yeast  [165].  Ibrexafungerp  has
completed a few human clinical trial studies as an effective antifungal agent. It
was  found  to  have  higher  cure  rates  than  fluconazole  in  VVC  patients
(NCT02679456). Phase 3 studies have also displayed ibrexafungerp as a safe and
efficient oral antifungal option to treat patients with acute VVC (NCT03734991,
VANISH303).  Lately,  ibrexafungerp  has  shown  promising  activity  against  C.
auris species [167, 168]. Interim results of an ongoing phase 3 clinical study have
also shown successful  treatment  of  patients  with failed conventional  antifungal
therapy  by  administration  of  ibrexafungerp  per  os  (NCT03363841).  Other
ongoing  clinical  trials  of  this  drug  have  been  listed  in  Table  2.

Rezafungin (Formerly Known As CD101)

Rezafungin  is  a  structural  analog  of  anidulafungin  (an  echinocandin),  with
modified choline moiety of the cyclic echinocandins core, which resulted in its
increased stability and solubility. This antifungal agent was developed by ‘Cidara
Therapeutics  Inc.,  CA,  USA’  and  inhibits  β-1,3  glucan  synthase.  Rezafungin
exhibits a prolonged half-life and high stability in aqueous solution, plasma, and
at high temperatures [169]. Lately, this antifungal agent has received ‘QIDP’ and
‘fast  track’  designations.  Rezafungin  is  effective  against  several  pathogens,
including  Candida  spp.;  Aspergillus  spp  and  Pneumocystis  spp  [170  -  172].
Intravenous administration of rezafungin with less frequency, i.e., once weekly,
has  been  approved  as  an  effective  dose  in  treating  various  fungal  infections.
Preclinical studies further validated rezafungin as a chemically and metabolically
stable antifungal with no hepatotoxicity, which was observed in subjects treated
with anidulafungin [173].

Several  clinical  trial  studies  have  been  conducted  to  evaluate  the  efficacy  of
rezafungin.  A  phase  1  study  has  reported  the  pharmacokinetic  profile  of
rezafungin  and  declared  it  a  safe  antifungal  treatment  option  (NCT02516904;
NCT02551549). A two-part phase 2 clinical trial study was carried out to compare
the  loading  doses  of  rezafungin  and  caspofungin  followed  by  an  optional  step
down with  oral  fluconazole  for  treating  candidiasis  (NCT02734862,  STRIVE).



Current Antifungal Drugs Frontiers in Antimicrobial Agents, Vol. 2   147

The most effective dosage was exhibited by rezafungin as; 400mg for the 1st first
week, followed by 200mg once a week (for two weeks). This regimen is further
explored in an ongoing phase 3 invasive candidiasis clinical trial (NCT03667690,
ReSTORE). The other ongoing clinical trials have been summarized in Table 2.

Fosmanogepix (APX001)

Fosmanogepix (formerly known as APX001, developed by Amplyx, California)
displays  activity  against  several  fungi  viz.Candida,  Fusarium,  Aspergillus,  S.
prolificans,  and  P.  lilacinus  [174].  Fosmanogepix  is  a  glycosyl-phosphatidy-
linositol  (GPI) inhibitor,  which acts  primarily as an inhibitor  of  fungal  enzyme
GPI-anchor wall  transfer protein 1, Gwt1 [131].  This antifungal agent is a pro-
drug of E1210, which inhibits inositol acyltransferase (an enzyme involved in the
synthesis  of  GPI  anchor  protein).  This  GPI  anchor  protein  is  responsible  for
colonization and infection by serving as an agent for adherence and invasion of
micro-organisms  to  host  mucosal  and  epithelial  surfaces,  thus  maintaining  the
integrity  of  fungal  cells  [155].  Lately,  fosmanogepix  has  received  “QIDP” and
“orphan drug” designations. Additionally, fosmanogepix acts as a promising and
effective  therapy  for  infections  like  coccidioidomycosis  and  pulmonary
aspergillosis  [175,  176].  Clinical  trials  have  been  carried  out  to  evaluate  the
efficacy  of  fosmanogepix  (Table  2).  Phase  1  and  phase  2  trials  for  both
intravenous and oral formulations have identified it as a safe and well-tolerated
drug.

Mat2203

MAT2203, developed by “Matinas BioPharma Holdings,  Inc,  NJ, USA”, is  the
first  polyene  cochleate  provisioned  for  the  oral  administration  of  AmB.
Cochleates  are  lipid-based  drug  vehicles  with  lipid  bilayer  sheets  rolled  up  in
spirals devoid of any aqueous space and can be used to deliver hydrophobic drugs
such as AmB within the cell cytoplasm either by phagocytosis or direct delivery
through the fusion of membranes [155]. Nanocochleates have also been developed
with  increased  stability,  reduced  susceptibility  to  oxidation,  and  resistance  to
enzyme  degradation.  Although,  loss  of  stability  at  temperatures  >4°C,
precipitation during storage, and high cost involved in manufacture are a few of
its limitations [177]. Recently, this antifungal agent has received QIDP and fast-
track designation by the FDA for the treatment of fungal infections. MAT2203
has  undergone  various  phase  1  &  2  clinical  trials  proving  to  be  a  potential
candidate  for  oral  administration  (Table  2).  Single-dose  oral  administration  of
MAT2203 (200-800mg) was found to be safe and well-tolerated, with no adverse
effects  or  abnormalities  reported  [178].  A  phase  2  study  has  demonstrated  the
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safety and efficacy of MAT2203 in a randomized clinical trial study where two
dose  regimens  (200mg  &  400mg)  were  compared  to  a  single  dose  regimen  of
fluconazole (150mg) for the treatment of VVC (NCT02971007).

Ceragenins

Ceragenins,  also  known  as  cationic  steroid  antimicrobials  (CSAs),  are  small,
synthetic  compounds  containing  a  sterol  backbone  with  amino  acids  and  other
chemical  groups  attached.  These  are  amphiphilic  derivatives  of  bile  acids  that
mimic the properties of endogenous antimicrobial peptides. They act as antifungal
agents  by  targeting  their  membrane  and  creating  morphological  changes  to  the
membrane structure [179]. They also inhibit adhesion and biofilm formation, and
even disruption of established biofilms as well [180]. Ceragenins have reported
better  in  vitro  antifungal  and  anti-biofilm  activity  than  human  cathelicidin
antimicrobial  peptide,  LL-37  [181].  They  have  also  displayed  potent  activity
against MDR C. auris in planktonic and biofilm forms [182]. It is also reported as
a potential candidate for topical or mucosal application to treat fungal infections.
Hacioglu  and  colleagues  have  recommended  the  use  of  carrageenin  for  the
prophylaxis  of  vulvovaginal  candidiasis  (caused  by  fluconazole-resistant
Candida)  [183].

Table (2). Details of the ongoing clinical trials on new antifungal drugs.

Antifungal
Drug Clinical Trial

The
Clinical
Phase of

the Study

Characteristics

Ibrexafungerp

NCT03987620
(Vanish 306) Phase 3 Oral ibrexafungerp vs. placebo to treat patients with

acute VVC

NCT04029116
(CANDLE) Phase 3 Oral ibrexafungerp for the treatment of patients with

RVVC

NCT03672292
(SCYNERGIA) Phase 2

Co-administration of ibrexafungerp and voriconazole
compared to voriconazole alone for the treatment of

invasive pulmonary aspergillosis

NCT03059992
(FURI) Phase 3

In patients with invasive or severe fungal diseases
which were intolerant or refractory to standard

antifungal treatments

NCT03363841
(CARES) Phase 3 For the cure of C. auris infections
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Antifungal
Drug Clinical Trial

The
Clinical
Phase of

the Study

Characteristics

Rezafungin

NCT03667690 Phase 3
Intravenous administration of rezafungin in

comparison to caspofungin (followed by optional oral
fluconazole) to treat candidemia

NCT04368559 Phase 3

A weekly dose of the drug will be compared to
standard antifungal agents (including trimethoprim-
sulfamethoxazole and fluconazole or posaconazole)

for the prevention of invasive fungal diseases

Fosmanogepix

NCT04240886
(AEGIS) Phase 2 For treating infections caused by Aspergillus sp. and

rare molds

NCT04148287 Phase 2 In treating candidemia and/or invasive candidiasis
caused by C. auris

MAT2203

NCT02629419 Phase 2a MAT2203 at (200mg, 400mg, 800mg) for the
treatment of mucocutaneous candidiasis

NCT04031833
(EnACT) Phase 1/2

Treatment of cryptococcal meningitis
Phase 1: to test the efficacy and tolerability of

encochleated AmB (MAT2203).
Phase 2: evaluate the toxicity and fungicidal activity

of MAT2203 with flucytosine
* The program names associated with their respective clinical trials are mentioned in the parenthesis

Others

Several  other  drugs  are  in  the  pre-clinical  or  early  phase  of  clinical  studies
targeted  for  the  treatment  or  prophylaxis  of  fungal  infections  (Table  3).  These
include  drugs  targeting  chitin  synthases  (nikkomycins),  ergosterol  synthesis
(SUBA-itraconazole), pyrimidine synthesis (olorofim), and histone deacetylases
(MGCD290).

Table (3). Antifungal drugs in the early stages of clinical study.

Antifungal Drug Mechanism of action Clinical Phase of the study Status

Nikkomycins Inhibitor of chitin synthases
Phase 1 (NCT00834184) Completed

Phase 1/2 (NCT00614666) Terminated

SUBA-itraconazole Interferes with ergosterol synthesis
Phase 2 (NCT00791219) Completed

Phase 2/3 (NCT03572049) Recruiting

(Table 2) cont.....
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Antifungal Drug Mechanism of action Clinical Phase of the study Status

Olorofim (F901318) Blocks the fungal dihydroorotate
dehydrogenase (DHODH) pathway

Phase 1 (NCT02142153) Completed

Phase 1 (NCT02342574) Completed

Phase 1 (NCT02394483) Completed

Phase 1 (NCT02737371) Completed

Phase 2 (NCT03583164) Recruiting

MGCD290 Fungal histone deactylase inhibitor Phase 2 (NCT01497223) Completed

ANTIFUNGAL VACCINES

The development of effective vaccines is regarded as a milestone in the triumph
over a disease or infection. Significant efforts have progressed in the production
of an efficient antifungal vaccine. Research focusing on various animal models
and  human  trials  testing  the  efficacy  of  vaccines  against  fungal  diseases  is
underway. Some human trials have shown promising results in the early phases of
clinical trials but require further investigation to be transformed into a proficient
therapeutic  agent  for  the  complete  eradication  of  fungal  diseases.  None  of  the
vaccines developed so far have achieved a ‘bench to bedside’ transition.

A phase 1 study was carried out to assess a recombinant vaccine,  NDV-3, as a
safe,  tolerable,  and  immunogenic  agent  for  the  prevention  of  candidiasis
(NCT01273922).  This  cross-kingdom  vaccine  claimed  by  NovaDigm
Therapeutics, Inc., carried a recombinant N-terminus of C. Albicans agglutinin-
like sequence 3 protein (rAls3p-N) with alum as an adjuvant. The study assessed
the immune response of this intramuscular administered vaccine within 6 months
of low dosage followed by 3 months of the ten-fold higher dosage. This vaccine
was  shown  to  induce  strong  humoral  and  cell-mediated  immune  responses
indicating  better  survival  and  reduced  fungal  burden.  Recently,  a  Phase  1b/2a
multi-center,  randomized,  placebo-controlled  clinical  study  determined  the
efficacy  of  the  NDV-3A  vaccine  against  RVVC  infections.  The  study  showed
NDV-3A vaccine was safe and highly immunogenic in reducing the symptoms or
prevention of RVVC [184].

A virosome-based vaccine (PEV7) developed by Pevion Biotech used C. albicans
N  terminus  truncated,  recombinant  secretory  aspartyl  proteinase  (SAP2).  It
displayed satisfactory results  in  the  phase  1  study for  the  prevention of  RVVC
(NCT01067131). A clinical trial against Candida infections has also reported an
oral ribosomal vaccine with moderate protection in A phase 2 clinical trial against
Candida  infections  has  also  reported  an  oral  ribosomal  vaccine  with  moderate
protection [185]. However, no follow-up study has been reported yet.

(Table 3) cont.....
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Vaccines directed against coccidioidomycosis have also entered human clinical
trials.  Different  vaccine  approaches  like  formalin-killed  spherules  (FKS)  or
antigen 2/proline rich antigen (Ag2/PRA) were tested in both animal and human
trials  but  were  significantly  less  protective  for  humans  [186].  Thus,  additional
efforts  are  required  to  obtain  highly  effective  vaccines  against  Coccidioides
infections. Apart from these human trials, antifungal vaccine strategies have been
studied  in  animal  models.  These  are  designed as  cross-kingdom,  subunit,  heat-
killed or recombinant vaccines for the prevention of fungal infections. A few of
these vaccines against important fungal pathogens have been listed in Table 4.

Table 4. Vaccines designed against important fungal pathogens

Candidate Vaccine Target Vaccine Characteristics References

β-glucan
laminarin

Candida species and
Aspergillus species

• Cross-kingdom vaccine
• Brown algae-derived β-glucan laminarin
diphtheria toxoid CRM197 conjugate
• Complete Freund’s used as an adjuvant

[187]

Cell wall
glucanase

Candida species and
Aspergillus species

• Cross-kingdom vaccine
• A. fumigatus derived cell wall glucanase
(Crf1)
• Murine cytosine guanine dinucleotide (CpG)
oligodeoxynucleotide is used as an adjuvant

[188]

Cytosolic and cell
wall peptide Candida albicans

• Subunit vaccine
• Peptide designated as Fba consisting of 14 a.a.
sequence from the N-terminus of fructose
bisphosphoaldolase
• Intraperitoneal administration of Fba pulsed
dendritic cells as priming and first booster dose
• Subcutaneous administration of Fba
emulsified in Complete Freund adjuvant

[189]

Cell surface
protein Candida species

• Recombinant vaccine
• Recombinant N-terminus of C. albicans cell
surface protein Hyr1 (rHyr1p-N)
• Alum used as an adjuvant

[190]

Heat killed yeast Coccidioides

• Live-attenuated vaccine
• Heat-killed Saccharomyces cerevisiae
• Showed significant Th1-dependent protection
against glucan and mannan

[191]

Heat shock
proteins Paracoccidioides

• Recombinant DNA vaccine
• Mycobacterium leprae derived Hsp65 DNA
fragment inserted into a pVAX1vector
• Induction of Th1 cytokine production

[192]
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CONCLUSION

Despite the existing current antifungal agents, morbidity and mortality associated
with  fungal  infections  have  escalated  in  the  past  few  years.  Over  the  past  3-4
decades,  fungal  infections  have  exponentially  increased,  largely  due  to  the
increased number of  the immunocompromised population susceptible  to fungal
pathogens.  With  a  limited  understanding  of  the  impact  of  fungal  diseases,  it  is
critical to raise the general awareness among the masses of these underappreciated
fatal pathogens. Various factors need to be addressed to combat fungal infections.
These  include  (i)  unraveling  the  mechanism  of  resistance  against  current
antifungals (ii) implementation of more rapid diagnostic approaches for quick and
accurate identification (iii) development of safe, effective, and novel antifungal
agents.  Pharmacodynamic  modeling  and  focused  clinical  studies  should  be
encouraged  to  strengthen  the  development  and  validation  of  antifungal  agents.
Repurposing old drugs and using combination therapy have also been evaluated as
promising alternatives to counter fungal infections. Domains of structural biology
and structural genomics should be explored as they might provide insights into the
complex fungal architecture. Combining the classical approaches with advanced
technologies like genomics-era and next-generation sequencing technologies will
provide impetus to the current developmental strategies. Further, appropriate drug
stewardship and proper patient management should also be prioritized to tackle
fungal diseases. These strategies will complement the ongoing initiatives of global
agencies  like  the  CDC  and  WHO  to  thwart  antifungal  resistance  and  fungal
diseases.  Rigorous efforts are required to bolster the antifungal pipeline for the
management  of  life-threatening  fungal  infections,  however,  several  drugs  have
reached  clinical  trials  and  exhibited  better  efficacy  in  comparison  to  classical
antifungals.  These  new  antifungal  agents  are  equipped  with  improved
bioavailability and activity against drug-resistant isolates,  reduced toxicity,  and
drug interactions, thus are anticipated as promising antifungal therapeutics. The
development  of  effective  antifungal  agents  might  seem  elusive,  but  the
progression  of  novel  antifungal  agents  and  promising  vaccine  candidates  to
clinical  trials  will  strongly  augment  the  better  management  of  fungal  diseases.
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Abstract: Antiviral drug discovery and its developmental processes happen to be the
need  of  the  hour.  The  break-out  burden  of  complications  and  mortality  caused  by
viruses like Influenza, Ebola, MERS, SARS and presently, the subtype SARS-CoV-2
are randomly growing in an exponential arc. Under such critical circumstances, there
occurs an urgent paradigm shift in the research domain where antimalarial drugs like
Hydoxychloroquine were given as a prophylactic treatment to improve the condition of
the  patients  affected  by  the  SARS-CoV-2-COVID-19  disease.  For  the  use  of
emergency purposes in this global pandemic, a ground breaking development has taken
place in vaccine therapy with mRNA-based technologies by pharma giants like Pfizer-
BioNTech,  Moderna Inc.  and AstraZeneca Plc.  All  three newly launched successful
mRNA  vaccines,  like  Comirnaty,  mRNA-1273  and  AZD1222,  in  their  late-phase
clinical trials showed an effective rate up to ~ 95%. Many alternative approaches use
translational medicines and artificial intelligence tools to mitigate clinical morbidities
within a given timeframe. Hence in this particular book chapter, we tried to highlight
the pros and cons of all the possible antiviral drug interventions and strategies that have
been implemented from the past till the present to combat several epidemics and global
pandemics. At present, the occurrence of the COVID-19 pandemic imposed a greater
threat and unprecedented challenge in the antiviral drug discovery platform that needs
to be focused on in detail.
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INTRODUCTION

The severe acute respiratory syndrome coronavirus-2, formally known as SARS-
CoV-2, was identified with unique protein characteristics,  i.e.,  spike protein on
the surface of  the virus  and central  nucleocapsid protein,  which holds the viral
genome. These features are particularly linked to high fatality rate as well as their
ability to move at ease from animal to human hosts. The emergence of the current
global pandemic of COVID-19 caused by the novel SARS-CoV-2 has resulted in
an estimated 2,553,081 deaths worldwide to date.  It  imposed an unprecedented
challenge  to  uncover  the  viral  specificity  and  identify  effective  drugs  for  their
prevention,  cure  and  treatment.  Due  to  this  emergency,  the  development  and
procurement  of  safe  and  effective  therapeutics  were  under  accelerated  clinical
trials. Thus, in this chapter, we have elucidated in detail the possible interventions
and strategies  in the pipeline to cope with the current  crisis  that  waits  for  fast-
track screening and approvals by the regulatory authorities on a larger scale.

Different Types of Viruses

Viruses are sub-microscopic infectious agents which are mainly classified based
on their morphology and genetic characteristics [1]. With the aid of two methods,
i.e., electron microscopy and X-ray crystallography, morphological symmetry of
the viral capsid can be viewed and based upon such findings, it can be classified
into  helical  and icosahedral  symmetry types.  In  the  helical  symmetry,  the  viral
nucleic  acid  acquires  a  helical  form  inside  the  helical  protein  coat,  having  a
molecular weight of 18000 Dalton (Da) (exceptionally up to ~ 2 million Da in the
case of Tobacco Mosaic Virus) which is made up of 2130 units of single protein
such  as  Mumps  virus  and  Measles  virus.  Whereas  in  the  case  of  icosahedral
symmetry,  the  molecular  weight  ranges  between  15000-130000  Da  of  the
structural  protein  capsid.  Each  icosahedron  consists  of  12  combinations  of
capsomere (i.e., groups of structural proteins which form the viral capsid). Every
capsomere contains 5 structural proteins located at the vertex of the icosahedral
capsid, with an additional varying number of capsomeres containing 6 structural
proteins at the facet and edges of the capsid, e.g., Enterovirus and Rubella virus
[2]. Further, based on their genetic characteristics, viruses were broadly classified
as DNA viruses and RNA viruses.  All viruses were specifically grouped into 7
families  based  on  their  type  of  genome  and  their  method  of  replication  by  the
American biologist David Baltimore in the year 1971, which is popularly known
as the “Baltimore classification” (Table 1) [1, 3].
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Life Cycle of a Virus

Viruses are obligate intracellular parasites; they need a host that can either be a
prokaryote or eukaryote to replicate.  In a prokaryote, the life cycle of a typical
bacteriophage takes place mainly via 3 mechanisms: lytic cycle, lysogenic cycle
and transduction. In the lytic cycle, the virus destroys the host cell to reproduce
new bacteriophages. In the lysogenic cycle, instead of killing the host, the viral
genome  integrates  with  the  bacterial  chromosome  and  reproduces  new  viruses
(Fig. 1). At the end of the lytic cycle or during the lysogenic cycle, in some cases,
viruses can also inject the former host’s DNA into the newly infected host by a
process  known  as  transduction.  In  this  process,  the  virus  often  packs  the  host
genome  within  its  capsid  during  its  separation  from  the  host,  which  causes  an
alteration  in  their  genetic  characteristics  and  DNA  recombination  might  occur
within the newly attacked host [4].

Fig. (1).  Lytic (A): (1) Attachment of the virus to the bacterial cell surface, (2) Penetration of the viral DNA
into  the  bacterial  cell  wall,  (3)  Biosynthesis  of  all  viral  components  and  degradation  of  the  bacterial
chromosome, (4) Assembly of all the viral particles to form a matured virus, (5) Lysis of bacterial cell wall
and release of the virus from the host bacteria, and Lysogenic (B) Cycle of Bacteriophage: (1) Attachment
and Penetration of the phage DNA into the bacterial cell wall, (2) Integration of the phage DNA with the
bacterial chromosome, (3) Reproduction of the bacterial host which also contains the genetic characters of
phage,  (4)  Excision  of  the  phage  DNA  from  the  host  chromosome  and  entering  into  the  lytic  cycle,  (5)
Biosynthesis of all viral components and degradation of the bacterial chromosome, (6) Assembly of all the
viral particles to form a matured virus, (7) Lysis of bacterial cell wall and release of the virus from the host
bacteria.
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Table 1. Baltimore classification of viruses.

Classes of Viruses Examples

Double-stranded DNA viruses. T4-like bacteriophage viruses, P1-like
bacteriophage viruses

Single-stranded DNA viruses Circoviruses, Gyroviruses

Double-stranded RNA (dsRNA) viruses Chrysoviruses, Systoviruses

Single-stranded RNA viruses whose RNA is identical in
base sequence to mRNA Arteriviruses, Coronaviruses

Single-stranded RNA viruses whose RNA is
complementary in base sequence to mRNA Bornaviruses, Ebola-like viruses

RNA reverse transcribing viruses Retroviruses, Hemiviruses

DNA reverse transcribing viruses Orthohepadnaviruses, Badnaviruses

Host–Virus Interactions

When a virus infects a host, it mainly interacts by three mechanisms: apoptosis,
cell-signalling and immune response (Fig.  2).  The most  common form of host-
virus  interactions  is  mediated  by  apoptosis,  which  leads  to  acute  cytolytic
infections by the massive destruction of the host cells. Cytolytic infections mainly
occur in 3 possible ways, i.e., when the viral antigens get triggered by (i) host cell
lysis, (ii) before cell death, (iii) before the complete multiplication of the virus [5].
Another common type is cell-signalling, where virus-specific antigens and several
viral progenies are produced in the host cell, causing an either persistent or latent
viral  infection.  Sometimes  in  response  to  the  host-virus  interaction,  due  to
underlying  cellular  mechanisms,  the  virus  might  also  get  cleared  or  prevented
from  entering  the  host  cell  by  any  other  alternative  infectious  processes  [6].
Lastly, through a wide range of innate or adaptive immune responses cascade of
host-virus interaction occurs. Several rapid innate immune responses are triggered
by a receptor named Pattern Recognition Receptor, where virus-infected host cells
are  directly  killed  by  the  natural  killer  (NK)  cells  or  disposed  of  within  the
macrophages by the process of phagocytosis. Even the rate of viral multiplication
declines by producing interferons (soluble factors) that acts on the neighbouring
infected host cells. In the case of the adaptive immune response, the significant
components  are  T  and  B  lymphocytes  which  are  primarily  essential  for  cell-
mediated  and  humoral  immunity,  respectively  [5].
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Fig. (2).  Basic types of host-virus interactions.

DEMOGRAPHY  AND  EPIDEMIOLOGY  OF  PAST  AND  PRESENT
VIRAL OUTBREAKS

The emergence of popular viral pandemic outbreaks in the ancient world occurred
in 165-180 AD as the “Antonine Plague” which affected the population of Asia
Minor,  Egypt,  Greece  and  Italy.  The  causative  agent  was  either  smallpox  or
measles virus. Its origin was believed to be Seleucia of the ancient world, and the
death  toll  was  counted  as  approximately  5  million  [7].  The  next  eminent  viral
outbreak was the Japanese smallpox epidemic in the year 735-737 AD, which was
caused by the Variola virus that mainly originated in Korea. The death toll was
almost  up  to  ~1  million  [7].  This  continued  with  consecutive  waves  of  viral
pandemic and epidemic outbreaks across the world in the 7th, 10th, 11th, 15th, 16th,
17th, 18th and 20th centuries [8]. In the year 1878, the yellow fever epidemic took
up  to  1.5  lakh  lives  in  the  United  States  of  America  (USA)  [7].  This  outbreak
again hit the world in the year 2016 [9]. In the current scenario, the most common
and well-known form is the Influenza pandemic which can be divided into several
phases.  In  the  first  phase,  the  Russian flu  (also  known as  Asiatic  flu)  outbreak
occurred in 1889, which was caused by the H2N2 Influenza virus taking up to 1.1
million lives. A similar outbreak occurred after 59 years, named Asian flu, where
the death toll was ~1 million. In the second phase, another outbreak took place in
the year 1900, which was caused by the H3N2 influenza virus.  The next phase
occurred almost after 68 years, named as Hong Kong flu, where the death toll was
again 1 million. In the third pandemic wave, the outbreak of the Spanish flu in the
year 1918 was caused by the H1N1 influenza virus that took 40-50 million lives.
Again, we found that there was a recurrence of the Russian flu in the year 1977
[1]. In the year 2004, Bird flu took place in which the causative agent was H5N1
[10] and then later in the year 2013, another avian influenza occurred in which the
causative agent was H7N9 [11]. During 2009, Swine flu took place in which the
causative agent was mainly the H1N1 virus, which further included viral strains
like H1N2, H2N1, H3N2, H2N3 and H3N1 [12]. Interestingly, the advent of the
Human  Immunodeficiency  Virus  (HIV)  causing  Acquired  Immunodeficiency



172   Frontiers in Antimicrobial Agents, Vol. 2 Nandi et al.

Syndrome in the year 2006 also became a pandemic condition [13]. The first case
affected  by HIV was  reported  in  1981 and caused 36 million  deaths  [7].  Since
then  the  concurrent  outbreaks  due  to  Zika  (year:  2013-15)  [14],  Ebola  (year:
2014-16)  [15],  and  Nipah  (in  the  year  2018)  viruses  [16]  have  been  widely
distributed in the regions of Central Africa, South America and South-East Asia,
respectively.

The present ongoing pandemic named COVID-19 had its origin in Wuhan, China.
The current death toll has already risen to 696 thousand worldwide [7], and the
causative agent is the well-known SARS-CoV-2 (Fig. 3).  Previously, another 2
outbreaks also came across different regions of the world; and these outbreaks can
be divided into 3 phases:

• In the first phase, the SARS outbreak occurred in 2002-2003 in several Asian
countries, and the death toll was 774.

•  In  the  second  phase,  Middle  East  Respiratory  Syndrome  (MERS)  outbreak
occurred in 2012 in the Middle East region of the Asian continent, and the death
toll was 866.

• And till now, the last phase included the novel Coronavirus outbreak that turned
into the current pandemic COVID-19 [17].

Fig. (3).  Representative chart demonstrated the rate of major viral outbreaks.
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ANTIVIRAL DRUG THERAPEUTICS - RESEARCH & DEVELOPMENT

Natural Products

The growing interest in natural products as sources of new drug moieties can be
attributed to many factors. These include urgent therapeutic needs with adequate
bioactive  natural  products  that  can  be  easily  implemented  as  biochemical  and
molecular  probes.  As  listed  below in  Table  2,  a  wide  range  of  different  active
constituents  and secondary metabolites  were  screened as  promising therapeutic
agents against different classes and types of viruses.

Table 2. Common phytochemicals used in antiviral therapy.

Chemical
Class

Active
Ingredients Virus Mechanism of Actions Natural Source Refs.

Flavone Pinocembrin Zika virus
(ZIKV)

Inhibits viral RNA production
and envelope protein

synthesis

Turnera diffusa,
Boesenbergia

rotunda, Honey,
Propolis

[18]

Flavone luteolin and
hispidulin

Influenza A
virus

Inhibition of glycoprotein
neuraminidase in the H1N1

strain

Salvia plebeian
R. Br [19]

Isoflavone Genistein Herpes B Virus
(HBV)

Blocks the late phase event in
the life cycle of the Herpes B

virus. Mainly inhibits the
phosphorylation of

glycoproteins

Genista
tinctoria [20]

Alkaloid Dendrobine Influenza A
virus

Restraining the viral
replication

Dendrobium
nobile [21]

Triterpenoid

3, 4-
secodammarane

and
Dammarenolic

acid

HIV Inhibit the cell cycle
proliferation Aglaia sp. [22]

Lignin Honokiol
Dengue virus

serotype-2
(DENV-2)

Inhibit the synthesis of
dsRNA and nonstructural

proteins
Genus Magnolia [23]

Glycoprotein

Apolactoferrin (a
synthetic form of
lactoferrin) and

lactoferrin

SARS-CoV-2

Interacts with heparan sulfate
proteoglycans and

angiotensin-converting
Enzyme-2 (ACE-2) receptors

of human

Bovine milk and
other body

fluids
[24]

There have been clinical trials involving natural products against SARS-CoV-2.
Further,  this  segment  of  antiviral  drug  therapy  needed  wide  exploration  along
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with methodical isolation of the active ingredients. The specific mode of action, in
particular  for  any isolated active ingredients,  i.e.,  used for  different  therapeutic
categories, must be well approved by the drug regulatory authorities.

Chemical Entities and Different Types of Formulations

Chemically antiviral drugs are small entities that are used in widespread infectious
diseases. A specific antiviral drug target can be designed based on any targeted
receptor  of  the  host  cells  or  the  enzymes  needed for  viral  replication.  Here  we
elucidated the classification of the antiviral drugs in detail:

Viral  DNA  Synthesis  Inhibitors  like  Acyclovir,  Valacyclovir,  Maribavir  and
Letermovir

Acyclovir  is  an  acyclic  analogue  of  deoxiguanosine  and  Valacyclovir  is  an  L-
valyl  ester  prodrug  [25].  Maribavir  is  a  novel  class  of  Benzimidazole  riboside
[26],  whereas,  Letermovir  is  an  acetic  acid  derivative  [27].  Acyclovir  is  very
much effective against  Herpes Simplex virus  (HSV-1 and HSV-2) strains  [25],
Varicella-Zoster  Virus  (VZV)  [28]  and  Epstein  -  Barr  virus  (EBV)  [25].
Valacyclovir showed its effectiveness by eliminating high loads of herpes viruses
in deep periodontal pockets and inflamed gingiva [29]. In contrast to Acyclovir,
we find Maribavir [26] and Letermovir [27] are active against Cytomegalovirus
(CMV).  Exceptionally  upon  the  other  commonly  used  anti-CMV  drugs  like
Ganciclovir, Foscarnet and Cidofovir, we find that Maribavir showed potent in-
vitro activity against the resistant CMV strains within an acceptable therapeutic
index of the drug [26]. These drugs show their action by the inhibition of the viral
DNA polymerase. Notable exceptions were only seen in the cases of Maribavir
and  Letermovir,  which  inhibits  the  protein  kinase  UL97  and  DNA  terminase
complexes  respectively  [26,  27].

Viral RNA-dependent RNA Polymerase (RdRp) Inhibitors such as Favipiravir,
Remdesivir, Galidesivir and Ribavirin

Favipiravir  is  a  pyrazinecarboxamide derivative  [30]  whereas  Remdesivir  [31],
Galidesivir  [32]  and  Ribavirin  [33]  are  all  nucleoside  analogues.  Favipiravir
showed effective antiviral activity and reduced mortality rate against the positive-
and negative-sense single-stranded RNA viruses, neuraminidase and M2 protein
inhibitor-resistant strains, i.e., specific for Influenza viruses [34] along with Lassa,
Ebola [35] and Nipah [36] Viridae families. It  can also be used in combination
with Ribavirin against Asian and African strains of ZIKV [37]. Ribavirin is the
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only drug that was used against Lassa fever [38]. It was safe in geriatric patients
on usage against Hepatitis E infection [39]. It majorly inhibits influenza A and B
viruses [40], SARS and MERS Coronaviruses [41]. Hence it was extensively used
in the initial phases of the COVID-19 breakout in China [41]. Remdesivir showed
promising  results  and  is  active  against  RNA  viruses  like  Corona,  Ebola,  and
Nipah  [42].  It  was  found  even  effective  against  the  resistant  strains  of
Coronaviruses [31]. Galidesivir is active (activity studied in-vitro) against several
RNA viral  pathogens that include Filo,  Corona, Hepatitis  C and Yellow Fever-
causing viruses [32]. All of these drugs act by inhibiting the viral RdRp, which is
responsible for the replication of viral RNA-based genomes (Fig. 4) [30 - 33].

Fig. (4).  Schematic Representation of Multiple Antiviral Drug Targets (mostly specified for COVID-19).

Viral RNA Synthesis inhibitor - Sofosbuvir

Sofosbuvir  is  a  nucleotide  analogue  that  is  active  against  DENV,  ZIKV  and
Hepatitis  C  Viruses  (HCV).  It  blocks  viral  RNA  synthesis  by  inhibiting  RNA
polymerase. It also induces antiviral action via increased mutation of alanine to
glycine in the viral genome [43].

 © 2020 Tse, Meganck, Graham and Baric.  
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Fusion Inhibitor - Arbidol

Arbidol  (ARB)  is  an  indole-based  broad-spectrum  antiviral  agent  that  mainly
impairs several steps in the life cycle of the viruses, including virus attachment to
cells, the fusion of viral and cellular membranes during viral entry. The drug is
active  against  different  Viridae  families,  including  orthomyxo,  paramyxo,
picorna, bunya and rhabdo. ARB was also found effective against several ZIKV
strains and protected the host  cell  from severe cytopathic effects  (CPE) mostly
caused due to the virulent attack of African and Asian strains of ZIKV [44].

Endonuclease Inhibitor - Baloxavir

Baloxavir marboxil is a prodrug, which is active as Baloxavir acid. Baloxavir is a
substituted  pyridine  derivative  that  is  highly  active  against  influenza  A  and  B,
avian influenza subtypes H5N1 and H7N9, and resistant strains of neuraminidase
inhibitor antiviral drugs like Oseltamivir, Zanamivir and Laninamivir etc. It acts
by selectively inhibiting the cap-dependent endonuclease, which is essential for
the initiation of mRNA synthesis, mainly in cases of influenza viruses. Hence, this
drug shows a synergistic effect and significantly decreases the mortality rate when
used in combination with other resistant antiviral drugs like Oseltamivir [45, 46].

Viral Protease Inhibitor –Lopinavir

Lopinavir  is  a  valine  derivative  and  a  protease  inhibitor  that  inhibits  HIV-1
protease  and  3-Chymotrypsin-like-Proteases  (3CLpro)  enzyme  complex,  i.e.  ,
responsible  for  the  viral  RNA  processing  in  the  SARS-CoV-2  [47,  48].

Inhibitors  of  Viral  Penetration  into  the  Host  Cell  such  as  Amantadine  and
Rimantadine

These drugs  are  cyclic  primary amines.  Amantadine is  active  against  influenza
strains  of  H3N2  and  H1N1.  It  can  downregulate  Cathepsin  L1,  which  is  a
lysosomal  cysteine  protease,  that  can  cleave  the  SARS-CoV-2  specific
Coronaviral spike proteins and further inhibit the viral entry to the host cell [49,
50].

Neuraminidase  Inhibitors  for  e.g.,  Oseltamivir,  Zanamivir,  Peramivir  and
Laninamivir

These  drugs  are  sialic  acid  derivatives  and  are  used  basically  against  both
Influenza A and B viruses. Here, Oseltamivir significantly decreases the load of
mortality affected by Influenza, whereas, Zanamivir specifically prevents the viral
release  from  the  host  cells.  They  primarily  act  by  inhibiting  the  viral
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Neuraminidase, a transmembrane protein that is responsible for the activation of
the Influenza virus [51 - 53].

All  the  above-mentioned  drugs  with  a  different  mode  of  action  are  clinically
approved  by  the  different  drug  regulatory  bodies  for  their  extensive  use  as
antiviral  drugs.

Biologicals – Vaccine & Sera Therapy

Vaccines are biological products that are capable of generating acquired immune
responses  against  any  infectious  disease.  Other  emerging  biological  products
include convalescent plasma, monoclonal antibodies and interferons, which are on
trials that can modulate subjects’ immune responses. In parallel, there is a rapid
development of vaccines undergoing different clinical trial phases I, II and III to
combat the desired SARS-CoV-2 pandemic outbreak.

Types of Biological Products

Vaccines

Vaccine is the best alternative to fight against any viral diseases. There are several
types of vaccines that can be used against a wide range of viral diseases.

Inactivated Vaccines

Inactivated vaccines contain the inactivated viral form. There are techniques like
UV rays or chemicals such as formalin, formaldehyde and β-propiolactone etc., to
inactivate the virus. In some cases, the occurrence of hypersensitive reactions was
reported due to the usage of adjuvants like alum or formaldehyde in the vaccine
preparation.  For  example  –  mice  were  immunized  with  double  inactivation
vaccines  having  alum  as  an  adjuvant;  there  was  an  increased  infiltration  of
eosinophils, neutrophils and other inflammatory cells in the lungs [54]. Thus, an
increased rate of infiltration aggravated the hypersensitivity reactions via T helper
immune  cell  responses.  By  replacing  alum  with  toll-like  receptor  agonists,
hypersensitivity  reactions  could  be  alleviated  [55].

Live Attenuated Viral Vaccines

Live attenuated viral vaccines are created by reducing the virulence property of a
virus.  These vaccines can produce strong T and B cell  immune responses [56].
One of the notable examples under this category is the development of genetically
exhausted  coronavirus  vaccines  by  either  excising  or  mutating  different  viral
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proteins. For example, “rSARS-CoV-ΔE” is a live attenuated SARS-CoV vaccine
against  complete  pulmonary  viral  replication  in  which  the  proteinE  is  excised.
This  vaccine  was  formulated  in  the  intranasal  form  using  the  in-vivo  Golden
Syrian  hamster  model  [57].

Protein-based Subunit Viral Vaccines

Protein-based subunit vaccines can be defined as fragmented or isolated proteins
of  viruses  to  produce  an  acquired  immune  response.  They  have  low
immunogenicity. A few examples of protein-based subunit vaccines are different
forms of Coronaviral  spike proteins,  like Receptor-binding Domain (RBD) and
RBD-Fc (fusion of RBD and Fc region of human IgG). They are used as subunits
for immunization in Non-Human Primate (NHP) models that can neutralize the
produced antibodies to generate subsequent immune responses. This finding was
further extended to clinical trials [58 - 61].

VLP and Nanoparticle Vaccines

Coronavirus-like particles (VLPs) are produced from the cells co-expressing the
spike  (S)  protein,  membrane  (M)  protein  and  envelope  (E)  protein.  Different
novel  methods,  such  as  the  baculovirus  infection  cell  system,  were  used  to
produce high levels of recombinant or chimeric VLP vaccine that contain the S
protein along with avian influenza matrix 1 protein. These chimeric VLPs are of
the  same  size  and  structure  in  comparison  to  the  wild-type  Coronaviruses  and
showed effective results against SARS-CoV-2 [62, 63].

Vector-based Vaccines

Vector-based vaccines contain a chemically weakened live virus, used as a vector
to produce a specific immune response. They have some advantages over the use
of conventional  protein or DNA-based subunit  vaccines,  such as they are more
coherent  at  delivering  the  genetic  materials  into  cells  [64].  There  are  a  wide
variety of vector systems established against multiple infectious diseases such as
Measles  Viruses,  Modified  Vaccinia  Virus  Ankara  (MVA)  [65],  Chimpanzee
Adenovirus  (ChAdOx1)  [66]  and  Para  Influenza  Virus  type  3  [67].

Newly Emerged Approaches – mRNA, siRNA and SAM-based Vaccines

The latest intervention of using a full-length nucleic acid in the vaccine therapy
might  be  a  groundbreaking  discovery  in  the  arena  of  immunization.  Here  we
highlight  all  the  possible  approaches  that  have  been  implemented  to  date,  like
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mRNA,  self-amplifying  mRNA  (SAM)  and  small-interfering  RNA  (siRNA)
vaccines. In the current COVID-19 pandemic situation, the thorough quest for a
safe and effective therapy to encounter the health crisis showed a success rate of
the clinical  outcome by the newly emerged mRNA vaccines.  Mainly,  there  are
two  major  types  of  mRNA  vaccines  that  are  developed  against  infectious
pathogens:  non-amplifying  or  non-replicating  mRNA  vaccines  and  self-
amplifying  or  self-replicating  mRNA  vaccines.  The  non-replicating  mRNA
vaccines do not include additional protein sequences to induce self-amplification
of  the  inserted  mRNA sequence.  After  being  delivered  into  the  host  cells,  this
mRNA vaccine is captured by Antigen-Presenting Cells (APCs) at the infection
site  [68],  where  the  RNA  sequence  present  in  the  vaccine  is  translated  into
proteins as antigens that further stimulate immune response [69]. Recently in the
year 2020, Beissert et al. described a strategy that is based on two RNA vectors -
one  retaining  the  replicase-encoding  gene  and  the  other  encoding  the  antigen
called  the  trans-amplifying  approach.  Though  it  does  not  produce  significant
immune responses,  it  improved the mRNA vaccine technology through various
in-situ  modifications [70].  As the mRNA is fragile and there is  a  possibility of
mRNA  breakdown  into  pieces  by  the  human  natural  enzymes,  they  are  being
wrapped into lipid nanoparticles which are delivered as injectables [71].

Self-amplifying  mRNA  (SAM)  vaccine  is  derived  from  the  backbone  of  an
alphavirus genome. It contains 2 particular genes, where the genes encoding the
viral RNA replication remained intact and another encoding the viral structural
proteins gets replaced by the antigen encoding gene of the vaccine [69, 70, 72].
After being delivered into the host cells, the viral ‘positive sense (+) RNA strand’
encodes  the  gene  for  the  formation  of  the  RdRp  complex,  and  produces  a
complementary  strand  of  RNA  [69,  72].  This  newly  formed  RNA  strand  gets
translated into proteins that further stimulate the immune response. With the aid
of RdRp synthesis, these vaccines can generate multiple copies of RNA. Hence,
they  are  named  as  SAM  vaccine  [72].  A  self-amplifying  RNA  vaccine  can  be
delivered in the form of plasmid DNA or virus-like RNA particles. These in-vitro
transcribed RNA forms can elicit substantially stronger immune responses than
non-replicating mRNA vaccines [70].

Small  interfering  RNAs  (siRNAs)  are  double-stranded  non-coding  RNA
molecules  containing  20-25  nucleotide  base  pairs  in  length.  They  regulate  the
expression  of  genes  by  RNA  interference,  where  the  dsRNA  is  cleaved  into
fragments to form the siRNAs, which incorporate the antisense strand into RNA
Induced Silencing Complex. The identified siRNAs can easily target the required
sequences  that  code  for  the  viral  RNA-dependent  RNA  polymerase,  helicase,
proteolytic enzymes, and the nucleoprotein of SARS-CoV, leading to a decrease
in the viral loads [73, 74].
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Convalescent Plasma

Convalescent  plasma  therapy  was  initiated  from  the  blood  plasma  of  infected
patients,  who  have  recovered  and  eventually  generated  antibodies  against  the
SARS-CoV-2 viral proteins in their plasma sample by the course of their normal
immune responses.  Despite  its  sudden use  in  the  time of  pandemics,  the  major
limitation of this innovative therapy was that it highly lacked a well-defined and
well-designed clinical  study protocol  which resulted  in  a  low titre  value  of  the
available  antibodies  and  thus  resulted  in  the  failure  of  the  newly  emerged
Convalescent  plasma  therapy  [75].

Monoclonal Antibodies

Monoclonal antibodies (mAbs) are prepared by the immune cells that are identical
to  their  parent  cells.  There  are  several  isolation  methods  and  clinical  trials
reported  for  the  usage  of  monoclonal  antibodies  against  RSV,  Ebola  virus  and
Coronavirus  [76,  77].  A  phase  II  randomized  controlled  therapeutic  trial  on
humans  demonstrated  the  safety  and  efficacy  of  Nivolumab,  a  mAb  used  to
improve  the  clinical  outcome  of  hospitalized  COVID-19-positive  adult  obese
patients  [78].

Interferons (IFNs)

Under  the  process  of  pathogenesis,  likely  the  Interferons  get  released  from the
host cell showing their immunomodulatory action. It can activate immune cells
like  natural  killer  cells,  and  macrophages  with  an  increase  in  the  major
histocompatibility complex (MHC) antigen expression of the host body. In cases
of any pathogen or viral attack, the viral proteins are synthesized from the viral
nucleic  acids  inside  the  host  cells  and  are  degraded  into  viral  peptides.  These
peptides form complexes with MHC molecules known as peptide-MHC complex
and  travel  towards  the  host  cell  surface,  where  it  gets  recognized  by  different
immune cell responses. It is found that among the three types of IFNs, the IFN-λ
is more potent and restricts Coronavirus transmission [79].

Translational Medicines

Translation  medicine  is  the  domain  that  deals  with  the  metamorphosis  of  a
molecular  target  from bench  to  bedside  drug  medicament.  The  lead  generation
through  high  throughput  screening,  isolation,  purification,  and
Pharmacokinetic/Pharmacodynamics  modelling  (PK/PD)  are  major  parts  of  the
drug discovery process. After the successful preclinical stages, drug entities are
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validated as per their standards for safety, quality and efficacy laid down by the
different regulatory authorities.

Repurposed Drugs

Drug  repurposing  can  be  termed  as  a  “saviour”  or  an  alternative  to  lifesaving
therapeutics in a time of crisis for the newer drugs on the market. Here we like to
discuss on few examples which are repurposed to combat the current pandemic
SARS-CoV-2 for their antiviral activity and its known safety profile. One of the
emerging examples is the 1930’s β-D-N4-hydroxycytidine (NHC; EIDD-1931), a
ribonucleoside analogue that reduces the viral load by inactivating mutation, thus
causing  viral  error  catastrophe  against  SARS  and  MERS  Coronavirus  diseases
[80].  There  are  also  two  antimalarial  drugs,  Chloroquine  and
Hydroxychloroquine, repurposed as autophagy inhibitors in cases of COVID-1-
-infected patients [81].

Combined Drugs

Repurposing “combination of  drugs”  can be  another  alternative  in  the  antiviral
research domain due to the unavailability of newer drugs in the market. One of the
notable  examples  in  this  area  is  the  use  of  the  anti-allergic  OTC  drug
Chlorcyclizine Hydrochloride in Hepatitis C. It showed a synergistic effect when
used with other anti-HCV drugs such as Ribavirin, Sofosbuvir, Cyclosporine A
and  Interferon-α.  Such  combinations  of  drugs  have  a  safety  profile  when  used
against HCV. It specifically blocks the “late-stage viral entry” into the host but is
unable to block the “viral replication, assembly or secretion” in the life cycle of
HCV [82].

Prediction of Drug Targets

Viral  diseases  necessitate  the  prediction  of  newer  drug  targets.  One  of  these
predictable  drug  targets  includes  a  common  nucleophilic  site  that  is  present  in
Venezuelan  Equine  Encephalitis  Virus  (VEEV)  and  Coronaviruses.  This
nucleophilic  site  is  important  for  undergoing  the  protein-substrate  binding
interactions  which  are  required  for  both  VEEV  and  Coronaviruses.  Hence
targeting and inhibiting this nucleophilic site by peptide-like inhibitors can be a
valid strategy against coronaviral infection [83].

Assay Development

Several  assays are being developed by the scientists  of  the National  Centre for
Advancing Translational Sciences (NCATS) for predicting numerous drug targets,
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as  well  as  the  development  of  enhanced  and  high-tech  methodologies  to  fight
against  the  pandemic  COVID-19.  The  assay  developments  were  based  on  -
“Spike/ACE-2 protein-protein interaction, Spike/ACE-2 binding, ACE-2 binding,
ACE-2 enzymatic activity, 3CLpro enzymatic activity and SARS-CoV-2 CPE”.
Scientists  were  able  to  draw  a  few  significant  conclusive  points  from  the  data
obtained from these assays. (i) SARS-CoV-2 inclusive S-protein can’t inhibit the
biochemical  activity  of  ACE-2.  Rather  SARS-CoV-2  Spike  S1  protein,  after
interacting  with  the  amino  acid  histidine,  activates  the  biochemical  activity  of
ACE-2. The impact of SARS-CoV-2 S-protein on ACE-2target and its pros and
cons  need  to  be  further  explored  [84].  (ii)  In  parallel,  there  have  been  assays
undergoing  novel  AlphaLISA  technology  for  determining  the  ability  of  the
antiviral agents (small molecules, antibodies, peptides, etc.) to disrupt the Spike
protein-ACE-2 interaction; disrupting this interaction might cripple the virulent
activity of the SARS-CoV-2. The best candidate drugs obtained from this assay
are further tested and counter-screened by the preliminary TruHit assay methods
(a known prior  similar  assay procedure)  to  verify the results  obtained from the
AlphaLISA assay [84]. (iii)  An assay developed termed as “SARS-CoV-2 CPE
reduction assay,” which indirectly monitors the ability of the drug candidates like
Mefloquine and Hycanthone [85] to inhibit viral replication and infection through
various molecular mechanisms [86].

In-Vitro Assay and Laboratory Findings

Correct  diagnosis  and  appropriate  treatment  of  diseases  from  the  laboratory
findings  is  a  key  factor  for  any  drug  developmental  process.  An  arbitrary
laboratory finding showed that the activation of the innate immunity system by
external factors can treat the mutated strains of any particular virus. This fact was
supported by targeting and activation of the host restriction factors [87].

Others

The flaws of viral pandemics could be controlled by a rapid screening of small
molecules  and  biologicals  relevant  to  virology.  Here  we  enlisted  the  model
development  studies  that  can  reduce  the  time  duration  in  the  drug  discovery
pipeline.  One  of  the  emerging  examples  is  the  current  development  of  Tissue
Chips  by  NCATS  in  collaboration with the National Institute of Health and the
U.S. Food and Drugs Association (FDA) for the screening of drug candidates. The
tissue chips are bioengineered devices that can model the structure and function of
human organs such as the lungs, liver and heart to predict the safety and toxicity
profile  of  the  drugs  in  humans  more  rapidly  and  effectively  [88].  A  popularly
known adaptive-design Human Challenge Model is significantly used, as a drug
discovery  molecule  gets  investigated  at  the  end  of  phase  IIa  of  a  clinical  trial
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directly switching from healthy adults to infants through the Accelerated Pathway,
e.g.,  small  molecule  investigation  as  an  antiviral  agent  against  the  Respiratory
Syncytial Virus [89].

Therefore,  here,  in  a  nutshell  the  emerging  targets  and  their  future  in  the  drug
discovery pipeline for a wide range of antiviral therapeutics is an outcome of the
translational research. In this scenario, continuous translational methods lead to a)
screening of drug repurposing to identify active compounds that reduce disease
phenotypes,  b)  assay  development  and  optimization  for  high-throughput
screening,  c)  identification  of  drug  targets  or  disease  phenotypes  for  assay
development,  and  finally  d)  confirmation  of  the  compound  activity  by  using
different in-vitro or in-vivo assays models. Translational medicine uses what can
be gleaned from pre-clinical efforts to clinical studies to sharpen and improve the
discovery of new medicines.

ADVANCED APPROACHES IN ANTIVIRAL THERAPY

Insights into Advanced Immunotherapies

A wide range of diversities in the genetic and antigenic properties of SARS-CoV-
2 imposed a greater challenge to newer antiviral drugs under process. Recently,
host-oriented  therapeutic  interventions  were  implied  to  treat  viral  attacks.
Understanding the different types of host-virus interactions forms a progressive
platform  in  the  developmental  process  of  various  innovative  immunotherapies
[27].  Immunotherapy  can  be  broadly  classified  into  2  categories,  i.e.  active
immunotherapy, which is solely based on vaccines and passive immunotherapy,
which involves direct infusion of the specified antibodies [27]. Here we like to
give a brief overview of the current approaches to active and passive immunity,
which are yet to be explored and approved for large-scale medical usage.

In  the  case  of  active  immunity,  the  restoration  and  activation  of  T-cells  at  the
infection site can treat several infections. But sometimes, virus-infected cells can
find  several  ways  to  mislead  them,  either  by  disguising  themselves  as  healthy
cells or by sprouting so many antigens on their surface that the T cells get misled
and  cannot  mount  an  effective  attack.  To  treat  these  infected  cells,  Chimeric
Antigenic  Receptor  (CARs)  genes  are  inserted  into  the  T  cells  which  were
previously collected from the patients. The gene of the CARs contains inactivated
forms  of  viruses  that  can  provide  genetic  information  to  the  T  cells.  After  the
insertion into the patient body, the CAR-derived T cells can bind with the specific
viral envelope proteins and kill  the infected cells. These genetically engineered
CARs can be used as a novel innovative therapy against HBV, HCV, influenza,
HIV, CMV and EBV infections [90]. Another notable advancement includes the



184   Frontiers in Antimicrobial Agents, Vol. 2 Nandi et al.

implementation  of  bispecific  antibodies  where  two  antibody  fragments  can
simultaneously  bind  with  viral  and  an  immune  cell  antigen.  For  example,  a
bispecific antibody having single-chain variable fragment binding simultaneously
with  HIV  envelope  protein  and  CD4  cell,  producing  CD4+  T  cell  immune
responses  [91].

In passive immunity, antibodies can easily bind with targets like (i) viral envelope
proteins or (ii) viral receptors that can block the entry of a virus to the host cell by
targeting specific lipid or protein domains which can also inhibit the development
of viral resistance [92]. One such lipid domain is phosphatidylserine which gets
targeted  by  a  monoclonal  antibody,  i.e.  ,  Bavituximab.  It  can  inhibit  the
replication of HCV, as in HIV/HCV co-infected patients [93]. These antibodies
are  directly  infused  into  the  cytosol  via  several  peptides  commonly  known  as
Cell-penetrating peptides, such as HIV-derived Trans-activator of Transcription
peptide  along  with  human-derived  fusogenic  peptides,  which  facilitates  the
cytosolic  delivery  system  [94].

Ongoing Clinical Trials - New Antiviral Therapies

Ebola

There  was  an  urgent  need  for  vaccine  development  during  the  Ebola  virus
outbreak. Some of the Ebola virus vaccines are listed below. “Ad26.ZEBOV”, an
Ad26-based monovalent vaccine, can express glycoprotein of the Mayinga variant
of the Ebola virus. As the Ebola virus has multiple strains, hence the development
of a  multivalent  vaccine was essential.  For example,  the development of  MVA
was  named  “MVA-BN-Filo®”.  It  contains  Zaire  strain  of  Ebola  Virus,  Sudan
strain  of  Ebola  virus,  the  Marburg  Virus  glycoprotein  and  Tai  Forest  strain  of
Ebola virus nucleoprotein. Currently, the combinations of these two vaccines are
in a phase III clinical trial named “EBOVAC-Salone” [95].

Influenza

Currently, the development of the live, attenuated recombinant avian flu influenza
vaccine against the H1N1 strain is under phase I clinical trials [96]. Introduction
of the monovalent vaccines against the Influenza A H5N1 strain and quadrivalent
vaccines popularly named as “FLULAVAL” and “FluMist QUADRIVALENT”
that  target  two  different  Influenza  A  and  B  strains  [97]  are  also  marketed  and
delivered in the form of nasal spray between 2 to 49 years of age group [98].
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SARS-CoV-2

The massive outbreak of COVID-19 in the year 2020 led to the rapid rollout of
vaccines  involving  mRNA  technology  from  the  front-runners,  including  Pfizer
Inc. Moderna Inc. and the University of Oxford in partnership with AstraZeneca
Plc.  The Pfizer  and Germany-based company BioNTech collaboratively named
their vaccine Comirnaty, showing a 95% of efficacy rate and was authorized for
emergency use in  the continents  of  the USA and Europe.  These were followed
with another mRNA vaccine named mRNA-1273, jointly developed by Moderna
Inc. and the National Institute of Health with an efficacy rate of 94.5% that got its
approval  for  use  in  Switzerland,  United  Kingdom,  U.S.A  and  Europe.  A  third
successful  and  emerging  candidate  in  line  was  the  Chimpanzee  Adenovirus
vector-based mRNA vaccine (AZD1222) with an effective rate of 82.4%, which
was developed by the University of Oxford in partnership with AstraZeneca Plc.
This  got  clinically  approved  in  the  UK,  Europe  and  in  countries  like  India  (as
marketed in the name of Covishield) for emergency purposes [71]. In parallel, the
Imperial  College  of  London  worked  with  another  alternative  novel  messenger
RNA technology. This was popularly known as the SAM vaccine,  which has a
self-amplifying feature and is aimed at a much smaller dose to induce immunity.
Unfortunately, this SAM vaccine technology is unlikely to go ahead with a late-
stage  trial  in  the  U.K.  to  test  its  experimental  Covid-19 shot.  Currently,  it  was
abandoned  due  to  lackluster  test  results  after  the  completion  of  phase  I  and  II
clinical trials [99]. There were also other limiting factors of the self-amplifying
RNA technology  over  the  fast  track  approved  three  mRNA vaccine  candidates
that had access to significant funding and already crossed their finish line.  The
SAM  vaccine  contained  larger  lengths  of  RNA  and  lacked  the  possibility  of
improvement  in  their  mRNA  technology  by  methods  such  as  nucleoside
modifications, stabilizing sequences, and codon optimization of the entire replicon
gene.  It  was also not  cost-effective in terms of technical  and long-term storage
facilities  [70].  Apart  from  the  vaccine  therapy,  effective  drug  therapy
combinations  cited  with  ACE  receptor  inhibitor  losartan,  DPP4  inhibitor
Linagliptin, Arbidol and Ritonavir are presently in phase IV clinical trials [100,
101] to treat the COVID-19 pandemic, i.e., caused by SARS-CoV-2.

Application of Artificial Intelligence

Artificial  intelligence  (AI)  refers  to  the  effective  and  prolonged  simulation  of
human  intelligence  and  mimicking  their  actions.  With  the  use  of  AI,  we  can
estimate the outbreak severity,  detect  the causative pathogen, analysis and data
interpretation of vaccine/drug development process, and even can predict possible
upcoming future outbreaks.
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There are major applications of AI in the field of biomedicine:

Diagnostic Tool

Various AI systems can predict models for viral detection and diagnose different
pathological states. An NVIDIA-built AI can detect visual signs of the diseases
[102],  whereas  GOOGLE’s  AlphaFold  can  predict  SARS-CoV-2-associated
proteins  [103].

Drug Development

AI can be used for  the detailed characterization of different  chemical  moieties,
their  synthesis  and computational  modelling using the deep ML-based analysis
platform that  can form the molecular  discovery loop.  E.g.,  Folding@home is  a
computer project based on protein dynamics simulation [104].

Immunotherapy

Using the reverse vaccinology tool, Vaxign-scientists can predict and design the
vaccine targets [105]. A fully AI-dependent influenza vaccine got developed and
is currently under clinical trial as per USFDA [106]. In these recent years, AI has
become  a  major  tool  to  develop  new  personalized  vaccines  or  agents  for
prophylactic  or  therapeutic  purposes  [107,  108].

Clinical Trial

AI helps to generate data-driven protocols and virtual designing for the purpose
and  conduct  of  clinical  trials,  such  as  IBM  Watson  developed  a  clinical  trial
matching that can find patients’ eligibility criteria for any particular trial by using
the database of patient’s medical record [109]. Finally, with the help of different
machine learning methods, several AI-based databases are still functioning with
the updated and modified algorithms in the field of  immunology,  such as,  e.g.,
Uniprot©  database can provide data based on protein sequence along with their
functional and structural information [107]. Even the virtual screening of targeted
drugs for their wide range of purposes is performed through the AI platform using
the DeepScreening database [110].

CONCLUSION

The cutting-edge challenge in the past  and present  viral  pandemics to meet the
demand for an appropriate antiviral therapy (it may be a drug or any biological
product) has always been a revolutionary step in the drug discovery process. The
safety  and  effectiveness  of  any  antiviral  therapeutic  intervention  were  always
estimated under rigorous Phase I, II, III and IV stages of the clinical trials, which
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finally led to its approval status by the different drug regulatory bodies. The wide
application  of  chemical  drug  moieties  having  multiple  antiviral  drug  targeted
receptors on the host cell likewise RNA polymerase inhibitors such as Favipiravir,
Remdesivir,  viral  protease  inhibitor  –  Lopinavir  or  the  most  popularly  known
drugs like the DNA synthesis inhibitors - Acyclovir, Valacyclovir has shown its
potency  on  the  outcome  of  the  disease  and  effectively  limited  the  rate  of
morbidity.  Long-term usage  of  these  biosimilars  leads  to  a  higher  rate  of  drug
resistance  with  rapid  viral  mutations.  Many  times  even  to  inhibit  the  stage  of
secondary infection, inappropriate empirical usage of broad-spectrum antibiotics
leads  to  the  worsening  of  the  morbid  conditions.  The  current  SARS-CoV-2
pandemic  outbreak  deteriorated  into  a  crisis  where  there  is  an  immediate
requirement  for  a  validated  and  successful  antiviral  intervention  to  combat
COVID-19. The need of the hour is made to explore newer alternative therapies
via repurposing, different combinations of drugs and predicting susceptible drug
targets. Even the primitive use of different phytochemicals from natural resources
was used on a trial-and-error basis as potent immune boosters showing positive
outcomes in fewer cases. Development of immune responses via vaccines as the
source for active immunization or the direct intervention of targeted mAbs, the
use of convalescent plasma therapy as part of passive immunity became the main
approaches for host-oriented antiviral therapies. Scientists are yet closer to their
groundbreaking achievements with the advanced development of mRNA and self-
amplifying mRNA vaccines. Drastic endorsements with advanced in-vitro assay
development tools and techniques like AlphaLISA technology, implementation of
Artificial Intelligence on a wider scale for accelerated clinical studies, monitoring
immune  responses  and  bioinformatics  tools  paved  the  pathway  for  authentic
diagnosis and appropriate treatment options. In the current outbreak of a severe
viral  pandemic,  we  see  that  under  different  ranges  of  clinical  aspects  and  co-
morbidities,  with  diverse  antiviral  therapeutic  applications;  overall,  there  are
mixed responsive outcomes on the cure rate, which kindles “a ray of hope” on the
ongoing drug discovery pipeline.
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Abstract: The existence of substantial evidence about the development of resistance to
a  drug  among  microbes  has  gained  a  lot  of  attention  from  the  scientific  world.  To
address  this  problem,  researchers  have  been  conducting  experiments  and  testing
strategies,  including  screening  various  molecules  and  using  plant-derived  natural
products  to  ascertain  if  these  substances  can  serve  as  an  untapped  source  of  anti-
bacterial,  anti-viral,  and  anti-fungal  agents.  The  non-toxic,  non-synthetic,  causing
minimal  side  effects,  and  cost-effective  nature  of  these  substances  make  the
development  of  new anti-microbials  heavily  dependent  on the use of  many of  these
existing products and increase the demand for finding new natural products that are yet
to be discovered. These plant-based natural products offer great promises to provide the
best protection against infections and pathogenesis in many diseases. Furthermore, the
biodegradable nature of many of these products increases their chances of being chosen
by farmers and plant biologists to use to combat microbial pathogenesis. This chapter
covers the current insights on the conflicts and opportunities of popular plant-derived
natural anti-microbial compounds containing a reservoir of secondary metabolites, viz..
flavonoids, alkaloids, terpenes, coumarins, phenols and polyphenols. The chapter lists
natural vegetable products, which serve as potent anti-bacterial and anti-fungal agents,
and describes various plant extracts, which exhibit bacterial quorum sensing, biofilm as
well  as  efflux  pump  inhibitory  activity.  Previous  studies  have  demonstrated  the
effectiveness  of  these  plant-based  natural  products  in  the  treatment  of
neurodegenerative diseases as well. This chapter also summarizes the neuroprotective
activity of these products and their potential to serve as therapeutic agents to block or
delay the progression of disorders.
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INTRODUCTION

Until  the  discovery  of  modern  medicine,  plants  with  medicinal  values  were
extensively  applied  to  cure  anti-bacterial,  anti-fungal,  anti-viral  and  other
diseases. People acknowledged the importance of using these medicinal herbs and
herbal products (made from them) in medical practice, which has continued and is
increasing worldwide [1 - 3]. The immense potential and great promises offered
by natural products (in the form of herbal remedies) in the development of drugs
effective  in  treating  many  diseases  [4  -  7]  greatly  influenced  pharmaceutical
agencies  worldwide  in  production  as  well  as  the  development  of  these  cost-
effective  plant-based  green  drugs  [8  -  10].  A  big  challenge  was  to  find  plants
containing novel medicinal agents. Scientists used a varied methodology for the
same,  but  the  four  key  methods  or  approaches  profoundly  used  were  (a)
ethnopharmacological,  (b)  taxonomical,  (c)  phytochemical,  and  (d)  random
approach  [11].  Ethnopharmacological  methods  are  the  practices  where  the
primary information is more critical to collecting and evaluating the plants [12 -
14].  Taxonomical  approaches  involve  selecting  and  evaluating  plants  based  on
either genus or family (present in different locations). Phytochemical approaches
are  the  ones  where  the  plants  are  collected  and  evaluated  based  on  the
biochemical properties of the secondary metabolite (such as alkaloids) present in
them  [15,  16].  These  approaches  offer  great  promises,  however,  the  chemical
complexities and difficulties in screening compounds for the identification of a
new  drug  [17  -  21]  make  discovering  a  new  compound  from  these  scientific
explorations  difficult.  Several  compounds  present  in  the  crude  extract  (such  as
tannins and lipids) may cause a problem in the pharmacological assay [22, 23].
Therefore,  the  discovery  of  these  compounds  requires  preliminary  chemical
analysis and separation of mixtures. Within ethnobotany, there is a popular branch
of ethnopharmacology, which is dedicated to the medicinal use of plants, along
with the screening of raw metabolites for future drug discovery. The branch also
describes  secondary  metabolites  as  the  key  to  the  development  of  new  drugs.
Using best practices,109 anti-bacterial components were obtained and approved
during the year1981 to 2006. Out of the 69% extracted from plant products, and at
the same time, 21% of anti-fungal drugs were also found to be plant-based [24].
In studies conducted previously, plant families such as Pinaceae, Cupressaceae,
Apiaceae,  Burseraceae,  Anacardiaceae,  Palmaceae,  Euphorbiaceae,
Dracenaceae and Fabaceae have been known to release resins and natural gums,
and these plant-derived resins may be used as a whole or in modified forms (such
as  specific  extracts,  fractions  and  essential  oils)  against  many  bacteria,  fungi,
viruses and for treatment of many diseases. Medicinal plants with rich aromatic
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compounds  (menthe,  fennel,  thyme,  and  lavender)  are  the  largest  reservoir  of
essential  oils.  By  nature,  they  are  volatile  and  are  chemically  classified  into
terpenoids (C10 compounds, C15 compounds and their oxygenated derivatives),
and phenylpropanoids. They are known as potential inhibitors of Gram-positive
and Gram-negative bacteria and are known to be effective against many fungi and
viruses. The essential oil of Daucuscarota seed is highly effective in the control
of  Helicobacter  pylori.  The  growth  inhibition  was  reported  because  of  the
disrupted intracellular cytoskeleton. Essential oil mixture, consisting primarily of
aliphatic,  aromatic  and terpenoid,  has  been widely studied for  inhibition of  the
growth  and  development  of  bacteria.  These  constituents  have  been  found  to
inhibit  the  synthesis  of  exopolysaccharides,  which  results  in  less  bacterial
adhesion  on  the  host.

ANTI-BACTERIAL, ANTI-FUNGAL AND ANTI-VIRAL ACTIVITY

Principle Antibacterial Phytochemicals

Secondary metabolites derived from plants and microbes are natural substances
that can be used for the production of potential drugs. They have a wide range of
activities,  and their  classification is  based on the diversity  of  plant  species,  the
topography,  and  the  country's  current  climate.  Another  (second)  set  of
classifications is based on a different class of active substance compounds [25].
Variation in the composition of compounds leads to a change in activity against
microbes.  The principal  class  of  derived phytochemicals  from medicinal  plants
has been described in the schematic diagram (Fig. 1).

Fig. (1).  Categories of classes for phytochemicals extracted from medicinal plants.
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Terpenes

Terpenes are aromatic compounds unified by the fusion of five-carbon isoprene
units and are known to possess anti-viral, anti-bacterial, anti-oxidative and anti-
inflammatory  characteristics.  They  are  divided  into  several  groups  based  on
carbon numbers. A wide chemical complexity in terpenes comes from the number
of simple units in the chain and how they are constructed. The creation of cyclic
systems, the incorporation of oxygen-containing roles and the addition of sugars
or other  molecules contribute to their  potential  complexity.  The term terpenoid
comes from the idea that the first compounds of the groups were extracted from
turpentine  (Ger.  terpentin),  an  essential  oil  (mainly  pinene)  obtained  from
coniferous  trees.  Scientists  studied  the  anti-bacterial  ability  of  monoterpenes
(C10), diterpenoids (C15), triterpenoids, and their derivatives [26] and found that
the modes of action of terpenes are based on the interruption of the membrane by
the lipophilic compounds of the plasma membrane in bacteria. Diterpenoids and
sesquiterpenes present the progress of gram-positive and M. tuberculosis bacteria.

Saponins are triterpenoids comprising one or more sugar units.  Medigenic acid
glucoside is triterpenoid alfalfa saponin (Medicagosativa). Diosgenin glycoside is
a clover-isolated steroidal saponin (Melilotus  spp.). Adding a hydrophilic sugar
group  to  a  normally  hydrophobic  terpenoid  gives  soap-like  saponin  surfactant
properties. The main role of Saponins seems to be a preformed defence against
fungal  attacks.  Studies  have  shown  that  saponins  form  complexes  with  sterols
possessing an unsubstituted 3-β-hydroxyl ring. As saponins interfere with sterols
in invading fungal hyphae membranes, the effect is a loss of membrane integrity.
E.g.,  the  crop  plant  Oat  (Avena)  contains  triterpenoid  saponin,  avenacin  A-1,
which is found in the root epidermal cells and effectively protects the cells against
invasion by a fungal pathogen (Gaeumannomycesgraminis var. tritici) that infects
both wheat (Triticum) and barley (Hordeum) roots. It is very interesting to note, at
the same time, that other strains of G. graminis (var. avenae) produce an enzyme
known as  avenacinase.  This  enzyme detoxifies  the  effect  of  Avenacin  A-1 and
because of this, the pathogens can invade oats, wheat and rye again. The impact of
saponins  on  eukaryotic  membranes  is  extremely  unspecific,  and  it  is  uncertain
how  plants  shield  their  membranes  from  the  deleterious  effects  of  saponin.  A
possible explanation could be that saponins are processed as a biologically inert
molecule called mosidsaponin, which has two sugar chains rather than one. At the
time of the attack,  the biological  inert  form is transformed into an active form.
This activation is due to the hydrolytic removal of the second sugar chain. Finally,
biologically active monodesmosidsaponins accumulate in the vacuoles and other
organelles with a higher proportion of sterols.
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Phenolic and Polyphenols

A broad class of secondary metabolites originating from aromatic amino acids are
phenolic  acids  (also  known  as  polyphenols  and  phenylpropanoids)  [26].
Polyphenols are a complex chemical compound family, which are majorly divided
into  four  groups:  flavonoids,  phenolic  acids,  polyphenolic  amides  and  other
polyphenols. Flavonoids are further divided into flavones, flavanones, flavonols,
flavanols,  isoflavones  etc.  Phenol  (a  hydroxylated  aromatic  ring)  is  the
fundamental form of phenolics and is renowned for its essential function in many
interactions  between  plant-herbivores  [27].  Some  act  as  important  structural
components (such as lignin), while others simply appear to be metabolic products
without obvious function.

Flavones (comprises of the largest group of natural phenols) and their derivatives
have  a  wide  potential  to  inhibit  the  growth  of  bacteria  by  disrupting  bacterial
envelope [26].  Catechins (flavan-3-ols or flavanols) found in Camellia sinensis
forms complexes, damaging bacterial cell walls and inactivating specific bacterial
enzymes, which has wide applications on intestinal microorganisms [27].

Coumarins

Coumarins  are  known  for  their  roles  as  potential  feeding  deterrents,  anti-
microbials  agents  along  with  germination  inhibitors  in  their  families.
Coumarinsserves as an ingredient in bergamot oil as well, an important oil used to
flavour  tobacco  pipes,  tea  and  other  products.  While  coumarins  are  only
minimally  toxic,  many  of  their  products  can  be  highly  toxic.  Dicoumarol,  a
coumarin  derivative,  can  usually  be  found  in  the  clover  moldy  hay  or  silage
(Melilotus spp.). It causes fatal haemorrhaging in cattle by inhibiting the synthesis
of vitamin-K (an essential co-factor for the clotting of blood) [30]. Dicoumarol
was  discovered  in  the  1940s,  and  based  on  it,  many  synthetic  coumarin
derivatives, such as WarfarinTM, (widely used as rodent poison), were developed
[31].  Scopoletin,  found  in  seed  coats,  is  the  most  common coumarin  in  higher
plants.  This  has  known  as  being  an  inhibitor  of  germination,  which  must  be
released  before  germination  can  take  place.

It is interesting to note that most toxic Coumarins products are not synthesised by
either  plants  or  fungi  [32].  Aspergillus  flavus  fungus,  typically  related  to  the
infection of food items such as cattle feed, peanuts and maize, forms a group of
mycotoxins  called  aflatoxins,  which  are  considered  to  be  the  most  active  and
carcinogenic natural toxins, produced by the invading Aspergillus. Ingesting even
6-15 parts per billion of aflatoxin (or 6-15 μg kg−1) of maize has reported death
[31].  They are mutagenic,  bind to DNA and resist  RNA transcriptions,  interact
with  hormones  in  the  area  of  binding  sites,  weaken  the  immune  system,  and
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hampers the functioning of the liver and kidneys. Peanut products are a natural
source  of  human  aflatoxin  toxicity.  As  per  the  Food  and  Drug  Administration
(FDA) regulations, raw peanuts must be tested for their aflatoxin content in the
United States.  Another specific concern is  aflatoxins in cattle feed.  Once cattle
absorb the poison, it is more poisonous as it is secreted into milk. Drug resistance
and  toxic  side  effects  are  two  serious  drawbacks  in  the  treatment  of  a  person
having a fungal infection. These drawbacks are more serious for people suffering
from  Acquired  Immuno-Deficiency  Syndrome  (AIDS),  cancer,  and
transplantation.  Modern  therapeutic  methods  need  to  be  modified  and  applied
based on plant molecules.

More than 600 plants (reported to date) possess anti-fungal properties [28]. The
use of tea tree oil against fungus is popular nowadays. Candida species (from in-
vivo, in vitro studies) have been found to be effective against mucosal Candidiasis
[34]. One of the most active compounds, such as terpinene-4-ol, possesses anti-
microbial  activity.  In  Menthasuaveolens  (Apple  Mint),  the  principal  microbial
components include pulegone and piperitone, which exhibit anti-fungal properties
[29]. The roots of Bidens tripartite (Bur Marigold Herb) are a reservoir of anti-
fungal compounds such as pinene, bisabolene, cymene, hexanal, and linalool [30].
Extracts  of  Coriandrumsativum(commonly known as  coriander)  as  found to  be
effective  against  the  growth  of  germ  tube  formation  [31].  Another  compound,
Caryophyllene, found in Curcuma spp., possess anti-microbial activity against a
fungal pathogen Cryptococcus neoformans [32]. The effective anti-dermatophytes
compound  against  dermatomycosis  was  obtained  from  plant  natural  extract  of
Fructuspsoralear, Folium eucalypti, and the Achilleamellefolium. The growth of
Aspergillus spp. has been found to be prevented by the application of anti-fungal
compounds flavonoids isolated from Mangiferaindica leaves. Another compound
isolated from the same leaves, schinol (a biphenyl compound), was isolated and
found to be effective against Paracoccidioidesbrasiliensis. The list of plants and
their respective parts used for therapeutic use are described in Figs. (2a - f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2a. 2b. 2c. 

Artocarpus heterophyllus Lam. Roots, 

leaves, fruits, seeds used for open 

wounds, skin diseases, having 

antidiarrheal properties.  

Berberis aristate DC. Roots and barks 

are used for diarrhoea and jaundice 

treatment.  

Chromolaena odorata L. Leaf juice 

used as antiseptic in cuts and open 

wounds. 
(Fig. 2) contd.....
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Fig. (2a-f).  Plant and their parts used for therapeutic use [33, 34].

EFFICACY  OF  PLANT-DERIVED  NATURAL  PRODUCTS  IN
MITIGATING NEURODEGENERATIVE DISEASES

The prevalence of neurodegenerative diseases such as Alzheimer’s, Amyotrophic
Lateral  Sclerosis,  Parkinson’s,  Huntington’s,  and  other  associated  disorders
continue to increase worldwide. Impairment of the structure and function of the
neuronal cell population, which ultimately results in the death of these cells, is the
hallmark  of  neurodegenerative  diseases.  It  is  known  that  aberrant  signalling
pathways,  genetic  mutations,  increase  in  oxidative  stress,  mitochondrial
dysfunction, genetic alterations, protein misfolding, aggregation and many other
factors  contribute  to  causing  these  neurodegenerative  disorders,  however,  the
exact  molecular  mechanisms  of  action,  that  trigger  neurodegeneration  remains
unclear.  The  1.  Destructive  nature  of  neurodegenerative  diseases,  2.  Several
individuals are affected by them worldwide every year, 3. The cost of expenditure
on treatments and, 4. The lack of availability of effective drugs puts an enormous
burden on society and creates a desperate need for the development of reliable and
cost-effective  therapeutics  that  can  efficiently  cure  these  diseases.  The  use  of
plant-based natural  products (NPs) (as a comparison to synthetic drugs),  which
are comparably inexpensive, safe, and non-synthetic, causing minimal or no side-
effects,  as  therapeutics  gained  a  lot  of  attention  of  scientists  and  researchers
worldwide and increased their demand of development and use as therapeutics.
This  also  emerged  the  need  to  search  for  more  plant-derived  NPs  that  have
remained  undiscovered.  Plant-derived  NPs  have  been  known  to  possess
anticholinesterase,  anti-inflammatory,  anti-oxidant,  etc.,  properties  and  have
widely been tested for their efficacy in the treatment of many neurodegenerative
disorders  in  varied  research  models  (in-vitro  or  in-vivo)  such  as  Drosophila

 

 

 

 

2d. 2e. 2f. 

Embelia ribes Burm. Roots, bark and, 

fruits, are having diuretic, carminative 

and contraceptive properties.  

Jasminum angustifolia L. Anti-

poisionous, used for treating open 

wounds, ringworm infection. 

Pluchea lanceolata DC. Stem and 

roots are used to treat rheumatic 

disorders, used for cough and 

athame as well. 
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melanogaster (a.k.a. fruit fly), Zebrafish (Danio rerio), Mouse (Mus musculus),
Nematodes (C. elegans), Cell culture and others. Among them, fruit flies serve as
an excellent research model and have extensively been used to address research
questions about the field of Biological Sciences. Fly eye comprises photoreceptor
neuronal cells and has been used to answer questions related to growth regulation,
pattern formation, conduct genetic screenings (to search for genetic modifiers of
diseases),  drug  screening  and  elucidating  cellular,  molecular,  and  pathogenic
mechanisms  causing  neurodegenerative  diseases  [35  -  40].  This  chapter  also
summarizes the potential of NPs in blocking or ameliorating the progression of
many neurodegenerative diseases.

Neurodegenerative  diseases  comprises  many  neurological  disorders  such  as
Alzheimer’s  Disease  (AD),  Amyotrophic  Lateral  Sclerosis  (ALS),  Parkinson’s
Disease  (PD),  Polyglutamine  Diseases  [such  as  Spinocerebellar  Ataxia,
Huntington’s  Disease  (HD),  Spinal  and  Bulbar  Muscular  Atrophy  and  many
others]. The diseases share a commonality of progressive, irreversible death of the
neuronal cell population. AD is caused by extracellular accumulation of amyloid
beta-42  (Aβ42)  plaques,  hyper-phosphorylated  tau  neurofibrillary  tangles,
synaptic  dysfunction,  oxidative  stress  regulation,  and  other  genetic  or
environmental  factors  that  result  in  aberrant  signalling,  alterations  in  cellular
homeostasis,  mitochondrial  dysfunction leading to memory impairment,  loss of
cognitive functions and ultimately leads to death of the patient.ALS involves the
deterioration  of  upper,  lower  motor  neurons  in  the  brain  and  spinal  cord.
Prolonged muscle weakness in ALS results  in paralysis,  respiratory failure and
ultimately,  death  of  the  patient.  PD  is  characterized  by  the  presence  of
intracytoplasmic inclusions (Lewy bodies), aggregation of misfolded α-synuclein
and  death  of  dopaminergic  neurons  in  the  substantial  nigra  (SN)  region  of  the
midbrain.  Polyglutamine(or  PolyQ)  related  diseases,  also  known  as  hereditary
neurodegenerative  diseases,  include  HD,  dentatorubral-pallidoluysian  atrophy
(DRPLA),  Spinal  and  Bulbar  Muscular  Atrophy  (SBMA)  and  Spinocerebellar
Ataxias  (SCAs).  These  diseases  share  a  commonality  of  repeated  expansion  of
CAG (Cytosine-Adenine-Guanine) repeats mutation, which codes for amino acid
glutamine (Q), within the coding region of their respective disease-causing genes.
For  example,  HD  is  characterized  by  CAG  repeats  mutation  within  the
Huntington (HTT) gene coding region, which leads to progressive degeneration of
neuronal cells in the brain. Another neurodegenerative disease, Cerebral Ischemia
(CI), is a disease condition caused by the destruction of the blood-brain barrier
followed by serious consequences such as haemorrhage. Factors such as genetic
mutations,  oxidative  stress,  protein  aggregation,  impairment  of  mitochondrial
dysfunction  or  axonal  transport,  and  other  factors  contribute  to  the  disease
pathology  of  neurodegenerative  diseases,  however,  the  exact  molecular
mechanism  of  action  remains  unknown.  A  variety  of  synthetic  drugs,  such  as
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Riluzole, are widely used and are effective in the treatment of patients suffering
from ALS [41],  however,  its  effect  on increasing the  quality  of  life  of  patients
from ALS remains unknown. Thus, there is a need to develop and use NPs to treat
patients suffering from neurodegenerative diseases. Some of the plant NPs, when
consumed alone or in combination with other NPs have demonstrated immense
potential  in  ameliorating  the  onset  or  severity  of  many  neurodegenerative
diseases,  thereby  serving  as  excellent  therapeutics.  They  broadly  fall  into  the
following  categories:  Lunasin,  Polyphenols,  Flavonoids,  Alkaloids,  Terpenes,
Triterpenoids  and  Tannins.

Lunasin, a thermostable plant protein, extracted from soybean (Glycine max) and
other seeds, is a part of the 2S albumin protein of soybean. Structural studies have
shown that  Lunasin  is  a  43  amino acid  (a.a.)  peptide  without  5.5  kilo  Daltons,
comprised of residues from 1-22 (includes N-terminal domain having unknown
function),  residues  23-31 (codes  for  a  predicted  helical  region),  residues  32-34
(codes  for  Arginine-Glycine-Aspartate,  RGD  domain)  and  C-terminal  region
(containing 9 aspartic acid residues or poly-D tail) [42, 43] acts as H3-H4 histone
acetylation  inhibitor.  It  is  a  health-beneficial  peptide,  which  possesses  anti-
antioxidant,  anti-inflammatory,  reducing  stress  and  inflammation,  anti-free
radical, anti-cancer, anti-hypertension, hypocholesterolemic activity, anti-obesity
and immunomodulation properties [42, 44]. This chemoprotective peptide, when
taken orally, enters the bloodstream and reaches the region of interest in its stable
and bioactive form [45]. Studies conducted using a Drosophila eye model of AD
have reported Lunasina's potential to block or delay the progression of AD. The
study  has  also  shown  that  misexpression  of  UAS-lunasin  in  UAS-Aβ42  (AD
causing) background in the Glass Multiple Repeat (GMR) domain (comprising of
developing  retinal  neurons  of  fly-eye),  downregulates  c-Jun  N-terminal  kinase
(JNK) pathway and rescues Aβ42 mediated neurodegeneration [46, 47].

Many species of plants with rich polyphenol extract are available on the earth's
heritage.  They  can  play  a  role  in  the  different  metabolism  of  the  biological
system.  Polyphenols  have  been  reported  to  be  known  for  their  antitumour
activities  and  to  have  the  power  of  modulation  in  the  biological  response  to
revitalise  and  damage  the  immune  system.  Similarly,  the  defence  mechanism
presented  by  this  compound  now  includes  the  elicitation  of  apoptosis,
detoxification of xenobiotics, anti-oxidation, etc. It is very interesting to say that it
can influence the nuclear factor (NF-kB or activator protein-1) and can control
cancer  pathogenesis.  Polyphenols  are  known  to  possess  neuroprotective
properties. Extract (EGb761) collected from Gingko biloba (maidenhair tree), has
been shown to play a  neuroprotective role  in  AD and ALS [48,  49].  Curcumin
(polyphenol) derived from rhizomes of turmeric (Curcuma longa L.), is effective
in blocking or inhibiting hyperphosphorylation in JNK signalling, which further
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inhibits  mitochondrial  dysregulation  and  thereby  prevents  the  death  of
dopaminergic  neurons  in  the  mice  model  of  PD  [50].  It  also  facilitates  the
inhibition of Aβ42 β-oligomers and plaques formation and prevents the formation
of reactive oxygen species and neuroinflammation, thereby inhibiting or delaying
the  onset  of  AD  [51,  52].  Dietary  supplementary  of  another  polyphenol-
Resveratrol,  exhibits  neuroprotective  properties  by  activating  members  of  the
Sirtuins  (SRT) family  and reducing the  accumulation of  Aβ plaques  as  seen in
transgenic models of AD [53].  It  is  also been known to regulate the activity of
microglia (macrophages that help to scavenge damaged neurons) in the brain and
facilitate neuronal cell survival [54]. Another polyphenol, epigallocatechin gallate
(EGCG), has also demonstrated significant potential  to cross the human blood-
brain (BBB) and exhibits neuroprotective ability against oxidative stress-induced
death of neuronal cell population, thereby serving as a promising neuroprotective
compound [55]. Flavonoids, low molecular weight, and plant phenolic bioactive
compounds can target multiple sites in the brain and serve as novel therapies in
treating  many  neurodegenerative  diseases.  Studies  conducted  in  mutant  human
superoxide dismutase, SOD1 (G93A) mice model of ALS, showed anthocyanin
(Flavonoid)  extracted from leaves  of  the  strawberry  plant,  to  increase  survival,
enhance grip strength, preserve Neuro-Muscular Junctions (NMJs), and delay the
progression of ALS [56]. Eupatilin (flavonoid) is extracted from herbs belonging
to  the  Artemisia  species.  As  seen  in  a  mice  model  of  PD,  Eupatilin  alleviates
behavioural  impairment  and  loss  of  dopaminergic  neuronal  cell  population
through inhibition of neuroinflammation as well as apoptosis and has been found
to be an effective therapeutic in treating PD [57].

Alkaloids are nitrogen-containing organic compounds and have potential efficacy
in  ameliorating  the  pathophysiology  of  diseases,  and  serve  as  potential
therapeutics to treat many neurodegenerative diseases. Huperzine A, Hup A (an
alkaloid obtained from herb Huperzia serrate) used widely in Chinese medicine,
acts  as  an  acetylcholinesterase  inhibitor,  reduces  glutamate  neurotoxicity,  can
target several molecular sites, exerts neuroprotective effects and slows down the
onset  or  progression  of  many  neurodegenerative  disorders.  Another  alkaloid,
berberine  obtained  from  Berberis  vulgaris  L.,  helps  to  prevent  changes  in
oxidative  stress,  cholinesterase  (ChE)  activity,  thereby  preventing  cognitive
dysfunction and memory impairment as seen in rats treated with ethanol [58]. It is
also  known  to  downregulate  the  expression  of  the  BACE-1  enzyme,  thereby
attenuating  the  production  and  deposition  of  Aβ  plaques  and  ameliorating  AD
[59]. Berberine helps inhibition of apoptosis in the hippocampus area of the brain
and  prevents  the  degeneration  of  dopaminergic  neurons.  It  improves  motor
balance  and  helps  to  alleviate  memory  loss  and  motor  dysfunction  in
Parkinson’spatients [60]. Berberine was also found to upregulate the expression of
gene:  heme  oxygenase-1  (HO-1,  codes  for  an  enzyme),  and  downregulates  the
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production of reactive oxygen species, activation of caspase-3 and thereby, cell
death  in  6-hydroxydopamine  (6-OHDA)  induced  neuronal  death  in  an
experimental  model  of  PD [61].  It  has  also  been  found  effective  in  preventing
mutant huntingtin accumulation in cultured cells,  alleviating motor dysfunction
and  increasing  survival,  as  seen  in  the  transgenic  mice  model  of  HD  [62].  It
possesses  a  varied  pharmacological  activity  and  is  useful  in  treating  many
disorders  related  to  the  nervous  system  [63,  64].

Terpenes:  EGb761  extract,  which  comprises  flavonol  glycosides,  terpenes
trilactones,  etc.,  is  obtained  from  the  leaves  of  an  ancient  Chinese  tree  named
Ginkgo biloba. The extract is considered to provide neuroprotection against many
neurodegenerative diseases. Some of the major constituents of terpenes trilactones
include  Ginkgolides  (especially  GA  and  GB),  and  bilobalide  which  exhibits
neuroprotective  effects  after  cerebral  ischemic  strokes  [65].  Another  plant
product, Ginseng (contains ginsenosides and saponins), extracted from dried roots
of a perennial herb, Panex ginseng also carries favourable effects on the nervous
system. It helps to improve learning ability, as seen in animal models and is used
for  AD,  PD  and  HD  treatment  [66  -  70].  Similarly,  studies  conducted  in  the
SOD1mice  model  of  ALS  have  shown  that  extracts  from  Withaniasomnifera,
helps improve longevity, motor performance as well as some motor neurons in the
spinal  cord  [71,  72].  A  triterpenoid,  Platycodin  D  (extracted  from
Platycodongrandiflorus),  stimulates  neuritic  outgrowth  and  inhibits  Aβ42
mediated  neuronal  cell  loss.  It  ameliorates  cognitive  ability  impairments  and
increases synaptogenesis by phosphorylating and activating the ERK1/2 pathway
mitogen-activated protein kinase pathway [73].

CONTINUING  SEARCH  FOR  NATURAL  PLANT  RESOURCES  IN
ANTI-CANCER THERAPY

In  cancer  treatment,  NPs  found  in  therapeutic  plants  played  an  essential  role.
Diverse kinds of bioactive compounds from plant sources have been separated.
Some  of  them  have  been  tested  or  assisted  in  clinical  studies  or  pre-clinical
studies.  The plant-derived anti-cancer compounds are four main classifications,
i.e., vinca alkaloids, lignans, subalkaloids, and vincaepipodophylllotoxin (Fig. 3a
- h).
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Fig. (3a-h).  Plants with anti-cancerous activity and their active constituents (Source: Adapted from [74, 75]).

CONCLUSION

Plants have been blessed with naturally occurring secondary metabolites, which
possess  anti-bacterial,  anti-fungal,  anti-viral,  and  other  pharmacological
properties.  As  evidenced  by  previous  studies,  plant-derived  SNPs  and  their
bioactive  compounds  have  also  demonstrated  their  potential  to  inhibit  or
ameliorate the progression of many neurodegenerative diseases. Previous studies
have also indicated that neurodegenerative diseases are multifactorial, and involve
complex and multiple sets of reactions that results in the degeneration of neurons
and, ultimately, death of the patients. Using therapeutic, which can only target a
few sites or pathways, fails to provide significant results and limits their ability to
be  used  as  therapeutics.  However,  NPs,  due  to  their  multiple  natural
pharmacological properties, facilitation of consumption as cocktails formulation,
and uncanny ability to act on multiple molecular targets/ sites, have demonstrated
significant  results  and  proven  to  serve  as  versatile  naturally  occurring
neuroprotective therapeutics. Besides this, the ability of NPs to cross the human
blood-brain barrier,  cost-effective,  with none or minimal side effects,  increases
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their  demand  and  triggers  a  shift  of  using  them  as  therapeutics  in  place  of
currently available synthetic drugs. The pharmacological properties of the many
plants  derived  NPs  gained  the  attention  of  scientists  who  continued  testing,
screening  and  identification  of  natural  compounds  to  treat  many
neurodegenerative diseases. Since then, many compounds have been discovered
which can either block or delay the onset or severity of many neurodegenerative
disorders,  but  more  plant  products  still  need  to  be  identified.  There  is  also  an
urgent  need  to  design  new  methods  or  strategies  (such  as  nanoparticles)  to
effectively deliver these plant products to the region of interest. Despite knowing
so much about the neuroprotective role of plant-derived NPs, still, less is known
about  their  role  in  increasing  the  quality  of  life  of  patients  and  their
pharmacological actions. The transition from using them in clinical trials from an
experimental lab set up to treat diseases is quite challenging. Thus, future studies
should  also  focus  on  testing  their  efficacy  in  an  animal  as  well  as  in  human
models  of  diseases.
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Abstract:  In  recent  years,  the  antimicrobial  resistance  to  various  synthetic  or
chemically  formed  antimicrobial  agents  in  medicines  and  food  products  has  been
observed. The high preference of consumers for purchasing food products free from
chemical preservatives has led to more exploration into using antimicrobial agents from
natural sources like plants, fungi, algae, and bacteria. The marine ecosystem comprises
microorganisms, plants, vertebrates, and invertebrates that are rich sources of diverse
antimicrobial  products  and  can  be  a  significant  potential  for  developing  novel  type
therapeutic agents, as the major portion of the sea has still not yet been examined for
the  evaluation  of  natural  molecules  for  their  antimicrobial  activity.  Such  marine
ecological  niches  promise  a  great  source  of  antibacterial  agents  against  many drug-
resistant strains of pathogenic microorganisms. Among the marine source, marine algae
are a diverse group of organisms that includes brown, red, and green algae that have
been targeted over the last few years for the secondary metabolites and a broad range of
natural  molecules  for  a  broad  spectrum  of  bioactivities  beneficial  to  humans.  Such
bioactive  compounds  and  secondary  products  possess  a  broad  range  of  biological
activities of antibacterial, antiviral, and antifungal properties. The class of compounds
derived from marine algae, such as polysaccharides, fatty acids, phenolic compounds,
pigments, lectins, alkaloids, terpenoids, and halogenated compounds, would be a new
emerging area for unconventional drugs. Such classes of compounds will share a potent
ability to control new diseases or tackling against multi-resistant strains of pathogens.
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INTRODUCTION

The word algae are derived from the Latin word seaweed, and the study is known
as  phycology.  This  is  a  very  diverse  and  large  group  of  eukaryotic  and
photosynthetic organisms that are more likely plant-like because of the presence
of  chlorophyll  for  photosynthesis,  but  these  are  also  differentiated  from  plants
because of the absence of leaves, roots, flowers, vascular tissues and seeds. The
photosynthetic pigments are also varied and different as compared to plants. They
have unique features in their cells that are not present in animal and plant cells.
Algae are usually varied from single-cell organisms to multicellular organisms.
They have a variety of life cycles depending on the size and type of organism.
The size of organisms also varies from microscopic Microsomonas to 60-mete-
-long marine algae known as Kelp [1].

If the algae are seen by the naked eye, multicellular and found in marine, they are
known  as  seaweeds.  The  unicellular  algae  are  not  defined  as  seaweed.  The
seaweeds, also known as marine algae, are defined as macroscopic multicellular
algae, benthic and mostly anchored at the bottom of the ocean and also attached to
the solid structure at the bottom of the sea. Seaweeds are of many different types,
having leaves and stems and look like plants, like moss, mushroom, leaf lettuce
and a palm tree [1].

Seaweeds are also providing food and habitat for other marine organisms. They
are also used as fertilizer and as a food source for humans, just like agar which is
used for the culturing of microorganisms and as gelatin in soup, jellies, ice cream
and  many  other  products  [1].  Their  presence  in  the  marine  environment
abundantly  provides  useful  compounds  such  as  dietary  fibres,  omega-3  fatty
acids,  carotenoids,  vitamins  and  minerals.  They  also  have  therapeutic  benefits,
which  are  both  internally  and  externally.  They  are  also  known as  producers  of
oxygen  and  food  in  the  marine  ecosystem.  They  also  produced  economically
important  materials  like  crude  oil,  food,  pharmaceutical,  industrial,  etc.  [2].

The seaweed industry produces useful products worth 5.5 to 6 billion US dollars
annually.  About  5  billion  US  dollars  are  obtained  from  human  food  product
consumption. The hydrocolloids produced by seaweeds are a major part of the left
billion amount, and substances like miscellaneous and other smaller products like
fertilizers, animal feed etc., make up the rest. The seaweed industry uses about 7
to  8  million  tons  of  wet  seaweed  annually  both  from  natural  and  cultivated
sources.  Due  to  high  demand,  the  farming  of  seaweed  is  expanded  recently.
Production of seaweed is carried out in 35 different countries at the commercial
level ranging from the Northern and Southern hemispheres [3].
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In the last three decades, the pharmaceutical industries produced a large number
of antibiotics, but microorganisms developed resistance against these antibiotics,
especially  bacteria,  because  they  have  the  genetic  ability  to  develop  resistance
against drugs such as therapeutic agents [4]. Marine algae are very important in
this aspect because these are useful sources for the production of bioactive agents
for  a  very  long  time  [5].  There  are  about  150,000  seaweed  species  found  in
marines around the globe, but only a limited number have been identified to date
[6]. The bioactive compounds, primary or secondary, extracted from seaweed are
of  great  importance  to  the  pharmaceutical  industries  [7].  Substances  produced
from the seaweed are alginate carrageenan, and phycocolliods like agar have been
used in medicine for decades [8]. There are many secondary metabolites produced
by  certain  groups  of  microbes,  sponges,  seaweeds  and  other  organisms  in  the
marine  ecosystem.  Many  types  of  research  have  reported  the  secondary
metabolites like an antibiotic, antiviral, antimicrobial, anti-neoplastic, antifouling,
anti-inflammatory,  cytotoxic,  and  antimitotic  activities  of  the  chemical
compounds  produced  by  seaweeds.

DIVERSITY IN THE MARINE ENVIRONMENT

The  world  holds  nearly  70%  of  the  water;  of  that,  97%  is  marine  water.  The
marine environment consists of a huge natural habitat for various microorganisms
with  different  physiology.  The  main  marine  ecosystem is  marshes,  tidal  zones,
mangroves,  seagrass,  and  coral  reef  [9,  10].  Marine  life  solely  depends  on  the
salinity  of  the  sea.  So,  the  marine  habitat  is  divided  into  pelagic  and  demersal
zones. More than 80% of plants and animal species, including microorganisms,
are a part of the ocean [11]. The various factors, such as nutrient concentration,
temperature  and  hydrostatic  pressure,  are  most  important  for  any  microbial
community  to  Inhabitat.  The  microorganisms  present  in  the  marine  ecosystem
emphasize  the  diverse  collection  of  bacteria,  fungi,  algae,  and  viruses.  The
bacteria  are  present  in  huge  numbers  and  perform  wide  activities,  such  as
photosynthesis  [12],  nitrogen  fixation  [13],  agarolysis  [14],  and  production  of
enzymes  and antibiotics  such  as  chitinase,  cellulase,  protease,  and  phosphatase
[15].  Different  physiological  groups  of  bacteria  include  Archaebacteriathat,
sulfate-reducing  bacteria  Desulphomonas  sp.,  Desulphovibrio  sp.,  and
Desulphococcus  sp.  These  groups  with  chemoautotrophic,  anaerobic,
thermophilic,  and mesophilic  physiological  properties play a crucial  role in the
marine environment, contributing to coastal marine sediments for over 50% of the
carbon  turnover.  Another  group  of  bacteria  is  methanogenic  bacteria
Methanococcus  sp.,  Methanogenium  sp.,  and  Methanobolus  sp.,  which  are
chemotrophic in nature that utilizes simple carbon compounds in limits such as
hydrogen, formate, acetyl, and methanol for methanogenesis [16] and carbon and
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energy  sources.  They  also  utilize  trimethylamine  as  a  substrate  to  produce
methane  as  an  end  product  in  the  marine  environment  [17].  The  last  group  of
bacteria found in the marine environment is the halophiles like Halococcus sp.,
Halobacterium sp., and Halofarex sp., which requires sodium chloride of at least
12  to  15%  for  their  survival.  They  can  form  red  colonies  in  the  marine
environment  due  to  the  presence  of  a  high  amount  of  carotenoid  content  [18].
They have the capability to resist the denaturing effects of salt in the environment
due  to  the  regulation  of  the  osmotic  pressure  and  can  dominate  in  high  salt
concentrations.

Viruses are more common in the marine environment, known as marine viruses.
The  most  ubiquitous  Piscine  orthoreovirus  (PRV),  many  DNA  viruses,  and
virophage  parasites  are  the  viruses  present  in  such  an  environment  [19].  Many
techniques have been used for the identification of viruses. Transmission electron
microscopy  was  a  standard  method  for  the  enumeration  of  viruses  in  seawater
samples  [20].  The  DAPI  (4,  6-di  amidino-2-phenylindole)  and  SYBR  Green  I
strains have been identified in recent years for the counting of virus particles from
the marine environment by epifluorescence microscopy. It has been suggested that
in deep-sea sediment, bacteria have a higher abundance than the virus, where viral
growth depends upon both biotic and abiotic complex interaction factors, which
include the water column for virus supply as well as a bacterial metabolic state
[21].

Around 500 species of marine fungi that are important producers in the deep sea
for carbonate detritus have been reported [22]. The marine fungi comprise species
from  basidiomycetes,  ascomycetes,  chytrids,  and  mitosporic.  These  fungi  are
capable  of  forming  spores  even  in  such  saline  water.  However,  The  order
Halospaeriales  are  a  common  marine  species  of  fungi  [23].

Marine  fungi  play  an  important  role  in  ubiquitous  organisms by the  cycling  of
nutrients  and  in  decomposition.  Around  150  species  are  found  in  mangrove
decaying wood, aerial roots, and seedlings, and these mangrove-inhabiting fungi
are known as Manglicolous fungi [24]. There are two approaches for the ecology
of fungal study: Terminal fragment length polymorphism analysis (T-RELF) and
denaturing  gradient  gel  electrophoresis  (DGGE)  [25].  With  the  help  of  these
techniques,  many  samples  can  be  processed  in  a  short  time  which  allows  the
fungal community profiling.

The marine environment is also comprised of many algal species that are equally
important  to  the  ecosystem.  Marine  algae  are  of  two  types  microalgae,  firstly,
blue-green  algae  and  dinoflagellates,  diatoms,  and  secondly,  macroalgae  also
known as seaweed, comprised of red, green, and brown algae [26]. These are the
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largest  primary  producers  of  food  that  circulate  and  feed  the  entire  marine
ecosystem.  Marine  algae  are  regarded  as  the  main  reservoir  of  secondary
metabolites  and  have  many  industrial  and  pharmaceutical  applications.

Much research regarding the exploitation of marine microorganisms, animals, and
plants has been reported to be genetically and biologically important [27]. More
than  15,000  natural  compounds  have  been  described  as  well  as  reported,  from
which  the  marine  sponges  have  contributed  30%  of  products.  However,  the
necessity to understand the phylogenetic perspective, the degradation mechanism
of the marine organisms, or microorganisms is important for the development of
novel strategies for the treatment of human diseases. Microbial diversity analysis
helps in isolating and identifying new potential microorganisms which are having
high specificity for recalcitrant compounds [28]. The utilization and conservation
of  biological  marine  diversity  require  knowledge  about  the  species  to  keep  the
balance in the environment. Marine diversity plays a vital role in understanding
the novel microorganism for bioactive compounds screening.

CLASSIFICATION OF SEAWEEDS

The macro algae are known as seaweeds. That’s how seaweeds differ from micro
algae which are mostly unicellular and microscopic in size. The most important
example of microalgae is blue-green algae which are usually contaminated and
bloom the rivers and streams. Based on pigments present in seaweeds, they are
classified into three major groups, which are green, brown and red algae (Fig. 1).
The  green  algae  are  named  because  of  the  presence  of  chlorophyll  a  and  b
pigments, and they are smaller in size as compared to other groups. The brown
algae are named because of the presence of carotenoids, xanthophyll, chlorophyll
a and c. The brown algae mostly large in size ranges from large-sized kelp with
20 m in length to thick and leather-like brown algae with 2 to 4 m in length and
smaller ones with 30 to 60 cm in length. The red algae are named because of the
presence of red pigment r-phycoerythrin.  The red algae are not always red, but
their colour varies from purple to brownish red and red but classified as red algae
because of other similar characteristics. They are not very large, and their length
mostly  varies  from  a  few  cm  to  one  meter.  These  groups  are  named
Chlorophyceae,  Phaeophyceae  and  Rhodophyceae,  respectively  [29].
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Fig. (1).  Different groups of marine algae.

Green Algae

Green algae are one of the much-diversified groups of seaweeds. The habitat of
the green algae ranges from marine to freshwater and is also found in terrestrial
habitats. Based on DNA sequencing, the classification has been revised recently.
According to recent classification, the green algae are not considered as forming
homogeneous and coherent individuals but are considered as part of a large group
named Viridiplantae. This group also includes land plants in it with green algae
[30]. All the green algae present in the marine ecosystem are classified under the
same  group  named  Ulvophyceae.  The  group  consists  of  920  species  which  is
diversely distributed in all seas of the world. This group shows variations in the
body  form  but  with  simple  morphology.  The  common  growth  form  present  in
Cladophora and Chaetomorpha is thin filamentous, branched or unbranched. Two
layers of cells form a sheet-like structure known as Ulva. They are known as sea
lettuce because of their appearance. The high growth rate and nutrients absorption
of  green  algae  are  striking  features  that  make  them  famous  in  seawater.  In
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eutrophic  water,  there  is  a  high  rate  of  growth  of  Ulva,  which  is  a  common
phenomenon. When the growth at such a high rate is uncontrolled, it can lead to
the formation of green tides. These green tides were then removed mechanically
to clear the algal biomass.

Another  unique  growth  form  present  in  green  algae  is  the  siphonalean
organization. These siphonalean algae are further classified into two major groups
Bryopsidales  and  Dasycladales.  This  group  is  considered  as  ecologically
successful seaweeds. Their body consists of one large single cell  with so many
nuclei.  The genus Caulerpa is  considered the best  example of  this  group.  They
have creeping stolon which means they grow while attaching to the bottom of the
rocky  surface  with  many  erected  fronds  with  different  shapes  grows.  The
Caulerpa species are found both in tropical and warm temperate seas of the world.
They are also very common in aquarium hobbyists and are also used in tropical
aquariums  widely  because  of  their  mind-blowing  appearance  [31].  The  only
drawback of this genus is its uncontrolled growth rate. One of the very remarkable
examples of the invasion of marine organisms happened in the Mediterranean Sea
when the Caulerpa taxifolia was released from Monaco Oceanographic Museum
accidentally. After this event yet another population of the green alga Caulerpa
racemosa  var.  cylindracea  also  spread  in  the  same  way  from  Australia  that
invaded the Mediterranean Sea [32, 33]. The other examples of the siphonalean
are  Codium,  Acetabularia,  Halimeda,  Udotea  and  Valonia.  The  Halimeda  is
having a unique appearance. Its body is made up of connected segments which
may be arranged in the form of coins, wedges or sausages in the form of branches.
It  also  spread  widely  in  the  seas  of  the  tropics.  The  calcium  carbonate
accumulated in their cell walls and form calcite. After the death of these algae, the
calcite help in the formation of white sand, this is the typical feature of the atoll
beaches.

Red Algae

The  ancient  eukaryotic  algae  are  considered  red  algae.  The  fossils  of
Bangiomorpha pubescens which are 1.2 billion years old are considered the oldest
red algae.  The distinguishing feature of  this  group is  the absence of  flagella  as
they  do  not  have  centrioles  but  the  other  structures  necessary  for  the  flagellar
apparatus are present at any stage of their life cycle [34]. There is a wide range of
colours  of  the  red  algae  which ranges  from pinkish  to  bright  red  to  purple  and
sometimes  dark  brown.  This  colour  variation  is  because  of  the  presence  of
phycobilins pigments. According to recent data about 6000 species of red algae
have been identified. The life cycle of red algae is very complex and consist of an
alternation  of  three  generations:  gametophyte,  carposporophyte,  and
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tetrasporophyte. The structure of sexual reproductive organs is very complex and
sophisticated that’s why used as the main criteria for studying taxonomy at the
ordinal level for a long time. The advancement in molecular data improved the
classification of the organisms belonging to the red algae. The single phylum is
named  Rhodophyta  which  is  further  divided  into  two  subphyla  named
Cyanidiophytina and Rhodophytina. This group was further classified into seven
classes:  Cyanidiophyceae,  Bangiophyceae,  Compsopogonophyceae,  Floride-
ophyceae,  Porphyridiophyceae,  Rhodellophyceae  and  Stylonematophyceae,  and
other 33 orders [35, 36].

This  group  has  a  vast  range  of  morphological  variations.  The  single-celled
simplest form like Porphyridium and thin filamentous red algae like Bangia. The
expanded blades are a very common trait found in red algae especially present in
one of the most spectacular ones Delesseria, Polyneura and Halymenia. Another
example of economically important and widespread red algae that has a blade-like
structure  is  Porphyra.  The  Japanese  name  nori  Porphyra  yezoensis  and  other
species are recognized commonly used in eastern Asian countries as a food. These
algae are also commonly used for wrapping sushi.

The body of other red algae is made up of crust which commonly attaches and
grows  on  the  rocky  bottom.  The  classical  example  of  this  group  is  the  species
from the order Corallinales. They accumulate calcium carbonate in their cell wall
in the form of aragonite and confer a hard rough coriaceous consistency to their
body.  Lithophyllum,  Lithothamnion  and Phymatolithon  belong to  this  order  are
pink or red with calcified crusts. These algae have resistance against grazing and
mechanical dislodgement that’s why they are most commonly found on exposed
rocky shores which are not suitable for the algae with soft tissues because they
can be easily dislodged due to high waves.

Other species of red algae have branched plant-like forms and that’s why they are
looking  like  small  bushes  or  even  small  trees.  Very  common  genera  like
Chondrus,  Gelidium,  Gigartina,  Gracilaria,  Hypnea  and  Laurencia  are  showing
such  growth  habits  and  body  form.  Species  belonging  to  the  Euchema  and
Kappahycus are a great source of carrageenans used in the food industry. This is
why  these  algae  are  produced  by  farming  on  large  scale,  especially  in  the
Philippines  and  Indonesia.

Brown Algae

There are 1780 species represented the brown algae which are recently classified
in  the  phylum  Ochrophyta  under  the  class  Fucophyceae  also  known  as
Phaeophyceae including 17 orders. They are not closely related to red and green
algae instead they are macroscopic and live together on the rocky shores. Brown
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algae belong to another separate kingdom named Chromista. The close relative of
these brown algae is microscopic algae found in the planktonic region of the sea
and  lakes.  The  common  examples  of  these  microscopic  algae  are  diatoms,
chryophytes and xanthophytes. Brown algae are found in all marine ecosystems in
the world but  most  importantly  they are  abundant  in  cold sea water,  especially
their  economically  important  and  large-sized  species  from  the  orders
Laminariales  and  Desmaredtiales  are  only  found  in  the  cold-temperate  waters.
Other  than  this  general  trend  of  living  in  cold  water  some  other  important
members like Sargassum and Turbinaria are commonly found in tropical waters
[37].

The variation in the shape or form found in the brown algae is diverse as that of
green  and  red  algae.  They  also  have  filamentous  with  thin  branches  like
extensions and growing on the rock of also on the large seaweeds like Ectocarpus
and Pylaiella. They usually grow in the intertidal zone of different regions in the
World.  The  brown  algae  usually  are  larger  and  show  branched  ribbon-like
arrangements  or  sometimes  bushes  or  small  trees.

The  ecologically  important  members  of  the  brown  algae  belong  to  the  order
Fucales. The reason behind that is they form dense belts in the intertidal zones of
temperate seas, especially on rocky shores. Because of such a growth pattern they
provide the habitat for supporting biological diversity and many other important
species.  The  best  examples  of  this  are  the  fucus  belt  in  the  northern  Atlantic
region  and  the  other  one  is  the  Cystoseira  commonly  found  in  Mediterranean
regions. The only specie of this order which is free-floating never attached to any
rocky surface and is the largest and found in the Sargasso Sea which is found in
the North Atlantic Ocean. This area is restricted by high oceanic currents in which
the Sargassum floats freely.

The largest seaweed is known as kelp also belongs to the group brown algae and
is classified under the order Lminariales. Macrocystis pyrifera also recognized as
Pacific  kelp is  the  largest  kelp  in  size  with  a  maximum length of  60 meters.  It
formed the dense forest which is usually present on the Pacific shores of Canada
and the USA. Other submerged forests are also formed by other brown algae in
different regions of the world. These species include Ecklonia, Eisenia, Laminaria
and  Lessonia.  Kelps  are  considered  the  most  complex  seaweed  because  of  its
anatomical and morphological characterizations. Their tissues have kinds of cells
and tissue which are very comparable to the vascular plants.

ANTIMICROBIAL COMPOUNDS FROM MARINE ALGAE

The marine algae offer  many useful  products  that  are  used worldwide in  many
sectors  such  as  pharmaceuticals,  medicines,  agriculture,  and  food  industries.
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However,  the  detailed  derived  compounds  from  marine  algae  have  been
mentioned  in  the  following  points  and  Table  1.

Table 1. Summarizes some of the marine-derived components along with their target microorganisms.

Marine Algae Class of
Compounds

Target Microorganisms References

Brown Algae Polysaccharides
(Fucoidan)

Human Simplex Virus (HSV-1 and HSV-2)
and Cytomegalovirus

[43]

Ulva rigia (Green algae) Fatty acids Staphylococcus aureus and Enterococcus
faecium

[46]

Sargassum fusiforme,
Sargassum vulgare
(Brown algae)

Phlorotannins Staphylococcus aureus and Klebsiella
pneumonia

[52]

Padina boryana (Brown
algae)

Phlorotannins Methicillin-resistant Staphylococcus aureus,
Neisseria gonorrhoeae, Moraxella
catarrhalia

[51]

Undaria pinnatifida
(Brown algae)

Flavonoids Staphylococcus aureus, Streptococcus
faecium, Bacillus subtilis

[57]

Dictyopteris
membranacea (Brown
algae)

Flavonoids Staphylococcus aureus, Enterococcus
faecium

[56]

Solieria filiformis (Red
algae)

Lectin Serratia marcescens, Salmonella typhi,
Klebsiella pneumoniae, Enterobacter
aerogenes

[64]

Eucheuma serra (Red
algae)

Lectin HIV and Influenza virus [65]

Tetraselmis suecica
(Green algae)

Antimicrobial
peptides

Escherichia coli, Salmonella typhimurium,
Pseudomonas aeruginosa, Bacillus subtilis,
Staphyloccocus aureus, Listeria
monocytogenes, Micrococcus letus

[69]

Laurencia obtusa (Red
alage)

Terpenoids Bacillus subtilis, Staphylococcus aureus,
Candida albicans

[70]

Chrysophaeum taylorii
(Brown algae)

Halogenated
compound

Drug-resistant Staphylococcus aureus and
Vancomycin-resistant Enterococcus faecium

[72]

Callophcus serratus
(Red algae)

Halogenated
compounds

Enterococcus faecium, Methicillin-resistant
Staphylococcus aureus, Vancomycin-
resistant Enterococcus faecium

[74]

Polysaccharides and Sulfated Polysaccharides

Marine  algae  components  have  always  been  a  potential  source  of  nutrients  for
human consumption and also the raw material for many potential pharmacological
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drugs with antimicrobial activity. The exploitation of marine sources in terms of
their isolation has always been difficult to maintain the nutrient requirement on
ex-situ  sites.  Many  suggested  component  of  the  marine  algae,  polysaccharides
offers more than just being a crucial component of the cell wall of algae. The cell
wall of marine algae, as we know, consists of complex amorphous, crystallized or
matrix polysaccharides, proteins, metal ions, lipids. Marine algae polysaccharides
(MAPs) offer a much wide application for human health. The biological activities
of  such  polysaccharides  have  been  seen  as  immunomodulators,  agents  used  as
antitumor;  antiviral;  antimicrobial;  antioxidant,  and  hypolipidemic  and
antioxidant  properties.  The  marine  algae  also  produce  many  derivatives  of
polysaccharides  that  are  storage  reservoirs  inside  the  cells.  The  extracted
polysaccharides would be useful for various purposes depending upon their three
biological  activities  such  as  desulfation,  depolymerization,  and  sulfation  that
occurs  inside  the  marine  algae.  Such activities  lead to  the  production of  useful
derivatives of polysaccharides and occurring of such derivatives depends on the
group of algae and their particular requirement [38]. The main groups of marine
algae  known  as  Chlorophyta,  Rhodophyta,  and  Phaeophyta  are  the  potent
producers of such polysaccharides in the marine ecosystem. These groups have
different forms of carbohydrate reserved polysaccharides. The green algae have
cellulose  which  is  a  homopolysaccharide  that  consists  of  repeating  glucose
monomers.  The  ulvan  is  another  carbohydrate  regarded  as  a  complex  sulfated-
polysaccharides that consists of a disaccharide glucuronic acid and iduronic acid.
The ulvans have an important property of forming hydro-reversible gels similar to
that  of  agar.  Such  property  has  wide  applications  in  the  pharmaceutical,  bio-
medical, and agricultural sectors. The ulvans display a similar and essential role in
eliciting an immune response because the polysaccharide resembles the surface
antigen of many microorganisms. Such molecules can be useful in generating a
wide range of antibodies against many pathogenic microorganisms. Yet another
usefulness of ulvans is  seen as an alternative to heparin due to risks associated
with its uses like an allergic reaction and heparin-induced thrombocytopenia. The
ulvan  has  high  anticoagulant  properties  than  the  conventional  heparin  and  had
reported no cytotoxic activity in humans. The ulvans increases the stimulation of
mucin secretion from epithelial cells in animal and human tissues that protect the
colonic  mucosa  [39].  The  marine  algal  polysaccharides  are  also  useful  in  the
formation  of  hydrogels  due  to  their  bio-compatible,  adhesive,  bio-degradable
properties. Such hydrogels have wide applications in medical and pharmaceutical
sectors like the controlled release of drugs, tissue engineering, the formation of
contact  lenses,  and  wound  dressings.  The  hydrogels  from  Falkenbergiaru
folanosa polysaccharides (FRP) which is sulfated polysaccharides have proven to
absorb and retain biological fluids. Another biological function of FRP has been
seen in the in-vitro  release of  insulin as  an oral  drug delivery carrier  [40].  The
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sulfated  galactans  are  the  modified  polysaccharides  that  are  used  as  potent
enhancers for increasing levels of class II MHC molecules in dendritic cells. This
has been proven experimentally by Tamara and co-workers in the research that
enhanced the maturation of dendritic cells in mice [38]. The polysaccharides 1, 2,
3 obtained from Gracilaria lemaneiformis have been shown to exhibit antitumor
activity [41]. The sulfated polysaccharides like fucoidan, ulvan, carrageenan have
applications in dental care. These polysaccharides prevent dental caries or dental
plaque  bacteria  of  the  genus  Streptococcus  [42].  The  red  algae  have  agar,
carrageenan  polysaccharides,  however,  carrageenan  has  gained  biomedical
interest.  The  polysaccharides  have  properties  like  anticoagulant,  antiviral.  The
carrageenan has been widely used in treating respiratory weakness like common
cold or flu and maintaining a balance of cholesterol and triglycerides in the blood.
The agar has a wide application in the cultivation of microorganisms owing to the
property  of  forming gel  at  room temperature  and no  nutrient  composition.  The
fucoidan is another yet important polysaccharide derived from brown algae that
have anticoagulant properties. The polysaccharides also have antiviral properties
against  the  human  simplex  virus  (HSV-1  and  HSV-2)  and  human
cytomegalovirus [43]. A.H. and his co-workers isolated polysaccharides from red
alga Pterocladia capillacea and brown alga Dictyopteris membranancea based on
cold water and hot water extraction techniques. Both extracts of polysaccharides
from both the algae upon characterization using HPLC showed the presence of
different  complex  polysaccharides  made  from  monomers  of  glucuronic  acid,
galactose,  mannose,  galacturonic  acid,  fructose,  glucose,  arabinose,  ribose,  etc.
The  polysaccharides  from  red  and  brown  algae  both  confers  high  and  potent
antimicrobial activity against gram-negative and gram-positive bacteria than the
activity  against  ampicillin  and  clotrimazole  used  as  standard  antibiotics.  The
polysaccharides  also  possess  antitumor  activity  that  was  analyzed  its  efficacy
against  cervix  carcinoma  HELA cell  lines  [44].  The  antimicrobial  activities  of
polysaccharides like sulfated polysaccharides tend to depend on the distribution
throughout  the  algae,  the  molecular  weight  of  different  compounds,  charge
density,  sulfate  content,  and  structural  and  conformation  of  the  compounds.

Lipid, Glycerol, and Sterols

The  lipid  constituents  are  a  crucial  part  of  the  cell  membrane  acting  as  a
selectively permeable membrane in marine algae. Apart from being a constituent
of the cell membrane, lipids are produced as a secondary metabolite in accordance
to cope with the stress environment or to keep eaten away by the predators in the
marine  environment.  The  important  function  of  lipids  has  been  seen  in  the
profiling  of  lipids  of  marine  algae  that  are  regarded  as  chemotaxonomic
biomarkers.  Such biomarkers  help  to  position  newly  identified  marine  algae  to
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their specific taxonomic and also helps in studying the organic geochemistry for
analyzing their abundance and ecology in the marine system. This is also regarded
as  the  signature  profiling  of  marine  algae.  Although  the  lipids  have  broadened
their use as antibacterial, antiviral, antitumor, anti-inflammatory, antiproliferative,
antihelminth,  and antioxidants activities.  The lipids are the long chains of fatty
acids and many reports have suggested that the fatty acids with a high range of
polyunsaturation  are  beneficial  to  humans.  The  polyunsaturated  fatty  acids
(PUFAs) such as omega-6 and omega-3 along with vitamins have served a great
purpose in the prevention of atherosclerosis, and the frequency of heart and vessel
diseases.  The  distribution  of  lipids  in  marine  algae  is  somewhat  similar  to
terrestrial  micro-algae  consisting  of  fractions  of  neutral  lipids,
glycerophospholipids, and phospholipids. Such distribution and the accumulation
of  lipids  depends  solely  on  climate  and  geographical  area.  The  common  fatty
acids found in marine algae lipids are palmitic acid, stearic acids, eicosaterienoic
acids, docosapentaenoic acids, arachidonic acids, oleic acids, etc. Such fatty acids
have shown a broader range of antimicrobial activities against gram-negative as
well  as  gram-positive  bacteria.  Karl-Gunnar  and  his  coworker  isolated  several
species of brown algae that were characterized to have lipid molecules consisting
of  myristic  (14:0),  palmitic  (16:0),  oleic  (18:1),  arachidonic  (29:4)  and
ecisapentaenoic  (20:5)  acids.  The  lipid  content  showed  a  broad  range  of
antibacterial  activity  against  both  gram-negative  Escherichia  coli,  Proteus
vulgaris,  Pseudomonas  fluorescens,  Serratia  marcescens,  Branhamella
catarrhalis  bacteria  and  gram-positive  Bacillus  cereus,  Bacillus  subtilis,
Micrococcus luteus, Staphylococcus aureus bacteria [45]. Ahmel and his associate
isolated and characterized green marine algae Ulva rigia from Cap Zabib rocky
shore and Ghar El Melh lagoon in Tunisia. The fatty acids fraction of oleic (18:1),
linoleic  (18:2),  palmitic  (16:0),  stearic  (14:0)  acids were identified using NMR
(nuclear  magnetic  resonance)  and  Gas  chromatography  techniques.  These  fatty
acids  fractions  showed  antimicrobial  activity  against  Staphylococcus  aureus
ATCC 25923  and  Enterococcus  faecalis  ATCC 29212  among  the  19  indicator
microorganisms taken under their experiment [46].

The sterols are important organic molecules and other types of lipids occurring
naturally  in  plants,  animals,  algae,  fungi,  and  certain  species  of  bacteria.  The
biological function of sterols has been seen in maintaining the fluidity of the cell
membrane,  signal  transduction,  and  cholesterol-lowering  agents.  There  are
different sterols present in the marine algae depending upon the different classes
such as  fucosterols  are  present  in  brown algae,  cholesterol  in  red algae,  and β-
sitosterol  in  green  algae.  The  sterols  also  play  an  important  in  limiting  the
pathogenic  microbial  load.  The  cholesterol  24-propylidene  cholest-5-en-3  β-ol
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was identified and extracted from marine algae Laurenica papillosa that belongs
to  Rhodophtya  class  using  GS-MC  (Gas  chromatography-Mass  Spectrometer).
The  sterol  showed  promising  a  broad  range  of  antimicrobial  activities  against
clinical  samples  of  Escherichia  coli,  Klebsiella  pneumoniae,  Pseudomonas
aeruginosa,  Shigella  flexineri  [47].  Kamariah  and  the  associates  isolated
antimicrobial fractions of sterols like campesterol, stigmasterol, and β-sitosterol
from marine algae Dictyota dichotoma and Sargassum granuliferum. The sterols
showed antibacterial activity against marine gram-negative bacteria such as Vibrio
mimicus,  Vibrio  parahaemolyticus,  Pseudomonas  aeruginosa,  Bacillus  subtilis
[48]. A marine microalgae Nannochloropsis oculata derived oil named fatty acid
methyl esters (FAMEs) consist majorly of three fatty acids palmitic acid (16:1),
oleic  acid  (18:1),  and  arachidonic  acid  (18:2).  The  antimicrobial  activity  of
FAMEs showed higher efficacy against gram-negative bacteria Escherichia coli
and  Pseudomonas  aeruginosa  than  gram-positive  bacteria  Bacillus  subtilis  and
Staphylococcus aureus where streptomycin was used as positive control and the
antimicrobial  activity  against  yeast  Candida  albicans  was  also  achieved  rather
than the low activity of the positive control amphotericin B [49].

So  the  important  aspect  of  lipid  as  a  potent  antimicrobial  drug  depends  on  the
fatty acid composition along with the degree of unsaturation.

Phenolic Compounds and their Derivatives

The  phenolic  compounds  are  a  group  of  phytochemicals  produced  by  marine
algae,  especially  brown algae,  as  secondary  metabolites.  Chemically,  these  are
aromatic  benzene  ring-structured  compounds  having  more  than  one  hydroxyl
group attached to the ring. The phenols are hydrophilic or may be embedded in
the cell wall as its composition [50]. Manal and his fellow associates quantified
total phenolic content from two brown algae isolates Padina boryana thivy and
Enteromorpha sp. using ethanol extracts and only Padina boryana thivy showed
promising  antimicrobial  activity  against  Methicilin  resistance  Staphylococcus
aureus, Moraxella catarrhalis, and Neisseria gonorrhoeae [51]. The diethyl ether
extract of Sargassum vulgare and ethanol extract of Sargassum fusiforme, upon
characterization using GS-MS (Gas chromatography-Mass spectrometer), showed
one compound as phenols among different compounds to possess antimicrobial
activity against Staphylococcus aureus and Klebsiella pneumoniae, respectively
[52].  The  phlorotannins  groups  are  derivatives  of  the  polyphenols  made  of
repeating units of phloroglucinol that have antimicrobial activities against a broad
range  of  microorganisms  [53].  The  phlorotannins  such  as  eckol,  dieckol,
dioxinodehydroeckol, fucofuroeckol-A, 7-phloroeckol, and phlorofucofuroeckol-
A  have  a  broad  range  of  antimicrobial  hosts  like  Escherichia  coli,  Salmonella
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typhimurium,  Methicilin  resistant  Staphylococcus  aureus,  Vibrio
parahaemolyticus,  Campylobacter jejuni,  Staphylococcus aureus  [53 - 55]. The
acetone fraction of Dictyopterismembranacea revealed a high amount of phenol
and  tannins.  The  acetone  fraction  confers  high  antimicrobial  activity  against
Staphylococcus  aureus,  Streptococcus  agalactiae,  Bacillus  subtilis,  and
Enterococcus  faecium  rather  than  the  antimicrobial  activity  observed  using
ampicillin  antibiotic.  The  acetone  fraction  also  showed  promising  potent
antitubercular  activity  against  Mycobacterium  tuberculosis  [56].

Pigments

Marine algae possess pigments that are visible to human perception based on the
wavelength  of  visible  light  that  is  reflected.  The  various  pigments  present  in
classes  of  algae  are  β-carotene,  fucoxanthin,  chlorophyll,  phycoerythrin,  and
phycocyanin. Such pigments are of great economically and biologically important
to humans as they possess antioxidants, antiobesity, antidiabetic, and anticancer
properties. However, among the listed pigments, fucoxanthin fulfils the criteria of
having antimicrobial activity. The fucoxanthin belongs to a class of xanthophyll
commonly found only in the brown algae (Phaeophyceae) that gives a brown to
olive-green colour to the algae [57, 58]. The fucoxanthin pigments tend to inhibit
gram-positive  bacteria  or  aerobic  bacterial  species  and no has  no antimicrobial
activity against the gram-negative bacteria [57]. The fucoxanthin extracted from
Undaria pinnatifida  strongly inhibits gram-positive pathogenic bacteria such as
Enterococcus sp., Staphylococcus aureus, Streptococcus faecalis, Bacillus subtilis
as  compared  to  gram-negative  bacteria  such  as  Pseudomonas  aeruginosa.  The
effect of fucoxanthin was also documented in the reports of Liu and his associates
on  the  growth  of  human  microbiota  bacteria  like  Lactobacillus  sp.  and
Escherichia coli  in  in-vitro  and in-vivo  experiments.  The high concentration of
fucoxanthin adversely increased the growth of the probiotic bacteria Lactobacillus
sp.  and  decreased  or  inhibited  the  growth  of  Escherichia  coli.  Conversely,  the
effect  of  a  low  concentration  of  fucoxanthin  reported  minimal  growth  of  both
Lactobacillus sp. and Escherichia coli [59]. Mohamed work on fucoxanthin from
Turbinaria triquetra that was isolated from the Red Sea coast of Egypt, possesses
a cytotoxicity effect against Bacillus subtilis infection. The pigment was extracted
using  chloroform:  methanol  (1:1)  that  was  used  to  analyze  the  antimicrobial
activity against Bacillus subtilis through dilution of the extract using ethanol [60].
The  antitubercular  effect  or  bacteriostatic  effect  of  fucoxanthin  leads  to  its
application  against  the  Mycobacterium  tuberculosis  that  causes  autoimmune
diseases.  The  bacteriostatic  effect  was  seen  using  cellular  toxicity  through  the
MIC  (minimum  inhibitory  concentration)  of  2.8  to  4.1  μM  [61].  The  ethanol
fraction of Dictyopteris membranacea, brown algae showed the presence of a high
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concentration  of  flavonoid  pigment  was  a  potent  bacteriostatic  effect  on
Staphylococcus  aureus  and  Enterococcus  faecium  than  the  activity  showed  by
ampicillin antibiotic [56].

Lectin

The lectin is proteinaceous in nature capable of binding to sugar molecules. There
is a wide range of lectin that binds to different sugar residues such as mannose
specific-, galactose specific-, N-acetyl glucosamine-, fucose specific-, and sialic
specific-lectin. Most of the sugar specific-lectins are antiviral in nature and other
lectins possess antibacterial properties. The mannose specific-lectin are the potent
inactivators  of  HIV proteins  as  these  lectins  tend  to  interact  with  the  envelope
glycoproteins  gp  120,  which  are  required  for  attachment  to  the  host  CD4  T
lymphocytes cells through binding with gp 120 and block the virus to enter the
host  cell  [62].  Hyum  and  his  coworkers  isolated  and  extracted  lectin  from  red
algae  Grateloupia  chiangii  known  as  Grateloupia  chiangii  lectin  (GCL)  have
binding  specificity  towards  β-glc-sp,  β-gal-sp,  α-man-sp,  maltohexose-β-sp1,
maltoheptose-β-sp1.  The  GCL  was  recorded  to  have  an  antiviral  property  and
showed microbicide towards the Influenza virus and Human simplex virus (HSV).
The lectin binds to the specific glycoprotein and thus blocks the entry of the virus
into  the  host  cells  [63].  The  bacteriostatic  effect  of  the  lectin  from  red  algae
Solieria filiformis has been reported against gram-negative bacteria like Serratia
marcescens,  Salmonella typhi,  Klebsiella pneumoniae,  Enterobacter aerogenes.
However,  no  activity  was  seen against  the  gram-positive  bacteria  as  the  glycol
conjugate  mannan,  a  hapten,  is  commonly  found  in  gram-negative  bacteria  to
which  the  lectin  interacts  [64].  A  novel  microbicide  lectin,  ESA-2  (Eucheuma
serra agglutinin) was isolated and extracted from red algae Eucheuma serra. The
lectin has a high mannose (HM) binding role as an anti-HIV lectin that plays an
important  role  in  the  inhibition  of  the  Influenza  virus  through  suppression  of
glycoprotein that bears HM glycans. The ESA-2 was first observed to have a role
in the inhibition of HIV through the suppression of specific glycoprotein-bearing
glycan and thus prevent the virus from entry into the host cells [65].

Alkaloids

The alkaloids are secondary metabolites produced by many marine algae. These
are chemically heterocyclic halogen and nitrogen-containing compounds. In the
marine system, marine algae produce three groups of alkaloids: phenylethylamine
alkaloid compounds, indolic compounds, halogenated-indole alkaloid compounds,
and other alkaloid compounds. However, indole based alkaloids have played an
indispensable  role  as  an  antimicrobial  agent  against  a  wide  range  of



Antimicrobial Drugs Frontiers in Antimicrobial Agents, Vol. 2   229

microorganisms [66, 67]. The indole-based alkaloids extracted from green, red,
and brown marine algae from the Western Coast of Libya showed a broad range
of  antimicrobial  activity  against  many  pathogenic  microorganisms  such  as
Escherichia  coli,  Salmonella  typhi,  Bacillus  subtilis,  Klebsiella  pneumoniae,
Pseudomonas  aeruginosa,  Staphylococcus  aureus,  Streptococcus  epidermidis,
Bacillus  sp.  However,  two  species  of  brown  algae  Cystoseirabarbata  and
Dictyopteris membranacea extract of alkaloids showed high alkaloid content and
high  bacteriostatic  effect  on  Klebsiella  pneumoniae  and  Salmonella  typhi,
respectively, than the control compounds of ciprofloxacin and chloramphenicol
[67].

Cyclic Peptides

Antimicrobial  bioactive  peptides  are  protein  fragments  formed upon enzymatic
digestion  using  proteolytic  enzymes.  The  efficiency  of  antimicrobial  activity
depends on both structural properties and amino acid compositional aspects [68].
Such  aspects  not  only  confer  antimicrobial  role  but  also  have  a  wide  range  of
activities  such  as  antioxidant,  anticancer,  and  antihypertensives.  Antimicrobial
peptides (AMP) are widely consumed as diet supplements by humans. According
to the report published by Fanny and her associates, the extracted peptide from
green algae Tetraselmis suecica had alanine and lysine residues that confer high
and  potent  antimicrobial  activity  towards  some  gram-negative  strains  like
Escherichia  coli  ML35  ATCC  25922,  Salmonella  typhimurium  ATCC  14028,
Pseudomonas  aeruginosa  ATCC  27853  and  some  gram-positive  strains  like
Bacillus  cereus  ISP  B7/13,  Staphylococcus  aureus  ATCC  25933,  Listeria
monocytogenes  ATCC  19115,  Micrococcus  luteus  ATCC  9341  [69].

The  antimicrobial  peptides'  activity  lies  in  the  nature  and  charge  of  the  amino
acids present in the peptides. The structural analysis of peptides to form alpha or
beta  structures  also  plays  an  important  role  to  confer  the  potency  as  an
antimicrobial  agent.

Terpenes and its Derivatives

Terpenes  are  the  group  of  secondary  metabolites  that  are  found  mostly  in  red
algae of class Phaeophyceae. These are the complex structured compounds made
from  a  simple  unit  of  isoprene  unit  from  which  different  forms  or  types  of
terpenes  are  produced.  All  the  terpenes  follow  the  same  general  formula  of
(C5H8)n.  There  are  three  groups  of  terpenes  present  in  the  marine  ecosystem:
Mono-terpenes; Di-terpenes; and Sesquiterpenes. The terpenes have been widely
explored for their beneficial aspects as antimicrobial and antitumor properties for
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human health. The reports of Walied et al. discovered three novel Laurene-type
terpenes that are sesquiterpenes by nature: 12-hydroxy isolaurene; 8,11-dehydr-
-12-hydroxy isolaurene; and isolauraldehyde from the red alga Laurencia obtuse.
The three terpenes showed potent antimicrobial activities against Bacillus subtilis,
Staphylococcus aureus  (Gram-positive bacteria),  and Candida albicans  (Fungi)
[70].  Another  novel  sesquiterpenespeyssonic  acid  A-B  (1-2)  which  was  a
hydroquinone  based  terpenes  extracted  from red  alga  Peyssonnelia  sp.  showed
promising  antibacterial  and  antifungal  properties  against  marine
Pseudoalteromans  bacteriolytica  and  Lindra  thalassiae,  respectively.  The
sesquiterpenes hydroquinones also have antineoplastic properties against ovarian
cancer cell lines [71].

The content of terpenes depends on the habitat of the marine algae which includes
light exposure and temperature. Mostly the biological role of terpenes has been
seen as cytotoxicity property against different bacterial cells and viral cells that
make the terpenes a highly useful compound for the development of drugs against
many human diseases.

Halogenated Compounds

The halogenation of secondary metabolites such as peptides, polyketides, indoles,
terpenes, acetogenins, phenols, and volatile hydrocarbons increases the biological
activities of these compounds inside the marine algae. The halogen molecules like
bromide and chloride ions are present in the seawater, however, bromide-based
halogenation  tends  to  be  more  common in  such  compounds.  Such  halogenated
secondary compounds are of pharmacological importance. The chrysophaentineis
2-chlorobutene  connects  two  biphenyl  ether  units  derived  from  red  alga
Chrysophaeum taylorii [72]. There were eight chrysophaetine (A-H) derivatives
isolated from the algae and are potent inhibitors of gram-positive drug-resistance
bacteria such as drug-resistant Staphylococcus aureus and vancomycin-resistant
Enterococcus faecium.  These derivatives tend to inhibit the activity of the FtsZ
bacterial cytoskeleton by interfering with GTPase activity and thus blocking cell
division [73]. Maria and her co-workers isolated another halogenated compound
known as 8-bromophycolides (J-Q) from red alga Fijian Callophycus serratus that
possesses  antimalarial  properties  against  Plasmodium  falciparum.  The
antimalarial  tendency  of  the  compound  was  found  due  to  the  presence  of  a
macrolide motif in the chemical structure of the compound. The compound also
showed a bactericidal effect against methicillin-resistant Staphylococcus aureus
and  vancomycin-resistant  Enterococcus  faecium  [74].  Four  (1-4)  brominated
phenolic derivatives were isolated from red alga Symphyocladialatiuscula  from
the coast of Qingdao, Shandong Province, P. R. China:(1)1-[2,5-dibromo-3,4-dihy
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droxy-6-(2,3,6- tribromo-4,5-dihydroxybenzyl)benzyl]pyrrolidin-2-one, (2)methyl
4-{(2,3,6-tribromo-4,5-dihydroxybenzyl)[(2,3,6-tribromo4,5-dihydroxy  benzyl)
carbamoyl]amino}butanoate,  (3)methyl  4-{(2,5-dibromo-3,4-dihydroxy  benzyl)
[(2,3,6-tribromo-4,5-dihydroxybenzyl)carbamoyl]amino}  butanoate,  and  (4)2,5-
dibromo-3,4-dihydroxy-6-(2,3,6-tribromo-4,5-dihydroxybenzyl)benzyl  me  thyl
ether. The two bromophenols (3, 4) showed antifungal activity against Candida
albicans ATCC 10231 as compared to the positive control fluconazole antibiotic
[75].

The antimicrobial activity of the halogenated secondary metabolites solely lies in
the structural conformation of the compound as well as the position of the halogen
atom in the structure.

ANTIMICROBIAL  ASSESSMENT  OF  COMPOUNDS  FROM  MARINE
ALGAE

The antimicrobial assessment is the performance of the compounds that possess
the ability to inhibit or decrease pathogenic or non-pathogenic microorganisms. In
other words, the ability of the compounds to show bacteriostatic or bactericidal
effects against the microorganisms.

In-vitro Assessment

Disc Diffusion Method

One such method of analyzing the antimicrobial assessment of the compounds is
the  disc  diffusion  method.  The  disc  of  6  mm diameter  is  cut  from Whatman’s
filter paper no. 1, which is soaked in the extracts of the compounds. The discs are
kept or placed in the media swabbed with bacterial, fungal, or yeast cultures. The
different media used depending upon the cultures used, like Mueller-Hinton (MH)
agar or nutrient agar for bacterial cultures and Sabouraud dextrose agar for fungal
or  yeast  cultures. The  plates  are  incubated at 37° C overnight for bacteria and
30° C for 48 hours for fungi and yeast. The zone of inhibitions is calculated as the
diameter  in  mm of the zones and is  compared with the positive controls  of  the
antibiotics like chloramphenicol, ampicillin, fluconazole, etc. The experiments are
often done thrice for concordant results.

Sreenivasan and his co-workers performed disc diffusion of the methanol extract
of  marine  algae  Gracilaria  changii  against  bacterial  species  of  Pseudomonas
aeruginosa,  and  the  zone  of  inhibitions  was  compared  to  the  chloramphenicol
antibiotic used as the positive control [76]. Xavier and his co-workers worked on
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the antimicrobial assessment of hexane, ethyl-acetate, acetone, methanol extract
of three marine algal species (Sargassum wightii, Chaetomorpha linum, Padina
gymnospora)  against  ten  human  pathogenic  bacterial  species.  The  maximum
antimicrobial activity in terms of zone of inhibition was recorded from acetone
extract of Sargassum wightii against methicillin-resistant Staphylococcus aureus
as compared to other extract and streptomycin as the positive control [77]. The
work published by Akremi worked on the antimicrobial activity assessment using
crude,  acetone,  and  ethanol  extract  fractions  of  Dictyopteris  membranacea
showed the highest zone of inhibition against Streptococcus agalactiae, Bacillus
subtilis, and Enterococcus faecium [56].

Minimum Inhibitory Concentration (MIC)

The MIC is defined as the lowest and minimum possible concentration required to
inhibit  the  visible  growth  of  pathogenic  microorganisms.  There  are  two
techniques  for  MIC:  macro  dilution  and  microdilution.

The macro dilution is done through serial dilution of the antimicrobial compound
extracts from marine algae to obtain the desired concentration (mg) per mL. The
bacterial  or fungal suspension of 20 μL was added to each of the dilutions and
incubated at  37°C for  a  fraction of  time.  From each of  the incubated dilutions,
50μL was spread or swabbed on the sterile nutrient agar plates and incubated at
37°C overnight. The results are interpreted as the minimum concentration of the
dilution  that  showed  no  microbial  growth.  Xavier's  work  on  the  MIC  of
antimicrobial  compound extract  from marine  algae  showed MIC of  2.5,  5,  and
0.625  for  ethyl-acetate,  hexane,  and  acetone  Sargassum  wightii  against
Pseudomonas  aeruginosa,  Enterococcus  faecium,  and  Staphylococcus  aureus
[77].  The MIC for methanol extract of Gracilariachangii  was found to be 6.25
mg/mL against the bacteria Pseudomonas aeruginosa [76].

The microdilution technique involves the dissolution of antimicrobial compound
extracts from marine algae in 10% DMSO and performing geometric dilution on
96-well micro-titer plates. 10 μL of the microbial culture having 5.105 CFU/mL
maintained on MH broth for bacteria and SD broth for yeast or fungus are mixed
with the extracts. The micro-titer plates were incubated at 37°C for 24 hours for
bacteria and 30°C for 48 hours for yeast or fungi. The bacterial growth analysis
was  done  using  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT)  assay  in  which  the  bacteria  reduces  tetrazolium  dye  (MTT)  to  purple
colour  insoluble  formazan.  The  MIC  was  calculated  using  the  microdilution
method recorded MIC for crude, ethanol, acetone, and methanol/CH2Cl2 fraction
of  Dictyopteris  membranacea  as  62.5  μg/mL,  15.62  μg/mL,  15.62  μg/mL,  and
250 μg/mL against the gram-positive bacteria Staphylococcus aureus [56].



Antimicrobial Drugs Frontiers in Antimicrobial Agents, Vol. 2   233

In-vivo Assessment

Very  few  studies  for  in-vivo  assessment  have  been  conducted  for  seaweeds  as
antimicrobials. Feeding trials and Immersion methods have been widely studied.
The  feeding  trial  method  provides  the  rationale  of  the  dose  standardized  for
seaweed for effective antimicrobial activity. Manilal et al. studied this method on
commercial  shrimp  which  were  fed  orally  with  seaweed  of  differing
concentrations  and  simultaneously  infected  with  bacterial  strains.  The  method
provides  insight  into  the  dose  concentration  of  the  seaweed  for  its  therapeutic
potential [97].

In  the  next  immersion  method,  Thanigaivel  et  al.  analyzed  the  antimicrobial
activity  of  seaweeds  using  fishes  that  were  infected  with  bacterial  doses.  The
immersed solution of seaweeds of varying concentrations was added to analyze
the effect of seaweeds [96].

PRODUCTION  OF  ANTIMICROBIAL  COMPOUNDS  FROM  MARINE
ALGAE

There are different kinds of antimicrobial compounds obtained from marine algae.
The maximum production of such compounds depends on the different seasons,
as algal cells have an alternation of generation. Such reproductive and vegetative
phases of marine algae have differing variations in the production of antimicrobial
compounds.  So  optimized  conditions  for  maximal  production,  extraction,  and
recovery of antimicrobial compounds need to be established for each particular
marine algae. The following sections describe different abiotic and biotic factors
and  processing  effects  on  algal  growth  and  their  production  of  antimicrobial
compounds.

Factors Affecting their Production

Marine microbial communities such as seaweed are highly diverse and have an
exceptional  secondary  metabolites  structure.  Potential  antimicrobials  have
different  chemical  natures,  which  can  lead  to  their  maximum  production,
extraction,  and  recovery  process  [78].  Antimicrobial  activity  and  the  chemical
composition  of  marine  algae  vary  with  species  and  on  some  physiological
parameters, such as the thallus region rich in compounds. The depolymerization
effects on seaweed polysaccharides produce oligosaccharides which can initiate
protection through the accumulation of proteins and compounds which are having
antimicrobial activities against infections [79]. There are some abiotic factors of
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environmental aspects such as temperature, pH, climate, salinity and location, and
growth conditions that affect their production [80]. The variation in antimicrobial
action  and  the  chemical  composition  have  been  confirmed  by  various  studies,
which are precisely according to the climatic seasons. The antimicrobial potential
detected maximum in the spring season of  some active compounds [81].  Some
studies show some seasons reflect the lack of activity like antifungal, antibacterial
activities, and a different pattern in algal classes. Climatic variations have been
shown by Rhodophyceaeclass and the absence of activity in some seasons in the
case of Phaeopyceaewhereas throughout the year Chlorophyceae were active for
the  production  of  bioactive  compounds  [82].  The  association  relationship  also
affects the growth and production of bioactive compounds in marine ecosystems.
Over  a  long  period,  there  are  established  associations  among  marine
microorganisms that share their common environment. In the case of algal cells,
many endophytic bacterial species have been found to be present inside or outside
the cell, which also produces some other bioactive compounds to protect against
pathogenic organisms or predators [83].

Extraction Techniques and Solvent Effect

The  extraction  of  antimicrobials  from  seaweeds  is  a  very  crucial  stage,
particularly when dealing with effective techniques and the kind of solvent used.
However,  conditioning methods can also affect  the bioactive yield.  The loss of
volatile antimicrobials in fresh algae, such as hydrogen peroxide, terpenoid, and
volatile  fatty  compounds,  can  occur  at  high  temperatures.  The  process  is  also
called the drying stage, which is important for volatile antimicrobials [84]. It has
been  reported,  without  altering  the  antimicrobial  activity,  that  increased  Co-60
gamma rays radiation at 1-30 KGy with Ecklonia cave ethanol extract in which
the hunter L value is also increased. This was seen in a dose-dependent manner
due to a, b values of irradiation and antioxidant properties. The irradiated E. cava
extract  was  tested  on  mice  and  a  cytotoxicity  test  on  cell  line  RAW264.7  of
murine  macrophage  for  its  safe  use  by  humans  at  moderate  doses  [85].

Some  extraction  techniques  have  been  used  for  the  extraction  of  bioactive
compounds  from  marine  microorganisms,  such  as  seaweed,  using  organic
solvents.  The  antimicrobials  and  extractable  yield  from  seaweed  species  are
solvent-dependent. Accurate and reproducible extracts are necessary and prepared
by  optimization  and  systematic  evaluation  [86].  Several  studies  have  been
followed  to  select  the  best  solvent  from  the  following  such  as  water,  ethanol,
methanol,  chloroform,  and  hexane.  Different  families  of  seaweed  have  been
compared  by  different  authors  regarding  their  antibacterial  activity  [87].  The
organic solvents for extract production are more efficient. The higher antibacterial
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activity  was  confirmed  in  the  polar  extracts  by  the  workers.  In  the  extraction
process, the time and energy process can be reduced by intensification [88] and
also  proposed  the  extraction  of  the  essential  oil  from  Enteriomorpha  linza  by
microwave-assisted  hydrodistillation.  The  growth  of  pathogenic  bacteria
inhibition  is  obtained  by  some  major  active  compounds  such  as  n-hexanal,
tetradecanoic  acid,  and  azetidine.  The  acetone  extracts  of  Sargassum  wightii,
Chaetomorpha linum, and Padina gymnospora showed the highest antimicrobial
activity than methanol, hexane, and ethylacetate extracts of marine algae against
Pseudomonas  aeruginosa,  Enterococcus  faecium,  and  Staphylococcus  aureus
[77]. The ethanol and acetone extracts of marine algae Dicytopterismambranacea
showed  the  best  bactericidal,  fungicidal  and  antitubercular  activity  than
methanol/CH2Cl2 extracts. Both the extracts showed a good significant correlation
between  phytochemical  compositions  [56].  The  dichloromethane/methanol
extracts  of  Pudina  sp.  and  Ulva  sp.  proved  the  highest  antimicrobial  activity
against the common food borne-pathogens [89]. The mixture of methanol: toluene
(3:1)  was  considered  the  best  organic  solvent  for  the  extraction  of  bioactive
compounds from fourteen seaweeds that were isolated from the Intertidal Zone of
the  Southwest  Coast  of  India.  The  methanol:  toluene  extracts  showed
comparatively high antimicrobial properties against the multi-resistant pathogenic
bacteria  and  fungi  Candida  albicans  (ATCC  90027)  [90].  The  mixture  of
dichloromethane/methanol  and diethyl  acetate-based extraction of  marine algae
Caulepa taxifolia and Chaetomorpha antennina, respectively, that were isolated
from the West African Coast showed the best inhibition of Staphylococcus aureus
than ethanol, and chloroform/methanol-based extractions [91].

IMPACT ON HUMAN HEALTH

Seaweeds as Food

Seaweeds draw an extraordinary wealth from the sea minerals, which are about
36% of  their  total  dry  mass.  The  macronutrients  in  these  minerals  required  for
growth  are  sodium,  calcium,  magnesium,  potassium,  chlorine,  sulfur,  and
phosphorous. Iodine, zinc, copper, selenium, molybdenum, fluoride, manganese,
boron, nickel, and cobalt are the micronutrients found in these mineral nutrients
growth [92]. Seaweed has a large amount of iodine in it, so primarily known as
the major source of iodine. The maximum iodine content found in brown algae is
1500-1800 ppm in dry kelp and 500-1000 ppm in dry rockweed [93]. There is a
low concentration of iodine found in green and red algae which normally ranges
from  100-300  ppm  with  dry  seaweeds.  A  very  small  quantity  of  seaweed  can
easily fulfill the daily requirement of an adult, which is 150 µg /day, for instance,
one  gram of  brown  algae  in  dried  form gives  500-  8000  µg  of  iodine  content;
similarly, dried red and green algae gives 100-300 µg [94].
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In Japan, brown seaweed is normally consumed as food or in supplement form is
about  1  gram  per  day.  The  human  body  is  modified  to  intake  higher
concentrations of iodine, but only the thyroid gland uses the iodine. Overall world
population  does  not  have  sufficient  consumption  of  iodine  because  the  most
commonly used dietary elements are from land plant and animal sources, which
have a very low concentration of iodine. To fulfill this iodine requirement, it is
added  to  table  salt.  But  still,  in  many  countries,  people  suffer  from  iodine
deficiency,  especially  in  China  which  is  number  one  for  not  having  sufficient
iodine for their population, led by India in second.

Seaweed  is  also  a  very  important  source  of  the  important  element  calcium.  In
seaweeds, the average range of the calcium content is 4-7% of dry mass. But the
calcium content in dry seaweed is not sufficient to fulfill  the daily requirement
because  one  gram  of  7%  seaweed  only  gives  70mg  of  calcium,  but  the  daily
requirement  is  1000mg per  day.  No  doubt  70mg is  still  a  sufficient  amount  as
compared to non-milk food items.

The content of protein found in seaweed is varied. The protein content is low in
brown alga,  which is  5-11% of  dry mass,  but  in  red algae,  it  is  30-40% of  dry
matter,  which  is  almost  equal  to  the  legumes.  There  is  only  20%  dry  matter
protein content present in green algae as well. The highest protein content, which
is up to 70% of dry mass, is present in a microalga Spirulina.

Many different vitamins are also present in seaweeds. The brown and red algae
have a high amount of carotenes ranging from 20 to 170 ppm in them, and these
carotenes are used as a dietary supplement as a source of natural carotenes. There
is about 500-3000 ppm vitamin C found in red and brown algae. Vitamin B12 is
usually absent in many land plants but is present in seaweeds.

The essential fatty acids are high in content in lipids of seaweeds rather than in
land plants. The range of fat present in seaweeds is 1-5%. The fatty acids present
in green algae are similar to land plants, but the most common forms of fatty acids
present in green algae are oleic acid and alpha-linoleic acid. The EPA, which is
very common in animals and fish, are also present in a high concentration of red
algae. The fibre content is also very high in seaweeds which are up to 32 to 50%
of the dry mass. The soluble fibre content present in green and red algae is 51 to
56%, but a very high amount of about 67 to 87% is present in brown algae. The
soluble fibres are known for their low content of cholesterol and hypoglycemic
effect. The seaweeds are harvested for the production of a gelatinous compound
defined as phycocolloids. The common examples of these substances are alginate,
agar and carrageenan. The food additive hydrocolloids also have significant use
on the commercial level [29].
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Medicinal Use of Seaweeds

Many seaweeds are of medicinal importance. The following list provides typical
seaweeds which are potential medicine.

Seaweed as Medicines

Kunbu (Laminaria and Ecklonia)

• These are salted and cold in colour and flavour.

•  The  channel  through  which  these  seaweeds  enter  is  the  liver,  kidney  and
stomach.

•  It  softens  the  hardness  and  disperses  the  accumulation.  It  also  helps  resolve
phlegm, a form of soft textured masses that includes goitre, which is caused by
iodine deficiency and leads to the swelling of the thyroid [95] and heat cleanses.

•  It  can  be  applied  to  the  Scrofula,  goitre,  tumour,  and  oedema,  pain  in  the
testicles  and  swelling.

Haizo (Sargassum)

• It is bitter, salted and cold in essence and flavour.

• The channels through which it can enter are the liver, stomach and kidney.

•  It  helps  in  the  dispersion  of  accumulated  phlegm,  goitre  and  tumour.  It  also
helps in delivering water and help in cleansing heat.

•  It  can  be  applied  to  the  Scrofula,  goitre,  tumour,  and  oedema,  pain  in  the
testicular  and  swelling.

Ziaci (Porphyra)

• These are salted, sweet and cold in colour and flavour.

• The channel through which these seaweeds enter is the lung.

•  It  helps  in  resolving  the  phlegm  and  softens  the  hardness.  It  also  promotes
diuresis.
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•  It  can  be  applied  to  the  goitre,  oedema,  beriberi,  urinary  infection  and  sore
throat.

The  haizao  and  kunbu  are  quite  similar  in  their  description;  both  are  salty  and
cold,  can enter  in  liver  and kidney,  clear  the  heat,  hardness  softening,  promote
urination,  transform  the  phlegm,  dissolve  the  nodules  and  help  in  oedema
reduction. Both of these are used to treat goitre and scrofula in clinical practices.
Both  of  these  are  the  most  common  seaweeds,  but  there  are  many  differences
Haizao  is  more  efficient  in  treating  nodules  like  goitre  and  scrofula  and
transforming  the  phlegm.  On  the  other  hand,  kunbu  is  more  efficient  in  the
reduction  of  congealed  blood,  softening  the  hardness,  liver  and  spleen
enlargement  treatment,  cirrhosis  of  the  liver  and  also  for  treating  tumours.

The most common formulas are Haizao Yuhu Tang and Sargassum Decoction of
Jade flask. These formulas are consists of 12 ingredients and the major ingredients
are  Sargassum,  Ecklonia  and  Laminaria.  These  are  used  to  treat  severe  goitre.
These can also be used for treating other light swellings, such as ovarian cysts,
breast lumps, lymphatic nodes, lipomas, and accumulated fat because of obesity.
For  the  production of  dental  moulds  and dressing wounds,  alginates  have been
used.  The  agar  is  most  excessively  used  for  the  culture  media  in  microbiology
research. The best iodine source for the treatment of goitre is seaweed. Seaweeds
are also used for the cure of tuberculosis, arthritis, tumours, and infections caused
by worms, cold and influenza [29].

Respiratory Treatment

Carrageenan, found in red algae, has been used for treating respiratory ailments
for ages. The most commonly treated ailments are infection of intractable sinus
and lingering cases of pneumonia.

Hormones in Seaweeds

Melatonin

The amount of melatonin found in seaweeds is up to 1000 times the concentration
in land plants. The seaweed harvested in the daytime has less melatonin than the
seaweed harvested at night. There are therapeutic opportunities in using melatonin
extracted from seaweed.
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Thyroid Hormones in Seaweeds

The only source of thyroid hormones other than animals is brown algae. In brown
seaweeds, the iodine is organically bound as thyroid hormone that’s why explains
why one should consume brown algae.

Estrogen Hormones Regulation

Brown  algae  have  a  structural  composition  of  indigestible  fibre.  The  alginate,
fucoxanthin,  sulfated  polysaccharides,  such  as  fucoidan  and  laminarin,  and
polyphenol compounds make brown seaweed a potential anticarcinogen. Japanese
diets  often  include  seaweeds.  Brown  algae  have  a  strong  binding  effect  on
estrogen hormones. Dietary brown algae have been shown to regulate hormonal
serum  levels  through  the  excretion  of  urinary  estrogen  metabolites  and
phytoestrogens  [98].

Di-iodothyronine

For the treatment of thyroid disorder, the fucus is most commonly used. In fucus
it is found in the form of di-iodothyronine but active weakly in the mammalian
body.  By  esterification  of  two  molecules  of  DIT  results  in  the  formation  of
tetraiodotyrosine.  This  organically  bound  iodine  in  the  Fucus  increases  the
formation  of  T4  Thyroxin  by  providing  initial  T4  products.

The therapeutic use of thyroxin treatments is goitre shrinking, weight loss, return
of vigour and vim, resolution of symptomatic non-autoimmune hypothyroidism,
resolving eczemas and decreasing the psychiatric disruptions. The T4 and T3 are
the  organically  bound  iodine  found  in  the  many  brown  algae,  especially  in
Laminaria and Sargassum species. In laminaria, 10% of iodine is present in the
form of DIT, MIT, T3 and T4. The most commonly used seaweed is Kombu in
Japan  and  USA  used  to  treat  coronary  artery  disease,  healthy  liver  function,
increase the metabolic rate, increase the transit time of food, decrease the LDL
cholesterol and increase the HDL cholesterol in the blood [29].

Essential Fat and Vitamins in Seaweeds

Many vitamins are present in seaweeds. Most common vitamins are B, B12, 1-3%
omega-3 fatty acids. The 3% of omega-3 fatty acids, vitamins A and C, are mostly
present in Nori. It is recommended to eat Nori on a daily basis for boys who have
inherited baldness in Japan [29]. Vitamin C source seaweeds often help regulation
of  blood  pressure,  β-carotene  (Vitamin  A)  seaweed  protect  from  various
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cardiovascular diseases, whereas, vitamin E, C, and carotenoids are useful in the
reduction of cancer [99].

CONCLUSION

The  seaweeds  are  the  potent  producers  of  high  biomass  in  the  marine
environment. Such biomass is very useful for the extraction of important products
such as feedstock for animals with high nutrient values and the products such as
agar, carrageenan, alginates have been exploited by humans over many decades
for food, medicines, etc. This biomass also provides other important applications
such as antibacterial, antiviral, antiprotozoal, antifungal, antifouling that can be
used as an alternative in the future. The antimicrobial compounds from the marine
algae  can  be  used  instead  of  chemically  derived  synthetic  drugs  as  the  marine
algae-derived  compounds  have  high  specificity  as  a  well  broad  range  of
antimicrobial  activity  against  the  many  pathogenic  microorganisms.  The
specificity lies in their structure, chemical composition, and new targeting values.
The  bioactive  compounds  present  in  the  seaweeds,  like  polysaccharides,  lipid,
glycerol, sterols, phenolic compounds, various pigments, halogenated compounds
and  many  more,  are  regarded  as  important  sources  for  human  usage.  Even
seaweed  enzymes  have  shown  crucial  advantages  in  terrestrial  usage,  from
bioremediation  to  medicinal  drug  formulations.

So more research concerning the exploitation of new targets of such antimicrobial
compounds  against  microorganisms  needs  to  work  out.  The  production  and
innovative design of the new antimicrobial compounds from marine algae need to
be focused on in the future in terms of low cost-effectiveness for the extraction.
The  chemical  analysis,  the  safety  of  the  compounds  as  well  as  the  synergistic
approach  with  a  combination  of  the  various  antimicrobial  compounds  for
targeting  various  sites  of  pathogenic  microbes  need  to  be  studied  more
thoroughly.
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CHAPTER 9
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Abstract: There is an urgent need to search for effective novel antibiotics due to the
evolution of pathogen resistance towards the existing anti-microbial drugs. To fulfill
the demand of pharmaceutical industries for novel drugs against pathogenic microbes,
the  potential  source  is  nature,  which  is  the  largest  repertoire  for  discovering
biologically active drugs. Among the natural products, mushrooms are primary sources
of diverse low and high-molecular-weight compounds that demonstrate anti-bacterial,
anti-fungal,  anti-parasitic  and  anti-viral  activities.  Mushrooms  belonging  to
basidiomycetes or ascomycetes were classified into edible and non-edible and had high
nutritive and medicinal  properties  due to the presence of  bioactive compounds.  The
most common edible mushrooms comprise Agaricus bisporus, Lentinus, Auricularia.
Hericium, Grifola, Flammulina, Pleurotus, and Tremella are potent sources of vitamins
(thiamine, riboflavin, niacin, biotin and ascorbic acid, Vitamin A and D), lipids (mono,
di, and triglycerides, sterols, phospholipids) and polysaccharides whereas non-edible
mushrooms  Ganoderma  lucidum  (Reishi),  Lentinus  edodes  (Shiitake),  Inonotus
obliquus (Chaga), Ganoderma, Trametes, Cordyceps spp., etc., are potent sources of
alkaloids,  terpenoids,  steroids,  anthraquinones,  benzoic  acid  derivatives,  and
quinolines. The literature review suggests that mushrooms showed high anti-microbial
activities  against  Gram-positive  bacteria  (Bacillus  spp.,  Listeria  monocytogenes,
Micrococcus  spp., Staphylococcus   spp.   etc.)   and  Gram-negative  bacterial  species
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(Escherichia  coli,Klebsiella  spp.  or  Salmonella  sp)  as  well  as  anti-fungal  (Candida
spp., Aspergillus spp., Penicillium spp. etc.) and anti-viral (HIV-I, influenza) activities.
The  present  chapter  highlighted  the  mushrooms  showing  anti-microbial  activity,
techniques for appraisal of anti-microbial activity, anti-microbial bioactive compounds
and last but not least, the downstream process of some selected compounds originally
isolated from mushrooms.

Keywords: Antimicrobial, Antifungal, Antiviral, Ascomycetes, Basidiomycetes,
Bioactive  compounds,  Bioactive  potential,  Edible  and  non-edible  mushroom,
Fatty  acids,  Green  extraction  methods,  Microwave-assisted  extraction  (MAE),
Multidrug resistance (MDR), Minimum inhibitory concentration (MIC), Phenols,
Peptides,  Sesquiterpenes,  Supercritical  fluid  extraction  (SFE),  Steroids,
Terpenoids,  Ultrasound-assisted  extraction  (UAE).

INTRODUCTION

“Let your food be your medicine, and your medicine be your food” was adopted
by Hippocrates, 2400 years ago. Since their discovery, anti-microbial drugs have
been  known  to  cure  many  infectious  diseases  and  have  played  a  vital  role  in
human  existence.  It  has  been  seen  that  medical  practitioners  misused  anti-
microbial  agents,  leading  to  drug  resistance  and  multi-drug  resistance  (MDR)
among  pathogens  [1].  There  is  an  urgent  need  to  search  for  effective  novel
antibiotics due to the evolution of pathogen resistance towards the existing anti-
microbial  drugs.  To  fulfill  the  demand  of  pharmaceutical  industries  for  novel
drugs  against  pathogenic  microbes,  the  potential  source  is  nature,  which  is  the
largest repertoire for discovering biologically active drugs. Worldwide, traditional
and complementary systems of medicine are highly acknowledged and considered
to  be  very  effective  in  curing  infectious  diseases  (WHO,  2019).  Among  the
natural  products,  mushrooms  are  primary  sources  of  diverse  low  and  high-
molecular-weight  compounds  that  demonstrate  anti-bacterial,  anti-fungal,  anti-
parasitic  and  anti-viral  activities.  Mushrooms  are  popular  low-calorie  valuable
foods for human consumption that have been cultivated and consumed in Asian
countries  such  as  China,  Japan  and  India  [2,  3].  Mushrooms  belonging  to
basidiomycetes or ascomycetes were classified into edible and non-edible and had
high  nutritive  and  medicinal  properties  due  to  the  presence  of  bioactive
compounds [4]. The most common edible mushrooms (Fig. 1) comprise Agaricus
bisporus, Lentinus, Auricularia, Hericium, Grifola, Flammulina, Pleurotus, and
Tremella are potent sources of vitamins (thiamine, riboflavin, niacin, biotin and
ascorbic  acid,  Vitamin  A  and  D),  lipids  (mono,  di,  and  triglycerides,  sterols,
phospholipids)  and  polysaccharides  whereas  non-edible  mushrooms  (Fig.  2)
Ganoderma  lucidum  (Reishi),  Lentinus  edodes  (Shiitake),  Inonotus  obliquus
(Chaga),  Ganoderma,  Trametes,  Cordyceps  spp.,  etc.,  are  potent  sources  of
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alkaloids,  terpenoids,  steroids,  anthraquinones,  benzoic  acid  derivatives,  and
quinolones  [5].

Fig.  (1).   Different  sources  of  edible  mushrooms with  anti-microbial  properties  (Pictures  are  taken  from
Wikimedia common under the GNU Free Documentation License, Version 1.2 or any later version published
by the Free Software Foundation).

The  literature  review  suggests  that  mushrooms  showed  high  anti-microbial
activities  against  Gram-positive  bacteria  (Bacillus  sp.,  Listeria  monocytogenes,
Micrococcus  sp.,  Staphylococcus  sp.,  etc.)  and Gram-negative bacterial  species
(Escherichia  coli,  Klebsiella  sp.,  or  Salmonella  sp.)  as  well  as  anti-fungal
(Candida  sp.,  Aspergillus  sp.,  Penicillium  sp.,  etc.)  and  anti-viral  (HIV-I,
influenza) activities [6]. The present chapter highlighted the mushrooms showing
anti-microbial  activity,  techniques  for  appraisal  of  anti-microbial  activity,  anti-
microbial bioactive compounds and last but not least, the downstream process of
some selected compounds originally isolated from mushrooms.



Mushroom and Related Fungi Frontiers in Antimicrobial Agents, Vol. 2   251

Fig. (2).  Different sources of Medicinal Mushrooms with anti-microbial properties (Pictures are taken from
Wikimedia common under the GNU Free Documentation License, Version 1.2 or any later version published
by the Free Software Foundation).

ANTI-MICROBIAL COMPOUNDS FROM MUSHROOMS

Mostly all types of pathogenic organisms cause infectious diseases that can spread
in  many  ways  (directly  or  indirectly).  Pathogenic  organisms  such  as  bacteria,
viruses,  fungi  and parasites  that  cause  microbial  infections  are  diverse  and can
survive under extreme environmental conditions. These tiny infectious agents are
responsible for  several  deadly diseases (Pneumonia,  Cholera,  Malaria,  Dengue,
HIV/AIDS, Zika, SARS, Ebola, and Covid-19) that threaten and kill millions of
people  (WHO).  The  variety  and  number  of  infectious  disease  outbreaks  are
increasing worldwide; thus, effective anti-microbial drugs are required to prevent
endemic  diseases.  On  the  other  hand,  anti-microbial  drugs  are  losing  their
effectiveness  against  many  human  diseases  (most  commonly  hospital-acquired
and respiratory diseases) as many bacteria, fungi and viruses change their nature
and  become  resistant.  Therefore,  the  development  of  antibiotics  from  natural
sources  and  the  screening  of  bioactive  compounds  against  multidrug-resistant
strains  has  become  a  priority.

Although around 150000 mushroom varieties exist worldwide, only 68 genera and
158 species distributed in Bangladesh, Brazil, China, India, Japan, Nigeria, North
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Serbia,  Portugal,  South  Korea,  Spain,  and  Turkey  are  known  for  their  anti-
microbial  potential  [6].  Anti-microbial  (representing  anti-bacterial,  anti-fungal
and anti-viral activities) bio-active compounds isolated from different sources of
mushrooms have been tabulated in Tables 1 and 2. The molecular structure of 68
bioactive compounds extracted from mushrooms that represented anti-microbial
activities is presented in Fig. (3).

 

 

(Fig. 3) contd.....
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Fig. (3).  Bio-active compounds representing anti-microbial properties (Structures retrieved from PubChem).

Bio-active Compounds: Anti-Bacterial Properties

Several groups of bioactive compounds, phenols (Ellagic acid, p-Anisaldehyde,
protocatechuic  acid,  vanillic  acid,  Tannic  acid),  terpenoids  (Cuprinol,
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Ganorbiformins A–G, Ganoderic acid), Sesquiterpenes (Coriolin, Enokipodins A-
D, Marasmic acid, Scorodonin, Stereumamides A-D), steroids (Polyporenic acid
C, Trametenolic acid B, and Fomitopsic acid), fatty acids (Palmitic acid Linoleic
acid), and peptides (Agrocybin, Plectasin), extracted from numerous mushrooms
showed  strong  anti-bacterial  activities  (Table  1).  Thus,  the  potential  of  these
significant  bioactive  compounds  can  be  beneficial  in  clinics.

Table 1. Bio-active compounds (representing Anti-bacterial properties) isolated from different sources
of mushrooms.

S.
No. Mushroom Bio-active Compound (s) Group of

Compounds References

1. Agaricus sp.

1-octen-3-ol and
10-oxo-trans-8-decenoic acid

Fatty acids
[15]

Palmitic acid and
Linoleic acid [16]

Protocatechuic acid Phenols [9, 10]

2. Agrocybe sp.
Agrocybolacton - [17]

Agrocybin Peptide [18]

3. Albatrellus sp. Confluentin, Grifolin, and Neogrifolin Lanostanetype
Triterpene [19]

4. Amanita sp. 2-amino-
3-cyclopropylbutanoic acid

Nonprotein amino
oxides [20]

5. Auricularia sp. Vanillic acid Phenols [9, 10]

6. Coprinus sp.

Coprinol Terpenoid [21]

Micaceol Sterol
[22]

(Z,Z)-4-oxo-2,5-heptadienedioic acid -

7. Cordyceps sp. Cordycepin
Derivative of the

nucleoside
adenosine

[23]

8. Coriolus sp. Coriolin Sesquiterpene [24]

9. Cortinarius sp.
Cortamidine oxide,

2,2’-Dithiobis(pyridine
N-oxide)

Nonprotein amino
oxides [25]

10. Flammulina sp.
Enokipodins A-D Sesquiterpenoid [26]

Pinicolic acid (1-3) Fatty acids [27]

11. Fomitopsis sp.

Polyporenic acid C,
3R-acetyloxylanosta-8, 24- dien-21-oic acid, Trametenolic

acid B, and Fomitopsic acid
Steroids [28]

3α-(3′-butylcarboxyacetoxy)oxepanoquercinic acid and 3α-
hydroxy-24-methylene-23-oxolanost-8-en-26-carboxylic

acid
Triterpenes [29]
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S.
No. Mushroom Bio-active Compound (s) Group of

Compounds References

12. Ganoderma sp.

Methyl australate,
Australic acid Steroids [30]

Ganorbiformins A–G, Ganoderic acid

Triterpenoids

[31]

Ganomycins A and B [4, 30, 32]

Ganosinensins A-C [33]

Palmitic acid Fatty acids [34]

13. Jahnoporus sp. 3,11-dioxolanosta-8,24(Z)-diene-26-oic acid Lanostanetype
triterpene [19]

14. Lactarius sp. Guaiol stearic acid Ester, Lactaroviolin, Deterrol Sesquiterpenoids [35]

15. Lentinula sp.

Lentinan
Polysaccharide [36]

Oxalic acid

Ellagic acid,
Tannic acid Phenols [37]

- Sesquiterpenoids [7, 9, 10]

Lenamycin Fatty alcohol [38]

Lenthionine Sulfurheterocyclics [39]

16. Leucopaxillus
sp.

2-aminoquinoline Alkaloid [9, 10]

Flavonoids Phenols [40]

17. Merulius sp. Merulinic acids A, B, and C Polyketides [41]

18. Marasmius sp. Scorodonin,
Marasmicacid Sesquiterpenoid [42]

19. Pleurotus sp.
Terpene Terpenoids [7, 9]

p-Anisaldehyde Phenols [43]

20. Pseudoplectania
sp. Plectasin Peptide [10]

21. Pycnoporus sp. Cinnabarin Oxazine [44]

22. Ramaria sp. Ramariolides A–D, Butenolides [45]

23. Stereum sp.

Stereumamides A-D Sesquiterpenes

[46]
Hirsutic acid and Complicatic acid Hirsutane

derivatives

Frustulosin and Frustulosinol
Aromatic
acetylene

derivatives

Several studies suggest that bioactive compounds extracted from various sources
of  mushrooms  represent  effective  anti-microbial  properties  against  multi-drug
resistant strains viz. Streptococcus sp., Staphylococcus sp., E. coli [5, 7]. Several
mushrooms viz. Agaricus sp., Agrocybe aegerita, Boletus sp., Clitocybe alexandri,
Coprinopsis atramentaria, Cordyceps militaris, Ganoderma sp., Laetiporus sp.,

(Table 1) cont.....
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Lentinula  sp.,  Lycoperdon  sp.,  Morchella  sp.,  Phellinus  sp.,  Pleurotus  sp.,
Tirmania  sp.  reported  the  anti-bacterial  activities  against  Methicillin-sensitive
bacterial strains such as Staphylococcus aureus, S. mutans, S. saprophyticus, S.
typhimurium, S. lutea, S. epidermidis and S. enteritidis [2, 4, 8]. Several studies
reported that methanolic, ethanolic and ethyl acetate extracts of these mushrooms
also show anti-bacterial properties against other bacterial strains viz. Actinomyces
sp.,  Bacillus  cereus,  B.  subtilis,  Enterobacter  aerogenes,  Escherichia  coli,
Klebsiella  pneumoniae,  Lactobacillus  sp.,  Micrococcus  sp.,  Proteus  vulgaris,
Pseudomonas  sp.,  Salmonella  sp.,  [8  -  10].  Another  resistant  gram-positive
coccus-  Streptococcus  sp.  was  inhibited  by  the  extracts  of  Agaricus  sp.,  [11],
Flammulina velutipes [12], Lentinus edodes [13] and Pleurotus mushrooms [14].

Bio-active Compounds: Anti-Fungal Properties

Fungal  infections  (Mycoses)  are  mostly  not  so  dangerous,  but  some  invasive
fungal  species  can  cause  serious  infections  and  also  be  deadly  (bloodstream
fungal  infections).  Some  fungal  infections  affecting  humans  are  caused  by
Aspergillus, Candida, Pneumocystis, Sporothrix, Taloromyces. Several scientific
studies highlighted that mushroom extracts effectively against fungal infections
caused  by  Candida  yeast  (the  most  common  cause  of  fungal  infections
worldwide).  Bio-active  compounds  isolated  from  Basidiomycetes  mushrooms
showing  potential  as  anti-fungal  properties  are  listed  in  Table  2.

Table  2.  Bio-active  compounds  (representing  anti-fungal  and  anti-viral  properties)  isolated  from
different sources of mushrooms.

S.
No. Mushroom Bio-Active Compound (s) Group of Compounds References

Anti-fungal compounds

1. Agaricus sp.

1-octen-3-ol and
10-oxo-trans-8-decenoic acid Fatty acids [55]

Strobilurin A, Strobilurin E, Strobilurin
F Polyketides [56]

2. Agrocybe sp. Agrocybin Peptide [57]

3. Amanita sp. 2-amino-3-cyclopropylbutanoic acid Nonprotein amino oxides [20]

4. Clitocybe sp. Phenylacetic acid Phenol [58]

5. Cortinarius sp.
Cortamidine oxide,

Dipyrithione Nonprotein amino oxides
[25]

Nebularine [58]

6. Cordyceps sp. Cordymin Peptide [7]

7. Cyphellopsis sp. Strobilurin F, Strobilurin A Polyketides [56]
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S.
No. Mushroom Bio-Active Compound (s) Group of Compounds References

8. Favolaschia sp.

Favolon Triterpenoid [59]

Strobilurin F, Strobilurin A, Strobilurin
E,

9-Methoxystrobilurin A, Oudemansin
A Polyketides [56]

9. Filoboletus sp. Strobilurin F, Strobilurin E, Strobilurin
A

10. Flammulina sp. Enokipodin F, G and I Sesquiterpenes [60]

11. Ganoderma sp.

p-hydroxybenzoic and Cinnamic acids Phenols [61]

Australic acid and
methyl australate Steroids [30]

5α-ergost-7-en-3β-ol,
5α-ergost-7,22-dien-3β-ol, and 5,8-

epidioxy-5α,8α-
ergosta-6,22-dien-3β-ol

Steroids
[62]

Applanoxidic acid A, C, F, G, and H Terpenes

Gonodermin Protein [63]

12. Hydropus sp. Strobilurin A Polyketides [56]

13. Hygrophorus sp. Chrysotriones A and B Acylcyclopentenediones [64]

14. Hypsizigus sp. Hypsin - [65]

15. Lactarius rufus Rufuslactone Sesquiterpene [66]

16. Lentinula sp.

Lenthionine Sulfurheterocyclics [39]

Ellagic acid, Tannins Phenols [37]

Lentin Protein [65]

Lentinamycin Fatty alcohol [38]

17. Leucopaxillus sp. 2-aminoquinoline Alkaloid [67]

18. Lyophyllum sp. Lyophyllin Protein [65]

19. Mycena sp.
Favolon B Triterpenoid [68]

Chlorinated strobilurins B, Strobilurin
A Polyketides [56]

20. Oudemansiellasp. Oudemansin A, Oudemansin X Acrylates [3]

21. Pleurotus sp.

Ribonuclease Protein
[69]

Eryngin Peptide

Pleurostrin Peptide [70]

p-Anisaldehyde Phenols [43]

22. Polyporus sp. Alveolarin Peptide [71]

(Table 2) cont.....
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S.
No. Mushroom Bio-Active Compound (s) Group of Compounds References

23. Serpula sp. Himanimide C Alkaloid [68]

24. Strobilurus sp. Chlorinated strobilurin B, Strobilurin A Polyketides [56]

25. Tricholoma sp. Trichogin Protein [7]

26. Xerula sp. Chlorinated strobilurins B, Strobilurin
A Polyketides [56]

27. Xylaria sp. Cloratin A Derivative of benzoic acid [72]

28. Agaricus sp.
β-L-glutaminyl-3,4-benzoquinone Quinone [47, 50,

51,73]- Sulphated Polysaccharides

29. Agrocybe sp. AAL Lectin [1]

30. Auricularia
auricula AAP Sulphated Polysaccharides [74]

31. Boletus sp. - Polysaccharides [48]

32. Flammulina sp. Velutin and Flammulin Proteins [52]

33. Ganoderma sp.

Ganodermadiol, Lucidodiol,
Ganoderic acid B and Aplanoxin acid

G,
Lutidinic acids,

Methyl ganoderate F

Triterpenoids [53, 54, 75]

34. Inonotus sp. Hispidin and Hispolon Isoprenoid [76]

35. Lentinula sp.
- Polysaccharides [48]

36. Pleurotus sp.

37. Tremella sp.
TPS Sulphated Polysaccharides [77]

Glucuronoxylomannan (GXM) Polysaccharide [49]

Bio-active compounds isolated from different macromycetes genera viz. Agaricus
bisporus,  Amanita  cokeri,  Clitocybe  sp.,  Cortinarius  nebularis,  Dictyophora
duplicate,  Flammulina  velutipes,  Ganoderma  austral,  Ganoderma  lucidum,
Hypsizigus  marmoreus,  Hygrophorus  chrysodon,  Lentinus  edodes,  Lyophyllum
shimeji, Pleurotus ostreatus, Tricholoma giganteum, showed anti-fungal potential
against several pathogenic fungi such as Fusarium sp., Alternaria sp., Aspergillus
sp.,  Candida  sp.,  Microsporum  sp.,  Mycosphaerella  sp.,  Physalospora  sp.,
Penicillium  sp.,  Rhizoctonia  sp.,  Trichoderma  sp.,  Trichophyton  sp.  [6,  7].

Different  groups  of  bio-compounds:  fatty  acids,  phenols,  peptides,  proteins,
terpenoids, sesquiterpenes, and steroids (Table 2) isolated from different sources
of mushrooms are effective against several resistant pathogenic genera of fungi.
Further  in  vivo  and  in  vitro  anti-fungal  studies  will  discover  novel  anti-fungal
drugs from mushrooms.

(Table 2) cont.....
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Bio-active Compounds: Anti-Viral Properties

Viruses are very small infecting agents that hijack, infect and multiply inside the
normal organism’s body, and these tiny viruses have been responsible for several
pandemic diseases (Spanish flu, smallpox, HIV, COVID-19) throughout human
history. Anti-viral drugs do not show broad-spectrum activities; thus, developing
a  wide  range  of  anti-viral  drugs  is  required.  In  the  literature  review,  bioactive
compounds isolated from several Basidiomycetes and one genus of Ascomycetes
(Ophiocordyceps  sinensis)  reported  anti-viral  activities  against  the  Influenza
virus,  Human  Immunodeficiency  Virus  (HIV),  Herpes  Virus,  Hepatitis  Virus,
West  Nile  Virus,  Orth  poxviruses,  Poliovirus  and  Epstein-Barr  virus  [47].

Around  60  species  of  mushrooms  are  known  to  combat  viruses.  Bio-active
compounds  isolated  from  the  extracts  of  different  genera  of  mushrooms  viz.
Agaricus  sp.,  Agrocybe  sp.,  Auricularia  sp.,  Boletus  sp.,  Flammulina  sp.,
Ganoderma sp., Inonotus sp., Lentinula sp., Pleurotus sp., Tremella sp. have been
reported  as  potential  anti-viral  drugs  (Table  2).  Different  groups  of  fungal
compounds such as Polysaccharides [48, 49], Sulphated Polysaccharides [50, 51],
Lectins  [1],  Proteins  [52],  Triterpenoids  [53,  54]  and  glycoproteins  [47]  are
known  to  combat  different  types  of  viruses.

EXTRACTION OF BIOACTIVE COMPOUNDS FROM MUSHROOMS

The extraction yield of desired compound and bio-activity is largely affected by
the selection of extraction solvents, and techniques, and consequently, extraction
of  bioactive  compounds  from  raw  material  is  the  most  vital  step  [78  -  83].
Conventional  (Soxhlet  or  Heat  reflux  extraction)  extraction  methods  in  which
water and organic solvents (methanol or ethanol) were most commonly used to
extract the bio-active compounds in mushrooms [84, 85]. In the last few decades,
several non-conventional and green extraction techniques have been used aiming
to   obtain   the  maximum   yield   of   significant  compounds  from  mushrooms
(Table 3).

In  literature,  the  most  commonly  used  extraction  solvents  in  conventional
extraction methods are hexane,  aqueous ethanol,  chloroform and methanol [16,
66, 86 - 88] for the extraction of phenols,  flavonoids,  tannins,  polysaccharides,
sesquiterpenoids,  total  oil  content,  fatty  acids  from  different  sources  of
mushrooms. On the other hand, a lot of studies (Table 3) reported the green and
cost-effective extraction methods such as Ultrasound-assisted extraction (UAE),
Mechanically  agitated  extraction,  Microwave-assisted  extraction  (MAE),
Supercritical  fluid  extraction  (SFE),  Ultrahigh  pressure  extraction  (UHPE),
Enzymatic  assisted  extraction  and  Pulsed  electric  field  extraction  (PEF)  etc.
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Table 3. Extraction of bioactive compounds from different sources of Mushrooms.

Sl.
No.

Source of
Mushroom

(s)
Target Compound (s) Extraction

Solvent/Conditions Extraction Method References

1. Agaricus sp.
mycelia

Sterols and phenolic
compounds 96% ethanol Mechanically agitated

extraction and UAE [81]

Polysaccharides
Power:453 W;
Time: 62 min;
Temp: 70°C

Ultrasound-assisted
extraction (UAE) [89, 90]

Sterols
Power:400 W; Temp:

132.8 °C;
Time:19.4 min

Microwave-assisted
extraction (MAE) [91]

Fatty acids, Sterols and
total Phenolic content

Pure CO2 and with
10% ethanol (co-

solvent);
Temp:50 °C;

Pressure:30 MPa

Supercritical fluid
extraction (SFE) [16]

Ethanol Maceration

Proteins, Polyphenols and
Polysaccharides

Electric field: 800
V/cm Pulsed electric field

extraction (PEF) [92]
Water and ethanol

extraction

Total Phenolic content

Solvents:
Cyclohexane,

Dichloromethane,
Methanol, Water;

Time: 5 hr

Soxhlet extraction [8]

2. Auricularia
auricula

Polysaccharides

24 kV/cm
High-intensity Pulsed

electric field
extraction

[93]Power: 500 W;
Time: 1 min

Microwave-assisted
extraction (MAE)

Power:125 W;
Time: 5 min

Ultrasound-assisted
extraction (UAE)

Alkaloids, saponins,
tannins, flavonoids and

phenols

Solvent: Methanol;
Time: 2 hr

Heat reflux extraction
(HRE) [94]
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Sl.
No.

Source of
Mushroom

(s)
Target Compound (s) Extraction

Solvent/Conditions Extraction Method References

3. Boletus
edulis

Polyphenolic compounds
Solvent: 80% ethanol;

Time: 5 min;
Temp: 80 °C

Microwave-assisted
extraction (MAE) [95]

Fatty acids Temp: 27 °C; Time:
3.6 h

Supercritical and
subcritical carbon
dioxide extraction [88]

Total oil content Solvent: Hexane;
Time: 10 hr Soxhlet extraction

4.

Cordyceps
militaris

mycelia and
cultures

Polysaccharides

Pressure: 424 MPa,
Time: 18 min, Temp:

43.5°C

Ultrahigh pressure
extraction (UHPE) [96]

Temp: Below 50°C Ultrasound-assisted
extraction (UAE) [97]

5. Coriolus
versicolor Polysaccharides

Solvent: 95% ethanol;
Temp: 70°C;

Time: 3 h

Heat reflux extraction
(HRE) [86]

6.

Fruiting
bodies of
Grifola

frondosa

Polysaccharides
Power: 7.2 to 40.3 W;

Temp: 40 to 80°C;
Time: 10 to 30 min

Ultrasound-assisted
extraction (UAE) [97]

7.

Fruiting
bodies,

mycelia and
spores of

Ganoderma
lucidum

Tetranor-sesquiterpenoids Solvent: 80% ethanol Heat reflux extraction
(HRE) [87]

Total phenolic content

Solvent: 40% ethanol;
Power: 125 W;
Time: 3.8 min

Microwave-assisted
extraction (MAE)

[82]Soxhlet extraction

Temp: Below 40°C Ultrasound-assisted
extraction (UAE)

Distilled water
Temp: 180°C;
Time: 30 min

Microwave assisted
extraction (MAE) and
Accelerated Solvent

Extractor (ASE)

[98]

Triterpenoids

SCF-CO2;
Pressure 5-60 MPa;

Temp: 32 °C-
85 °C

Supercritical fluid
extraction (SFE) [99]

(Table 3) cont.....
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Sl.
No.

Source of
Mushroom

(s)
Target Compound (s) Extraction

Solvent/Conditions Extraction Method References

8. Inonotus sp.

Polysaccharides
Intensity: 30 kV/cm;
Pulse number:6; pH:

10

Pulsed electric field
extraction (PEF) [100]

Total Phenolic content

Solvents:
Cyclohexane,

Dichloromethane,
Methanol, Water;

Time: 5 hr

Soxhlet extraction [8]

9. Lactarius
sp.

Polyphenolic compounds
Solvent: 80% ethanol;

Time: 5 min;
Temp: 80 °C

Microwave assisted
extraction (MAE) [95]

Sesquiterpene

Solvent: 80% ethanol;
chloroform;

chloroform: methanol
(1:1)

- [66]

10.

Fruiting
bodies and
mycelia of
Lentinula

edodes

Polysaccharides

Powder treated with
disodium hydrogen

phosphate-citric acid
buffer and cellulose.
Ultrasonics Power:

340 W;
Time: 14 min

Ultrasonic extraction
based on enzymatic

treatment
[101]

- Ultrasound-assisted
extraction (UAE) [97]

Fatty acids, Sterols and
total Phenolic content

SCF-CO2 (15%
ethanol as co-solvent);

Pressure 20 MPa;
Temp: 40 °C

Supercritical fluid
extraction (SFE) [102]

Sterols and vitamin-D
derivatives

UV Irradiation: 254
nm for 1 hr

SFE followed by UV
C-irradiation [83]

11. Lycoperdon
pyriform Steroids Solvent: hexane;

Time: 72 hours Shaking [103]

(Table 3) cont.....
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Sl.
No.

Source of
Mushroom

(s)
Target Compound (s) Extraction

Solvent/Conditions Extraction Method References

12. Pleurotusos
treatus

Polysaccharides
Distilled water
Temp: 180°C;
Time: 30 min

Microwave-assisted
extraction (MAE)

[98]
Accelerated Solvent

Extractor (ASE)

Alkaloids, saponins,
tannins, flavonoids and

phenols

Solvent: Methanol;
Time: 2 hr

Heat reflux extraction
(HRE) [94]

Total Phenolic content

Solvents:
Cyclohexane,

Dichloromethane,
Methanol, Water;

Time: 5 hr

Soxhlet extraction [8]

Alkaloids, saponins,
tannins, flavonoids and

phenols

Solvent: Methanol
Time: 30 min Maceration [104]

13.
Phellinus

linteus
mycelia

Polysaccharides
Ultrasonic intensity:

453 W/cm2 and Time:
180 min

Ultrasound-assisted
extraction (UAE) [105]

14.

Fruiting
bodies and
mycelia of
Tricholoma

sp.

Polysaccharides Power: 365 W;
Time: 160 sec

Ultrasound-assisted
extraction (UAE) [106]

Total Phenolic content

Solvents:
Cyclohexane,

Dichloromethane,
Methanol, Water;

Time: 5 hr

Soxhlet extraction [8]

15. Terfezia
boudieri Polyphenolic compounds

Solvent: 80% ethanol;
Time: 5 min;
Temp: 80 °C

Microwave-assisted
extraction (MAE) [95]

CONCLUSION

In  the  present  chapter,  the  authors  highlighted  the  significant  bioactive
compounds possessing strong anti-bacterial, anti-fungal and anti-viral activities.
Several groups of bioactive compounds, phenols (Ellagic acid, p-Anisaldehyde,
protocatechuic  acid,  vanillic  acid,  Tannic  acid),  terpenoids  (Coprinol,
Ganorbiformins,  Ganoderic  acid),  Sesquiterpenes  (Coriolin,  Enokipodins,
Marasmic  acid,  Scorodonin,  Stereumamides),  steroids  (Polyporenic  acid,
Trametenolic acid, and Fomitopsic acid), fatty acids (Palmitic acid Linoleic acid),
and  peptides  (Agrocybin,  Plectasin),  extracted  from  numerous  mushrooms
showed  strong  anti-bacterial  activities  against  multi-drug  resistant  strains  viz.

(Table 3) cont.....
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Streptococcus sp., Staphylococcus sp., E. coli. Moreover, different groups of bio-
compounds:  fatty  acids,  phenols,  peptides,  proteins,  terpenoids,  sesquiterpenes,
and steroids isolated from different sources of mushrooms are effective against
several resistant pathogenic genera of fungi, such as Fusarium sp., Alternaria sp.,
Aspergillus sp., Candida sp., Microsporum sp., Mycosphaerella sp., Physalospora
sp.,  Penicillium  sp.,  Rhizoctonia  sp.,  Trichoderma  sp.,  Trichophyton  sp.  It  has
been  reported  that  extracts  of  mushrooms  are  also  effective  against  fungal
infections caused by Candida yeast (the most common cause of fungal infections
worldwide).  In  addition,  bioactive  compounds  isolated  from  several
Basidiomycetes  and  one  genus  of  Ascomycetes  (Ophiocordyceps  sinensis)
reported  anti-viral  activities  against  the  Influenza  virus,  Human
Immunodeficiency Virus (HIV), Herpes Virus, Hepatitis Virus, West Nile Virus,
Orth poxviruses, Poliovirus and Epstein-Barr virus.
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Abstract: The development of drug resistance in microorganisms has become one of
the greatest global health challenges, as microorganisms tend to adapt to organic drugs
via  several  mechanisms.  Multi-drug  resistance  (MDR)  in  microorganisms  not  only
increases the mortality rate of humans, but clinicians are also running out of options to
treat  MDR  infections.  A  solution  to  this  problem  could  be  found  in  inorganic
chemistry, where metal elements are converted in to nanoparticles that function as both
drug and drug delivery agents to control microbial growth and overcome the resistance
imposed  on  organic  drugs.  Nanoparticles  have  a  high  surface  area  to  volume  ratio,
making them highly reactive with selective types of molecules such as bacterial/fungal
cell  walls.  This  makes  nanoparticles  an  effective  alternative  to  traditional  chemical
drugs.  The  development  of  resistance  in  the  case  of  nanoparticles  is  almost  nil.
Nanoparticles of  various elements have proven to be effective anti-microbial  agents
with  several  other  pharmaceutical  activities.  Nanoparticles  are  also  effective  drug
delivery  agents  that  increase  the  bioavailability  of  drugs,  enhance  bioactivity,  and
increase  drug  flux  into  and  through  skin  and  biofilms.  This  chapter  provides  a
compilation  of  various  types  of  organic  and  inorganic  nanoparticles,  with  their
bioactivity,  mode  of  action,  synthesis,  side  effects,  and  mode  of  administration.
Different  types  of  nanoparticle-based  drug  delivery  systems  are  summarised  in  this
chapter, along with a summary of their organ-specific drug delivery. This report can
provide a detailed understanding of nanoparticles in anti-microbial applications and aid
in R&D to yield future nanomedicine.
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INTRODUCTION TO NANOPARTICLES

The  term  ‘Nano’  refers  to  ‘one  billionth’,  of  something.  American  theoretical
physicist Richard Phillips Feynman introduced the concept of nanotechnology in
his  lecture  titled  ‘There’s  plenty  of  room  at  the  bottom’  in  1959.  The  term
‘nanotechnology’  was  proposed  by  professor  Taniguchi  (Tokyo  University  of
Science),  and  he  is  the  one  who  introduced  a  ‘top-down  approach’  [1].  By
definition, Nanoparticles are “solid particles or particulate dispersions with a size
of 10-100NM” [2]. Nanoparticles plays a significant role in diverse factors, even
from ancient times, such as in the making of the ‘Lycurgus cup’ in Rome and in
the  making  of  porcelain  in  the  ancient  Chinese  dynasty  [3].  The  relationship
between humans and Nanoparticles is inevitable because of their use in various
fields,  especially  in  medicine.  The definition of  nanoparticles,  according to  the
American Society for Testing and Materials (ASTM) “particles with lengths that
range from 1 to 100 nanometres in two or three dimensions” [4]. Nanoparticles
are  also  called  Artificial  atoms  [3].  Nanoparticles  differ  from  bulk  materials
because  of  their  distinctive  physicochemical  characteristics,  such  as  extremely
small size, immense surface area to mass ratio, and highly reactive nature [5]. The
function  of  the  nanoparticles  in  vivo  is  directly  affected  by  the  shape  of  the
nanoparticles [6]. There are enormous chances of changes in physical properties
when microparticles are transformed into nanoparticles. In the process of particles
getting smaller, there is enhancing supremacy in the behaviour of atoms on the
surface  area  of  nanoparticles  when  compared  to  the  atoms  which  are  present
inside the nanoparticles; this is due to the rise in the proportion of surface area to
volume.  These  properties  help  to  get  the  better  of  some  constraints  which  are
found  in  other  therapeutic  techniques  [5].  Nanoparticles  reveal  their  quantum
mechanical  property  once  they  become  sufficiently  smaller.  The  transparent
nature of nanoparticles is due to their dimension which is lower than the critical
wavelength  of  light  [3].  Nanotechnology  is  the  field  that  involves  the
manipulation  and  creation  of  materials  either  by  reducing  or  refining  or  by
ratcheting up from a single group of atoms to produce materials on the nanometer
scale  [1].  One  of  the  global  problems  concerning  public  health  is  infectious
diseases; these infectious diseases can be intra or extracellular, diseases that are
related to medical devices or biofilm mediated and these diseases paves way for
millions of mortality. The use of nanoparticles is a hopeful approach against these
infectious diseases.
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Types of Nanoparticles

Organic Nanoparticles

Liposomes

Liposomes  are  microscopic,  concentric,  bilayered,  and  consist  of  spherical
vesicles with the presence of aqueous chambers adjoining phospholipids [7]. The
lipid  bilayer  of  the  liposomes  can  store  drugs  as  the  aqueous  phase  can  be
encapsulated.  The  diameter  of  the  liposomes  is  about  400  nanometres  to  2.5
micrometres [8]. A Tiny spherical system that is synthesized from non-Poisonous
phospholipids  and cholesterol  is  called Liposome.  In  the  production process  of
liposomes, they can be engineered to have different properties based on the lipid
of  our  interest  [9]  because  liposomes  are  natural,  have  structural  versatility,
biocompatibility,  non-immunogenicity,  amphiphilic  nature,  and  their  ability  to
target  specific  delivery  processes  [7].  It  can  present  in  the  bloodstream  for  a
longer duration. Recent researches reveal that Liposomes are used as a successful
drug carrier in cancer treatment without injuring the normal cells [9].

Dendrimers

The  “word  Dendrimers”  is  derived  from  the  Greek  (“Dendron”-  Trees  and
“meros”- part). In the beginning, it was called “cascade molecules” by Vögtle et
al.  These  molecules  are  named  dendrimers  by  Tomalia  et  al.  Dendrimers  are
radially  symmetric,  nano-sized  molecules  and  possess  monodisperse  structures
which  have  tree-like  branches  or  arms.  Fritz  Vogtle  was  the  first  person  to
discover  these  hyperbranched  molecules  in  1978  [10].  Dendrimers  are  distinct
multivalent molecules that possess a branched structure of nm size. Dendrimers
have well-defined molecular architecture. The core of dendrimers starts with the
group of  atoms or  a  central  atom,  and  from this,  'dendrons’  (branches  of  other
atoms) will grow through various chemical reactions [10]. The drug entrapment
effectiveness is dictated by the exterior surface of the macromolecule, which has 3
various domains such as terminal functional groups, branches, and a central core.
The terminal groups which are present in lagers numbers are responsible for the
interactivity  of  the  dendrimers  with  surfaces,  solvents,  and  other  molecules.
Dendrimer' is not a compound; it is an architectural motif. Dendrimers are well
known for their compact shape and amalgamation of many functional groups [10].
The  binding  properties,  high  solubility,  and  reactivity  of  the  dendrimers  are
because of the presence of extremely active functionalities on their surface [11].
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Carbon-based NPs

Two main carbon-based nanoparticles are represented by carbon nanotubes and
Fullerenes. An Allotropic form of C is used in the Fullerenes [12]. Fullerene is
inert and safe. H. Kroto, R. Smally, and R.Curl discovered the Fullerenes in the
year  1985,  and  they  were  honoured  with  Nobel  Prize  (1966).  Other  than
producing in the laboratory, Fullerenes also exist in nature (outer space). These
are nothing but the closed polyhedra of C atoms. Different number of C atoms are
present  in  discovered  fullerenes.  C-60  (n=60)  is  one  of  the  famous  fullerenes.
Every  fullerene  possesses  and  hexagonal  rings  ((n/2)-10)  [13].  It  can  transmit
light  based  on  intensity.  They  are  employed  in  the  environmental  remediation
process for the efficient absorption of gases. It is also used as a support medium
for  diverse  organic  and  inorganic  catalysts  [12].  Carbon  nanotubes  (CNT)  are
made of graphene nanofoil. The diameter of the single-layered will be less than
0.7  nm,  and  for  the  multilayered,  it  is  about  100nm,  and  the  length  will  vary,
respectively. To form nanotubes honeycomb lattice of C atoms will be wounded
into hollow cylinders [14]. Carbon nanotubes are classified into MWCNT (multi-
wall carbon nanotubes) and SWCNT (single-wall carbon nanotubes). The unique
thermal, electrical and physical properties of carbon nanotubes make them more
efficient  in  industrial  and  bio  medicinal  fields  [15].  Carbon  nanotubes  possess
high tensile strength, electrical and thermal conductivity, and flexibility [14].

Polymeric Nanoparticles

Polymeric  nanoparticles  possess  a  matrix  structure  composed  of  biocompatible
and biodegradable  polymers  of  natural  or  synthetic  origin.  Mostly  used natural
polymers  are  chitosan,  alginates,  etc.,  and  among  the  synthetic  polymers  the
polylactide–polyglycolide  copolymers,  polylactide,  polyacrylates,
andpolycaprolactone [7]. The advantage of polymeric nanoparticles is that they
can  be  fabricated  in  a  wide  variety  and  various  sizes.  Different  kinds  of
therapeutic  agents,  such  as  proteins,  DNA,  and  various  low  molecular  weight
compounds, can be carried by biodegradable polymeric nanoparticles. In the field
of  pharmacology,  polymeric  nanoparticles  are  utilized  as  drug  carriers  for
vaccination,  tumours,  bone  healing,  and  diabetics  [9].  The  extensive  use  of
polymeric nanoparticles in the field of pharmaceutics and medicine is because of
their controllable properties, subcellular size, and biocompatibility with various
tissues  and  cells  [16,  17].  Polymeric  micelles  are  also  non-biodegradable
polymeric  nanoparticles.  It  can  securely  deliver  drugs  to  the  target  because
physiologically,  they  are  highly  stable  in  the  biological  environment  [9].
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Metal Nanoparticles

Nanosized metals are used to call “metal nanoparticles,” and their size is about 1 –
100nm. The major difference between bulk metal and metallic nanoparticles is in
the  bulk  matrix  because  electron  delocalization  possesses  high  electrical  and
thermal  conductivity,  but  in  the  metal  nanoparticles,  those  delocalization  is
absent,  which  results  in  properties  that  are  entirely  different  from  bulk  metals
[18].

In  the  bio-medicinal  field,  metallic  nanoparticles  of  the  size  of  5  to  16  nm are
regarded as most hopeful for practical applications [19].

Because  of  their  high  specificity  of  interaction  and  chemical  activity,  metal
nanoparticles have been paid great attention over the last decade. When compared
to bulk equivalents, metal nanoparticles have an increased surface area-to-volume
ratio, and this is the main reason for their catalytic applications. Some important
features  of  metal  nanoparticles  include  providing  LDOS,  which  reveals  a
transition  between  molecular  and  metallic  states,  raising  the  number  of  kinks,
edges and corners. One of the Advantages of metallic nanoparticles is that for a
particular  reaction,  we  can  amplify  the  activity  by  giving  needed  surface
properties and size. Increased availability of the surface system is also achieved
by reducing the metal cluster or reducing the nanoparticle size. In therapeutics,
metal  nanoparticles  pave  a  significant  way  in  diagnostic  applications  as  these
metallic nanoparticles can be bound to the single strands of deoxyribonucleic acid
nondestructively [16]. Some of the important metal nanoparticles are discussed as
follows.

Gold Nanoparticles

Gold  nanoparticles  are  also  known  as  colloidal  gold,  which  is  nothing  but  the
colloids of gold particles that are in nanometre size [20]. Gold nanoparticles play
a vital role in catalysis. Gold was regarded as a poor catalyst and chemically inert
metal.  Gold  can  be  a  highly  reactive  catalyst  in  many  reactions,  such  as
hydrogenation, oxidation, and other related reaction, when its size is less than 10
mm and dispersed particle  on the  appropriate  support.  In  the  aqueous solution,
because of their LSDD, the gold nanospheres with a diameter of 10nm will have a
great  absorption  maximum  (around  520  nm)  [20].  Several  reviews  on  gold
nanoparticles  reveal  that  the  gold  nanoparticles  with  the  size  of  1-10  nm  are
greatly  dispersed  on  various  supports.  In  immunochemical  studies,  Protein
interaction can be identified using Gold nanoparticles [21]. The Au nanoparticles
are used mainly in the oxidation of Cobalt [18]. Aminoglycosidic antibiotics such
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as  neomycin,  gentamycin,  and  streptomycin  can  be  detected  using  Au
nanoparticles  [21].

Silver Nanoparticles

The particle size of the Ag nanoparticles is between 1 and 100 nm [20]. Silver is
well  known  for  its  anti-microbial  activity.  Because  of  their  anti-microbial
property, silver nanoparticles are widely employed in drug delivery, health care
products,  optical  sensors,  pharmaceutical  industries,  orthopaedics,  cancer
treatment,  and  also  in  the  food  industry  [22].  Silver  nanoparticles  are  widely
employed  in  various  catalytic  activities.  Ag  nanoparticles  are  crucial  in  the
selective oxidation of alkenes and alkanes for the production of various industrial
products, which include aldehydes and epoxides. In the heterogeneous oxidation
of ethylene, silver nanoparticles supported on CaCo3 and Al2O3 are selective and
highly active [18]. Various factors that, include the morphology of the particle,
agglomeration,  reducing  agent,  dissolution  rate,  surface  chemistry,  ion  release
efficacy,  and  size,  are  the  crucial  factors  that  determine  the  cytotoxicity  of  Ag
nanoparticles [22]. Nowadays, silver sulfadiazine is extensively replaced by silver
nanoparticles for treating wounds [20]. In addition to the field of medicine, silver
nanoparticles are used in the manufacturing of sunscreen lotion, water treatment,
and  textile  industries  [21].  Controlled  structures  of  Ag  nanoparticles,  such  as
uniform  morphology,  function,  and  size,  are  crucial  for  the  usage  of  silver
nanoparticles  in  the  field  of  biomedicine.

Zinc Oxide Nanoparticles

Among the trace elements, zinc is inevitable in humans because it is involved in
the activation of various enzymes, such as alcohol dehydrogenase and carbonic
anhydrase [23]. Zinc oxide nanoparticles have the ability to impede the activation
of nuclear factor-kappa B cells (NF-kB), which leads to the minimization of the
inflammatory  cytokine’s  mRNA  expression  [23].  Morphologically  zinc  oxide
nanoparticles  can  be  synthesized  in  various  forms,  such  as  Nanospheres,  Nano
cages,  hexagonal,  nanowires,  nano  boxes,  nanorings,  nanotubes,  tripods,  and
tetrapods  [23].  Due  to  their  increased  catalytic  activity,  nano  dimensions,  and
great  surface  area,  they  can  be  applied  to  catalytic  reactions  [19,  24].  These
nanoparticles  are  highly  active  against  various  pathogens,  especially  gram-
positive bacteria [23]. On comparing to all other metal oxide nanoparticles, zinc
oxide  nanoparticles  show  maximum  toxicity  toward  microorganisms  [23].  By
coating the Zinc oxide nanoparticles with a dissolvable polymeric material, it can
be used to treat ulcers, microbial infections, treating wounds and also as a drug
carrier to treat cancer [23]. Zinc nanoparticles are also used in ointments, cosmetic
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creams,  etc.  because  it  has  a  great  ability  to  absorb  radiation  such  as  infrared
waves, radio frequencies, microwaves and ultraviolet radiations [19].

Titanium Dioxide Nanoparticles

Titanium dioxide (TiO2) is naturally present in brookite, anatase, and rutile. It is
white  powdery,  odourless,  and  noncombustible.  It  is  used  in  capsules  and
toothpaste as a food additive [25].Tio2 nanoparticles have the property of anti-
corrosive, photocatalysis, and great stability. It plays a great role in the making of
sunscreen lotion because of the property that is transparent when its particle size
is at the nanoscale (less than 100 nm) and it can absorb and reflect ultraviolet light
[25].

Magnetic Nanoparticles

The major applications of Magnetic nanoparticles are in the making of recording
tapes,  biomedical  materials,  Ferrofluids,  and  also  as  a  catalyst  [26].  Magnetic
nanoparticles provide a promising approach in biomedicine. One of the notable
properties of magnetic nanoparticles is their controllable size (from very few to
tens of nm) which is equal to or lesser to a virus, a cell, a gene, or a protein. This
shows their ability to get closer to the biological system [27]. It can be used to
bind  or  interact  with  a  biological  entity  when  it  is  covered  with  biological
molecules  provided  that  it  should  be  ‘tagged  ’  in  a  controllable  manner  [27].
Various medical applications of the magnetic nanoparticles are especially because
of their response to the magnetic force, this enables the magnetic nanoparticles in
the bioseparation and drug targeting [28]. It is also used as a contrast agent for
heating  mediators  to  treat  hyperthermia  and  MRI  [28].  Positively  charged
Magnetite  cationic  liposomes  (MCL)  (cationic  magnetic  particles)  are  used  to
introduce  magnetite  nanoparticles  into  cell  targets  as  their  cell  surface  is
negatively  charged  [28].  Magnetic  nanoparticles  such  as  maghemite  and
magnetite  are  biocompatible.  These  nanoparticles  are  vitally  involved  in  the
sorting and manipulation of stem cells, DNA analysis, drug delivery, MRI, and
gene therapy [21].

Ceramic Nanoparticles

Ceramic nanoparticles can be engineered with the preferred porosity and size. It is
an  inorganic  system  that  can  be  used  as  a  drug  vehicle.  In  cancer  therapy,
biocompatible  ceramic  Nps  such  as  alumina,  silica,  and  titania  are  used.  In
photodynamic therapy against cancer, using silica-based doped nanoparticles is a
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successful tactic in drug delivery [9]. Nanomaterials of silica have a broad range
of usage in Cosmetics, food, mechanical polishing, drug delivery, and varnishes.
It is said to be (GRAS) “generally regarded as safe” material. In recent years it
shows  great  progress  in  cancer  therapy,  Biosensors,  enzyme  immobilization,
DNA  delivery,  and  biomarkers  [25].

Quantum Dots

Quantum  dots  are  nano-sized  particles  that  possess  nearly  100  -  1000  atoms.
These are very tiny semiconductor crystals [29].  Quantum dots are nothing but
colloidal nanocrystals which plays a great role in various field because of their
chemical  and  physical  properties  [30].  The  radii  of  colloidal  semiconducting
quantum dots are about 2-10 nanometers in diameter, which is more or less equal
to the Bohr radius. (QY) Quantum yield and the narrow spectral band of the QDs
are because of their quantum confinement effect. QDs comprise III–V elements
like  InAs  or  II-VI  groups  such  as  CDS,  ZnS,  etc.  Quantum  dots  possess
distinctive  electrical  and  optical  properties.  QDs  have  excellent  luminescence
emission  properties.  The  quantum confinement  effects  make  the  QDs  different
from  bulk  materials.  The  use  of  Quantum  dots  as  a  luminescent  probes  for
biomedical analysis is a great advantage in the field of medicine [31]. Quantum
dots  are  semiconductor  nanocrystals  with  higher  fluorescence  and  longer
durability,  which  pave  the  way  for  it  visual  technologies  to  relocating  in-vivo
imaging  and  living  organism  diagnostics  [25].  To  target  specific  receptors,
biological  events,  and  cellular  structures,  fluorescent  Quantum  dots  can  be
combined  with  bioactive  moieties  such  as  antibodies  [25].  It  is  widely  used  in
transistors, medical imaging, laser diodes, display, and solar cells [29].

SYNTHESIS OF NANOPARTICLES

Nanoparticles synthesis has been followed by several approaches. The synthesis
of nanoparticles is categorized mainly three different methods as followed;

Green Synthesis

This method is also known as a biological method. In this method, nanoparticle
synthesis plays an important role to control the reducing ability of enzymes, and
biological molecules of microbial cells. This method of nanoparticle synthesis is
environmentally  friendly.  Metal  nanoparticles  are  biosynthesized  by  using
different bacteria, plants, and fungi. E. coli, Staphylococcus aureus, Enterobacter
cloacae, Pseudomonas aeruginosa, and some lactobacilli species have shown the
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ability  to  produce  silver  nanoparticles  successfully.  These  biologically
synthesized  Ag  NPs  show  higher  stability  than  chemically  synthesized  ones.

The presence of enzymes and different phytochemicals in plant extracts helps to
reduce silver ions into nano-size material. In leaf extracts of black tea and green
tea biomolecules like phenol, flavonoids and polyphenols help to stabilize the Ag
NPs by reducing Ag ions [32]. The green synthesis method has proved beneficial
for renewable sources as well.

Chemical Synthesis

Reducing  chemical  organic  and  inorganic  agents  commonly  synthesise  silver
nanoparticles. This synthesis process requires three components mainly; reducing
agents, stabilizing agents, and metal precursors. Other different chemical methods
for the synthesis of nanoparticles are the electrochemical synthetic method, UV-
initiated  photoreduction,  photo-induced  reduction,  irradiation  methods,  and
microemulsion  method.  As  compared  to  the  physical  method,  the  chemical
synthesis  method  gives  a  higher  yield.

Physical Synthesis

In this method of synthesis of nanoparticles, temperature, concentration, and size
play an important role. Generally, high temperature plays an important role, but it
shows disadvantages like required space and time as well as harmful effects on
the environment, with the temperature of the heater surface, the concentration of
nanoparticles and size var [32].

ANTIBACTERIAL NANOPARTICLES

The antibacterial agents mainly show two kinds of activities; either they inhibit
the growth of bacteria or kill the bacteria without harming the surrounding tissue.
To  fight  against  infectious  diseases  is  the  main  adjective  of  these  antibacterial
agents. Antibacterial agents have increased in medicine, various industries, food
packaging  and  water  disinfection.  The  wide  and  extensive  use  of  such  organic
compounds  shows  toxic  disadvantages  to  the  environment,  including  humans
[33]. The continuous use of antibacterial agents has challenged the formation of
bacterial resistance in the research community. This resistance is evolutionary.

To  overcome  this  threat,  antibacterial  agents  like  metal  nanoparticles  were
developed  by  scientists.  Several  laboratory  studies  proved  that  these  metal
nanoparticles showed strong antibacterial activities against these resistant agents.
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A  single  time,  antibacterial  nanoparticles  target  multiple  biomolecules  and
decrease  the  resistant  potential  of  these  resistant  bacteria  by  avoiding  the
development of resistant strains [34]. Antibacterial nanoparticles include metals
and  metal  oxides  like  silver  (Ag),  iron  (Fe),  copper  oxide  (CuO),  zinc  oxide
(ZnO),  titanium,  etc.

ANTIBACTERIAL APPROACHES

Bacterial Cell Wall

The bacterial cell wall and membrane play important functions to provide shape,
rigidity,  and  strength  to  the  bacterial  cell.  It  protects  the  bacterial  cell  from
mechanical damage. According to components and structure, bacterial cell walls
are  differentiated  into  two  types;  1.  Gram-positive  bacteria,  2.  Gram-negative
bacteria.

The  cell  wall  of  Gram-positive  bacteria  is  made  up  of  peptidoglycan  and  is
attached to teichoic acids. This is the unique feature of a Gram-positive bacterial
cell  wall.  While  the  Gram-negative  cell  wall  shows  a  chemically  as  well  as
physically  more  complex  structure.  It  is  made  up  of  lipopolysaccharides,
lipoproteins,  and  phospholipids,  allowing  only  entry  to  macromolecules.  Also,
Gram-negative bacterial membrane shows resistance to hydrophobic compounds
like  detergents.  The  cell  walls  of  Gram-positive  bacteria  have  high  negative
charges,  which  are  helpful  to  attract  nanoparticles.  Hence,  it  shows  that
nanoparticles  show  higher  activity  against  Gram-positive  bacteria  than  against
Gram-negative. Some recent studies showed that, in E.coli

A  phospholipid  is  the  head  group  of  the  lipopolysaccharide  membrane,  which
interconnect  with  ɛ-poly-L-lysine  by  forming  electrostatic  attraction  and
damaging  the  cell  membrane  [33].

Role Of Biofilm Formation

Biofilm  is  a  complex  microbial  community  that  is  formed  by  adhesion  with  a
solid surface and covers the bacterial cell community by secretion of a matrix, i.e.,
extra-polysaccharide and proteins [33]. The formation of biofilm is a significant
problem.  It  protects  pathogenic  bacteria  against  antibiotics  which  is  the  main
cause of the production of chronic infections [35]. For biofilms, the metabolism of
bacteria is an important activity. For example, for the growth and development of
streptococcus,  the  metabolism of  D-alanine  is  essential.  A recent  study  proved
that in bacterial biofilms, nanoparticles can act as ion channels as well [36]. By
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using an external magnetic field, Mg nanoparticles show the ability to penetrate
biofilm.

Growth Rate Control

The  rate  of  bacterial  growth  is  another  important  factor  that  can  affect  the
tolerance of  bacteria.  It  is  scientifically studied that;  slow-growing bacteria  are
less  receptive  than  fast-growing  bacteria  to  nanoparticles.  Consequently,  the
particular  strain  is  highly  responsible  for  the  antibacterial  effect.

Other  than  this,  the  different  physicochemical  properties  of  nanoparticles,  like
size, surface morphology, charge as well as crystal structure, are helpful elements
that  regulate  the  nanoparticle's  action  on  the  bacterial  cell  [33].  Some  more,
bacterial strain, environmental conditions, and exposure time are the major factors
that also affect nanoparticle antibacterial activity.

ANTIBACTERIAL MECHANISM OF NANOPARTICLES

Nanoparticles  can  change  bacterial  metabolic  activity.  This  capacity  of
nanoparticles leads to the cure of various bacterial diseases by eliminating those
bacteria. Hence, in the field of medicine, the use of nanoparticles has increased
with  an  increase  in  the  study  of  potential  ability  as  well  as  the  antibacterial
mechanism  of  these  nanoparticles.

When  bacterial  cells  come  in  contact  with  nanoparticles,  they  attain  the
antibacterial  function  of  the  bacterial  cell.  Some  important  antibacterial
mechanisms  of  nanoparticles  are  discussed  below.

Release Of Metal Ion From Nanoparticles

The electrochemical potential present in the solution leads to the dissolution of
nanoparticles. The anti-microbial activity is mainly depending on the number of
ions released. It means the toxicity is directly proportional to the concentration of
nanoparticles [33]. When the nanoparticle gets interconnected with the bacterial
cell wall, it gives rise to a specific localization source for ions and releases ions
continuously,  which  results  in  to  increase  in  toxicity  to  the  cell.  The  large
concentration  of  these  ions  helps  to  penetrate  the  bacterial  cell  wall.  After
penetration, they interact with functional groups like amino (-NH) and carboxyl (-
COOH), which are present in nucleic acid and proteins. They inhibit the bacteria
by  affecting  physiological  processes  and  inhibiting  the  activity  of  enzymes  as
well. The effect of the metal ion depends on pH during metal oxide suspension of
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the  anti-microbial  process,  which  is  present  in  lipid  vesicles  [34].  For  anti-
microbial  substances,  heavy  metal  ions  act  as  bearers  indirectly.

Oxidative Stress

During basic metabolism production of Reactive Oxygen Species (ROS) takes a
highly  reactive  place.  Reducing  oxygen  molecules  of  different  nanoparticles
forms different kinds of ROS. Hydroxyl radical (-OH), hydrogen peroxide(H2O2),
superoxide radical (O2-), and singlet oxygen (O2) are four types of ROS that show
different activities from each other [36]. All different four types of ROS produced
by copper oxide. The catalase, as well as superoxide radicals, show the ability to
acute microbial death while H2O2 and O2- lead to a reduction of less acute stress.

Oxygen vacancies that are present in the crystal, restructuring, and defect sites are
mainly  responsible  for  the  production  of  ROS.  In  case  of  a  change  in  the
permeability of the bacterial cell membrane and to damage it, high stress of ROS
plays  a  key  factor.  Even  recent  scientific  studies  proved  that  ROS  acts  as  an
important factor for the interlink between bacterial cells and DNA [36]. ROS is
also important to increase the level of oxidative protein in gene expression, which
is  an  important  mechanism of  apoptosis  in  bacterial  cells.  ROS can  attack  and
depresses the physiological activities of the protein.

Fig. (1).  Graphical representation of ROS mechanism of antibacterial NPs.

When  a  cell  undergoes  stress  like  UV  light,  DNA  damage  occurs.  ROS
production leads to an increase in the toxicity level of the cell and can cause death
or the destruction of the cell. In the presence of light, the important anti-microbial
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substance  (OH)  is  produced  by  zinc  oxide.  For  example,  when  zinc  oxide  is
stimulated by light, it produces the main anti-microbial substance, i.e., OH, in a
minimal amount. The graphical representation of the mechanism is shown in Fig.
(1).

NANOPARTICLES AGAINST DRUG-RESISTANT BACTERIA

Multi-drug  resistant  (MDR)  bacteria  are  a  globally  increasing  challenge.
Developing  new  formulations  by  using  nanotechnology  has  offered  some
prospects  in  recent  days.  Nanoparticles  can  act  as  natural  anti-microbial
compounds  as  well  as  a  carrier  for  antibiotics.  Table.  1  shows  the  list  of
nanoparticles that have been proven to be effective against drug-resistant bacterial
pathogens.

Table 1. List of antibacterial nanoparticles against various drug-resistant pathogenic bacteria

Targeted bacteria Types of
NPs

Resistance antibiotic
type

Mechanism of
antibacterial action References

S.aureus Ag NPs Methicillin-resistant Combine with antibiotics Yael N, et al2017

E.coli, S.aureus,
K.pneumoniae Ag NPs Erythromycin resistant

Damaging cell surface as
well as loss of chain

integrity
Yael N, et al2017

E.coli Ag NPs MDR Generating ROS Yael N, et al2017

P.aeruginosa Ag NPs Ofloxacin resistant Multi-drug efflux pump Yael N, et al2017

S.aureus Au NPs Methicillin-resistant Photothermal therapy by
generating ROS

SSN Fernando, et
al 2018

P.aeruginosa Au NPs Formation of biofilm Interact with surface of
cell

SSN Fernando, et
al 2018

E.coli, S.aureus,
Enterobacter

aerogenes
Au NPs Cefotaxime resistant Bacterial cell disruption,

damage of DNA
SSN Fernando, et

al 2018

S.aureus ZnO NPs Methicillin resistant Inhibition of enzyme SSN Fernando, et
al 2018

E.coli ZnO NPs MDR
Generation of ROS,
bacterial cell wall

disruption

SSN Fernando, et
al 2018

K.pneumoniae ZnO NPs Ampicillin resistant
Generation of ROS,
bacterial cell wall

disruption

SSN Fernando, et
al 2018

P.aeruginosa Cu NPs MDR Cu hydrosol generation SSN Fernando, et
al 2018
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Targeted bacteria Types of
NPs

Resistance antibiotic
type

Mechanism of
antibacterial action References

P.aeruginosa Cu NPs Formation of biofilm Penetrate cell wall &
damage nucleic acid

SSN Fernando, et
al 2018

E.coli, S.aureus CuO NPs MDR ROS generation Yael N, et al 2017

E.coli TiO2NPs MDR Generation of ROS &
cell wall disruption Yael N, et al2017

S.aureus Graphene Methicillin-resistant Combine antibiotics with
NIR exposure. Yael N, et al2017

ANTI-FUNGAL NANOPARTICLES

Fungi  are  unique,  diverse  group  of  organisms  and  ubiquitous.  The  pathogenic
group  of  fungi  causes  several  infections  in  human  beings.  Several  studies
described  and  detected  continuous  emergence  and  re-emergence  of  fungal
infection.  An  increase  in  fungal  infections  is  causing  healthcare  concerns
worldwide.  Developed  research  derived  different  anti-fungal  nanoparticles  to
successfully  overcome  this  problem,  which  kills  fungal  pathogens  through
different  mechanisms.

Nanoparticles like Ag, ZnO and TiO2  show anti-fungal activity.  A recent study
proved  that  biosynthesized  AgNPs  show  superior  anti-fungal  activity  than
chemically  synthesized  ones.  It  shows  anti-fungal  activity  against
Alternariaalternata,  Rhizopusstolonifer,  Aspergillus  niger  and
Phomopsisasparagi.  Chitosan  is  a  demanding  material  for  the  preparation  of
nanoparticles. It shows great anti-fungal activity, biodegradable in nature as well
as shows non-toxicity.

ANTI-FUNGAL MECHANISM OF NPS

There is not exactly only one mechanism studied in anti-fungal nanoparticles as
more study is going on. Different nanoparticles show different mechanisms based
on their production, toxicity against the pathogen, size, and growth as well. It is
scientifically  proved  that  nanoparticles  that  are  biosynthesized,  disrupt  cellular
integrity, generation of superoxide radicals, and produce an osmotic imbalance in
the  pathogen.  When  fungal  pathogens  like  Alternariabrassicicolatreated  with
biosynthesized  nanoparticles  and  scanned  in  an  electron-microscope,  it  is
observed that the osmotic imbalance and membrane disintegrate, the main cause
for the death of the fungal cell.

Chitosan  nanoparticles  propose  three  main  mechanisms  to  inhibit  the  fungal

(Table 1) cont.....
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activity  of  pathogens.  In  the  first  mechanism,  chitosan  targets  the  plasma
membrane  of  pathogenic  fungi.  Negatively  charged  components  like
phospholipids  present  in  the  membrane  interact  with  the  positively  charged
chitosan. This activity leads to an increase in the permeability of the membrane
and the death of the cell by cellular leakage. In the second mechanism, chitosan
penetrates the wall of the fungal cell and binds with DNA. This binding leads to
the  inhibition  of  the  synthesis  of  mRNA,  which  results  in  an  effect  on  the
production  of  proteins  and  enzymes.  While  in  the  third  mechanism,  chelating
agents  present  in  the  chitosan-formed  nanoparticles  bind  trace  elements  of  the
pathogen and cause the unavailability of nutrients and inhibit the growth of the
fungal pathogen.

ANTI-PARASITIC ACTIVITIES

Nanoparticles  are  ultra-fine  particles  with  a  larger  surface area  to  volume ratio
that  can  reduce  the  incipient  melting  temperature  of  nanoparticles.  A  recent
approach in nano-technology and nanoparticle drug delivery to promote disease
diagnostics  against  pathogens  like  parasites,  fungi,  bacteria,  and  viruses  is
trending and beneficent. Natural phytochemicals present in the plant-like alpha-
pinene,  eugenol,  alpha-cubebene,  cyperene,  methyl  eugenol,  alpha-gurjunene,
beta-caryophyllene, trans-alpha-bergamotene, beta-farnesene, gamma-muurolene,
alpha-curcumene,  selinene,  beta-bisabolene  and  delta-morphine  are  known  to
have  anti-parasitic  efficacy  against  parasitic  pathogens  like  Giardia  lambia,
Toxoplasma gondii, Trichomornasvaginalis which can be utilized in synthesizing
organic nanoparticles. Furthermore, parasites are the class of pathogens that are
more  dangerous  than  bacteria  to  livestock  and  humans,  and  some  of  the  anti-
parasitic  drugs,  like  Leishmania  amphotericin  B,  ivermectin  and  praziquantel,
have  been  facing  side-effects  due  to  weak  transmembrane,  intracellular
transferability, poor absorption, insolubility and discharged with excrement which
needs  to  be  prevented  with  the  enhanced  therapeutic  activity  of  anti-parasitic
drugs with the aid of organic nanoparticles. Also, the anti-parasitic nanoparticles
make it very cost-effective against parasites which decreases the mortality rate in
the endemic areas that promote drug therapy.

ANTI-PARASITIC MECHANISM OF NPS

Acanthamoeba is a species of parasite that is responsible for a fatal disease named
granulomatous  amebic  encephalitis  (GAE).  It  also  causes  skin  infection,
Pneumonitis,  and  nasopharyngeal  infection.  Poly  (DL-lactide-co-glycolide)
(PLGA) microspheres were synthesized as delivery systems for the natural anti-
parasitic phytochemicals like Betulinic acid BA-(PLGA), Periglaucine A PGA-
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(PLGA), to be encapsulated on it, thus, enhancing the therapeutic efficiency of the
anti-parasitic drugs. Poly (DL-lactide-co-glycolide) (PLGA) is a copolymer that is
used in nano-technology for an efficient drug delivery system.

The PLGA nanoparticles encapsulated with anti-parasitic drugs were successfully
synthesized by single emergent solvent evaporation with different concentrations
of  nano-particles  observed  at  25  microgram/ml,  50  micrograms/ml,  and  100
micrograms/ml. The prepared PGA-(PLGA) and BA-(PLGA) showed maximum
absorbance at 630 and 210 nanometers with sizes approximately of 500 nm and
100 nm when observed under a microscope that showed inhibition in the viability
of  Acanthamoeba  triangularis  74.9%,  59.9%,  49.9%  and  71.2%,  52.2%,  88%
respectively.

Mechanism

Porphyrin  is  a  group  of  heterocyclic  compounds  having  greater  catalytic,
luminescence  properties  and  has  shown  greater  potential  concerning  medical
interventions.  These  pharmaceutical  features  and  the  prominent  nature  of
porphyrin  and  its  derivatives  like  chlorins,  benzoporphyrins,  purpurins,
texaphyrins,  phthalocyanines,  and  protoporphyrin  IX  with  nano-carriers  can
enhance the bioavailability and drug-targeted delivery. Structural modification in
porphyrin macrocycles by changing the peripheral substituents can enable anti-
parasitic  activity.  Considering  this,  the  modification  in  the  beta  position  of  the
porphyrin  ring  displays  potent  anti-parasitic  activity  against  cutaneous
Leishmaniasis or prepared meso-substituted porphyrins, including pyrrolidinone
through Buchwald–Hartwig amination reactions  to  assess  anti-parasitic  activity
against Leishmaniadonovani, Trypanosomabrucei, and Plasmodium species.

Providing nanoformulations like encapsulation in liposomes, micelles, polymeric
particles, cyclodextrin, and dendrimers on the modified porphyrins can increase
the therapeutic efficacy of the drug.

NPS AGAINST DRUG RESISTANT PARASITES

Chitosan Nanoparticles

Chitosan nanoparticles are widely used as an antibacterial agent because of their
mass  and  known  concentration.  Using  the  ionic  gelation  method,  we  can  use
different  concentrations  and  molecular  weights  to  check  anti-parasitic  activity
against  Toxoplasma  gondii  RH strains.  Acid-base  titration  and  the  viscometric
method  were  used  to  characterize  the  deacetylation  of  chitosan.  Furthermore,
therapeutic anti-parasitic  efficacy was checked with various concentrations and
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molecular  weights  using  scanning  electron  microscopy,  bioassay  in  mice,  and
many others.

Gold Nanoparticles

Gold  nanoparticles  are  metal  nanoparticles  possessing  special  features  of  very
small size and high surface area to volume ratio, which has an effective efficacy
against microsporidian parasite Heterosporissaurida that affects the economy of
lizardfish  aquaculture.  Gold  nanoparticles  were  synthesized  by  the  chemical
reduction  of  tetrachloroauric  acid  as  a  metal  precursor.  Furthermore,  it  was
observed  that  EK-1  cell  spores  produced  were  reduced  according  to  the
concentration  of  gold  nanoparticles.

Silver Nanoparticles

Silver  nanoparticles  are  metal  nanoparticles  possessing  special  physical  and
chemical  properties.  The  green  synthesis  method  with  the  extract  of  phoenix
dactylifera seeds and Nabka leaves was used to synthesize nanoparticles. Silver
Nitrate was used as a metal precursor at a particular concentration in the process.
Later, Transmission electron microscopy was used to characterize the shape and
morphology  of  the  silver  nanoparticle,  and  it  was  identified  a  reduction  in  the
immune system of NF-kB and TGF-Beta in hepatic tissues, which is required for
the treatment of Toxoplasmosis.

ANTI-VIRAL NANOPARTICLES

Virus  nanoparticles  are  virus-like  particles  that  have  prominent  formulations
against virus heterogeneity and diversity, which further promotes nanotechnology
that  improves  biomedical  applications  when  it  comes  to  drug  delivery  system,
permeability,  therapeutic  efficacy  and  disease  diagnosis.  Recent  viruses  like
Coronavirus  and  Nipah  virus  have  wider  heterogeneity  and  versatility,  making
them  of  higher  antibiotic  resistance.  It  is  further  important  to  come  up  with
different  technology  through  bio  nanomaterials  to  combat  these  viruses.

ANTI-VIRAL MECHANISM OF NANOPARTICLES

Mechanism 1

Herpes  simplex  virus  type  1  (HSV-1)  is  a  virus  enveloped  with  linear  double-
stranded DNA that causes various diseases like encephalitis, keratoconjunctivitis,
cold  sores,  and  genital  herpes  in  humans,  which  calls  upon  a  mechanism  of
effective anti-viral agents. Rhubarb is a rhizome of a Chinese plant that consists
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of  essential  natural  chemical  agents  like  aloe-emodin,  rhein,  emodin  and
chrysophanol,  which  has  anti-viral  effects  but  with  limited  bioavailability  and
hydrophobicity.  Species  of  Rhubarb  plant  named  R.  tanguticum  was  grounded
into small powder-like and later subjected to gel and water grinding to obtain a
size of lesser than 50 nanometers, followed by cell breaking using a high-pressure
homogenizer to obtain the dry nanoparticles. Furthermore, the active component
analysis in the plant was performed by high-performance liquid chromatography
and morphology was obtained by Transmission electron microscopy.

Mechanism 2

Recent  aerosols  caused  by  pathogens  are  deadly  and  dangerous  to  humans.
Researchers have found some respiratory infection outbreaks from lethal viruses
like  middle  east  respiratory  syndrome,  swine  flu  virus,  and  acute  respiratory
coronavirus that have adverse health impacts. Air filters were coated with silver
nanoparticles which were synthesized using a lab-made spark discharge method.
Changes  and  evolution  in  the  silver  nanoparticles  were  confirmed  by  field
emission  scanning  electron  microscope-  energy  dispersive  X-ray  and  shown to
have anti-viral activity towards some bacteriophage.

DRUG-DELIVERY SYSTEM

Present-day  drugs  that  are  available  for  injection  or  oral  administration  lack
optimum formulations to some extent. To enhance the efficiency in the product
containing nucleic acids or proteins and against undesirable degradation, there is a
need for an innovative drug carrier system [17].  Nanotechnology can act at  the
molecular  level  paves  the  way  for  manipulating  and  controlling  the  structures,
which  greatly  impact  the  pharmaceutical  sciences  and  medical  technology.
Nanoparticle-based  drug  delivery  is  one  of  the  innovative  and  efficient  drug
delivery  systems  mainly  because  of  their  large  surface  area  and  tiny  size  [17].
This allows the drug nanoparticles to manifest great solubility, ability to get into
the  pulmonary  system,  crossing  of  BBB  (Blood-brain  barrier),  intense
bioavailability, and can be absorbed through the compact junctions of cells of the
endothelium  of  the  skin.  The  advances  in  nano-biotechnology  enable  accurate
drug  release  into  extremely  specified  targets  [9].  Circulation  stability,
Biocompatibility,  and  Biodegradability  are  the  characteristic  features  of  active
systems  with  increased  efficacy  and  no  side  effects.  Older  drug  delivery
techniques are reported to have low efficacy as they depend on nanoparticles with
no propulsion capability [37]. But in the last decade, active drug delivery vehicles
with self-propulsion ability in aqueous media, which is achieved by a multitude of
approaches such as magnetic field, light,  or catalytic decomposition, have been
developed.  Modulation  of  cell  targeting,  motor  speed  regulation,  and
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internalization  phenomena,  thereby  providing  enhanced  control  of  the  system
[37].

TYPES OF NANOTECHNOLOGY-BASED DRUG DELIVERY SYSTEMS

Nanobots

Notable traits such as Navigation, self-propulsive velocity, cell targeting, towing,
and penetration of tissues are necessary for the nanoparticles to have a targeted
delivery of drugs at the desired site of action [38]. Wireless Nanobots have been
widely  used  for  drug  delivery  systems  in  recent  times.  Since  it  is  a  wireless
transfer system, the data or particles to be transferred or lodged are coded [39].
Then, using the frequency of 10 GHz to THz, the data is modulated. Modulated
data  get  communicated using wireless  antennas  and gets  decoded at  the  site  of
action. These easier techniques of transferring data using wireless networks help
to  solve  various  biological  problems.  They  are  also  used  in  the  diagnosis  of
various tumours, which adds more value to these techniques [39]. Various fields
of medicine, such as Neurology, Genetics, Gastrology, and Immunology, use nano
communication to treat the diseases which they deal with. Nanobot bit, Nanobot
gateway,  and  Nanobot  node  are  the  types  of  bots  which  is  commonly  used  to
achieve effective nano communication.

Nanoghosts

Bone  marrow  stem  cells  are  used  to  produce  Nanoghosts  by  removing
cytoplasmic  content  using  homogenization,  thereby  creating  ghost  cells.  PEGs
(polyethylene glycol), at a minimum concentration, don’t affect the nature of NGS
ability  to  target  [40].  The  natural  vesicles,  such  as  exosomes  and  a  few  other
vesicles which are originally reconstructed from RBCs aren’t equipped with target
capabilities. To make the target capabilities feasible and to stabilize a technology
that produces such NGs are processed. As a result of this, the term Nanoghosts is
born  with  an  inbuilt  targeting  mechanism  and  differs  from  conventional  nano-
vesicles  in  various  factors  of  processing,  production,  and  prospects.  Immune
Evasiveness  despite  surface-based  target  delivery  system,  different  NGs  from
other  nanovesicles.  These  immune  responses  are  widely  used  in  various
treatments, such as malignancies, immune disorders, and degenerative disorders
[41].To prevent drug leakage and enhance drug loading capacity, it is designed as
NGs  surrounding  NPs  such  as  gold  nanocages,  gelatin,  mouse  melanoma,  etc.,
thereby  favouring  cancer-specific  immune  response  [42].  Hypogenecity  and
cancer-target response, including chemotaxis and interaction with the surface, are
the major factors in choosing MSC (Mesenchymal stem cells)as the Nanoghost
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producer. Even though it is tumour-specific, it is not species-specific. sTRAIL is a
soluble form of tumour necrosis factor involved self-death-inducing ligand, which
has  shown  considerable  anticancerous  impact  when  associated  with  the  target
MSC.  The  biological  half-life  of  a  very  short  period,  enormous  potential,  and
selectivity are the factors that supported sTRAIL selection [43].

Nanoclews

Nanoclews  (NC)  are  bioinspired  drug  delivery  system  that  shows  anti-cancer
properties. Rolling Circle Amplification is used to synthesize long-chain ssDNA
from which Nanoclews are assembled. Decoration by electrostatic interactions of
DNase into nanoclews is  facilitated by the encapsulation of negatively charged
DNase into positively charged polymeric nanogel. In an acidic environment, the
shedding of the shell made of polymers results in self- degradation and release of
doxorubicin which shows enhanced therapeutic  efficacy [44].  DNA NC can be
efficiently  used  as  a  delivery  vehicle  for  CRISP  Cas9  protein.  To  facilitate  an
endosomal  escape,  it  is  coated  with  a  polyethyleneimine,  from  where  it  is
transferred to the nucleus by peptides of nucleus localizing ability. DNA NCs, as
a delivery vehicle, help in uniform particle formations and insertion or deletion at
the  targeted  sites  without  any  alteration  in  the  cell  viability  [45].  To  access
membrane-targeted delivery in plasma, two functional components are involved:
liposome shell useful in destroying PLA2 and two DNA NCIs forming the core.
DNA  NCs  hybridization  presents  TRAIL  to  death  receptors  and  reduces
endocytosis,  thereby  increasing  the  anticancer  efficacy  [46].
Electrochemiluminescence  is  used  for  the  detection  of  mi-RNA21  using
techniques such as Toehold-mediated strand displacement (TMSD). It is a kind of
technique  that  possesses  no  enzyme  amplification  with  good  specificity  and
sensitivity.  Nanoclews,  when  loaded  with  Ru(phen)3

2  +,  NCs  act  as  signal  tags.
These tags are used in the TMSD technique of biosensors for the detection of mi-
RNA21 [22].

Nanoneedles

The efficient transfer of various bioactive reagents to too many cells is carried out
by  nanoneedles.  They  possess  other  properties  like  the  transduction  of  optical
properties and sensitizing electrical activities. Microfabrication of metal-assisted
chemical  etch results  in the production of nanoneedles.  However,  they degrade
over time due to increased porosity thinning and finally losing their morphology
[47]. Delivery of drug molecules with very low cytotoxicity into the cytoplasm is
made possible by nanoneedles. Apart from this, they allow the cytoplasmic entry
of other nanoscale drugs, thereby increasing their ability. Even though there is no
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exertion of force on the needle during the process, membrane puncture is made
possible  due  to  its  sharp  edge  morphology  [48].  Despite  being  efficient  in  the
process  of  the  controlled  rate  of  drug  delivery,  nanoneedles  are  also  used  as
optical  biosensors  and  electrochemical  probes.  This  paves  the  way  for
understanding  cellular  physiology  and  the  environment  in  the  effect  of
nanoparticles. Povidone is the commonest polymer used to produce nanoneedles
[49].  The  efficiency  of  nanoneedles  as  a  drug  delivery  device  is  due  to  cell
fixation,  decreased  fluidity  in  the  membranes,  and  the  sealing  time  of  long
duration.  These  notable  properties  during  the  process  facilitate  more  time,
thereby,  more  cargo  enters  the  cell  without  delay  [50].

Nanoclusters

Challenge in developing sophisticated drug delivery nanoplatforms paved the way
for the simpler  and more efficient  nanoclusters  made by assembling lanthanide
dope particles with anti-cancer peptides and one iNGRof cyclic nature to attack
the cancer cells. LDC- iNGR, along with PBI and BIM, can undergo inhibition of
the  cancer  cell  viability  in  a  manner  dependent  on p-53 [51].  They differ  from
other  nanoparticles  due  to  their  properties,  namely  biosensors,  large  photons
excitation with molecular properties, and long-time fluorescence, which enables
bioimaging both in-vivo & in-vitro procedures. Other than this, they possess pH-
dependent  reactions,  photostability,  and  good  colloidal  in  water  medium  [52].
Gold Nanoclusters have created a wide range of attention because of their various
properties in drug delivery mechanisms. They also do not contain heavy metals
with toxicity which differs them from organic dyes. For multimodal therapeutics,
GNC  (Glod  nanoclusters)  along  with  reduced  graphene  oxide,  namely  GNC-
RGO, is used, which could inhibit the Hep-2 gene and thereby possess anticancer
properties  in  association  with  doxorubicin  [53].  Another  combination  of  gold
nanoclusters  with  DOX  (Doxorubicin)  in  the  bovine  serum  albumin  (BSA)
particles  shows  an  enhanced  imaging  technique,  where  the  clusters  show  the
uptake of BSA particles by the cancer cells and DOX shows the intracellular drug
release.  Sometimes  nanoclusters,  in  combination  with  anti-cancer  drugs  of
conventional  nature,  are  useful  in  radiational  therapy  [54].

Liposomes

Natural  or  synthetic  phospholipids  make  up  the  liposome  bilayer.  The  net
characters of the phospholipid constituents determine the chemical and physical
properties  of  the  liposome,  such  as  charge  density,  steric  hindrance,  and
permeability.  Several  methods  are  involved  in  loading  drugs  into  liposomes,
including the pH gradient method, a saturation of soluble drugs with an aqueous
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solution  of  liposomes,  utilizing  solvent  exchange  mechanisms,  and  utilizing
lipophilic  drugs.  Targeting  a  desired  tissue  by  the  liposomes  is  achieved  using
both active and passive strategies. This is possible because of the manipulating
ability of the liposomes that molecules can be added to the exterior surface of the
lipid bilayer. Very less particle size of the liposomes allows the MPS system to
swiftly clear them [8].

Nanobubbles

Nanobubbles are widely used as contrast agents in ultrasound techniques, because
of their size, stabilization with polymers, surfactants and lipids, and confinement
to the vessels. They have the potential to move into the parenchyma of a tumour
and specific targeting of biomarkers located in the surface of the cell [55]. Gold
nanoparticles  combined  with  Doxil  an  encapsulated  drug,  give  plasmonic
nanobubbles  (PNB).  These  PNB  facilitates  the  release  of  the  drug  into  the
cytoplasm and enhances therapeutic efficacy against various conditions such as
the total duration of the treatment, cells that are resistant against drugs, toxicity,
and drug dosage. Intracellularly they attack individual cells while extracellularly
the drug is removed and a new PNB is generated [56]. In drug loading, liposome,
emulsion,  and  coumarin  are  a  few  control  agents  used  for  nanobubbles  drug
delivery. These cell tests with the control agents show nanobubbles as a promising
drug  vector  in  therapeutic  systems  [57].  Cell  Permeable  Peptide  (lysine  or
arginine-rich  particles)  with  Campothecin  Conjugate,  when  loaded  into  the
nanobubble  shows enhanced efficacy.  This  combination  allows nanobubbles  to
release a large amount of CPP (Cell permeable peptides) and thereby contributing
to increased efficiency. They also show cytotoxic activity against HeLa cells of
Xenograft  nature with good cell  uptake compared to the conventional  injection
groups [58].

Exosomes

Exosomes  are  natural  vehicles  or  vesicles  of  nanometres  in  size  useful  in  drug
delivery systems. They consist of lipid bilayers with proteins of adhesive nature.
Since it is found naturally, it is not attacked or eliminated by the body’s immune
system and therefore it shows increased drug therapeutic efficacy. Few alterations
in the exosomes with saponin permeabilization show increased loading capacity,
controlled release of the drug, and prevention against destruction. They are widely
used in neuronal disorders [59]. Exosomes contain various proteins that are often
used  as  markers  for  identifying  them.  Few  exosomes  extracted  from  dendritic
cells  reveals  that  it  comprises  miRNA  of  a  different  variety.  Other  than  this
exosomes of  myoblasts  and astrocytes  contains  mitochondrial  DNA. They also
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facilitate the delivery of short interfering RNA, which has been a great challenge
due to its large size, rapid degradation and negative charge [60]. The delivery of
anti-inflammatory  drugs  such  as  Curcumin  is  more  stable  and  it  ensures  high
concentration for a long time in the blood with exosomes. As exosomes are target
specific,  they  direct  curcumin  towards  the  inflamed cells  and  thus  enhance  the
anti-inflammatory  effect  with  minimal  or  no  side  effects.  Also.  curcumin  with
exosomes  has  shown  protection  against  septic  shock  induced  by
lipopolysaccharides [61]. Nowadays, Mesenchymal stem cells are shown to be the
largest  producer  of  exosomes.  These  mesenchymal  stem  cells  being
immunosuppressive, exosomes also shows immunosuppressive action. Since the
qualities of exosomes derived from MSC are uncompromised, they are the perfect
source for production [62].

Injectable Nanoparticle Generator

Due  to  the  limitation  that  only  a  small  amount  of  drug  gets  deposited  in  the
tumour,  the  drug  efficacy  is  too  low.  To  encounter  this,  iNPG  (Injectable
Nanoparticle  Generator)  gives a  solution by overcoming all  the barriers.  It  is  a
micrometre  in  size  and  can  be  loaded  with  therapeutic  chemicals.  Doxorubicin
and poly- glutamic acid in combination with iNPG give iNPG-pDOX that shows
increased  efficiency  against  breast  cancer  of  metastatic  condition  [63].  iNPG
shows various advantages in the drug delivery system such as drug concentration
maintenance  for  a  long  time,  site/target-specific  delivery,  chance  to  revaluate
drugs  of  poor  pharmacokinetics.  Nanomaterials  with  inorganic  layers  have  the
advantage of increased ion exchange, adjustable shape, size, and structure. Even
though it  has  many advantages,  the question of  toxicity  due to  nanoparticles  is
still  in  research  [64].  The  various  techniques  models  used  to  overcome  the
problem of decreased efficacy with nanoparticles are lithography, emulsification
with  analysis  on  physicochemical  characteristics,  imprinting,  properties  of  the
drug  such  as  release  and  its  degradation  mechanism,  micro  moulding.  The
composition  of  nanoparticles  varies  from  macromolecules  to  micro  molecules
other than nanotubes and dendrimers. These particles prevent degradation during
delivery and thereby show increased efficacy [65].

Nano Terminator

The concept of nanoterminator is derived from the body’s natural mechanism of
response to infections, popularly called apoptosis – cell suicide. The nanoparticles
or  nanorobots  designed  to  deliver  drugs  may  sometimes  show dysfunction  and
may  cause  life-threatening  events  to  the  patient.  To  avoid  these  consequences,
nanoterminators  have  been  designed  to  kill  themselves  whenever  there  is  a
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dysfunction  in  the  delivery  mechanism  or  post-delivery  circumstances.  Even
though it is in no way the same as apoptosis, it results in outputs that are similar to
apoptosis [66]. The nano terminators are designed with a polymeric endoskeleton
as a base. This polymeric endoskeleton is a conjugated polymer that consists of
hight  bright  particles.  When  the  body’s  natural  killer  cells  are  coated  over  the
endoskeleton, which shows good biocompatibility and reasonable quantum yield.
They also play a role in the modulation of tight junctions and provide a pathway
called the green pathway, which enables them to cross barriers in the blood-brain
cascade. Apart from this, they are useful in skull imaging by the deposition in the
glioblastoma cells [67]. The major application of nano terminators is seen in the
field of dentistry, especially during root canal treatment. Anaesthesia given during
the  treatment  using  nanorobots/nanoparticles  to  the  pulp  cavity  may  cause
catastrophic  effects  by  encountering  the  vital  centres  such  as  the  conduction
system of  the  heart  and  the  respiratory  centre  in  the  brain.  They  are  used  as  a
bottom-up approach in dentistry [68]. Apart from this few nano terminators are
used in aeromedicine to tackle emergencies [69].

Niosomes

Similar to transferosomes, ethosomes, and liposomes, Niosomes are surfactants of
non-ionic nature, and they are usually multilamellar, being vesicular in structure.
Mainly it comprises two components, namely additives such as cholesterol and a
few molecules, which are ionic and non-ionic surfactants being the basement to
vesicular structure [70]. The uniqueness of niosomes lies in their structure which
enables  them  to  encapsulate  substances  such  as  water  and  fat-attracting
substances. Because of its unique nature, it can entrap a wide range of proteins,
vaccines,  and  drugs  easily.  Various  amphiphiles  under  niosomes  are  amides,
ethers,  and  esters  of  alkyl  nature.  Other  than  cholesterol,  diacetyl  phosphate  is
being used as an additive that facilitates the imparting of negative charges [71].
Niosomes  are  used  as  mucoadhesive  to  deliver  solutions  of  timolol  maleate,
which  are  coated  over  Carbopol  using  a  technique  called  reverse-phase
evaporation. Timolol maleate is the first line of drug for glaucoma of open-angle
type. To increase its bioavailability at the ocular site, delivery using niosomes is
being followed. Unlike conventional techniques, they reduce systemic absorption
and  side  effects  [72].  Niosomes  are  widely  used  in  the  treatment  of  various
organisms which possess the ability to cause systemic illness to serious mortality
conditions. They are used in the treatment of bacterial, fungal, leishmaniasis, and
viral diseases. Also, they are used in cosmetics, tubercular diseases, inflammatory
conditions,  diabetics,  gene  and  protein  delivery,  relaxation  of  muscle,
contraception, anaesthesia, vitamin deposition, immunization, and in the diagnosis
of various diseases [73].
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Carbon Nanotubes

Carbon nanotubes are new forms of drug delivery system wrapped by chitosan,
enabling more biocompatibility and water solubility for the delivery system. It is
considered special over other nanoparticles, for its features like increased time of
circulation,  enhanced  carrying  capacity,  unloading  depending  on  pH,  and
incomparable cell permeability [74]. Usually, nanotubes are single-walled. On the
other hand, electrical sensitivity is increased using multi-walled nanotubes as an
additive. The mechanism is made possible by the dissolution of polymer networks
consisting of polyethene oxide. Thus the electrical voltage of carbon nanotubes
enables the release of a comparatively large amount of drug during delivery [75].
Due to their mechanical and chemical properties, they are not easily degraded in
the body. This paves the way for the use of nanotubes as nanovectors in the cells.
Cisplatin,  a  chemotherapy  drug  based  on  platinum,  is  combined  with  single-
walled  carbon  nanotubes.  This  combination  is  used  against  cancer  cells  in  the
prostate [76].To deliver drugs against the cancer cells located in the lymphatics,
the size of the nanoparticles has to be adjusted. To make this possible, a magnet is
placed inside the nanotubes to control the drug composition externally and guide
them  to  the  exact  site  of  action  i.e.  lymphatic  cells.  Along  with  these  magnet
placed nanotubes, folic acid is also embedded to enable higher selectivity [77].

APPLICATIONS OF DRUG DELIVERY NANOPARTICLES

Drug Delivery System (DDS) is defined as a system by which drugs are delivered
by subcellular organs, cells, organs, and tissues for absorption through a variety of
drug carriers and controlled drug release. In the prevailing situation, nanoparticles
as drug carriers  have shown great  potential  with regard to the encapsulation of
drugs  in  nanoparticles,  nanospheres,  and  nanocapsules  which  reduces  the  side
effects and increases the therapeutic index. It is also essential to draw attention to
the enhanced techniques in  drug delivery to  improve the modern drug delivery
system.

•  Recent  progress  and  perspective  of  drug  delivery  in  D-alpha-tocopheryl
polyethylene  glycol  succinate  (TGPS)  approved  by  the  food  and  drug
administration (FDA) for efficient biocompatibility, drug permeation can inhibit
the  activity  of  ATP-dependent  P-glycoprotein  and act  as  a  potent  excipient  for
overcoming multi-drug resistance (MDR) in the tumour.

• The ideal goal achieved through controlled drug delivery concerns relevant drug
formulations at desired kinetics to treat patients effectively with convenience and
compliance.
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•  Limitations  in  bioavailability  and  poor  water  solubility  have  decreased  the
therapeutic efficacy of the naturally available potential plant product, In respect to
this, recent studies have attempted to address this problem with the aid of nano-
carriers proved by the FDA.

• Learning and preventing the pathophysiology of a chronic wound is important
because of the increased incidence of obesity and diabetes.  Recent advances in
pharmaceutical and pathological science have introduced the drug delivery system
mechanism  to  improve  the  tissue  regeneration  rate  and  expedite  the  halted
physiological  process.

CONCLUSION

Nowadays,  Nanoparticles  are  majorly  employed  in  various  applications.  It
becomes an irreplaceable  part  of  our  day-to-day life.  Various challenges in  the
field of medicine are solved by utilizing the advancements in nanomedicine. In
the process of developing drugs, diagnosing various diseases and drug delivery,
nanoparticles  play  an  indispensable  role  as  they  are  safe,  customizable,  can
overcome drug resistance, and can cross barriers. The biological substances which
are  less  soluble  and  absorbable  can  be  converted  into  hopeful  deliverable
substances utilizing nanoparticles. Compared to the organic drug delivery system,
the  nanoparticle-based  drug  delivery  system  is  more  precise,  enhanced
bioavailability, drugs can be released sustainably, and possesses the advantage of
targeting a wide range of cells in the biological system.
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Abstract:  With  the  escalating  concerns  about  antimicrobial  resistance  and  the
intractable  nature  of  microbial  infections,  there  is  a  demand  for  the  expansion  and
development of alternative stratagems for treating microbial diseases. At present, the
advent  of  antimicrobial  resistance amidst  microbial  pathogens,  especially the ‘drug-
resistant’  ones,  has  led  to  poor  clinical  consequences,  thus,  shooting  up  healthcare
outlays  and  mortality.  Moreover,  the  formation  of  biofilms-like  assemblies  by
microorganisms  and  their  surface  association  mechanisms  have  led  to  secondary
infections in immunocompromised individuals and further muddled the prophylaxis.
Such  microbial  resistance  is  primarily  attributed  to  the  inapt  and  undue  use  of
antimicrobials  in  humans/animals  and  the  unregulated  administration  of  these  drug
formulations. Therefore, there is an urgent need to propose and imbibe various modern,
multifaceted antimicrobial formulation approaches to prevent the fatal consequences of
antibiotic  resistance  and  enhance  the  effectiveness  of  microbial  growth  control.
Currently, several new-age antimicrobial formulation therapies are being explored and
have  shown  promising  results  as  efficacious  preventatives,  diagnostics,  and  drug
carriers in comparison to conventional antibiotic therapy being used. In this chapter, we
highlight  the  different  categories  of  new-age  antimicrobial  formulation  therapies
currently  in  use,  their  molecular  mechanism  of  microbial  targeted  delivery,  their
effectiveness over the traditional therapies, the challenges in their development and the
future outcome of these contemporary formulations.

Keywords:  Antimicrobial  formulation,  Antimicrobial  resistance,  Biofilms,
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INTRODUCTION

The  aggregation  of  all  micron-sized  organisms  that  are  diverse,  abundant,
omnipresent and invisible to the naked eye comprises the ‘microbial biosphere’.
Not limited to only bacteria, fungi or viruses, the biosphere encompasses an array
of multicellular life forms that manifests the basis of a global ecological niche [1,
2].  These  microorganisms  dwell  at  all  possible  biological  nooks  and  are  most
beneficial  to  the  host,  with  a  handful  of  these  being  pathogenic  in  nature
triggering damage, disease, and even fatal consequences giving rise to infection.
To  curb  the  growth  of  such  pathogens  and  combat  the  infection,  natural  or
synthetic  chemical  substances  known  as  ‘Antimicrobial  Agents’  have  been
devised.  Antimicrobials  have further  been customized and amplified as  per  the
end requirements  to  enhance target-specific  antimicrobial  activity  [3,  4].  These
broad-spectrum compounds, categorized into antiseptics, antibiotics, anti-fungals,
antihelminthics,  antiprotozoals,  etc.,  target  an  array  of  microbial  pathogens.
Nevertheless,  the  usage  of  antimicrobial  agents  for  prophylaxis  of  infectious
disease has incited an evolutionary response within the microbial genome, making
them resistant  to  administered antimicrobials  [5].  ‘Antimicrobial  Resistance’  is
one of the prime public well-being challenges, and fighting this threat requires a
combined global approach across diverse health care sectors. The antimicrobial
resistance  (AMR)  predicament  has  increased  both  the  occurrence  of  infectious
ailments and the sky-high treatment costs in the human populace, causing many
infections to recur post-treatment and sometimes become untreatable [6, 7].

Among  many,  the  four  crucial  factors  that  regulate  this  predicament  are  the
increasing rate of resistant phenotypes among microorganisms, the uncontrolled
shoot in population allowing easy microbial accessibility, the interaction with the
host transmission on a large scale to cause the overexploitation of antimicrobials
and  compensatory  resistance  progression.  AMR  dates  back  to  the  19th  century
when penicillin was first used for human trials. Initially, easy regulatory antibiotic
discovery  programmes  and  the  financial  recompense  that  followed a  led  to  the
over  and  uncensorious  usage  of  antibiotics  without  considering  its  societal
implications  [8  -  11].  Post  the  ‘golden  antibiotic  era’,  therapeutic  firms  faced
hindrances while screening and developing new antibiotics, specifically against
gram-negative strains with high reflux-efflux cellular mechanisms, which required
inflated doses of antibiotics that ultimately led to toxic effects. Gradually, these
firms  restricted  antibiotic  production  because  of  declining  market  growth  and
profits. This major setback by the pharma and curative sectors brought challenges
in  the  scientific  and  research  communities  and  health  care  arm  [12,  13].  This
ultimately caused an empty therapeutic conduit for newer discoveries and set the
alarm for the urgent production of newer classes of antimicrobials. With time as
the  pattern  of  resistance  has  clinically  transformed,  the  problem  has  been



306   Frontiers in Antimicrobial Agents, Vol. 2 Banerjee and Madhyastha

addressed either by chemical/functional modification of antimicrobial classes with
restricted cross-resistance to existing antibiotics or by the invention of a newer
generation of such drugs [14 - 16].

In recent times, newer and advanced screening methods for natural and modified
products  are  evolving,  but  with  the  baggage  of  antimicrobial  resistance  that
deteriorates  the  long-term  effectivity  of  antimicrobial  compounds.  Different
approaches to assess  the microbial  resistance progression have been employed,
which involve detecting the spontaneous mutational alterations by zone inhibition
assays, whole genome/targeted sequencing of mutants to detect the mutation loci
and the extent  of  resistance caused by such mutations.  However,  the resistance
evolution process is quite intricate and difficult to accomplish, as observed in the
case of older antibiotics, which though clinically competent, induce high levels of
in  vitro  resistance  in  bacterium  like  Rifampicin  [17  -  19].  Uncritical  and
unreasonable usage of antibiotics has resulted in an unparalleled stir within human
civilization as it has been a challenge to treat infections because of the microbe’s
inherent ability to become resistant to antimicrobials. Such agents target one of
the  following  mechanisms:  meddle  with  cell  wall  synthesis,  DNA  and  RNA
synthesis,  lyse  the  bacterial  outer  sheath,  impede  protein  synthesis  or  specific
metabolic pathways, etc.  Several drugs with a specific mode of activity against
infectious  pathogens  have  been  used  to  treat  a  variety  of  microbial  (bacterial,
fungal, viral, protozoal) infections to a considerable extent and have also shown
promising  results.  However,  the  clinical  treatment  available  is  not  completely
effective  in  eradicating  microbial  resistance  as  it  comes  with  limitations  of
infection  relapse,  resistance  to  the  drugs  administered  or  additional  secondary
fatal infections [20].

Table 1 summarizes some of the different microbial infections and the associated
disease/symptoms it causes, their mechanism of resistance and the mode of action
of  the  treatment  drugs.  Consequently,  the  rising  concern  of  such  antimicrobial
resistance along with the intractable nature of secondary infections, demands the
need for advancements in building up alternative strategies to treat such infectious
ailments. Hence the need of the hour is to switch over to alternative antimicrobial
formulations and therapies that could tackle microbial resistance to a substantial
extent.  Current  antimicrobial  formulations  have  distinctive  physicochemical
characteristics that can be fine-tuned to fit the requirements to combat microbial
infections [21]. Advanced antimicrobial formulations include immunomodulators,
adjuvants,  vaccines,  plant-based  antimicrobials,  phage  cocktails,  liposomal  and
polymeric  agents,  nanoemulsions,  drug and antibiotic  conjugated systems,  etc.,
that play either a ‘static’ or ‘cidal’ role to specifically target the molecular and the
biochemical functioning of a microorganism. Each of these antimicrobials has a
specific  mode  of  inhibition  action  on  the  microbial  population,  and  hence  we
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discuss  some  of  the  aspects  that  would  and  give  a  clearer  portrayal  of  the
emergent  path  on antimicrobial  resistance  and the  development  of  newer  high-
tech antimicrobial formulations.

Table 1. Different microbial infections, their associated disease/symptoms, the mechanism of resistance
and mode of action of the treatment drugs

Infection Microbe Associated
Symptoms/Infection

Mode of Resistance Mode of Action of
Treatment Drug

Bacterial E. coli Urinary tract infection,
septicaemia,

gastroenteritis, bowel
necrosis

Efflux pump system,
hydrolysation;

Acetylation

Beta-lactams (biosynthesis
of peptidoglycan);
Fluoroquinolones

(replication of DNA) [2, 4,
6]

E. faecalis Endocarditis,
Septicaemia, Urinary

tract infection, meningitis

Phosphorylation;
Efflux pump system;

Glycosylation

Aminoglycosides (genetic
translation); Beta-lactams

(biosynthesis of
peptidoglycan);

Macrolides (genetic
translation) [2, 4, 6]

K. pneumoniae Pneumonia, bronchitis,
meningitis

Efflux pump system;
Acetylation;

Monooxygenation

Aminoglycosides (genetic
translation);

Fluoroquinolones
(replication of DNA);
Tetracyclines (genetic
translation) [2, 4, 6 - 8]

H. pylori Peptic ulcers, gastritis,
nausea

Efflux pump system,
hydrolysation;

Acetylation

Beta-lactam (biosynthesis
of peptidoglycan);
Fluoroquinolones

(Replication of DNA) [20]

M.
tuberculosis

Pulmonary tuberculosis,
meningitis

Efflux pump system,
hydrolysation, target

alteration

Beta-lactam (biosynthesis
of peptidoglycan) [6 - 8,

10]
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Infection Microbe Associated
Symptoms/Infection

Mode of Resistance Mode of Action of
Treatment Drug

Fungal C. albicans Oral and vaginal
candidiasis

Altered drug
expression, up-
regulated drug

transporters, drug-
induced stress

Azoles (biosynthesis of
ergosterol); Polyenes

(biosynthesis of
ergosterol); Echinocandins
(biosynthesis of beta-(1,3-
-glucan synthesis) [4, 9,

10]

C. glabrata urinary tract infection,
tonsils and oral infection

Altered expression of
drug target, phenotypic

switching, biofilm
formation, drug-
induced stress

Azoles (biosynthesis of
ergosterol); Echinocandins
(biosynthesis of beta-(1,3-
-glucan synthesis) [4, 9,

10]

C. neoformans Pulmonary infection,
central nervous system

infection

Chromosomal
alterations, hindrance
of ABC transporters

Azoles (biosynthesis of
ergosterol); 5-

fluorocytosine (loss of
permease activity) [4, 9,

10]

A. fumigatus chronic pulmonary and
invasive aspergillosis

stress-response
pathway mutations;

Mutations in 1,3-bet-
-glucan synthase gene

Azoles (biosynthesis of
ergosterol); Echinocandins
(biosynthesis of beta-(1,3-
-glucan synthesis) [4, 9,

10]

S. cerevisiae Gastrointestinal and
urinary tract infection

Mutations in 1,3-bet-
-glucan synthase gene

Azoles (biosynthesis of
ergosterol) [9]

Protozoan P. falciparum/
P.vivax

Malaria and multi-drug
Plasmodium infections

Chromosomal and gene
mutations

Quinine (heme
detoxification blocking);

Sulfadoxine
(dihydropteroate

synthetase inhibition);
Artemisinin (free radical

and reactive species
generation) [9, 10]

Leishmania sp. Leishmaniasis Laboratory derived
mutations

Amphotericin B (cell
apoptosis); Sodium

Stibogluconate (triggering
of thiol levels, hindrance
of ABC transporters) [9,

10]

Trypanosoma
sp.

Human African
trypanosomiasis

P2
aminopurine

transporter and
laboratory-derived

mutations

Pentamidine (DNA/RNA
synthesis inhibition);
Fexinidazole (DNA

synthesis inhibition) [9,
10]

(Table 1) cont.....
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ANTIMICROBIAL FORMULATIONS AND THEIR TYPES

Plant Antimicrobials

Such antimicrobial agents exhibit the enormous capability to fight a wide arena of
diseases, such as bacterial,  fungal, protozoal and viral, that are deprived of any
identified  side  effects.  Plant-based  antimicrobials  are  essentially  secondary
metabolites  that  comprise  quinines,  lectins,  alkaloids,  peptides,  flavonoids,
tannins, coumarins and essential oils. These bioactive secondary metabolites from
plants can serve as potential inhibitory mediators to microorganisms, which could
be  a  potent  alternate  and  efficacious  approach  to  interrupt  microbial  resistance
[22].  Research  on  the  discovery  of  novel  and  innovative  molecules  is  being
explored  that  could  cover  a  wide  range  of  gram-positive  and  gram-negative
bacteria. Medicinal herbs have shown great potential since the ancient ages in the
form of Ayurveda, Unani, Homeopathy, etc. It has been utilized to treat some of
the  extremely  difficult  diseases  like  extensively  drug-resistant  tuberculosis,
human immunodeficiency virus, H1N1 virus, encephalitis and hepatitis [22, 23].
Plant-based drugs have an immeasurable repertoire of aromatic components that
target  some of  the irreversible  indications of  liver  functioning,  kidney damage,
brain-blood  barrier  function,  etc.  The  ethanolic  and  aqueous  extracts  of
Phyllanthus can seamlessly bind to the surface antigen and hinder the enzymatic
activity of DNA polymerases, thus exhibiting anti-hepatitis B activity [24]. Allium
and  Acalypha  species  and  their  distilled  extracts  have  antituberculosis  activity
[25].

Plant  bio  actives  individually  also  contain  several  organic  and  inorganic
constituents  that  exhibit  microbial  potency  and  have  been  incorporated  and
developed into tailor-made formulations of gels, sols, emulsions, films, scaffolds,
and  ointments  to  target  specific  routes  of  antimicrobial  infections.  Conjugated
cyclic  dienes  (also  known  as  quinones)  have  antimicrobial  action  against
Pseudomonas  aeruginosa  [26].  Certain  polycyclic  aromatic  hydrocarbons  like
Hypericin can inhibit the growth of methicillin-resistant and methicillin-sensitive
Staphylococcus [27]. One of the most potent pain killers and stimulants, morphine
and  caffeine,  are  psychoactive  molecules  that  work  on  the  suppression  of
neurotransmitters in the central nervous system, thus reducing the intense stimuli
of pain. These alkaloids are also potential antimicrobial candidates for most of the
Staphylococcus  and  Streptococcus  contagion.  Berberine,  an  alkaloid  present  in
Rhizoma  coptidis,  inserts  itself  within  the  DNA  to  disintegrate  the  structural
membrane  leading  to  its  permeability  in  Streptococcus  agalactiae  [28].
Hasubanan alkaloids such as Oxoepistephamiersine extracted from the root tubers
of  Stephania  are  effective  Staphylococcus  aureus,  Microsporum  gypseum,
Trichophyton  rubrum,  etc.  [29].  Similarly,  flavonoids  and  flavones  that  occur
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extensively in fruits, honey, seeds and vegetables are a class of phytochemicals
that  are  vital  anti-fungals.  A combination of  various  flavonoids  possesses  anti-
inflammatory,  antiviral,  antiallergic  and  antimicrobial  activities,  and  has  been
widely  explored  as  herbal  formulations  in  folk  medicine  for  ages.
Tetrahydroxyflavone,  Sophoretin,  Birutan  and  some  other  flavones  are  active
against Botrytis cinerea and Aspergillus flavus [30, 31]. Ozcelik et al. described
the  antimicrobial  effectivity  of  diverse  flavonoids  isolated  from  Galium  and
Viscum species against prolonged spectrum beta-lactamase-producing Klebsiella
pneumoniae  [32].  Another  crucial  antimicrobial  constituent  expansively  being
exploited  for  oral  prophylaxis  is  ‘Coumarins’.  These  phenolic  counterparts  of
benzene  and  pyrone  ring  molecules  are  administered  as  an  anticoagulant  for
curing  blood  clots,  thrombosis  and  pulmonary  blockage.  Coumarins  present  in
plants like Angelica Lucida L. have inhibitory mechanisms against cariogenic S.
mutans and S. viridans [33]. Another type of secondary metabolite is essential oils
containing isoprene and terpenoids and a variety of functional groups that have
been long investigated in traditional remedies and have antibacterial, anticancer,
and further pharmacological functions. These aromatic oils have a characteristic
odour due to the presence of terpenes and phenols in them. Most of the oils have
either  been  used  per  se  or  in  the  form  of  formulation  products  for  a  range  of
antimicrobial  quandaries.  Some  examples  of  essential  oil  with  antimicrobial
potential  include  ginger,  garlic,  tea  tree,  cinnamon,  clove,  myrrh,  lemongrass,
cedarwood, lavender, rosemary, sage, etc. [34, 35].

Antimicrobial Peptides

Peptides,  in  general,  hold  much  potential  as  a  key  component  in  advanced
supramolecular  assemblies.  These  are  vital  for  vaccine  preparation,  microbial
chemo and  immunotherapy,  food  nutrition  maintenance,  transplantation,  dental
material  design,  diabetic concoction,  and various other significant  applications.
Now  that  infectious  diseases  have  taken  a  toll  on  human  health,  expanding
investigations  on  antimicrobial  peptides  have  shown  path-breaking  results  [36,
37].  These  are  essentially  the  host  defense  peptides  and  belong  to  the  innate
immunity of the body, and are derived with or without the aid of ribosomes [38].
Some  of  the  common  antimicrobial  peptides  are  polymyxin  B,  bacitracin,
vancomycin (non-ribosomal) and nisin (ribosomal). Antimicrobial peptides may
have  diverse  structural  and  functional  residues  that  possess  potent  antiviral,
antiparasitic and immune modulation properties. Structurally, these are linear with
amphipathic and hydrophobic residues, and miniature beta-folded protein sheets
seldom  ringed  conformation  with  exclusive  amino  acid  chains.  These  can  also
sometimes  form  bundles  of  alpha-helical  rods  within  the  lipid  bilayer  by  the
process of self-assembly or could bear cationic/anionic charges [39]. Alamethicin
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is a negatively charged peptide that constitutes the hexamer clusters of helices that
passes  through  the  lipid  layer  surrounded  by  a  hydrophilic  sheath.  Another
hydrophobically  helical  transmembrane  peptide  bearing  a  positive  charge  is
gramicidin  [40].

Defensins, a minor cysteine-containing positively charged protein, are found in
prokaryotic  and  eukaryotic  organisms  exhibiting  antimicrobial  and
immunomodulatory potential. These defend the immune system against various
infections  like  the  stimulation  of  antimicrobial  peptides,  bacterial  wound
colonization, confine virulence factors and Shigella infections by enhancing beta-
defensin-1 expression levels and also recruit white blood cells to enhance the cell-
mediated  defence  system  [41,  42].  Though  much  has  been  spoken  about  the
antimicrobial  efficacy  of  these  host  defence  peptides,  their  clinical  possibility
outdoes its treatment as antimicrobial agents; it exhibits a host immune cellular
immune response to impede the invasion of pathogens in most mammals [43]. For
instance, a non-bacteriostatic antimicrobial peptide effector quickens the healing
of wounds in mice models. The cell permeating quality of peptides exhibits high
healing potency against  cancer  and accelerates  tumour  cell  death  by restricting
new blood vessel formation, thus holding a great possibility as an anti-carcinoma
drug. The tumoricidal activity of magainin-2 against human small-cell lung cancer
cell lines [44] and a wide range of hematopoietic cell lines has been reported [45].
Research and investigation on different peptides and their formulations are in the
pipeline,  and  among  them,  a  ringed  undecapeptide  traversed  with  amino  acid
moieties, cyclosporin A, is an excellent immunosuppressing agent. Synthesized
from a  fungus,  T.  inflatum,  it  shows great  effectivity  in  arthritic  inflammation,
psoriasis,  immune-suppressing  activity  in  inhibiting  the  rejection  in
transplantation  procedure  [46  -  48].  Cyclosporin  A  exhibits  antagonism  to
calcineurin,  a  calcium-dependent  phosphatase  enzyme  that  triggers  the
transcription factor, which in turn activates the interleukin -2 expression to repress
the proliferation of T-helper cells  [49,  50].  However,  there are limitations.  The
therapeutic potency of cyclosporin A is short-term, as it is hepatotoxic, cytotoxic
and neurotoxic to a considerable extent [51]. Hence, newer formulations based on
such  peptides  are  leading  the  market  in  their  target  specificity,  less  toxicity,
substantial  stability  and  bioavailability  with  high  efficacy  in  vivo.  Formulating
peptides with lipids and emulsifiers can confer stability to the overall system and
has  an  easy  interrelation  with  the  hydrophobic  residues  of  the  peptide.  Also,
polymeric particles are common vehicles for antimicrobial peptide delivery, and
most  of  the  polymers  are  prepared  by  spraying  and  drying  forms  large
phospholipidic crystals [52]. Polyethylene glycol-chitosan layers surrounding the
lipopeptide combined cyclosporin A form well-distributed particles in an aqueous
solution, sometimes giving rise to nanometric, polymeric micellar systems. One
such example is the ethylene glycol-poly lactide nanoparticles [53]. Cyclosporin-
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conjugated nanoparticles are usually small dimensional structures that are stable
colloids in isotonic solutions [54]. These injectable colloid solutions can balance
and  overpower  the  T-helper  cell  proliferation  and  production  of  inflammatory
cytokines  in  vivo  [55].  One  disadvantage  of  cyclosporin  is  its  solubility.
Therefore, the formulations prepared are often oleaginous with low bioavailability
due  to  their  high  affinity  on  lipids  than  the  aqueous  residues  and  thus  become
unsuitable  for  industrial  scale-up  processing.  Antimicrobial  peptides  are  like
cyclic cyclosporins, and most of them have been used to develop formulations in
combination with lipids,  micelles,  nanoparticles,  nanocapsules,  nanogels,  nano-
emulsions  etc.,  for  sustained  delivery  to  the  infected  intracellular  targets.  The
peptide  and  vancomycin  drug-based  formulations  can  destroy  the  methicillin-
resistant Staphylococcus upon systemic administration and can become even more
beneficial when the drug formulation is conglomerated with phosphocholine and
cholesterol  [56].  Additionally,  peptide  formulations  administered  orally  can
prevent proteolytic destruction when combined with polymers. Encapsulation of a
drug  becomes  easier  when  a  polymer  capsule  is  used  as  it  enables  ready
absorption  and  controlled  dispersion  across  the  membrane-like  in  case  of
pulmonary  infections.  Antimicrobial  lipopeptide  formulations  with  sulphated
polymyxin B and non-ionic surfactants polyoxyethylene and sorbitan esters show
a decreased toxic activity against P. aeruginosa [57]. Lately, a sustainable nasal
chitosan-poly lactic acid based-nanoparticles holding exendin-4 is being explored
for  type 2 diabetes  [58].  Thus,  these antimicrobial  peptides undeniably possess
properties  that  confer  the  developed  new  formulations  with  low  toxicity,  high
bioavailability  and  extreme  stability.  Inventive  formulations  engraved  with
nanotechnology  are  unmatchable  in  their  mode  of  action  for  antimicrobial
chemotherapy,  including  cancer,  diabetes,  transplants,  cell  diffusion  etc.

Immunomodulatory Agents as Antimicrobials

Immunomodulators are extremely efficient in enhancing the host defences to fight
various infections in the form of vaccines or clinical therapy. Vaccines lately are
made  of  adjuvants  that  help  in  uplifting  the  immune  response  to  an  antigenic
determinant.  A  novel  vaccine  necessarily  requires  an  adjuvanted  molecule  but
currently  also  utilizes  different  immunomodulators  like  cytokine,  toll-like
receptors, peptides, etc., that have antimicrobial properties and help in boosting
the immune response. Adjuvants were first observed to increase the effectiveness
of vaccines when aluminium salts were added to the vaccines. It is from there that
adjuvants form a vital component in vaccine preparation. Adjuvanted molecules,
even  though  non-immunogenic,  assist  immunogenic  response  to  vaccine
components,  lessen  the  vaccination  dose,  and  enhance  immunological  memory
[59].  The  first  vaccines  that  were  commercialized  were  the  live-attenuated  and
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inactivated  ones  derived  from  organisms  like  viruses  and  bacteria,  but  if
scrutinized thoroughly, these lacked immunomodulatory activity and exhibited a
humoral  immune  response  that  was  unsuccessful  in  declining  the  infections  of
intracellular pathogenic organisms. It can be rightly said that ‘Immunomodulatory
Agents’  are  the  future  of  the  antimicrobial  resistance  developed  by  antibiotics.
New and advanced therapeutically active composites are highly effective against
diverse  broad-spectrum  drug-resistant  organisms  and,  in  turn,  augment  host
immunity.  At  present,  approaches  of  modifiable  host  immune  responses  by
immunomodulators  are  being  developed  into  clinical  therapeutics  and  are
significant  counterparts  between  the  adjuvanted  molecules  used  and  those  that
have healing effectiveness,  perhaps  reflecting the  prerequisite  of  initiation of  a
suitable innate immune response [60].  Immunomodulators can suitably be used
for  oral,  intranasal,  and  parenteral  delivery  of  antigenic  epitopes  to  induce  the
immune response of mucosal sites [61], and their connotation with intracellular
lipid  bilayers  enables  their  entrapment  within  the  cytosol  present  in  antigen
producing cells. Both antibody and cytokine-mediated immunity against a range
of antigenic determinants as well as T helper type-1 and 2 pathways, are actuated
by  these  immune-stimulatory  carriers  [62].  Besides  the  presentation  of  major
histopathology  complex-I  (MHC-I)  protein  on  antigen-processing  cell  surfaces
with  its  exposure  to  the  transmembrane  glycoprotein  CD8,  immunomodulators
also assist the cross-presentation of external antigens in the endogenous pathway,
proving their  exclusivity which is  not seen in most other nanocarriers [62,  63].
Investigation of vaccine delivery by these immunomodulatory adjuvants to oral
and nasopharyngeal  sites  has  also gained importance [64].  Studies  to  boost  the
mucosal and systemic adjuvant function of B-cell targeted fusion protein cholera
toxin A-1 have shown that  immunomodulators  preserve this  fusion protein and
avert  its  enzymatic  disruption  in  the  digestive  tract  [65].  Different  classes  of
immunomodulators,  such  as  cytokines,  exhibit  antiviral  immune  responses  and
have been used for treating chronic hepatitis infections and could be a possible
candidate  for  SARS-Coronavirus  therapy.  Interferon-based  formulations  are
suitable for regulating virus-mediated inflammation in multiple sclerosis. Another
of  its  kind  is  the  colony-stimulating  factor  (CSF),  which  can  act  as  a  potent
antibacterial  and  anti-fungal  therapeutic  and  could  be  the  immune  system
supplementation  for  neutropenia  [66].  Toll-like  receptors  are  inflammation
stimulators and possess antibacterial, anti-fungal and antiviral efficacy. It targets
and activates the leucocytes to initiate antimicrobial response and is the promoter
of cell-mediated immune responses [67].
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Colloid-based Antimicrobials

Colloids are a part of the antimicrobial schema and have been explored in detail
due to  their  small  hydrodynamic size-to-volume ratio  along with  their  inherent
quality  to  display  broad-spectrum antimicrobial  action.  Although  it  is  not  very
clear how mechanistically these colloid particles inhibit microbial growth, a range
of  mechanisms  has  been  proposed,  with  expansive  research  still  ongoing.
Presently colloidal particles such as zinc, titanium, magnesium, and silver have
been developed into formulations by combining them with polymeric,  ceramic,
emulsions,  lipids,  oleogels,  hydrogels,  etc.,  for  antibacterial,  anti-fungal,
antiprotozoal  and  antiviral  activities.  Solutions  of  titanium  and  zinc  are  being
studied as pharmaceutical formulations and are coherent towards several bacteria:
E.  coli,  S.  aureus,  P.  aeruginosa  and  B.  phytofirmans  [68].  Colloidal  copper
particles own incomparable biotic and physicochemical properties and are very
prevalent to scientists developing innovative antimicrobial agents because of their
cost  compatibility  [69].  Accordiny  to  Usman et  al.,  the  antimicrobial  action  of
copper-doped chitosan nanoparticles was assessed for its anaerobic antibacterial
and anti-fungal potencies on different microorganisms viz.,  methicillin-resistant
Staphylococcus,  Salmonella  choleraesuis,  Candida  albicans,  Pseudomonas
aeruginosa, and Bacillus subtilis were reported by Usman and co-workers [70].
The silver ions in colloidal silver can exhibit different mechanistic approaches to
the  microorganism  to  inhibit  its  growth.  It  can  act  on  the  DNA  and  RNA  to
disrupt its function; can target the cellular sulfo-peptides on the plasma membrane
to hinder their viability; can destabilize the plasma membrane proteins and block
enzyme  activity;  can  also  leach  cytoplasmic  components  and  disrupt  the
respiratory  enzymes  and  proton  channel  pump  [71].  Silver  nano-colloidal
formulations are also active against  gram negatives and oral  pathogens such as
Streptococcus  mutans,  Streptococcus  oralis,  and  Lactobacillus  lactis.  Gold
colloidal  particles  are  important  antimicrobial  agents  due to  their  photothermal
action,  non-  toxic  nature  and  high  ability  of  functionalization.  Tiwari  et  al.
depicted  the  antibacterial  and  anti-fungal  action  of  colloidal  gold  particles
modified  with  5-fluorouracil  against  Staphylococcus  aureus,  Escherichia  coli,
Pseudomonas  aeruginosa,  Aspergillus  fumigatus,  Aspergillus  niger  and
Micrococcus luteus [72]. They also concluded that these modified nano-colloids
were much more effective in gram negatives than in gram positives due to their
high dispersibility and permeability into the cell wall of gram negatives.
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MECHANISM  OF  ACTION  OF  ANTIMICROBIAL  FORMULATIONS
AND THEIR DELIVERY

The  mechanistic  approach  that  any  antimicrobial  component  in  a  formulation
adapts is unique and different for every microorganism. Antimicrobial agents act
as selective impeding substances which block the enzymatic activity specific or
non-specific to the prokaryotic cell. Based on the site of action and mechanism of
activity,  any  antimicrobial  formulation  can  be  categorized  into  one  of  the  four
groups, viz., impeders of the cell wall, protein and nucleic acid synthesis and cell
membrane depolarizers in microorganisms [12, 17]. An overlap of one or more
mechanisms is more efficacious in controlling the disease. However, the lack of
proper supervision of antimicrobial agent-doped formulations has led to microbial
resistance  to  these  [6,  7,  11].  An  outline  of  the  chief  mechanisms  is  discussed
here. Several antimicrobial mediators target microbial cell wall synthesis. During
the development of an anti-infective drug moiety, the cell wall is one of the most
important  therapeutic  targets.  The  antimicrobial  formulations  that  target  the
disruption  of  cell  wall  synthesis  mainly  do  so  by  either  obstructing  the
cytoplasmic path of peptidoglycan precursor synthesis, the passage of lipid-bound
precursors across the cytosolic membrane, by positioning polysaccharide moieties
into the cell wall or by chemically impeding the transpeptidase crosslinking [12,
15]. The modulatory effectiveness of an antimicrobial agent is reliant on the cell
differentiation caused by the cell-bound antimicrobial agent. While some hinder
mitosis,  certain  others  affect  the  cell  wall  formation  and  lyse  the  cell  through
osmosis. Some antimicrobials contain bulky multifaceted glycosylated cyclic or
polycyclic non-ribosomal short-chain amino acids that block murein synthesis in
most organisms. Its activity is further enhanced when various glucose moieties are
attached  to  it.  These  glycosylated  amino  acids  bind  to  the  D-Ala-D-Ala  stem
terminus  of  murein  side-chain  pentapeptide  to  inhibit  trans-glycosylation  and
transpeptidation reaction in the prolonging murein chains disordering the cell wall
[15, 16].

Certain antimicrobials inhibit nuclei acid metabolism leading to the disorientation
of the DNA/RNA structure and its synthesis [15]. Their mechanistic approach is
either  intrusion  with  nucleotide  sequences,  nucleic  acid  moieties,  or  the  whole
biochemical  pathway  of  the  cell.  Some  plant  antimicrobials  with  phenolic  and
flavonoids  are  potent  purine,  and  pyrimidine  inhibitors  like  the  tea  epicatechin
gallate (ECG) based polyethylene glycol formulations [23]. Tea ECG at the same
time with the bacteria contests with the active site of proteases, thus bocking the
nucleotide  precursor  molecule  [23].  Polyethylene  glycol-folate-linked
microemulsions have been anticipated to reduce the activity of the dihydrofolate
reductase enzyme to ultimately block the folate metabolism within cells [27]. The
development  of  an  antimicrobial  gel  formulation  with  silver  nanoparticles  for
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topical administration exhibited anti-polymerase and anti-topoisomerase enzyme
activity  and  selectively  hindered  the  process  of  cell  transcription  [30].
Topoisomerase  II  and  IV  are  the  key  enzymes  for  DNA  supercoiling  and
antimicrobial agent doped formulations that stop their mechanism of action do so
by affecting the DNA/RNA biology of the cell and generating certain mutations.
This, in turn, causes disbalance in the efflux pump systems and leakage of the cell
wall  components  in  the  whole  [19].  As  for  protein  synthesis,  most  of  the
antimicrobials  interfere  with  the  ribosomal  subunit  at  various  protein  synthesis
stages. Mostly, protein synthesis is hindered during the genetic code proofreading
to  give  rise  to  misread  mRNAs.  Formulations  with  the  antibiotic  of  the  class
aminoglycosides  do  so  by  upsetting  the  translocation  step  of  the  polypeptide
formation and modifications in one of the 30S or 50S ribosomal units by certain
transferases. They then cause the tRNA molecules to detach from the ribosomal
compartments  [38,  39].  Inhibition  of  polypeptide  synthesis  is  a  common
mechanism  shown  by  most  antimicrobials  that  exhibit  activity  against  a  wide
range of gram-positives and gram-negatives along with chlamydia, mycoplasmas,
rickettsia, and protozoans [46, 48]. Undeniably, the foremost challenge lies in the
efforts required to control microbial resistance to these antimicrobial agents with
time. Thus, it is also important to highlight the resistance mechanisms employed
by  various  microorganisms  that  need  to  be  addressed  for  any  therapeutic  or
prophylactic  remedy  development.

Mechanistic Approach of Resistance to Antimicrobials in Microorganisms

Microorganisms  can  adapt  to  various  mechanisms  and  become  resistant  to
antimicrobial  drugs.  Microbial  resistance  can  either  be  ‘inherent’,  where  the
microbe could be resistant to one or more antimicrobials or ‘acquired’ where the
genetic  constitution  of  the  microbe  may  enable  the  production  of  enzymes  to
hinder the efficacy of drug/agent, may trigger efflux pump system inhibiting the
drug to reach the specific intracellular site, may alter the drug activation position
or shift to an alternative metabolic pathway that blocks the effect of the drug [73,
74]. This changeover and modification of microbial genetics may occur via gene
transfer methods like conjugation, transduction, transfection, etc.,  that integrate
varied resistance genes into the host or plasmids. Therefore, antimicrobial agents
do  lead  to  a  discerning  burden  for  resistant  strains  of  microorganisms.
Modification  of  genotypic  machinery  in  microbes  can  cause  them  to  form
multifaceted hindrances (multi-drug resistance), emerging into serious disquietude
in  healthcare  sectors.  The  hindrances  could  be  due  to  newer  alterations  in
nucleotide, target proteins and upregulation/downregulation of membrane protein
channels  to  clog  the  drug  entry  passage  [75,  76].  Also,  most  antimicrobials
considered for prophylaxis of infections follow one of the mechanistic features
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viz., targeting the cell wall or protein, nucleotide synthesis or blocking a particular
metabolic pathway. In all these situations, the microorganism-bearing resistance
conversing  transmutations  are  shortlisted  for  antimicrobial  testing,  which  stops
the  vulnerable  strains  but  may  allow  the  resistant  strains  to  multiply.  The
mechanisms  of  microbial  resistance  are  discussed  here.

Inactivation of Antimicrobials

A few strains of pathogenic organisms acquire resistance to beta-lactam moieties
either  by  altering  the  chemical  structure  or  enzymatic  digestion  of  the
antimicrobials  [77].  The  genes  encoding  for  resistance  to  a  drug  is  present  in
extrachromosomal plasmids in the case of bacteria, and most of the beta-lactam
class of drugs lose their potency due to the action of the lactamase enzyme that
disrupts the amide bonds by hydrolysation [78]. Gram-negative bacteria, however,
inactivate  the  aminoglycoside  group  of  the  antibiotic  by  post-transitional
modification  of  proteins  and  other  biochemical  processes  [79].

Modification of the Target

A  ‘target  site’  is  the  binding  site  of  any  antimicrobial  to  change  its  normal
function.  When a  target  site  is  altered due to  enzymatic  action,  a  microbe may
develop resistance. For example, the pathogenic strain of Streptococcus  dodges
the  mechanistic  behaviour  of  macrolides  and  lincosamides  antibiotics  by
restricting  their  attachment  to  the  50S  ribosomal  unit  and  inhibiting  protein
synthesis by co-transcriptional variation of 23S rRNA constituent present in the
ribosomal unit by methylating the amino group of adenine moiety [80]. Okuma
and  co-workers  discussed  the  dissemination  of  a  staphylococcal  cassette
chromosome mec, a mobile genetic element in Staphylococcus species possessing
the mec-A gene, that contributes to the resistance of methicillin-resistant strains of
this bacteria [44]. Another likeness of target site modification is the attachment
and  modification  of  the  resistant  strains  from  D-Ala-D-Ala  to  D-alanyl-
D-serine/D-alanyl lactate, thus exhibiting resistance to the glycopeptide antibiotic
Vancomycin  [81].  Certain  antibiotics,  such  as  fusidic  acid,  linezolid,
chloramphenicol derivatives, alter the site by the hindrance of protein synthesis in
pathogenic bacterial strains [82]. Resistance developed in Enterococcus to certain
protein synthesis-inhibiting antibacterial agents is likely due to the mutation in the
23S rRNA unit that correspondingly causes mutations in the 16S rRNA as well,
thereby  decreasing  the  target  binding  to  the  drug  [83].  Mycobacterium
tuberculosis and Escherichia coli’s vulnerability towards streptomycin is due to
the  mutated  ribosomal  S12  protein  gene.  Likewise,  the  broad-spectrum
bactericidal compound with a bicyclic core structure like quinolone obstructs the
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function of Type II and IV topoisomerases, and in both E. coli and S. aureus, the
hindrance  to  the  two  topoisomerases  occur  due  to  changes  in  either  the
primary/secondary  target  sites  or  both  simultaneously  [84].

Drug Efflux Pumps in Resistance Development

Antibiotic resistance inherently developed in a bacterium is the result of the genes
encoding for efflux pump system proteins that balance the functions with bacterial
cells. Established reports on the efflux system-mediated resistance to antibiotics
have  been  well-studied.  Efflux  pumps  in  bacteria  consist  of  majorly  non-drug
specific  protein  residues  that  conveniently  expel  any  unrelated  substances,
chemicals, or antimicrobials without disintegrating their structural composition.
This  expulsion  in  turn,  leads  to  a  lower  ineffective  concentration  of  the
antimicrobial in the cells that fail to inhibit the growth of bacteria. In the case of
gram-negative bacteria, where the transportation of the drug is through the outer
lipopolysaccharide layer, the permeation of the drug across the membrane is quite
difficult [85, 86].

Role of Plasmid-mediated Drug Efflux Pump Systems

The gaining of novel genomic material from other resistant microbes could be a
cause  for  bacterial  resistance.  This  transfer  generally  takes  place  via  lateral
genetic  transfer  between  similar  or  dissimilar  bacterial  species  with  genetic
material transfer mechanisms like transformation, conjugation and transduction.
Occasionally this genetic transfer is facilitated by mobile transposable elements,
the  plasmids  that  carry  and  transmit  resistant  or  pathogenic  genes  [87].
Enterococci-mediated pheromone-responsive plasmids bearing the mobile genetic
element  contribute  to  the  antibiotic  resistance  of  the  bacteria.  Plasmid-borne
quinolone resistance genes (qnr), discovered by Martinez and co-workers depict
that  this  ‘qnr’  gene  encoded  for  quinolone  resistance  along  with  sheathing  the
bacterial DNA gyrase from disruption by this antibiotic [88]. Fig. (1) depicts the
mechanistic approach of microbial resistance developed in an organism.
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Fig. (1).  Mechanistic approach of antimicrobial resistance in a microorganism [86].

In  the  event  of  fungal  and  protozoal  machinery  of  resistance  to  one  or  more
antimicrobials,  the  therapeutic  choices  are  fewer  because  the  number  of  anti-
fungal and antiprotozoal drugs is scarce. Moreover, the clinical manifestation of
these diseases is further conceded by the development of drug resistance that has
been alarmingly rising in most of the medical and healthcare sectors. Obstinate
multi-drug resistance is also a common entity in the case of fungal species like
Candida  and  protozoan  species  like  Leishmania  and  Trypanosoma  [89].  In  the
case of protozoan diseases, the scarcity of vaccines is also a discerning problem.
The  molecular  mechanism  employed  comprises  reformed  affinity  to  the  drug,
easy  target  availability,  decreased  efflux  system  conjugated  intracellular  drug
levels  and  biofilm  formation.  These  mechanisms  accountable  are  frequently
shared by resistant strains exhibiting integrally abridged vulnerability to the drug
during  treatment.  Contemporary  understanding  of  the  resistance  mediation  and
regulation  by  genotypic  material  and  cellular  factors  gives  a  better  idea  of  the
emergence  of  resistance  in  these  microorganisms.  The  most  regular  used  anti-
fungal agents are polyenes, azoles, allylamines, echinocandins, 5-fluorocytosine
and antiprotozoal agents are chloroquine phosphates, metronidazole, sulfa drugs
and  diloxanide  furoate  [90,  91].  The  mode  of  action  of  anti-fungal  drugs
encompasses (a) the restricted synthesis of ergosterol (azoles and allylamines), (b)
binding of ergosterol to the plasmalemma to disintegrate the cell function (polye-



320   Frontiers in Antimicrobial Agents, Vol. 2 Banerjee and Madhyastha

nes), (c) constrained synthesis of DNA and pyrimidine (5-fluorocytosine) and (d)
restricted synthesis of beta-1,3-glucans (echinocandins).

It  is  important  to  state  here  that  an  unbridled  and  extensive  usage  of  anti-
fungal/antiprotozoal agents is the cause of drug resistance [92]. Also, the advent
of  attained resistance amid the widespread pathogen limits  medication choices,
and in turn, modifies patient supervision. A more elaborate and comprehensive
knowledge of the mechanism-specific hindrances and their biochemical mode of
action is the top priority need for developing improved therapeutic formulations,
and  diagnostics  to  be  used  for  first-line  therapy  to  overcome  such  microbial
resistance  [93].  A  description  of  the  mechanistic  approach  of  resistance  to
different  anti-fungal  drugs  is  shown  in  Table  2.

Table 2. Mechanistic approach of resistance to different anti-fungal drugs [93].

A. Azoles: These are plasma membrane
targets. Resistance to azoles can arise by
blocking of ergosterol biosynthesis via

multifaceted mechanism like
overexpression or modification of the
drug target; up-regulation of the drug

carriers; cellular alterations that
diminishes drug toxicity or enable

tolerance of drug impelled extracellular
stress response.

B. Polyenes: For Polyenes, the
resistance emerges via the exhaustion of

the target ergosterol molecules
attributable to loss-of-function

mutations in the genes that cause the
biosynthesis of ergosterol.

C. Echinocandins: These drugs target
the fungal cell wall and mutate the 1,3-
beta-glucan synthase component FKS1;

a gene that encodes for echinocandin
target beta-D glucan synthase and

causes mutations to its catalytic subunit.
Cellular stress responses also regulate
the resistance phenotypes of the fungi.

Candida Albicans Cryptococcus
Neoformans

Aspergillus
Fumigatus

• Genetic mutations in
various genes

• Heterozygosity
depletion

• Mutations in
ergosterol triggering

genes implying
cellular stress

dependent resistance

• Calcineurin, sgt1:
stress response

pathway mediators

• Unbalanced
structural deformity in

chromosomal arms

• Loss of function
mutations in
ergosterol

biosynthesis

• Fks1 gene mutations
and stress response
pathway mediators:
Hsp90, calcineurin

• Mutations, abnormal
expression, and
chromosomal
duplication in

ergosterol triggering
genes

• Stress response
pathways mediators:

ATPase

--------

---------

• Gly54 and
Cyp51A

mutations and
abnormal

expression of
Cyp51 A

• Stress response
pathway key

mediators: Hsp90

• Abnormal
expression of

Afr1

---------

---------
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The  major  hardship  with  protozoan  infections  lies  in  the  rise  and  uncontrolled
spread of drug resistance without the availability of efficacious vaccines. Besides,
the investigation and experimentation on drug resistance in protozoan pathogens
are usually carried out under laboratory conditions that do not mimic the actual
host-parasite infection site and association. The host health also impacts the extent
of communication of infection. Hosts that can balance their defence system and
control  the  parasitic  infection  might  act  as  carriers  of  the  infection  for  other
individuals resulting in a high probability of re-infection sometimes. One of the
most prevalent parasitic diseases that has become a major setback to public health
is ‘malaria’. Plasmodium species viz., falciparum and vivax, are accountable for
the prime number of severe cases of the disease and also maximum drug-resistant
infections.  Most  of  the  antimalarial  drugs  in  use  (chloroquine,  quinine,
artemisinin,  sulfadoxine,  etc.)  chiefly  inhibit  the  development  of  intra-
erythrocytes, targeting either the food vacuole of the ring stage and trophozoites
of  the  blood  stage  or  blocking  the  enzymatic  biosynthesis  of  folic  acid  in
trophozoites. In both these cases, infection eradication becomes tough as drugs to
completely stop the transmission and elimination of hepatic forms are lacking [90
- 93]. Sometimes the malarial drug resistance is also due to genotypic factors of
the parasite, such as one or more genetic mutations in the genes of the parasite,
making  them  resistant  to  drugs  by  impeding  their  thorough  dispersion  [94].
Leishmaniasis,  another  protozoan  infection  caused  by  the  parasite  Leishmania
donovani, can exist in forms like visceral, dermal, cutaneous or mucocutaneous
forms and is mostly transmitted via sand-fly species to mammalian hosts. Anti-
leishmanial  drugs  used  for  treating  leishmaniasis  fail  to  completely  omit  the
parasite,  and  a  potential  relapse  of  infection  is  expected,  especially  in  T-cell
compromised individuals. While pentavalent antimonial remains the gold standard
for leishmaniasis treatment, second-and third-line drugs are gaining importance
and are currently being investigated [95].

CHALLENGES  IN  DEVELOPING  CONTEMPORARY
ANTIMICROBIAL FORMULATIONS

Earlier,  research  on  decoding  a  microbe’s  ability  to  obstruct  a  given  chemical
therapy  for  treatment  and  develop  novel  stratagems  to  inactivate  some  of  the
antibiotics was fundamental. In this day and age, the challenge of developing a
new  and  more  potent  antimicrobial  formulation  against  infection  is  extremely
crucial.  Regardless  of  the  frontier  technology  adapted  to  regulate  infectious
diseases, the new phenotypic and genotypic adapted organisms, the predicament
in antibiotic resistance, and the risk of biological attack calls for the necessity to
enliven  basic  research  and  modernise  expertise  of  anti-infective  chemical  and
biological  therapy  [96].  Consequently,  the  mechanism  of  infection  by  any
microorganism needs to be better scrutinized in terms of physiology, adaptability
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to  a  particular  drug  and  development  of  interruptions  to  discover  novel
contemporary  formulations  and  medicaments.

There are several hints that advanced technology-driven approaches are required
to  combat  such  a  scenario.  Firstly,  the  pattern  of  death  rates  from  infectious
diseases observed before and in the present: During the 19th century, the rate of
death due to infections escalated predictably, with rates dropping in a controlled
fashion in comparison to the 20th century, where due to the outspread of HIV and
methicillin-resistant  Staphylococcus  strains,  vancomycin-resistant  enterococci,
multidrug-resistant,  etc.  caused  the  death  rate  to  be  almost  twice  [97].  This
doubling of mortality rate is also due to the immunocompromised individuals who
are unable to recover from the infection. Secondly, the discovery time of a drug is
unhurried. There has been a discovery gap of approximately 4 decades between
the  introduction  of  a  new  class  of  antibiotics:  fluoroquinolones  in  1962  and
oxazolidinone in 2000 [98, 99]. Thirdly the current inclination of pharmaceuticals
to leave their research on areas of antimicrobial therapeutics further narrows down
the scientific expertise in antimicrobial drug finding and its expansion. Some of
the  strategic  methods  that  could  be  considered  for  contriving  new  classes  of
antimicrobials  and  novel  screening  techniques  for  the  pathogens  are  discussed
here.

Inexorableness to Antimicrobial Resistance

Quinolones, a synthetic class of antibiotic, the susceptibility of bacterial resistance
is low given the fact the number of times of exposure to the drug is less and hence
the mechanism of evolved resistance might not be in the cards. Nevertheless, the
pervasive and uninhibited efflux systems evolved, sheathing the microorganism
from  various  toxic  products  that  occur  in  nature,  habitually  delivering  cross-
protection to the microorganism. In turn, the genes encoding resistance elements
are deep-rooted in the genomes, thus rendering continuous protection against such
toxic products even if there is no prior exposure [100]. Besides the antimicrobial
resistance, genotypic elements transferred between microorganisms by the help of
plasmids,  transposons,  and  integrins  are  collectively  responsible  for  several
resistance  genes;  that  give  rise  to  multi-drug  resistant  strains,  some  of  which
might  be  uncurable  with  the  current  cache  of  permitted  medications  [17].

Manageability of Resistance

Though antimicrobial resistance is unavoidable, collecting and managing the data
on  resistance  among  various  geographical  regions  and  healthcare  sectors  is
needed. Also, managing the technical and administrative difficulties might help in
monitoring  the  resistance  and  controlling  the  spread  of  infection  within  a
population  in  a  particular  area.  Collection  of  data  on  prior  infections  and
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subsequent  resistance  development  might  assist  to  target  both  the  treatment  of
new  infections  and  effort  to  curb  the  existing  infection  locally  as  well  as
universally. A surveillance network set up to monitor the data is also essential as
it will enable us to understand the nature of resistance in a microorganism [101].
For example, the molecular studies carried out on a particular bacterial phenotype,
when  equated  with  the  antibiotic  usage  data,  might  give  an  idea  about  the
selection  of  the  exact  antibiotic  needed  to  treat  that  specific  disease  and  the
discovery  of  newer  diagnostics,  respectively.

There  is  no  doubt  that  the  need  of  the  hour  demands  novel  and  cutting-edge
policies  and  molecules  to  target  pathogenic  organisms  that  show  resistance  to
virtually  all  modern-day  antibiotics.  We  now  sit  on  a  tie-ticking  bomb  where
infections  are  much  different  from  the  pre-antibiotic  age  and  sometimes  are
uncurable  leading  to  casualty.

EFFECTIVENESS  OF  CONTEMPORARY  ANTIMICROBIALS  OVER
THE TRADITIONAL THERAPIES

In  2007,  a  publication  by  GlaxoSmithKline  revealed  that  the  pharmaceutical
company  had  screened  70  libraries  to  obtain  around  five  lakh  molecules  as
candidates for targeted drug research, out of which hardly a few have cleared the
subsequent  medical  trials  to  be  accredited  (Payne  et  al.,  2007  [102].  This
highlights  the  complexity  of  screening  new  antimicrobial  agents.

Numerous drug candidates are formerly being assessed clinically, but none have
cleared the approval for market endorsement. Hence the search for alternatives to
traditional therapies is still in a nutshell. In this section, the emergence of some of
the  newer  drug  development  stratagems,  such  as  antimicrobial  peptides,  phage
therapy, vaccines, potentiators of traditionally used antibiotics and antibacterial
biomaterials, are discussed.

Antimicrobial Peptides

These are evolutionarily preserved residues of the innate immune system that are
found in all animals [40]. These ‘antimicrobials’ have the potency to disintegrate
microbial membranes, causing cell death. Peptides have been currently classified
as  immunomodulators  [43].  Antimicrobial  peptides  are  classified  as  broad-
spectrum drugs  active  against  most  prokaryotic  microorganisms but  may cause
toxicity in eukaryotes. A peptide isolated from frogs, called Magainin, is one of
the extensively explored antimicrobial peptides [44, 45]. Other examples include
bacteriocins  (nisin),  a  broad-spectrum  antimicrobial,  exploited  in  food
conservation  [103].  Hence,  peptides  are  being  studied  as  potential  topical  drug
candidates  due  to  their  broad  spectrum  of  action,  low  toxicity  and  no  induced
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resistance [38]. However, developing the peptides to complete clinical drugs can
be  tough  as  the  production  costs  are  sky-high  and  their  stability  in  vivo  is  a
problem [39]. Though These peptides are functionally being explored as synthetic
mimics  for  therapeutics,  surpassing  the  limitations.  The  ongoing  research  on
antimicrobial  peptides  comprises  pexiganan,  a  synthetically  derived  magainin
used for topical administration in foot ulcers. The effectivity of synthetic peptide
mimics,  arylamide  oligomers  and  lipopeptides  has  been  evaluated  in  vivo  in
animal  models  [104  -  106].  Likewise,  arylamide  foldamers  have  also  shown
promising  results  when  tested  on  mice  models  with  Staphylococcus  infections
[106]. Another broad-spectrum peptidomimetic, the LTX-109, is also under Phase
I/II  evaluation for  nasal  decolonization of  methicillin-resistant  S.  aureus  [107].
Endogenous  peptide  like  the  human-derived  peptide  DPK-060  have  also  been
investigated  and  has  gone  through  successful  phase  II  clinical  trials  for  their
administration topically against  eczema [108].  Another  bacterial  lanobiotic  and
fungal  plectasin  are  under  pre-clinical  evaluation  for  their  efficiency  against
Streptococcus  pneumoniae  [109].

Phage Therapy

Bacteriophage-based therapeutics  have been in  global  use  since 1901,  but  with
substantial  hullabaloo.  It  then  became underutilized  in  the  Western  world  after
antibiotics  came  into  existence.  In  the  year  2006,  the  FDA  permitted
bacteriophage therapy against L. monocytogenes contamination in poultry [110].
Since bacteriophages  are  derivatives  of  bacteria,  they make good antimicrobial
candidates because of their high specificity and cost-effectivity but might develop
resistance with time owing to their problem with neutralization in host immune
systems. A substitute hence could solve the problem where whole phage particles
called  lysins  can  be  utilized,  which  are  exceedingly  powerful  enzymes  for
destroying  the  cell  wall  of  microbes  [111].  A  category  of  phage  called  the
BioPhage-PA has been under clinical testing for phase I and II trials as a topical
agent for the treatment of Pseudomonas ear infections [111]. Clinical trials for an
aerosol  variant  for  cystic  fibrosis  are  also  under  investigation.  BFC-1,  a  phage
mixture  of  P.  aeruginosa  and  S.  aureus,  is  under  assessment  for  treating  burn
wounds  [112].  Phages  have  also  been  compatible  with  animal  models  and
successful infections with Burkholderia, Enterococcus, Escherichia,  Klebsiella,
Salmonella enterica and Vibrio vulnificus [113, 114]. Bioengineered phage is also
under current screening.

Vaccines

The  first  vaccines  were  attenuated  and  killed  whole-cell  ones.  With  time  new
techniques for  having been employed for  producing vaccines  that  are  modified
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toxins  and  protein-conjugated  polysaccharide  types.  The  field  of  genomics  has
also  thrown  light  on  an  apt  screening  of  antigenic  determinants  for  vaccine
preparation. Bioinformatic analysis has led to the identification of precise surface-
protein  groups  and  also  thrown  light  to  “reverse  vaccinology”  and
“ANTIGENome  technology”  [115,  116].  Screening  of  the  whole  genomic
material  of  a  pathogen  is  accomplished  by  peptide  libraries  where  quick
identification  of  any  developed  immunogenicity  in  humans  upon  pathogen
exposure can be mapped. Vaccines could be the most cost-efficient option for an
antibacterial medicament. However, the matter of safety in vaccine administration
must be looked upon stringently. Recent research and development of vaccines
are vast,  with many of  them undergoing pre-clinical  identification.  Much work
has gone into the P. aeruginosa vaccine progress, and quite a few have appeared
promising  in  early  clinical  investigation  [117].  The  vaccine  IC43,  the
recombination of two fusion proteins of P. aeruginosa has reached phase II trials
[118]. In the intervening time, three vaccines for curing Staph infections are under
evaluation. Local use of a few vaccines based on outer membrane vesicles is also
under efficacy testing.

Potentiators Replacing the Currently used Antibiotics

Potentiators to the existing antibiotics are substances that enhance sensitization to
an  antigenic  determinant.  These  have  been  used  clinically  and  their  mode  of
action is either to act by adapting to resistance reversal mechanisms in inherent
sensitive  pathogens  or  initiate  per  se  sensitization  to  the  resistant  pathogenic
strains.  Reversal  of  resistance  has  been  observed  in  beta-lactam  antibiotics  by
producing the enzyme lactamase or penicillin-binding proteins. Some of the beta-
lactam inhibitors that work on reverse resistance mechanisms are clavulanic acid,
tazobactam  and  sulbactam  [119].  Gram-negative  bacteria  also  exhibit  such  a
mechanism  by  the  overexpression  of  efflux  systems.  Bacterial  efflux  pump
systems are also a target  competitor  for  potentiators,  though none of the efflux
systems inhibitors are available commercially. Potentiators are effective and have
been  used  clinically.  However,  its  limitation  remains  in  its  resistance  to  beta-
lactamase inhibitors [120]. Some of the beta-lactamase inhibitor potentiators are
under  development:  NXL104,  in  combination  with  ceftazidime  inhibitor,  has
shown  inhibitory  effects  on  E.  coli  and  K.  pneumoniae  and  is  currently  under
phase II and II trials [121]. Another piperacillin-penem beta-lactamase inhibitor
combination has been efficaciously investigated and showed promising results in
murine  models  of  local  infection  of  E.  cloacae  [122].  Though  no  efflux  pump
system inhibitors  have  received  approval,  one  potential  contender  MP-601,205
combined  with  quinolone  antibiotics  developed  by  the  company Mpex Pharma
has been explored for trials but suffered a tolerability problem. A recent approach
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to  targeting  the  stress  response  regulators  in  Pseudomonas  is  still  under
preliminary  study  but  has  shown  sensitivity  to  tobramycin  [123].

Biomaterials Combined Antimicrobials

Microbial colonization might happen in medical implants and equipment, and the
most  common  pathogens  that  dwell  here  are  Staphylococcus  species.  Biofilms
formed on medical  devices also contribute to a high risk of  infections.  Proteus
mirabilis  is  responsible  for  encrustation  in  catheters  [124].  Substantial  efforts
have been made to decrease the number of medical device-related infections by
systemic antibiotic administration, but the severity of such infections is difficult to
cover, which might range from mild to fatal medical conditions in patients. The
cost of prophylaxis for replacing the infected implants is  also a major concern.
Much exploration and work have been implemented in developing antimicrobial
medical  implants.  It  is  convenient  for  bacteria  to  colonize  in  polymers  used  in
urinary medical equipment viz., catheters. Hence antimicrobial coatings on such
equipment can be imbibed, which are bound to the coating covalently and restrict
bacterial colonization. Similarly, implants for orthopaedics are made of alloys like
stainless  steel  and  titanium  that  though  highly  biocompatible  with  good
mechanical  properties,  limit  bacterial  colonization  and  growth  inhibition.
Nowadays, silver has been expansively used in coatings as it possesses a broad-
spectrum  antibacterial  activity  toward  both  Gram-positives  and  Gram-negative
bacteria  [125].  Antibiotic  and  antiseptic  engraved  coatings  are  also  currently
available in the market. Triclosan-based coatings have shown good responses in
both  in  vitro  and  in  vivo  studies  and  are  under  phase  II  clinical  investigation.
Fluorouracil-coated  medical  implants,  due  to  their  good  biocompatibility,  have
been used as antimicrobial carriers [126]. A condensed tabular representation of
some of the current therapies under development and use has been summarized in
Table 3.

Table 3. Some of the antimicrobial formulation therapies currently under development and use that
have potentially enhanced the effectiveness of their treatment.

Drug/Formulation Source/Active
Drug Involved

Targeted
Microorganism

Mechanism of Action

Antimicrobial Peptides

Human β-defensin-3 Human defensin Broad-spectrum of
gram-positive and gram-

negative bacteria

Promotes wound healing,
triggers keratinocytes and

cytokines, aids in
proliferation and

migration via
phosphorylation of STAT
and EGFR proteins [104].
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Drug/Formulation Source/Active
Drug Involved

Targeted
Microorganism

Mechanism of Action

LTX-109 (Lytixar) Synthetic
antimicrobial

peptidomimetic
(SAMP)

Methicillin-resistant
S.aureus /methicillin-
susceptible S.aureus

Causes bacterial
membrane disruption,

treats most of the
preliminary gram-positive
skin infections, prevents

the growth of methicillin-
resistant strains of

Staphylococcus aureus in
wound infections
topically [106].

Pexiganan (Locilex) Analog of African
frog peptide

magainin

S. aureus, S.epidermidis,
S. saprophyticus,
Enterococci, β-

haemolytic Streptococci

Treats diabetic foot
infections when applied

topically, reduces the
hypoglycaemic state of
diabetes, which induces
oxidative stress on nerve

cells [105].

HB1275 Lipohexapeptide
with potent
anti-fungal

activity

Yeast and filamentous
fungi Trichophyton

infection

Treats dermatophytosis,
immunosuppression of

cell wall mannans
restricts the growth of

arthroconidia in
keratinized tissue [127].

Phage Therapy

BioPhage-PA A concoction of
six P. aeruginosa

specific phage

Antibiotic resistant P.
aeruginosa

Chronic otitis infection,
mechanisms not

established yet [111].

BFC-1 A phage mixture P. aeruginosa and S.
aureus

Treats burn wounds,
known to fasten
granulation and

keratinocyte migration
[112].

Vaccines

JNJ-63871860 (ExPEC 4V) Multivalent
glycoprotein

conjugate vaccine

Invasive extra-intestinal
pathogenic

E. coli

Treats urinary tract
infections leading to adult

bacteraemia, blocks the
putative virulent genes.

(currently under phase II
trial) [127].

(Table 3) cont.....
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Drug/Formulation Source/Active
Drug Involved

Targeted
Microorganism

Mechanism of Action

Group B Streptococcus vaccine
(GBS)

Polysaccharide
vaccine of group
B Streptococcus

Streptococcus agalactiae Treats invasive neonatal
GBS infections,

Stimulates the production
of functionally active

antibodies that crosses the
placenta to deliver

defence against neonatal
GBS infection. (currently

under phase II trial)
[128].

IC43 Recombination of
two fusion

proteins of P.
aeruginosa

P. aeruginosa Nosocomial infections in
intensive care units

(ICUs) (currently under
phase III trial) [118].

Potentiators replacement to currently used antibiotics

NXL104 Non-lactam
inhibitor of β-

lactamase

Mycobacterium
tuberculosis

Inhibits BlaC, the only
chromosomally encoded

β-lactamase from
Mycobacterium

tuberculosis infections,
by forming a carbamoyl
adduct. (currently under

phase III trial) [121].

SPR741 Polymyxin B
derivative

Multidrug-resistant
gram-negative bacteria

Disrupts the outer
membrane of gram-

negative bacteria

Biomaterials as Antimicrobials

Dipalmitoylphosphatidylcholine
(DPPC), cholesterol, and

dimethylammonium
ethane carbamoyl cholesterol

(DC-chol) [Liposomal
formulation]

Benzylpenicillin S. aureus Disrupts the cell
membrane integrity [128].

Poly-lactide-co-glycolide
(PLG)

nanoparticle [Polymeric
nanoparticle formulation]

Rifampicin,
isoniazid,

Pyrazinamide,
Ethambutol.

Mycobacterium
tuberculosis

Augmented absorption of
the drug disrupts nucleic

acid synthesis [128].

Poly (D,L-lactide) (PLA)
Nanospheres

Arjunglucoside Leishmania donovani Condensed toxicity,
blocks the Leishmania
antigen TIMP-1 [128].

(Table 3) cont.....
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Drug/Formulation Source/Active
Drug Involved

Targeted
Microorganism

Mechanism of Action

Pegylated lysine based
copolymeric dendrimer

Artemether Plasmodium falciparum Augments the drug
stability, highly soluble
and efficient delivery

vehicles that inhibits the
paracellular and

endocytosis pathway in
the malarial parasite

[128].

Glyceryl tripalmitate and
tyloxapol [Solid-lipid

nanoparticle formulation]

Clotrimazole Fungi, yeast Hinders free radical
formation when applied

topically [128].

CONCLUSION

It  is high time that we realise how vital it  is to develop antimicrobial agents to
fight  microbial  resistance.  Quite  a  lot  of  reports  are  roving  on  the  big
pharmaceutical companies curbing down the basic research on the screening and
development  of  newer  therapeutic  options  for  antimicrobial  infections,  thus
prompting  less  approving  monetary  incentives  compared  to  the  available
medicaments.  Both  academia  and  industry  are  trying  to  accomplish  novel
stratagems  for  newer  antimicrobial  medications.  Though  most  of  the  current
generation  antimicrobial  formulations  are  still  under  unapproved  trials,  in  this
acute  hour  of  the  emergence  of  microbial  resistance,  it  is  a  taste  of  various
categories  of  drugs  that  are  asked  for.  The  more  diversity  in  the  cache  of
pathogens,  the  more  convenient  it  is  to  offer  custom-made  antimicrobial
alternatives. The first-line therapy remains the broad-spectrum antibiotics, but an
alternative  high-tech-driven  approach  would  aid  in  controlling  most  of  the
commensals  and  opportunistic  ailments.  Hence,  precise  diagnostics  with  novel
antimicrobial  machinery  are  looked  upon  to  terminate  this  complexity  in
medications.  Understanding  the  biological  and  metabolic  modifications  in  a
microorganism will better depict the direction of treatment, for instance, studies
on latent bacteria. Nevertheless, this will need a more extensive investigation to
clinically target a particular microorganism’s physiological function. This can be
done by exploring molecular aspects, for instance, gene knockouts, genome-scale
technologies  etc.  More  research  on  screening  the  resistance  within  common
microbial  flora  and  utilizing  combinational  therapies  to  treat  them  would  be  a
beneficial  step  in  growing  patient  amenability,  the  probability  for  resistance
expansion, lessening drug costs and upsurge efficiency, eventually encompassing
the life of these antimicrobial agents.

(Table 3) cont.....



330   Frontiers in Antimicrobial Agents, Vol. 2 Banerjee and Madhyastha

CONSENT OF PUBLICATION

Declared none.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

The authors  thank the management  of  Vellore Institute  of  Technology,  Vellore
and the University of Miyazaki, Japan.

REFERENCES
[1] Green  JL,  Holmes  AJ,  Westoby  M,  et  al.  Spatial  scaling  of  microbial  eukaryote  diversity.  Nature

2004; 432(7018): 747-50.
[http://dx.doi.org/10.1038/nature03034] [PMID: 15592411]

[2] Whitman WB, Coleman DC, Wiebe WJ. Prokaryotes: The unseen majority. Proc Natl Acad Sci USA
1998; 95(12): 6578-83.
[http://dx.doi.org/10.1073/pnas.95.12.6578] [PMID: 9618454]

[3] D’Costa VM, King CE, Kalan L, et al. Antibiotic resistance is ancient. Nature 2011; 477(7365): 457-
61.
[http://dx.doi.org/10.1038/nature10388] [PMID: 21881561]

[4] Hofer U. The cost of antimicrobial resistance. Nat Rev Microbiol 2019; 17(1): 3.
[http://dx.doi.org/10.1038/s41579-018-0125-x] [PMID: 30467331]

[5] Karkey A, Thwaites GE, Baker S. The evolution of antimicrobial resistance in Salmonella Typhi. Curr
Opin Gastroenterol 2018; 34(1): 25-30.
[http://dx.doi.org/10.1097/MOG.0000000000000406] [PMID: 29059070]

[6] Rice LB. Antimicrobial stewardship and antimicrobial resistance. Med Clin North Am 2018; 102(5):
805-18.
[http://dx.doi.org/10.1016/j.mcna.2018.04.004] [PMID: 30126572]

[7] Eliopoulos  GM,  Cosgrove  SE,  Carmeli  Y.  The  impact  of  antimicrobial  resistance  on  health  and
economic outcomes. Clin Infect Dis 2003; 36(11): 1433-7.
[http://dx.doi.org/10.1086/375081] [PMID: 12766839]

[8] Harbarth S, Samore MH. Antimicrobial resistance determinants and future control. Emerg Infect Dis
2005; 11(6): 794-801.
[http://dx.doi.org/10.3201/eid1106.050167] [PMID: 15963271]

[9] Russell AD. Similarities and differences in the responses of microorganisms to biocides. J Antimicrob
Chemother 2003; 52(5): 750-63.
[http://dx.doi.org/10.1093/jac/dkg422] [PMID: 14519671]

[10] Nweze JA, Mbaoji FN, Huang G, et al. Antibiotics development and the potentials of marine-derived
compounds to stem the tide of multidrug-resistant pathogenic bacteria, fungi, and protozoa. Mar Drugs
2020; 18(3): 145.
[http://dx.doi.org/10.3390/md18030145] [PMID: 32121196]

[11] McArthur AG, Tsang KK. Antimicrobial resistance surveillance in the genomic age. Ann N Y Acad
Sci 2017; 1388(1): 78-91.
[http://dx.doi.org/10.1111/nyas.13289] [PMID: 27875856]

http://dx.doi.org/10.1038/nature03034
http://www.ncbi.nlm.nih.gov/pubmed/15592411
http://dx.doi.org/10.1073/pnas.95.12.6578
http://www.ncbi.nlm.nih.gov/pubmed/9618454
http://dx.doi.org/10.1038/nature10388
http://www.ncbi.nlm.nih.gov/pubmed/21881561
http://dx.doi.org/10.1038/s41579-018-0125-x
http://www.ncbi.nlm.nih.gov/pubmed/30467331
http://dx.doi.org/10.1097/MOG.0000000000000406
http://www.ncbi.nlm.nih.gov/pubmed/29059070
http://dx.doi.org/10.1016/j.mcna.2018.04.004
http://www.ncbi.nlm.nih.gov/pubmed/30126572
http://dx.doi.org/10.1086/375081
http://www.ncbi.nlm.nih.gov/pubmed/12766839
http://dx.doi.org/10.3201/eid1106.050167
http://www.ncbi.nlm.nih.gov/pubmed/15963271
http://dx.doi.org/10.1093/jac/dkg422
http://www.ncbi.nlm.nih.gov/pubmed/14519671
http://dx.doi.org/10.3390/md18030145
http://www.ncbi.nlm.nih.gov/pubmed/32121196
http://dx.doi.org/10.1111/nyas.13289
http://www.ncbi.nlm.nih.gov/pubmed/27875856


Approaches to Antimicrobial Formulations Frontiers in Antimicrobial Agents, Vol. 2   331

[12] Juliano  RL.  Pharmaceutical  innovation  and  public  policy:  The  case  for  a  new  strategy  for  drug
discovery and development. Sci Public Policy 2013; 40(3): 393-405.
[http://dx.doi.org/10.1093/scipol/scs125]

[13] Abadie R. The exploitation of professional “guinea pigs” in the gig economy: The difficult road from
consent to justice. Am J Bioeth 2019; 19(9): 37-9.
[http://dx.doi.org/10.1080/15265161.2019.1630513] [PMID: 31543031]

[14] Davidovich C, Bashan A, Yonath A. Structural basis for cross-resistance to ribosomal PTC antibiotics.
Proc Natl Acad Sci USA 2008; 105(52): 20665-70.
[http://dx.doi.org/10.1073/pnas.0810826105] [PMID: 19098107]

[15] von  Nussbaum  F,  Brands  M,  Hinzen  B,  Weigand  S,  Häbich  D.  Antibacterial  natural  products  in
medicinal chemistry--exodus or revival? Angew Chem Int Ed 2006; 45(31): 5072-129.
[http://dx.doi.org/10.1002/anie.200600350] [PMID: 16881035]

[16] Wright GD. The antibiotic resistome: the nexus of chemical and genetic diversity. Nat Rev Microbiol
2007; 5(3): 175-86.
[http://dx.doi.org/10.1038/nrmicro1614] [PMID: 17277795]

[17] Kim S, Lieberman TD, Kishony R. Alternating antibiotic treatments constrain evolutionary paths to
multidrug resistance. Proc Natl Acad Sci USA 2014; 111(40): 14494-9.
[http://dx.doi.org/10.1073/pnas.1409800111] [PMID: 25246554]

[18] Aslam B, Wang W, Arshad MI, et al. Antibiotic resistance: a rundown of a global crisis. Infect Drug
Resist 2018; 11(11): 1645-58.
[http://dx.doi.org/10.2147/IDR.S173867] [PMID: 30349322]

[19] Schroeder  M,  Brooks  B,  Brooks  A.  The  complex  relationship  between  virulence  and  antibiotic
resistance. Genes (Basel) 2017; 8(1): 39.
[http://dx.doi.org/10.3390/genes8010039] [PMID: 28106797]

[20] Romano  M,  Iovene  MR,  Russo  MI,  et  al.  Failure  of  first-line  eradication  treatment  significantly
increases  prevalence  of  antimicrobial-resistant  Helicobacter  pylori  clinical  isolates.  J  Clin  Pathol
2008; 61(10): 1112-5.
[http://dx.doi.org/10.1136/jcp.2008.060392] [PMID: 18755715]

[21] Jones ML, Ganopolsky JG, Labbé A, Wahl C, Prakash S. Antimicrobial properties of nitric oxide and
its application in antimicrobial formulations and medical devices. Appl Microbiol Biotechnol 2010;
88(2): 401-7.
[http://dx.doi.org/10.1007/s00253-010-2733-x] [PMID: 20680266]

[22] Bush K. Antibacterial drug discovery in the 21st century. Clin Microbiol Infect 2004; 10(4) (Suppl. 4):
10-7.
[http://dx.doi.org/10.1111/j.1465-0691.2004.1005.x] [PMID: 15522035]

[23] Abreu AC, McBain AJ, Simões M. Plants as sources of new antimicrobials and resistance-modifying
agents. Nat Prod Rep 2012; 29(9): 1007-21.
[http://dx.doi.org/10.1039/c2np20035j] [PMID: 22786554]

[24] Venkateswaran PS, Millman I, Blumberg BS. Effects of an extract from Phyllanthus niruri on hepatitis
B and woodchuck hepatitis viruses: in vitro and in vivo studies. Proc Natl Acad Sci USA 1987; 84(1):
274-8.
[http://dx.doi.org/10.1073/pnas.84.1.274] [PMID: 3467354]

[25] Gupta  R,  Thakur  B,  Singh  P,  et  al.  Anti-tuberculosis  activity  of  selected  medicinal  plants  against
multi-drug resistant Mycobacterium tuberculosis isolates. Indian J Med Res 2010; 131(6): 809-13.
[PMID: 20571171]

[26] Habbal O, Hasson SS, El-Hag AH, et  al.  Antibacterial  activity of Lawsonia inermis Linn (Henna)
against Pseudomonas aeruginosa. Asian Pac J Trop Biomed 2011; 1(3): 173-6.
[http://dx.doi.org/10.1016/S2221-1691(11)60021-X] [PMID: 23569753]

http://dx.doi.org/10.1093/scipol/scs125
http://dx.doi.org/10.1080/15265161.2019.1630513
http://www.ncbi.nlm.nih.gov/pubmed/31543031
http://dx.doi.org/10.1073/pnas.0810826105
http://www.ncbi.nlm.nih.gov/pubmed/19098107
http://dx.doi.org/10.1002/anie.200600350
http://www.ncbi.nlm.nih.gov/pubmed/16881035
http://dx.doi.org/10.1038/nrmicro1614
http://www.ncbi.nlm.nih.gov/pubmed/17277795
http://dx.doi.org/10.1073/pnas.1409800111
http://www.ncbi.nlm.nih.gov/pubmed/25246554
http://dx.doi.org/10.2147/IDR.S173867
http://www.ncbi.nlm.nih.gov/pubmed/30349322
http://dx.doi.org/10.3390/genes8010039
http://www.ncbi.nlm.nih.gov/pubmed/28106797
http://dx.doi.org/10.1136/jcp.2008.060392
http://www.ncbi.nlm.nih.gov/pubmed/18755715
http://dx.doi.org/10.1007/s00253-010-2733-x
http://www.ncbi.nlm.nih.gov/pubmed/20680266
http://dx.doi.org/10.1111/j.1465-0691.2004.1005.x
http://www.ncbi.nlm.nih.gov/pubmed/15522035
http://dx.doi.org/10.1039/c2np20035j
http://www.ncbi.nlm.nih.gov/pubmed/22786554
http://dx.doi.org/10.1073/pnas.84.1.274
http://www.ncbi.nlm.nih.gov/pubmed/3467354
http://www.ncbi.nlm.nih.gov/pubmed/20571171
http://dx.doi.org/10.1016/S2221-1691(11)60021-X
http://www.ncbi.nlm.nih.gov/pubmed/23569753


332   Frontiers in Antimicrobial Agents, Vol. 2 Banerjee and Madhyastha

[27] Dadgar T, Asmar M, Saifi A, et al. Antibacterial activity of certain Iranian medicinal plants against
methicillin-resistant and sensitive Staphylococcus aureus. Asian J Plant Sci 2006; 5(5): 861-6.
[http://dx.doi.org/10.3923/ajps.2006.861.866]

[28] Peng L, Kang S, Yin Z, et al. Antibacterial activity and mechanism of berberine against Streptococcus
agalactiae . Int J Clin Exp Pathol 2015; 8(5): 5217-23.
[PMID: 26191220]

[29] Semwal  D,  Rawat  U.  Antimicrobial  hasubanalactam  alkaloid  from  Stephania  glabra.  Planta  Med
2009; 75(4): 378-80.
[http://dx.doi.org/10.1055/s-0028-1112223] [PMID: 19148860]

[30] Fragopoulou  E,  Nomikos  T,  Karantonis  HC,  et  al.  Biological  activity  of  acetylated  phenolic
compounds.  J  Agric  Food  Chem  2007;  55(1):  80-9.
[http://dx.doi.org/10.1021/jf0627221] [PMID: 17199317]

[31] Tahara S, Ingham JL, Nakahara S, Mizutani J, Harborne JB. Fungitoxic dihydrofuranoisoflavones and
related compounds in white lupin, Lupinus albus. Phytochemistry 1984; 23(9): 1889-900.
[http://dx.doi.org/10.1016/S0031-9422(00)84936-5]

[32] Özçelik  B,  Orhan  DD,  Özgen  S,  Ergun  F.  Antimicrobial  activity  of  flavonoids  against  extended-
spectrum β-lactamase (ESβL)-producing Klebsiella pneumoniae. Trop J Pharm Res 2008; 7(4): 1151-
7.
[http://dx.doi.org/10.4314/tjpr.v7i4.14701]

[33] Widelski  J,  Popova  M,  Graikou  K,  Glowniak  K,  Chinou  I.  Coumarins  from  Angelica  lucida  L.-
-antibacterial activities. Molecules 2009; 14(8): 2729-34.
[http://dx.doi.org/10.3390/molecules14082729] [PMID: 19701119]

[34] Ragasa CY, Ha HK, Hasika M, Maridable JB, Gaspillo PA, Rideout JA. Antimicrobial and cytotoxic
terpenoids from Cymbopogon citratus Stapf. Philipp Sci 2008; (45): 111-22.

[35] González-Mas MC, Rambla JL, López-Gresa MP, Blázquez MA, Granell A. Volatile compounds in
Citrus essential oils: a comprehensive review. Front Plant Sci 2019; 10: 12.
[http://dx.doi.org/10.3389/fpls.2019.00012] [PMID: 30804951]

[36] Fernández L, Hancock REW. Adaptive and mutational resistance: role of porins and efflux pumps in
drug resistance. Clin Microbiol Rev 2012; 25(4): 661-81.
[http://dx.doi.org/10.1128/CMR.00043-12] [PMID: 23034325]

[37] de la Fuente-Núñez C, Reffuveille F, Fernández L, Hancock REW. Bacterial biofilm development as a
multicellular  adaptation:  antibiotic  resistance  and  new therapeutic  strategies.  Curr  Opin  Microbiol
2013; 16(5): 580-9.
[http://dx.doi.org/10.1016/j.mib.2013.06.013] [PMID: 23880136]

[38] Papagianni M. Ribosomally synthesized peptides with antimicrobial properties: biosynthesis, structure,
function, and applications. Biotechnol Adv 2003; 21(6): 465-99.
[http://dx.doi.org/10.1016/S0734-9750(03)00077-6] [PMID: 14499150]

[39] Afacan  NJ,  Yeung  AT,  Pena  OM,  Hancock  RE.  Therapeutic  potential  of  host  defense  peptides  in
antibiotic-resistant infections. Curr Pharm Des 2012; 18(6): 807-19.
[http://dx.doi.org/10.2174/138161212799277617] [PMID: 22236127]

[40] Wiesner  J,  Vilcinskas  A.  Antimicrobial  peptides:  The  ancient  arm  of  the  human  immune  system.
Virulence 2010; 1(5): 440-64.
[http://dx.doi.org/10.4161/viru.1.5.12983] [PMID: 21178486]

[41] Cole AM, Shi J, Ceccarelli A, Kim YH, Park A, Ganz T. Inhibition of neutrophil elastase prevents
cathelicidin activation and impairs clearance of bacteria from wounds. Blood 2001; 97(1): 297-304.
[http://dx.doi.org/10.1182/blood.V97.1.297] [PMID: 11133774]

[42] Xu D, Liao C, Zhang B, et al. Human enteric α-defensin 5 promotes Shigella infection by enhancing

http://dx.doi.org/10.3923/ajps.2006.861.866
http://www.ncbi.nlm.nih.gov/pubmed/26191220
http://dx.doi.org/10.1055/s-0028-1112223
http://www.ncbi.nlm.nih.gov/pubmed/19148860
http://dx.doi.org/10.1021/jf0627221
http://www.ncbi.nlm.nih.gov/pubmed/17199317
http://dx.doi.org/10.1016/S0031-9422(00)84936-5
http://dx.doi.org/10.4314/tjpr.v7i4.14701
http://dx.doi.org/10.3390/molecules14082729
http://www.ncbi.nlm.nih.gov/pubmed/19701119
http://dx.doi.org/10.3389/fpls.2019.00012
http://www.ncbi.nlm.nih.gov/pubmed/30804951
http://dx.doi.org/10.1128/CMR.00043-12
http://www.ncbi.nlm.nih.gov/pubmed/23034325
http://dx.doi.org/10.1016/j.mib.2013.06.013
http://www.ncbi.nlm.nih.gov/pubmed/23880136
http://dx.doi.org/10.1016/S0734-9750(03)00077-6
http://www.ncbi.nlm.nih.gov/pubmed/14499150
http://dx.doi.org/10.2174/138161212799277617
http://www.ncbi.nlm.nih.gov/pubmed/22236127
http://dx.doi.org/10.4161/viru.1.5.12983
http://www.ncbi.nlm.nih.gov/pubmed/21178486
http://dx.doi.org/10.1182/blood.V97.1.297
http://www.ncbi.nlm.nih.gov/pubmed/11133774


Approaches to Antimicrobial Formulations Frontiers in Antimicrobial Agents, Vol. 2   333

bacterial adhesion and invasion. Immunity 2018; 48(6): 1233-1244.e6.
[http://dx.doi.org/10.1016/j.immuni.2018.04.014] [PMID: 29858013]

[43] Islam D, Bandholtz L, Nilsson J, et al. Downregulation of bactericidal peptides in enteric infections: A
novel immune escape mechanism with bacterial DNA as a potential regulator. Nat Med 2001; 7(2):
180-5.
[http://dx.doi.org/10.1038/84627] [PMID: 11175848]

[44] Ohsaki  Y,  Gazdar  AF,  Chen  HC,  Johnson  BE.  Antitumor  activity  of  magainin  analogues  against
human lung cancer cell lines. Cancer Res 1992; 52(13): 3534-8.
[PMID: 1319823]

[45] Lehmann  J,  Retz  M,  Sidhu  SS,  et  al.  Antitumor  activity  of  the  antimicrobial  peptide  magainin  II
against bladder cancer cell lines. Eur Urol 2006; 50(1): 141-7.
[http://dx.doi.org/10.1016/j.eururo.2005.12.043] [PMID: 16476519]

[46] Thell K, Hellinger R, Schabbauer G, Gruber CW. Immunosuppressive peptides and their therapeutic
applications. Drug Discov Today 2014; 19(5): 645-53.
[http://dx.doi.org/10.1016/j.drudis.2013.12.002] [PMID: 24333193]

[47] Bernardi  F,  Gaggelli  E,  Molteni  E,  Porciatti  E,  Valensin  D,  Valensin  G.  1H  and  13C-NMR  and
molecular  dynamics  studies  of  cyclosporin  a  interacting  with  magnesium(II)  or  cerium(III)  in
acetonitrile.  Conformational  changes  and  cis-trans  conversion  of  peptide  bonds.  Biophys  J  2006;
90(4): 1350-61.
[http://dx.doi.org/10.1529/biophysj.105.074245] [PMID: 16299069]

[48] Chen  M,  Kumar  S,  Anselmo  AC,  et  al.  Topical  delivery  of  Cyclosporine  A  into  the  skin  using
SPACE-peptide. J Control Release 2015; 199(199): 190-7.
[http://dx.doi.org/10.1016/j.jconrel.2014.11.015] [PMID: 25481447]

[49] Harrison CA, Bastan R, Peirce MJ, Munday MR, Peachell PT. Role of calcineurin in the regulation of
human lung mast cell and basophil function by cyclosporine and FK506. Br J Pharmacol 2007; 150(4):
509-18.
[http://dx.doi.org/10.1038/sj.bjp.0707002] [PMID: 17200674]

[50] Kim ST, Jang DJ, Kim JH, et al. Topical administration of cyclosporin A in a solid lipid nanoparticle
formulation. Pharmazie 2009; 64(8): 510-4.
[PMID: 19746839]

[51] Keenan B, Finol-Urdaneta RK, Hope A, et al. N-alkylisatin-based microtubule destabilizers bind to the
colchicine site on tubulin and retain efficacy in drug resistant acute lymphoblastic leukemia cell lines
with less in vitro neurotoxicity. Cancer Cell Int 2020; 20(1): 170.
[http://dx.doi.org/10.1186/s12935-020-01251-6] [PMID: 32467666]

[52] Chen J,  Wang F, Liu Q, Du J.  Antibacterial  polymeric nanostructures for biomedical applications.
Chem Commun (Camb) 2014; 50(93): 14482-93.
[http://dx.doi.org/10.1039/C4CC03001J] [PMID: 25110921]

[53] Dong  Y,  Feng  SS.  Methoxy  poly(ethylene  glycol)-poly(lactide)  (MPEG-PLA)  nanoparticles  for
controlled delivery of anticancer drugs. Biomaterials 2004; 25(14): 2843-9.
[http://dx.doi.org/10.1016/j.biomaterials.2003.09.055] [PMID: 14962562]

[54] Agarwal P, Rupenthal ID. Modern approaches to the ocular delivery of cyclosporine A. Drug Discov
Today 2016; 21(6): 977-88.
[http://dx.doi.org/10.1016/j.drudis.2016.04.002] [PMID: 27080149]

[55] Barratt G. Colloidal drug carriers: achievements and perspectives. Cell Mol Life Sci 2003; 60(1): 21-
37.
[http://dx.doi.org/10.1007/s000180300002] [PMID: 12613656]

[56] Saravolatz LD, Pawlak J, Johnson L, et al. In vitro activities of LTX-109, a synthetic antimicrobial
peptide,  against  methicillin-resistant,  vancomycin-intermediate,  vancomycin-resistant,  daptomycin-

http://dx.doi.org/10.1016/j.immuni.2018.04.014
http://www.ncbi.nlm.nih.gov/pubmed/29858013
http://dx.doi.org/10.1038/84627
http://www.ncbi.nlm.nih.gov/pubmed/11175848
http://www.ncbi.nlm.nih.gov/pubmed/1319823
http://dx.doi.org/10.1016/j.eururo.2005.12.043
http://www.ncbi.nlm.nih.gov/pubmed/16476519
http://dx.doi.org/10.1016/j.drudis.2013.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24333193
http://dx.doi.org/10.1529/biophysj.105.074245
http://www.ncbi.nlm.nih.gov/pubmed/16299069
http://dx.doi.org/10.1016/j.jconrel.2014.11.015
http://www.ncbi.nlm.nih.gov/pubmed/25481447
http://dx.doi.org/10.1038/sj.bjp.0707002
http://www.ncbi.nlm.nih.gov/pubmed/17200674
http://www.ncbi.nlm.nih.gov/pubmed/19746839
http://dx.doi.org/10.1186/s12935-020-01251-6
http://www.ncbi.nlm.nih.gov/pubmed/32467666
http://dx.doi.org/10.1039/C4CC03001J
http://www.ncbi.nlm.nih.gov/pubmed/25110921
http://dx.doi.org/10.1016/j.biomaterials.2003.09.055
http://www.ncbi.nlm.nih.gov/pubmed/14962562
http://dx.doi.org/10.1016/j.drudis.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27080149
http://dx.doi.org/10.1007/s000180300002
http://www.ncbi.nlm.nih.gov/pubmed/12613656


334   Frontiers in Antimicrobial Agents, Vol. 2 Banerjee and Madhyastha

nonsusceptible, and linezolid-nonsusceptible Staphylococcus aureus. Antimicrob Agents Chemother
2012; 56(8): 4478-82.
[http://dx.doi.org/10.1128/AAC.00194-12] [PMID: 22585222]

[57] Roberts KD, Azad MAK, Wang J, et al. Antimicrobial activity and toxicity of the major lipopeptide
components  of  polymyxin  B  and  colistin:  last-line  antibiotics  against  multidrug-resistant  Gram-
negative bacteria. ACS Infect Dis 2015; 1(11): 568-75.
[http://dx.doi.org/10.1021/acsinfecdis.5b00085] [PMID: 27525307]

[58] Lee  C,  Choi  JS,  Kim  I,  et  al.  Long-acting  inhalable  chitosan-coated  poly(lactic-co-glycolic  acid)
nanoparticles  containing  hydrophobically  modified  exendin-4  for  treating  type  2  diabetes.  Int  J
Nanomedicine 2013; 8(8): 2975-83.
[PMID: 23976850]

[59] Bergmann-Leitner E, Leitner W. Adjuvants in the driver’s seat: how magnitude, type, fine specificity
and longevity of immune responses are driven by distinct classes of immune potentiators. Vaccines
(Basel) 2014; 2(2): 252-96.
[http://dx.doi.org/10.3390/vaccines2020252] [PMID: 26344620]

[60] Zeng  W,  Jin  L,  Zhang  F,  Zhang  C,  Liang  W.  Naringenin  as  a  potential  immunomodulator  in
therapeutics.  Pharmacol  Res  2018;  135(135):  122-6.
[http://dx.doi.org/10.1016/j.phrs.2018.08.002] [PMID: 30081177]

[61] Pirofski L, Casadevall  A. Immunomodulators as an antimicrobial  tool.  Curr Opin Microbiol 2006;
9(5): 489-95.
[http://dx.doi.org/10.1016/j.mib.2006.08.004] [PMID: 16931122]

[62] Cibulski SP, Mourglia-Ettlin G, Teixeira TF, et al. Novel ISCOMs from Quillaja brasiliensis saponins
induce  mucosal  and systemic  antibody production,  T-cell  responses  and improved antigen  uptake.
Vaccine 2016; 34(9): 1162-71.
[http://dx.doi.org/10.1016/j.vaccine.2016.01.029] [PMID: 26826546]

[63] Daubenberger CA. TLR9 agonists as adjuvants for prophylactic and therapeutic vaccines. Curr Opin
Mol Ther 2007; 9(1): 45-52.
[PMID: 17330401]

[64] Ryan EJ, Daly LM, Mills KHG. Immunomodulators and delivery systems for vaccination by mucosal
routes. Trends Biotechnol 2001; 19(8): 293-304.
[http://dx.doi.org/10.1016/S0167-7799(01)01670-5] [PMID: 11451471]

[65] Agren LC, Ekman L, Löwenadler B, Lycke NY. Genetically engineered nontoxic vaccine adjuvant
that combines B cell targeting with immunomodulation by cholera toxin A1 subunit. J Immunol 1997;
158(8): 3936-46.
[PMID: 9103464]

[66] Tarr  PE.  Granulocyte-macrophage  colony-stimulating  factor  and  the  immune  system.  Med  Oncol
1996; 13(3): 133-40.
[http://dx.doi.org/10.1007/BF02990841] [PMID: 9106171]

[67] Kanzler H, Barrat FJ, Hessel EM, Coffman RL. Therapeutic targeting of innate immunity with Toll-
like receptor agonists and antagonists. Nat Med 2007; 13(5): 552-9.
[http://dx.doi.org/10.1038/nm1589] [PMID: 17479101]

[68] Halbus AF, Horozov TS, Paunov VN. Colloid particle formulations for antimicrobial applications.
Adv Colloid Interface Sci 2017; 249(249): 134-48.
[http://dx.doi.org/10.1016/j.cis.2017.05.012] [PMID: 28528626]

[69] Shende S, Ingle AP, Gade A, Rai M. Green synthesis of copper nanoparticles by Citrus medica Linn.
(Idilimbu) juice and its antimicrobial activity. World J Microbiol Biotechnol 2015; 31(6): 865-73.
[http://dx.doi.org/10.1007/s11274-015-1840-3] [PMID: 25761857]

[70] Usman  MS,  El  Zowalaty  ME,  Shameli  K,  Zainuddin  N,  Salama  M,  Ibrahim  NA.  Synthesis,

http://dx.doi.org/10.1128/AAC.00194-12
http://www.ncbi.nlm.nih.gov/pubmed/22585222
http://dx.doi.org/10.1021/acsinfecdis.5b00085
http://www.ncbi.nlm.nih.gov/pubmed/27525307
http://www.ncbi.nlm.nih.gov/pubmed/23976850
http://dx.doi.org/10.3390/vaccines2020252
http://www.ncbi.nlm.nih.gov/pubmed/26344620
http://dx.doi.org/10.1016/j.phrs.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/30081177
http://dx.doi.org/10.1016/j.mib.2006.08.004
http://www.ncbi.nlm.nih.gov/pubmed/16931122
http://dx.doi.org/10.1016/j.vaccine.2016.01.029
http://www.ncbi.nlm.nih.gov/pubmed/26826546
http://www.ncbi.nlm.nih.gov/pubmed/17330401
http://dx.doi.org/10.1016/S0167-7799(01)01670-5
http://www.ncbi.nlm.nih.gov/pubmed/11451471
http://www.ncbi.nlm.nih.gov/pubmed/9103464
http://dx.doi.org/10.1007/BF02990841
http://www.ncbi.nlm.nih.gov/pubmed/9106171
http://dx.doi.org/10.1038/nm1589
http://www.ncbi.nlm.nih.gov/pubmed/17479101
http://dx.doi.org/10.1016/j.cis.2017.05.012
http://www.ncbi.nlm.nih.gov/pubmed/28528626
http://dx.doi.org/10.1007/s11274-015-1840-3
http://www.ncbi.nlm.nih.gov/pubmed/25761857


Approaches to Antimicrobial Formulations Frontiers in Antimicrobial Agents, Vol. 2   335

characterization, and antimicrobial properties of copper nanoparticles. Int J Nanomedicine 2013; 8(8):
4467-79.
[PMID: 24293998]

[71] Durán N, Durán M, de Jesus MB, Seabra AB, Fávaro WJ, Nakazato G. Silver nanoparticles: A new
view on mechanistic aspects on antimicrobial activity. Nanomedicine 2016; 12(3): 789-99.
[http://dx.doi.org/10.1016/j.nano.2015.11.016] [PMID: 26724539]

[72] Tiwari  P,  Vig  K,  Dennis  V,  Singh  S.  Functionalized  gold  nanoparticles  and  their  biomedical
applications.  Nanomaterials  (Basel)  2011;  1(1):  31-63.
[http://dx.doi.org/10.3390/nano1010031] [PMID: 28348279]

[73] Liu Y, Li R, Xiao X, Wang Z. Molecules that inhibit bacterial resistance enzymes. Molecules 2018;
24(1): 43.
[http://dx.doi.org/10.3390/molecules24010043] [PMID: 30583527]

[74] Wilke  MS,  Lovering  AL,  Strynadka  NCJ.  β-Lactam  antibiotic  resistance:  a  current  structural
perspective.  Curr  Opin  Microbiol  2005;  8(5):  525-33.
[http://dx.doi.org/10.1016/j.mib.2005.08.016] [PMID: 16129657]

[75] Bush K, Fisher JF. Epidemiological expansion, structural studies, and clinical challenges of new β-
lactamases from gram-negative bacteria. Annu Rev Microbiol 2011; 65(1): 455-78.
[http://dx.doi.org/10.1146/annurev-micro-090110-102911] [PMID: 21740228]

[76] Kataja  J,  Seppälä  H,  Skurnik  M,  Sarkkinen  H,  Huovinen  P.  Different  erythromycin  resistance
mechanisms in group C and group G streptococci. Antimicrob Agents Chemother 1998; 42(6): 1493-4.
[http://dx.doi.org/10.1128/AAC.42.6.1493] [PMID: 9624500]

[77] Okuma K, Iwakawa K, Turnidge JD, et al. Dissemination of new methicillin-resistant Staphylococcus
aureus clones in the community. J Clin Microbiol 2002; 40(11): 4289-94.
[http://dx.doi.org/10.1128/JCM.40.11.4289-4294.2002] [PMID: 12409412]

[78] Hiramatsu K. Vancomycin-resistant  Staphylococcus aureus  :  a  new model  of  antibiotic  resistance.
Lancet Infect Dis 2001; 1(3): 147-55.
[http://dx.doi.org/10.1016/S1473-3099(01)00091-3] [PMID: 11871491]

[79] Happi CT, Gbotosho GO, Folarin OA, et al. Polymorphisms in Plasmodium falciparum dhfr and dhps
genes and age related in vivo sulfadoxine–pyrimethamine resistance in malaria-infected patients from
Nigeria. Acta Trop 2005; 95(3): 183-93.
[http://dx.doi.org/10.1016/j.actatropica.2005.06.015] [PMID: 16023986]

[80] Wang G, Taylor DE. Site-specific mutations in the 23S rRNA gene of Helicobacter pylori confer two
types  of  resistance  to  macrolide-lincosamide-streptogramin  B  antibiotics.  Antimicrob  Agents
Chemother  1998;  42(8):  1952-8.
[http://dx.doi.org/10.1128/AAC.42.8.1952] [PMID: 9687389]

[81] Suzuki  Y,  Katsukawa  C,  Tamaru  A,  et  al.  Detection  of  kanamycin-resistant  Mycobacterium
tuberculosis by identifying mutations in the 16S rRNA gene. J Clin Microbiol 1998; 36(5): 1220-5.
[http://dx.doi.org/10.1128/JCM.36.5.1220-1225.1998] [PMID: 9574680]

[82] Kumar A, Schweizer H. Bacterial  resistance to antibiotics:  Active efflux and reduced uptake. Adv
Drug Deliv Rev 2005; 57(10): 1486-513.
[http://dx.doi.org/10.1016/j.addr.2005.04.004] [PMID: 15939505]

[83] Nikaido H. Molecular basis of bacterial outer membrane permeability revisited. Microbiol Mol Biol
Rev 2003; 67(4): 593-656.
[http://dx.doi.org/10.1128/MMBR.67.4.593-656.2003] [PMID: 14665678]

[84] Wardal  E,  Sadowy  E,  Hryniewicz  W.  Complex  nature  of  enterococcal  pheromone-responsive
plasmids.  Pol  J  Microbiol  2010;  59(2):  79-87.
[http://dx.doi.org/10.33073/pjm-2010-012] [PMID: 20734751]

[85] Martínez-Martínez  L,  Pascual  A,  Jacoby  GA.  Quinolone  resistance  from  a  transferable  plasmid.

http://www.ncbi.nlm.nih.gov/pubmed/24293998
http://dx.doi.org/10.1016/j.nano.2015.11.016
http://www.ncbi.nlm.nih.gov/pubmed/26724539
http://dx.doi.org/10.3390/nano1010031
http://www.ncbi.nlm.nih.gov/pubmed/28348279
http://dx.doi.org/10.3390/molecules24010043
http://www.ncbi.nlm.nih.gov/pubmed/30583527
http://dx.doi.org/10.1016/j.mib.2005.08.016
http://www.ncbi.nlm.nih.gov/pubmed/16129657
http://dx.doi.org/10.1146/annurev-micro-090110-102911
http://www.ncbi.nlm.nih.gov/pubmed/21740228
http://dx.doi.org/10.1128/AAC.42.6.1493
http://www.ncbi.nlm.nih.gov/pubmed/9624500
http://dx.doi.org/10.1128/JCM.40.11.4289-4294.2002
http://www.ncbi.nlm.nih.gov/pubmed/12409412
http://dx.doi.org/10.1016/S1473-3099(01)00091-3
http://www.ncbi.nlm.nih.gov/pubmed/11871491
http://dx.doi.org/10.1016/j.actatropica.2005.06.015
http://www.ncbi.nlm.nih.gov/pubmed/16023986
http://dx.doi.org/10.1128/AAC.42.8.1952
http://www.ncbi.nlm.nih.gov/pubmed/9687389
http://dx.doi.org/10.1128/JCM.36.5.1220-1225.1998
http://www.ncbi.nlm.nih.gov/pubmed/9574680
http://dx.doi.org/10.1016/j.addr.2005.04.004
http://www.ncbi.nlm.nih.gov/pubmed/15939505
http://dx.doi.org/10.1128/MMBR.67.4.593-656.2003
http://www.ncbi.nlm.nih.gov/pubmed/14665678
http://dx.doi.org/10.33073/pjm-2010-012
http://www.ncbi.nlm.nih.gov/pubmed/20734751


336   Frontiers in Antimicrobial Agents, Vol. 2 Banerjee and Madhyastha

Lancet 1998; 351(9105): 797-9.
[http://dx.doi.org/10.1016/S0140-6736(97)07322-4] [PMID: 9519952]

[86] Singh  R,  Smitha  MS,  Singh  SP.  The  role  of  nanotechnology  in  combating  multi-drug  resistant
bacteria. J Nanosci Nanotechnol 2014; 14(7): 4745-56.
[http://dx.doi.org/10.1166/jnn.2014.9527] [PMID: 24757944]

[87] Smillie  C,  Garcillán-Barcia  MP,  Francia  MV,  Rocha  EPC,  de  la  Cruz  F.  Mobility  of  Plasmids.
Microbiol Mol Biol Rev 2010; 74(3): 434-52.
[http://dx.doi.org/10.1128/MMBR.00020-10] [PMID: 20805406]

[88] Robicsek  A,  Jacoby  GA,  Hooper  DC.  The  worldwide  emergence  of  plasmid-mediated  quinolone
resistance. Lancet Infect Dis 2006; 6(10): 629-40.
[http://dx.doi.org/10.1016/S1473-3099(06)70599-0] [PMID: 17008172]

[89] Sharma M,  Chauhan PMS.  Dihydrofolate  reductase  as  a  therapeutic  target  for  infectious  diseases:
opportunities and challenges. Future Med Chem 2012; 4(10): 1335-65.
[http://dx.doi.org/10.4155/fmc.12.68] [PMID: 22800373]

[90] Su H,  Han L,  Huang X.  Potential  targets  for  the  development  of  new antifungal  drugs.  J  Antibiot
(Tokyo) 2018; 71(12): 978-91.
[http://dx.doi.org/10.1038/s41429-018-0100-9] [PMID: 30242283]

[91] Khaw M, Panosian CB. Human antiprotozoal therapy: past, present, and future. Clin Microbiol Rev
1995; 8(3): 427-39.
[http://dx.doi.org/10.1128/CMR.8.3.427] [PMID: 7553575]

[92] Mitscher LA, Pillai SP, Gentry EJ, Shankel DM. Multiple drug resistance. Med Res Rev 1999; 19(6):
477-96.
[http://dx.doi.org/10.1002/(SICI)1098-1128(199911)19:6<477::AID-MED2>3.0.CO;2-W]  [PMID:
10557366]

[93] Cowen  LE,  Sanglard  D,  Howard  SJ,  Rogers  PD,  Perlin  DS.  Mechanisms  of  anti-fungal  drug
resistance.  Cold  Spring  Harb  Perspect  Med  2015;  5(7):  a019752.
[http://dx.doi.org/10.1101/cshperspect.a019752] [PMID: 25384768]

[94] Wernsdorfer WH. Epidemiology of drug resistance in malaria. Acta Trop 1994; 56(2-3): 143-56.
[http://dx.doi.org/10.1016/0001-706X(94)90060-4] [PMID: 8203301]

[95] Ouellette M, Drummelsmith J, Papadopoulou B. Leishmaniasis: drugs in the clinic, resistance and new
developments. Drug Resist Updat 2004; 7(4-5): 257-66.
[http://dx.doi.org/10.1016/j.drup.2004.07.002] [PMID: 15533763]

[96] Septimus EJ, Kuper KM. Clinical challenges in addressing resistance to antimicrobial drugs in the
twenty-first century. Clin Pharmacol Ther 2009; 86(3): 336-9.
[http://dx.doi.org/10.1038/clpt.2009.122] [PMID: 19571803]

[97] Faria NR, Rambaut A, Suchard MA, et al. The early spread and epidemic ignition of HIV-1 in human
populations. Science 2014; 346(6205): 56-61.
[http://dx.doi.org/10.1126/science.1256739] [PMID: 25278604]

[98] Bassetti M, Merelli M, Temperoni C, Astilean A. New antibiotics for bad bugs: where are we? Ann
Clin Microbiol Antimicrob 2013; 12(1): 22.
[http://dx.doi.org/10.1186/1476-0711-12-22] [PMID: 23984642]

[99] Ribeiro  da  Cunha  B,  Fonseca  LP,  Calado  CRC.  Antibiotic  discovery:  where  have  we  come from,
where do we go? Antibiotics (Basel) 2019; 8(2): 45.
[http://dx.doi.org/10.3390/antibiotics8020045] [PMID: 31022923]

[100] Caron WP, Mousa SA. Prevention strategies for antimicrobial resistance: a systematic review of the
literature. Infect Drug Resist 2010; 3(3): 25-33.
[PMID: 21694891]

http://dx.doi.org/10.1016/S0140-6736(97)07322-4
http://www.ncbi.nlm.nih.gov/pubmed/9519952
http://dx.doi.org/10.1166/jnn.2014.9527
http://www.ncbi.nlm.nih.gov/pubmed/24757944
http://dx.doi.org/10.1128/MMBR.00020-10
http://www.ncbi.nlm.nih.gov/pubmed/20805406
http://dx.doi.org/10.1016/S1473-3099(06)70599-0
http://www.ncbi.nlm.nih.gov/pubmed/17008172
http://dx.doi.org/10.4155/fmc.12.68
http://www.ncbi.nlm.nih.gov/pubmed/22800373
http://dx.doi.org/10.1038/s41429-018-0100-9
http://www.ncbi.nlm.nih.gov/pubmed/30242283
http://dx.doi.org/10.1128/CMR.8.3.427
http://www.ncbi.nlm.nih.gov/pubmed/7553575
http://dx.doi.org/10.1002/(SICI)1098-1128(199911)19:6<477::AID-MED2>3.0.CO;2-W
http://www.ncbi.nlm.nih.gov/pubmed/10557366
http://dx.doi.org/10.1101/cshperspect.a019752
http://www.ncbi.nlm.nih.gov/pubmed/25384768
http://dx.doi.org/10.1016/0001-706X(94)90060-4
http://www.ncbi.nlm.nih.gov/pubmed/8203301
http://dx.doi.org/10.1016/j.drup.2004.07.002
http://www.ncbi.nlm.nih.gov/pubmed/15533763
http://dx.doi.org/10.1038/clpt.2009.122
http://www.ncbi.nlm.nih.gov/pubmed/19571803
http://dx.doi.org/10.1126/science.1256739
http://www.ncbi.nlm.nih.gov/pubmed/25278604
http://dx.doi.org/10.1186/1476-0711-12-22
http://www.ncbi.nlm.nih.gov/pubmed/23984642
http://dx.doi.org/10.3390/antibiotics8020045
http://www.ncbi.nlm.nih.gov/pubmed/31022923
http://www.ncbi.nlm.nih.gov/pubmed/21694891


Approaches to Antimicrobial Formulations Frontiers in Antimicrobial Agents, Vol. 2   337

[101] Struelens  MJ.  Multidisciplinary  antimicrobial  management  teams:  the  way  forward  to  control
antimicrobial  resistance  in  hospitals.  Curr  Opin  Infect  Dis  2003;  16(4):  305-7.
[http://dx.doi.org/10.1097/00001432-200308000-00001] [PMID: 12861082]

[102] Payne DJ, Gwynn MN, Holmes DJ, Pompliano DL. Drugs for bad bugs: confronting the challenges of
antibacterial discovery. Nat Rev Drug Discov 2007; 6(1): 29-40.
[http://dx.doi.org/10.1038/nrd2201] [PMID: 17159923]

[103] Krivorotova T, Cirkovas A, Maciulyte S, et al. Nisin-loaded pectin nanoparticles for food preservation
2016.
[http://dx.doi.org/10.1016/j.foodhyd.2015.09.015]

[104] Scott RW, DeGrado WF, Tew GN. De novo designed synthetic mimics of antimicrobial peptides. Curr
Opin Biotechnol 2008; 19(6): 620-7.
[http://dx.doi.org/10.1016/j.copbio.2008.10.013] [PMID: 18996193]

[105] Giuliani  A,  Rinaldi  AC.  Beyond  natural  antimicrobial  peptides:  multimeric  peptides  and  other
peptidomimetic  approaches.  Cell  Mol  Life  Sci  2011;  68(13):  2255-66.
[http://dx.doi.org/10.1007/s00018-011-0717-3] [PMID: 21598022]

[106] Choi  S,  Isaacs  A,  Clements  D,  et  al.  De  novo  design  and  in  vivo  activity  of  conformationally
restrained antimicrobial arylamide foldamers. Proc Natl Acad Sci USA 2009; 106(17): 6968-73.
[http://dx.doi.org/10.1073/pnas.0811818106] [PMID: 19359494]

[107] Sakr  A,  Brégeon  F,  Rolain  JM,  Blin  O.  Staphylococcus  aureus  nasal  decolonization  strategies:  a
review. Expert Rev Anti Infect Ther 2019; 17(5): 327-40.
[http://dx.doi.org/10.1080/14787210.2019.1604220] [PMID: 31012332]

[108] Fernebro J. Fighting bacterial infections—Future treatment options. Drug Resist Updat 2011; 14(2):
125-39.
[http://dx.doi.org/10.1016/j.drup.2011.02.001] [PMID: 21367651]

[109] Zhang J, Yang Y, Teng D, Tian Z, Wang S, Wang J. Expression of plectasin in Pichia pastoris and its
characterization as  a  new antimicrobial  peptide against  Staphyloccocus  and Streptococcus.  Protein
Expr Purif 2011; 78(2): 189-96.
[http://dx.doi.org/10.1016/j.pep.2011.04.014] [PMID: 21558006]

[110] Lang  LH.  FDA  approves  use  of  bacteriophages  to  be  added  to  meat  and  poultry  products.
Gastroenterology  2006;  131(5):  1370.
[http://dx.doi.org/10.1053/j.gastro.2006.10.012] [PMID: 17067600]

[111] Wright  A,  Hawkins  CH,  Änggård  EE,  Harper  DR.  A  controlled  clinical  trial  of  a  therapeutic
bacteriophage  preparation  in  chronic  otitis  due  to  antibiotic-resistant  Pseudomonas  aeruginosa;  a
preliminary report of efficacy. Clin Otolaryngol 2009; 34(4): 349-57.
[http://dx.doi.org/10.1111/j.1749-4486.2009.01973.x] [PMID: 19673983]

[112] Kutter  E,  De  Vos  D,  Gvasalia  G,  et  al.  Phage  therapy  in  clinical  practice:  treatment  of  human
infections. Curr Pharm Biotechnol 2010; 11(1): 69-86.
[http://dx.doi.org/10.2174/138920110790725401] [PMID: 20214609]

[113] Kortright KE, Chan BK, Koff JL, Turner PE. Phage therapy: a renewed approach to combat antibiotic-
resistant bacteria. Cell Host Microbe 2019; 25(2): 219-32.
[http://dx.doi.org/10.1016/j.chom.2019.01.014] [PMID: 30763536]

[114] O’Flaherty S, Ross RP, Coffey A. Bacteriophage and their lysins for elimination of infectious bacteria.
FEMS Microbiol Rev 2009; 33(4): 801-19.
[http://dx.doi.org/10.1111/j.1574-6976.2009.00176.x] [PMID: 19416364]

[115] Meinke A, Henics T, Hanner M, Minh D, Nagy E. Antigenome technology: a novel approach for the
selection of bacterial vaccine candidate antigens. Vaccine 2005; 23(17-18): 2035-41.
[http://dx.doi.org/10.1016/j.vaccine.2005.01.005] [PMID: 15755567]

http://dx.doi.org/10.1097/00001432-200308000-00001
http://www.ncbi.nlm.nih.gov/pubmed/12861082
http://dx.doi.org/10.1038/nrd2201
http://www.ncbi.nlm.nih.gov/pubmed/17159923
http://dx.doi.org/10.1016/j.foodhyd.2015.09.015
http://dx.doi.org/10.1016/j.copbio.2008.10.013
http://www.ncbi.nlm.nih.gov/pubmed/18996193
http://dx.doi.org/10.1007/s00018-011-0717-3
http://www.ncbi.nlm.nih.gov/pubmed/21598022
http://dx.doi.org/10.1073/pnas.0811818106
http://www.ncbi.nlm.nih.gov/pubmed/19359494
http://dx.doi.org/10.1080/14787210.2019.1604220
http://www.ncbi.nlm.nih.gov/pubmed/31012332
http://dx.doi.org/10.1016/j.drup.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21367651
http://dx.doi.org/10.1016/j.pep.2011.04.014
http://www.ncbi.nlm.nih.gov/pubmed/21558006
http://dx.doi.org/10.1053/j.gastro.2006.10.012
http://www.ncbi.nlm.nih.gov/pubmed/17067600
http://dx.doi.org/10.1111/j.1749-4486.2009.01973.x
http://www.ncbi.nlm.nih.gov/pubmed/19673983
http://dx.doi.org/10.2174/138920110790725401
http://www.ncbi.nlm.nih.gov/pubmed/20214609
http://dx.doi.org/10.1016/j.chom.2019.01.014
http://www.ncbi.nlm.nih.gov/pubmed/30763536
http://dx.doi.org/10.1111/j.1574-6976.2009.00176.x
http://www.ncbi.nlm.nih.gov/pubmed/19416364
http://dx.doi.org/10.1016/j.vaccine.2005.01.005
http://www.ncbi.nlm.nih.gov/pubmed/15755567


338   Frontiers in Antimicrobial Agents, Vol. 2 Banerjee and Madhyastha

[116] Heinson  A,  Gunawardana  Y,  Moesker  B,  et  al.  Enhancing  the  biological  relevance  of  machine
learning classifiers for reverse vaccinology. Int J Mol Sci 2017; 18(2): 312.
[http://dx.doi.org/10.3390/ijms18020312] [PMID: 28157153]

[117] Merakou C, Schaefers MM, Priebe GP. Progress toward the elusive Pseudomonas aeruginosa vaccine.
Surg Infect (Larchmt) 2018; 19(8): 757-68.
[http://dx.doi.org/10.1089/sur.2018.233] [PMID: 30388058]

[118] Westritschnig K, Hochreiter R, Wallner G, Firbas C, Schwameis M, Jilma B. A randomized, placebo-
controlled  phase  I  study  assessing  the  safety  and  immunogenicity  of  a  Pseudomonas  aeruginosa
hybrid outer membrane protein OprF/I vaccine (IC43) in healthy volunteers. Hum Vaccin Immunother
2014; 10(1): 170-83.
[http://dx.doi.org/10.4161/hv.26565] [PMID: 24064511]

[119] Payne  DJ,  Cramp  R,  Winstanley  DJ,  Knowles  DJ.  Comparative  activities  of  clavulanic  acid,
sulbactam,  and  tazobactam  against  clinically  important  beta-lactamases.  Antimicrob  Agents
Chemother  1994;  38(4):  767-72.
[http://dx.doi.org/10.1128/AAC.38.4.767] [PMID: 8031044]

[120] Bax  HI,  de  Steenwinkel  JEM,  ten  Kate  MT,  van  der  Meijden  A,  Verbon  A,  Bakker-Woudenberg
IAJM.  Colistin  as  a  potentiator  of  anti-TB  drug  activity  against  Mycobacterium  tuberculosis.  J
Antimicrob Chemother 2015; 70(10): 2828-37.
[http://dx.doi.org/10.1093/jac/dkv194] [PMID: 26183185]

[121] Livermore DM, Mushtaq S, Warner M, et al. Activities of NXL104 combinations with ceftazidime
and aztreonam against carbapenemase-Producing Enterobacteriaceae. Antimicrob Agents Chemother
2011; 55(1): 390-4.
[http://dx.doi.org/10.1128/AAC.00756-10] [PMID: 21041502]

[122] Gin A, Dilay L, Karlowsky JA, Walkty A, Rubinstein E, Zhanel GG. Piperacillin–tazobactam: a β-
lactam/β-lactamase inhibitor combination. Expert Rev Anti Infect Ther 2007; 5(3): 365-83.
[http://dx.doi.org/10.1586/14787210.5.3.365] [PMID: 17547502]

[123] Lomovskaya O, Bostian KA. Practical applications and feasibility of efflux pump inhibitors in the
clinic—A vision for applied use. Biochem Pharmacol 2006; 71(7): 910-8.
[http://dx.doi.org/10.1016/j.bcp.2005.12.008] [PMID: 16427026]

[124] Dayyoub E, Frant M, Pinnapireddy SR, Liefeith K, Bakowsky U. Antibacterial and anti-encrustation
biodegradable polymer coating for urinary catheter. Int J Pharm 2017; 531(1): 205-14.
[http://dx.doi.org/10.1016/j.ijpharm.2017.08.072] [PMID: 28830785]

[125] Dai T, Wang C, Wang Y, Xu W, Hu J, Cheng Y. A nanocomposite hydrogel with potent and broad-
spectrum antibacterial activity. ACS Appl Mater Interfaces 2018; 10(17): 15163-73.
[http://dx.doi.org/10.1021/acsami.8b02527] [PMID: 29648438]

[126] Pawar V, Bulbake U, Khan W, Srivastava R. Chitosan sponges as a sustained release carrier system
for the prophylaxis of orthopedic implant-associated infections. Int J Biol Macromol 2019; 134: 100-
12.
[http://dx.doi.org/10.1016/j.ijbiomac.2019.04.190] [PMID: 31055114]

[127] Zou  P,  Chen  WT,  Sun  T,  Gao  Y,  Li  LL,  Wang  H.  Recent  advances:  peptides  and  self-assembled
peptide-nanosystems for antimicrobial therapy and diagnosis. Biomater Sci 2020; 8(18): 4975-96.
[http://dx.doi.org/10.1039/D0BM00789G] [PMID: 32931527]

[128] Kingwell K. Vaccines take a shot at antimicrobial resistance. 2018; 229.
[http://dx.doi.org/10.1038/nrd.2018.8]

http://dx.doi.org/10.3390/ijms18020312
http://www.ncbi.nlm.nih.gov/pubmed/28157153
http://dx.doi.org/10.1089/sur.2018.233
http://www.ncbi.nlm.nih.gov/pubmed/30388058
http://dx.doi.org/10.4161/hv.26565
http://www.ncbi.nlm.nih.gov/pubmed/24064511
http://dx.doi.org/10.1128/AAC.38.4.767
http://www.ncbi.nlm.nih.gov/pubmed/8031044
http://dx.doi.org/10.1093/jac/dkv194
http://www.ncbi.nlm.nih.gov/pubmed/26183185
http://dx.doi.org/10.1128/AAC.00756-10
http://www.ncbi.nlm.nih.gov/pubmed/21041502
http://dx.doi.org/10.1586/14787210.5.3.365
http://www.ncbi.nlm.nih.gov/pubmed/17547502
http://dx.doi.org/10.1016/j.bcp.2005.12.008
http://www.ncbi.nlm.nih.gov/pubmed/16427026
http://dx.doi.org/10.1016/j.ijpharm.2017.08.072
http://www.ncbi.nlm.nih.gov/pubmed/28830785
http://dx.doi.org/10.1021/acsami.8b02527
http://www.ncbi.nlm.nih.gov/pubmed/29648438
http://dx.doi.org/10.1016/j.ijbiomac.2019.04.190
http://www.ncbi.nlm.nih.gov/pubmed/31055114
http://dx.doi.org/10.1039/D0BM00789G
http://www.ncbi.nlm.nih.gov/pubmed/32931527
http://dx.doi.org/10.1038/nrd.2018.8


Frontiers in Antimicrobial Agents, 2023, Vol. 2, 339-358 339

CHAPTER 12
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Abstract: Antimicrobials help to restrain or fix the arising irresistible infection in a
superior manner anyway, and living creatures require another class of antimicrobials.
The  new  classes  of  antimicrobial  development  for  the  emerging  and  reemerging
pathogenic microbes, the evolution of multidrug-resistant microbes, and the threat of
bioterrorism or bioweapons are a global necessity. Integrative genomics, proteomics,
and  immunoinformatics  are  powerful  tool  approaches  to  design  and  develop
antimicrobials  promptly  and  economically.  Natural  and  artificial  antimicrobials  for
humans,  animals,  and  avians  are  designed  and  developed  using  various
immunoinformatics databases, tools, and algorithms. Immunoinformatics plays a great
role  in  dissecting  and  deciphering  genomics,  proteomics,  and  clinical  enormous
information effectively. The artificial neural network, quantitative matrices and support
vector machine algorithms based on immunoinformatics tools would be strong for the
planning of adequate customized antimicrobials. The immunoinformatics strategies for
antimicrobial  improvement  are  staggeringly  utilized  for  improving  living  creatures'
well-being. The usage of artificial intelligence and machine learning tools is also an
asset for immunoinformatics way of antimicrobial design and development. In the new
time of pandemic illnesses, progressed immunoinformatics devices play a great role in
improving antimicrobials.
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INTRODUCTION

The  agents  used  to  prevent  or  cure  the  spreading  of  infection  due  to  different
microorganisms  (bacteria,  fungus,  viruses,  and  parasites)  could  be  called
antimicrobials  (antibacterial,  antifungal,  antiviral,  antiprotozoal,  and
anthelmintics). These include pharmaceutical drugs, vaccines, and therapies that
have  been  prescribed  successfully  for  the  treatment  of  many  emerging  and
reemerging infectious diseases (ERID). However, the evolution of new microbial
serotypes/genotypes  and  antimicrobial  resistance  (AMR)  becomes  a  new
challenge  to  the  medical  field  for  public  health  management.  These  challenges
allow  the  innovation  and  discovery  of  new  antimicrobial  agents  to  overcome
resistance, and effectively treat infectious diseases. AMR has been a public health
risk [1]. However, in this 21 st century, advanced science and technology could be
able  to  tackle  ‘big  data’  bases  (disease,  host,  and  pathogen),  genomics,
proteomics, and immunoinformatics tools [2]. Immunoinformatics is a genomic,
proteomics,  and  bioinformatics  approach  to  immunology,  playing  a  big  role  in
dealing  with  novel  antimicrobial  developments.  In  the  battle  with  infectious
diseases, two cost-effective antimicrobial agents such as antibiotics and vaccines,
have  revolutionized  the  fight  [3].  The  impact  of  these  interventions  has  been
phenomenal in reducing mortality and morbidity worldwide. These two greatest
accomplishments  of  modern  medicines  have  saved  the  most  lives  globally.
Artificial  intelligence  (AI)  and  machine  learning  (ML)  algorithms  would  be
helpful  for  the  ‘big  data’  analysis  to  visualize  and  interpret  the  results.  These
developments may lead to faster and cheaper innovation of novel antimicrobial
agents  for  society.  Complex  lifecycle  and  antigenic  variability  [4]  in  newly
emerged microbes  have been giving a  further  confront  in  vaccine development
[5]. There are reported researches on antigenic variation for immune evasion in
Plasmodium falciparum [6, 7], Schistosoma haematobium [8], bacterial pathogens
[9],  Infectious  Bursal  disease  virus  (IBDV)  [10]  and  influenza  virus  [11].
Numerous diseases that affect humans and other species of animal kingdom have
been  successfully  treated  with  the  use  of  immunoinformatics  tools  created  for
vaccines  and  immunotherapeutics.  Several  of  the  vaccines  candidates  were
successfully created for various pathogens and diseases namely schistosomiasis
[12],  Helicobacter  pylori  [13],  Avian  Infectious  laryngotracheitis  virus  [14],
Retrovirus  [15],  human  papillomavirus  [16]  neurocysticercosis  [17],  influenza
[18], human immunodeficiency virus (HIV) [19], hepatitis B [20] and fungi [21].
A  better  understanding  of  the  correlation  between  immune  pathways,  host-
pathogen  protein  interaction,  antigenic  variation  in  the  pathogen,  and  other
genomic variations in the host through immunoinformatics tools have been less
time-consuming and allow deep learning for personalized medicine, therapeutic,
and vaccines. This immunoinformatics study's success depends on the accuracy of
raw data produced from wet laboratory experiments and the superiority of web
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tool  algorithms.  The  in  vitro  and  in  vivo  clinical  validation  studies  were
introduced  for  safety,  efficacy  and  stability  validation,  followed  by
immunoinformatics  prediction  and  analysis  of  antimicrobial  agents.  In  this
chapter,  we  discuss  immunoinformatics  role  in  the  identification  of  novel
antimicrobials.  The  progress  in  the  immunoinformatics  sector  made  the
complicated vaccine, drug, and therapeutics designing and development easy [22].

IMMUNE SYSTEM AND IMMUNOINFORMATICS

In humans, the innate and adaptive immune system continually interacts with each
other  to  provide  a  successful  immune  response.  B  cell  and  T  cell-mediated
adaptive immune systems provide humoral and cell-mediated immunity. Natural
killer cells are involved in innate immune responses [23]. Natural and artificial
immunization can be referred to as passive and active, respectively. Either passive
or active immunization can produce immunity. While activated immunity refers to
human  intervention,  such  as  vaccination,  passive  immunity  refers  to  immunity
gained by natural causes through a prior encounter with a disease. Vaccines are
the  best  antimicrobial  for  the  prevention  of  diseases.  These  vaccines  should
activate the innate immune system and the adaptive immune system [24]. In this
millennium,  emerging  and  reemerging  diseases  challenge  vaccine  design  and
development research in different ways. Immunoinformatics-based vaccine design
tools  helped to  face these new challenges.  This  new era  of  vaccine design was
made happen through insilico high-throughput technologies. Immunoinformatics
has developed databases and tools to predict, retrieve, accumulate, restructure, and
classify data for antimicrobials and vaccine designing.

ANTIMICROBIALS AND ITS NEW CLASSES

Microorganisms or microbes are too small and undetectable to the human-naked
eye. These are found in the environment, human or animal habitats, and even in
the  body  of  other  living  organisms.  Most  microbes  are  useful  for  humans  and
other living organisms, however,  some microbes are pathogenic and treat other
living  organisms.  Synthetic  and  naturally  derived  compounds  were  used  to
destroy  and  inhibit  the  spread  or  growth  of  these  pathogenic  microbes  as
antimicrobial  agents.  Disinfectants  and  antiseptics  are  the  main  class  of
antimicrobials,  but  these  are  nonselective  agents.  The  primary  action  of
antimicrobials grouped into antibacterial, antifungal, antiviral, antiprotozoal, and
anthelmintics. The details are illustrated in Fig.(1).
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Fig. (1).  Classification of antimicrobials and examples based on their activity on the microbes.

Antimicrobials  are  functionally  classified  as  biocides  (destroy  microbes)  and
biostatic agents (inhibit the spread or growth of the microbes). In antimicrobial
chemotherapy  and  prophylaxis,  these  agents  are  used  to  treat  or  prevent  the
disease effectively. The ERID, antibiotic resistance, antigenic variation, mutation,
and  bioterrorism  have  challenged  the  identification  of  new  classes  of
antimicrobials for the global healthcare system. To find a better solution, we need
to understand the mechanism of microbes, disease spread, antimicrobial action,
function, etc. This knowledge could lead to the innovation of novel antimicrobial
molecules and therapeutics, as explained in Fig. (2).

Fig. (2).  This figure explained an effective way to fight against AMR with an integrated strategy (vaccines,
target host, bacteriophages, diagnostics, antibodies, and antibiotics).
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Antiviral

Antiviral  drugs  are  used  to  treat  many  viral  diseases.  These  drugs  may  target
specific or multi viruses as an inhibitor for virus multiplication. Many antiviral
drugs  are  USFDA  approved  for  human  diseases  caused  by  Human
immunodeficiency virus (HIV), Varicella, herpes zoster, Hepatitis B, Influenza,
Hepatitis  C,  Human  Parainfluenza,  Respiratory  Syncytial,  and  herpes  simplex
viruses. There are numerous viral disease-specific and broad-spectrum antiviral
drugs available for the treatment. The antiviral data were retrieved from the ViPR
(https://www.viprbrc.org/brc/antiviralDrug_search) database and listed in Table 1.

Table 1. The details of USFDA-approved specific and broad-spectrum antiviral drugs.

Viral
Disease Antiviral Drug Antimicrobial

Activity

HIV

Enfuvirtide,Nelfinavir,Zidovudine,Tenofovirdisoproxil,Raltegravir,Rilpivirine,Dolutegravir,Nevirapine,
Ritonavir,Efavirenz,Stavudine,Emtricitabine,Elvitegravir,Delavirdine,

Didanosine,Tipranavir,Indinavir,Zalcitabine,Abacavir,
Atazanavir,Saquinavir,Darunavir,Fosamprenavir,Lopinavir, Maraviroc, and Amprenavir

Specific

Human
Hepatitis B Clevudine, Entecavir, Adefovir, Dipivoxil, and Telbivudine Specific

Human
Herpes

Idoxuridine,Penciclovir,Trifluridine,Famciclovir,Foscarnet,Valaciclovir,Aciclovir, Ganciclovir, and
Valganciclovir Specific

Enterovirus
(D and J)

Rhinovirus
(A and B)

Pleconaril Broad-Spectrum

human
influenza A

and B
Oseltamivir(Tamiflu),Rimantadine,Zanamivir,and, Amantadine Broad-Spectrum

Hepatitis C
Virus Asunaprevir Specific

HIV and
Hepatitis B Lamivudine Broad-Spectrum

Hepatitis C,
Parainfluenza
2, Influenza

A and B, and
Respiratory
Syncytial

Ribavirin Broad-Spectrum

Hepatitis C
(genotype1)

and
Respiratory
Syncytial

Telaprevir, Simeprevir, Boceprevir Broad-Spectrum

Hepatitis C
and HIV Ledipasvir Broad-Spectrum

https://www.viprbrc.org/brc/antiviralDrug_search
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Antibacterial

Antibacterial drugs are used for the treatment of bacterial elimination, reduction,
and  multiplication  inhibition.  The  antibacterial  drugs  could  be  classified  as
bactericidal,  eliminating  the  bacteria;  the  other  class  is  Bacteriostatic,  which
inhibits bacterial growth. The antibacterial drugs produced from bacteria, plants,
or  fungi  are  natural  however,  artificially  synthesized  antimicrobials  are  also
available. These drugs act on bacteria by different modes like cell wall synthesis
inhibition,  disruption  in  cell  membrane  permeability,  protein,  and  nucleic  acid
metabolism. This drug also interferes with other metabolic processes to eliminate
the  bacteria.  The  new  class  of  antimicrobial  drugs  effectively  works  on
replication, spreading the infection machinery of the microbes. Examples of new
class  antibacterials  are  macrocyclic  antibiotics,  newer  cephalosporins,
ceftobiprole,  newer  glycopeptides,  newer  carbapenems,  pleuromutilin,
glycylcyclines,  tigecycline,  ketolides,  telithromycin,  etc.  The  next-generation
antimicrobial targets bacterial proteins and virulence factors, modulating the host
response  pathways.  Bacterial  segments  can  be  a  significant  part  of  bacterial
vaccines. Live, attenuated, toxoids, and polysaccharide-bacterial vaccines could
be used for the prevention of bacterial infections [13]. Live bacterial expression
vectors  have been widely  used to  produce vaccine  antigens  for  hepatitis  B and
different  infectious  agents  [20].To find  a  new class  of  antimicrobial  agents  for
diseases, the role of immunoinformatics is important.

Antifungal

An  antifungal  or  antimycotic  is  maybe  a  fungicide  that  kills  the  fungus  or
fungistatic  used  for  the  local  and  systemic  treatment  or  prevention  of  fungal
diseases (athlete's foot, ringworm, candidiasis, cryptococcal meningitis, etc.). The
antifungal  agents  classified  as  Polyenes  (Amphotericin  B,  Candicidin,  Filipin,
Hamycin,  Natamycin,  Nystatin,  and  Rimocidin),  Azoles(Bifonazole,
Butoconazole,  Clotrimazole,  Econazole,  Fenticonazole,  Ravuconazole,
Terconazole,  Isoconazole,  Ketoconazole,  and  Luliconazole)  and  Allylamines
(amorolfin,  butenafine,  naftifine,  and  terbinafine).  Fungal  RV  webserver
encourages  the  prediction  of  a  fungal  adhesin-based  epitope  vaccine  [21].

Antiprotozoals

The  Antiprotozoals  were  used  to  eliminate  or  inhibit  protozoal  infections
(amebiasis,  giardiasis,  cryptosporidiosis,  microsporidiosis,  malaria,  babesiosis,
trypanosomiasis,  Chagas  disease,  leishmaniasis,  and  toxoplasmosis).  The
antiprotozoal  molecules  which  are  used  for  the  protozoal  disease  treatments
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include  Eflornithine,  Furazolidone,  Hydroxychloroquine,  Melarsoprol,
Metronidazole, Nifursemizone, Nitazoxanide, Ornidazole, Paromomycin sulfate,
Pentamidine, Pyrimethamine, Quinapyramine, Ronidazole, and Tinidazole.

Anthelmintics or Antihelminthics

Helminth  diseases  are  the  most  widely  recognized  burdens  of  mankind,
influencing pretty much everyone living in significant destitution. Taenia solium
disease tremendously affects human well-being and the economy. Antiparasitic
drugs  (vermifuges  or  vermicides)  are  used  to  eliminate  or  inactivate  helminths
(parasitic  worms)  from  humans  or  animals  without  any  side  effects.  The
derivatives of Benzimidazole drugs (mebendazole and albendazole) are used for
the  treatment  of  threadworms,  roundworms,  whipworms,  tapeworms,  and
hookworms.  The  praziquantel  drug  is  effective  against  schistosomiasis  and
tapeworm  infections.  Two  inventive  pig  well-being  items  (Paranthic®,  an
antiparasitics  from  the  Morroco  and  Cysvax®  vaccine  [17]  from  India)  are
currently accessible to handle a significant parasitic (Taenia solium) illness that
causes around 30% of human epilepsy or Neurocysticercosis in the impoverished
region of the world. Urinary schistosomiasis has been recognized as the primary
reason for urogenital infection, and the major rationale behind bladder malignant
growth  [8].  A  few  immunoinformatics  methods  were  reported  for  the  urinary
schistosomiasis epitope vaccine prediction that might be successful [12].

Plant-sourced Natural and Small Antimicrobials

Natural  antimicrobials  are  derived  from  natural  sources  like  medicinal  and
aromatic  plants.  These  antimicrobial  compounds  could  be  used  as  a  food
preservatives  [25].  It  has  a  much  wider  appreciation  in  the  food  industry  and
consumers. These antimicrobials may reduce the misuse of antibiotics and the use
of synthetic preservatives with additional health benefits to consumers. It gives a
boost  to  the  research  and  development  of  new  natural  antimicrobials  as
alternatives in food preservation. These natural compounds have a broad range of
antimicrobial  effects  against  many  food  pathogens  [26].  The  antimicrobial
compounds  originated  from  plant  phytochemicals  were  found  effective  against
bacterial,  fungal,  and  viral  infectious  diseases  [27,  28].  Table  2  lists  the
antimicrobial  derived  from  natural/plant  origin.
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Table 2. Antimicrobials derived from natural/plant origin.

Antimicrobial
Compound Plant Name (Scientific Name) Antimicrobial Action

against References

Berberine
Barberry Berberis vulgaris, Goldenseal

Hydrastis Canadensis Oregon grape
Mahonia aquifolia

Bacteria, protozoa [29, 30]

Piperine Black pepper Piper nigrum
Fungi, Lactobacillus,

Micrococcus, E. coli, E.
faecalis

[31]

Carvone Caraway (Carum carvi), spearmint
(Mentha spicata) Bacteria, fungi, viruses [32]

Isothiocyanates (ITCs) Cauliflower(Brassica olerace) Bacteria, Helicobacter
pylori [33, 34]

Tannins

Cascara sagrada (Rhamnus
purshiana)Eucalyptus (Eucalyptus

globules) Oak (Quercus rubra
Allium cepa)

Bacteria, fungi, viruses [35]

Coumarins tonka bean Dipteryx odorata, vanilla
grass (Anthoxanthum odoratum) Bacteria, fungi, helminths [36, 37]

Allicin, ajoene Garlic Allium sativum Onion Allium
cepa Bacteria, fungi [38 - 41]

Curcumin Turmeric Curcuma longa Bacteria, protozoa [42, 43]

IMPORTANCE OF VACCINE AS AANTIMICROBIAL AGENT

Using vaccines as an antimicrobial agent improved the healthcare system for both
animal and human lives. The vaccine candidate identification has to face many
challenges  like  ERID,  efficacy,  candidate  reproducibility,  safety,  population
coverage,  mutations,  and  affordability.  These  challenges  lead  the  scientific
community  towards  immunoinformatics.  Here  is  an  integrative  approach  of
computational  technology  and  immunology  to  identify  the  appropriate  vaccine
candidate  for  the  disease.  In  this  approach,  the  genomics  and  proteomics
understanding  of  the  host-pathogen relationship  leads  to  the  design  of  superior
vaccine  candidates.  Since  1980  immunoinformatics  tools  have  been  used  to
predict  T  and  B  cell  immune  epitopes  as  potential  vaccine  candidates  [44].
Analysis  of  the pathogenic genome and proteome data allows the prediction of
protein  sequences  suitable  for  epitope  prediction.  These  reverse  vaccinology
methods  allow  the  screening  and  selection  of  suitable  epitopes  for  the  vaccine
candidate.
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IMMUNOINFORMATICS ROLE IN ANTIMICROBIALS

Antimicrobial Peptides

Antimicrobial  peptides  (AMPs)  are  common  peptides  that  play  a  role  in
generating  innate  as  well  as  adaptive  immune  responses;  sort  of  'nature's  anti-
infection agents' is very encouraging for tackling antibiotic resistance. The AMPs
are  classified  as  non-ribosomal  synthesized  (N-RMPs)  and  ribosomally
synthesized peptides (RAMPs). Taking into account this, it is profoundly wanted
to  build  up  a  compelling  computational  strategy  for  precisely  foreseeing  novel
AMPs since it can give us more peptide molecules that are valuable for vaccine
designing and drug predictions. Antimicrobial peptides are 12 and 50 amino acids,
a sole and assorted group of molecules [45].

Antimicrobial Databases and Immunoinformatics Tools

There are many immunoinformatics database tools available to retrieve, predict,
and analysis of antimicrobial peptides data. The database can be grouped based on
the nature of the data [46]. The antimicrobial peptide databases are categorized as
specific databases and general databases. There are various tools and databases
available for the better analysis and prediction of various types of antimicrobials.
A  few  databases,  like  AMSDb,  Peptaibol,  APD,  BACTIBASE  CyBase,
DBAASP, Peptaibol, and PhytAMP, are dedicated to antimicrobial peptides. The
database  ‘dbAMP’  provides  a  unique  dataset  for  12389  AMPs  and  research
evidence  for  its  functional  activities  [47].  The  ‘Peptaibol’  database  is  used  for
searching  and  identifying  sequences,  3D  structures,  biological  origin,  and
reference of Trichoderma and Emericellopsis, the antifungal microbial peptides
dataset  [48].  There  are  databases  for  synthetic  antibacterial  and  antifungal
compounds. This tool provides properties, structure, and bioassay of antimicrobial
compounds [49]. The ‘PhytAMP’ is a dedicated database for antimicrobial plant
peptides  [50].  The  antimicrobial  consumption  database  ‘ESAC-Net’  make
available antimicrobial consumption reference data in the European community
and  the  hospital  [51].  The  antibiotic  resistance  genes,  information  about
associated  products,  and  phenotypes  were  identified  from  the  CARD  database
[52]. The database ‘Ocins’ was used for the probiotic antimicrobial polypeptides
(Ocins) dataset search [53]. Antimicrobial databases were summarized in Table 3,
which  allows  the  user  to  easily  access  the  information  regarding  antimicrobial
agents for varied microbial populations.
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Table  3.  Databases  for  antimicrobial  peptides,  antiviral,  antibacterial  chemical,  analysis,  and
prediction.

Name of
Database Description Web Access Interface Link

AMSDb

Antimicrobial
Sequences Database
for the searching of

annotated AMP
sequence data

http://www.bbcm.univ.trieste.it/~tossi/pag1.html

Peptaibol

This database for
searching antibiotic
peptides (>300) and
structural view of
Trichoderma and
Emericellopsis

fungus

http://public1.cryst.bbk.ac.uk/peptaibol/home.shtml

APD The Antimicrobial
Peptide Database http://aps.unmc.edu/AP/main.html.

BACTIBASE

A data repository of
bacteriocin natural

antimicrobial
peptides

http://bactibase.hammamilab.org/main.php

CyBase
A database of cyclic
peptides and proteins

(or cyclotides)
http://research.imb.uq.edu.au/cybase.

DBAASP

Database of
Antimicrobial
Activity and

Structure of Peptides

https://dbaasp.org/

Peptaibol
Database

A database of
peptaibols,

antimicrobial
peptides with non-

standard amino acids,
mainly from fungi

(Trichoderma,
Emericellopsis)

http://www.cryst.bbk.ac.uk/peptaibol.

PhytAMP
A database dedicated
to antimicrobial plant

peptides
http://phytamp.pfba-lab-tun.org/main.php

Antimicrobial
drug database

(AMDD)

A Database for
synthetic

antibacterial (∼2900)
and antifungal

(∼1200) compounds.
This tool provides

properties, structure,
and bioassay.
antimicrobial
compounds

http://www.amddatabase.info

Antimicrobial
chemotherapeutics

database (ACD)

Synthetic
antimicrobial

compounds (~4100)
and biological active

antimicrobial
peptides(~1030)

http://amdr.amu.ac.in/acd

ViPR
USFDA-approved or

experimental
Antiviral Drug data

https://www.viprbrc.org/brc/antiviralDrug_search.spg?method=ShowCleanSearch&decorator=arena

http://www.bbcm.univ.trieste.it/~tossi/pag1.html
http://public1.cryst.bbk.ac.uk/peptaibol/home.shtml
http://aps.unmc.edu/AP/main.html
http://bactibase.hammamilab.org/main.php
http://research.imb.uq.edu.au/cybase
https://dbaasp.org/
http://www.cryst.bbk.ac.uk/peptaibol
http://phytamp.pfba-lab-tun.org/main.php
http://www.amddatabase.info
http://amdr.amu.ac.in/acd
https://www.viprbrc.org/brc/antiviralDrug_search.spg?method=ShowCleanSearch&decorator=arena
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Name of
Database Description Web Access Interface Link

SING

Antimicrobial
combinations for

multidrug-resistant
strains

http://www.sing-group.org/antimicrobialCombination/

ANTIMIC

A database of
antimicrobial

sequences with tools
for (∼1700)

searching new
AMPs/AMPs
sequence data
extraction and

analysis.

http://research.i2r.astar.edu.sg/Templar/DB/ANTIMIC/

ESAC-Net

The antimicrobial
consumption

database provides
antimicrobial
consumption

reference data in the
European community

and the hospital
sector.

https://www.ecdc.europa.eu/en/antimicrobial-consumption/surveillance-and-disease-data/database

DRAMP 2.0

A data repository of
general (>5,084),

patented (>14,739),
and clinical (>76)

antimicrobial
peptides (AMPs).

http://dramp.cpubioinfor.org/

dbAMP

A database for
searching functional

activities and
physicochemical

properties of
experimentally

verified (n= 4271)
and putative
antimicrobial

peptides (n=8118).

http://csb.cse.yzu.edu.tw/dbAMP/

Collection of
Anti-Microbial

Peptides
(CAMPR3)

This tool provide
information about

family-specific
(n=45) sequence

composition(n=1386)
of AMPs

http://www.campsign.bicnirrh.res.in/

The
Comprehensive

Antibiotic
Resistance

Database (CARD)

A database of
antibiotic resistance
genes also provide
information about

associated products
and phenotypes. This

database has
information about
Ontology Terms

(n=4550), Reference
Sequences(n=3057),

SNPs(n=1704),
Publications

(n=2735), AMR
Detection Models

(n=3103)

https://card.mcmaster.ca/browse

(Table 3) cont.....
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Name of
Database Description Web Access Interface Link

Antimicrobial
Compounds

Database

database of all-atom
force-field

parameters and
molecular properties

of antibiotics and
some beta-lactamase

inhibitors

https://www.dsf.unica.it/~gmalloci/abdb/

Ocins database
The probiotic
antimicrobial

polypeptides (Ocins)
http://ir.cftri.com/id/eprint/14458

IMMUNOINFORMATICS ROLE IN VACCINES DEVELOPMENT

The  evolutionary  development  of  drug-resistant  pathogenic  bacteria  has  been
considered a major threat not only to the pharmaceutical industry but also to the
medical  fraternity.  Nowadays,  epitope-based  vaccine  development  is  fast  and
innovative,  based  on  modern  mathematical  modeling  and  algorithms.  Reverse
vaccinology, where genome-to-proteome exploration by ANN (Artificial neural
network)  approaches  are  incorporated,  screens  out  bacterial  peptides  of  the
desired length. Mostly small nonameric or decameric epitopes were designed in a
De-novo fashion by deploying the latest modeling web servers based on HMM
(Hidden Markov model) Viterbi algorithm. Various screening servers were used
for prediction strategies, including Bepipred for B-Cell epitopes, NetMHC server
for T-cell MHCI and MHCII epitopes from bacterial pathogens.

The latest  studies  on bacterium populations for  selecting peptides are based on
experimental  databases  like  the  virulence  factor  database,  NCBI-Genbank,  and
IEDB. Database of  essential  genes (DEG),  stores information regarding crucial
protein-encoding  genomic  elements.  Latest  epitope  screening  tools  include
LBTope  (B-Cell  epitope),  ProPred  (MHC  ClassII),  CTLPred  (T-cell  epitopes),
VaxinPAD (Adjuvant prediction), etc. In vaccine designing, different epitopes of
short  length  should  be  combined  with  better  adjuvants  for  finalization  and
subjection  towards  wet  lab  demonstrations.  VacTarBac  portal  built  on  Apache
HTTP stores all predicted epitopes. IEDB mapping and population coverage assist
and  guide  insilico  studies  for  a  better  selection  of  epitopes  based  on  immune
response generation over a global population [54].

Molecular docking and MD-simulation studies reveal better considerations about
interaction in a simulated cellular environment by developing various force-fields
at  different  temperatures,  and  pressure  conditions.  For  this  purpose,  modeled
epitopes are usually docked with MHC HLA alleles,  then binding energies and
RMSD values  will  generate  stability  criteria  for  possible  interactions.  Docking
tools  like  PatchDock,  AutoDock  Vina,  and  Dinc  server  are  commonly  used  to
determine the best possible interactions, and MD-simulation tools like Gromacs,

(Table 3) cont.....
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Desmond  suite,  and  MD  web  are  used  to  determine  RMSD  as  well  as  RMSF
values  for  docked  complexes  and  to  reveal  stability  under  simulated  cellular
environment.  In-silico cloning using the ‘Snapgene’ tool and ‘JCat’ server also
assisted users to frame the genetic element for cloning the desired gene of interest
or peptide-based vaccine. This method also analyzes the codon adaptive index to
reveal codon usage in the newly predicted vaccine gene and provide directions for
applications  of  recombinant  technology  in  vaccine  designing.  Bacterial  species
like  Mycobacterium,  Salmonella,  Vibrio,  Aeromonas,  Meningiococcus,  and
Tropheryma  were  successfully  studied,  and  epitope-based  vaccine  works  were
conducted on them [54]. Such techniques were found to be rapid, and effective in
predicting antibacterial agents that can act as putative epitope-based vaccines to
elicit  immune  responses  among  a  variety  of  patients  facing  the  need  for  novel
treatments for novel pathogens. Computational methods have a significant role in
predicting antimicrobial peptides; these assisted the scientific community in fast
wet lab analysis and developed rapid therapeutic candidates for novel regimens
(Fig. 3).

Fig. (3).  Significance of the computational method in determining antimicrobial peptides.

Machine Learning in Antimicrobial Peptides

Normally  transcribed  antimicrobial  peptides  (AMPs)  are  a  gathering  of  little,
inborn immune molecules, and hold 12–100 amino acids. AMPs have been found
in  most  living  things,  including  bacteriocins,  parasitic  peptide  anti-infection
agents,  plant  thionins  and  defensins,  creepy-crawly  arthropods-associated
defensins, and cecropins, and amphibian-associated magainins, just as defensins
and  cathelicidins  from  higher  vertebrates.  Attributable  to  the  wide  range  of
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antimicrobial  action-  antibacterial,  antifungal,  antiviral,  also  anticancerous,  are
believed  to  be  more  averse  to  initiating  obstruction  of  these  molecules.  There
were  various  immunoinformatics  approaches  have  been  developed  for
anticipating new AMPs. The Hidden Markov models (HMMs) were developed to
identify  and  predict  AMPs.  The  BACTIBASE  and  PhytAMP  strategies  were
unambiguously  intended  for  bacteriocin  and  plant  AMPs.  The  AntiBP  strategy
and  AntiBP2  technique  utilized  the  Artificial  Neural  Network  (ANN),
Quantitative  Matrices  (QM),  and  Support  Vector  Machine  (SVM)  to  predict
antibacterial  peptides.  The  Random  Forests  (RF),  SVM,  and  Discriminant
Analysis (DA) are equipped with all classes of AMPs (antibacterial, antifungal,
and antiviral). Be that as it may, none of the previously mentioned strategies can
distinguish  which  sorts  of  highlights  are  ideal  for  precisely  anticipating  and
seriously  deciphering  their  organic  ramifications  [56].  BLASTP  was  mostly
utilized to predict AMPs [57]. Amino acid composition and pseudo-amino acid
composition were utilized in many recent studies to code the AMP arrangements
[58 - 60].

Antimicrobial Peptide’s role in Gastrointestinal Infections

Various  AMPs  are  communicated  in  the  mucosa  of  the  gastrointestinal  parcel,
where  they  can  adjust  intrinsic  insusceptible  reactions  and  gut  microbiota.
Curiously,  the  antimicrobial  elements  of  AMPs  are  not  the  most  significant
component in the tweak of gastrointestinal maladies. Rather, AMPs may advance
certain defensive microbial species and balance intrinsic resistant reactions. The
interaction  of  AMPs  with  innate  immunity  and  gut  microbiota  uncovers
fascinating medication targets. AMPs may fill in as novel helpful methodologies
against  gastrointestinal  contamination  and  irritation,  yet  the  use  of  AMPs  and
their subsidiaries in treating gastrointestinal infections stays at a beginning phase.
AMPs  may  even  legitimately  regulate  corpulence  and  metabolic  infections.
Moreover,  AMPs may fill  in  as  biomarkers  of  gastrointestinal  maladies,  as  the
articulation  of  AMPs  is  regularly  changed  during  the  advancement  of
gastrointestinal ailments. Protein mimetic or epitope mimetic molecules are 3D
epitopes  designed  and  hold  therapeutic  potentials  like  drug  molecules.  Such
mimetic  molecules  show  positive  ADMET  analysis  similar  to  drugs;  their
principle of interaction relies on protein-protein or DNA-protein association [61,
62].

FUTURE PROSPECTUS

The  emerging  and  reemerging  infectious  diseases,  drug-resistant  pathogens,
bioterrorism,  and  bioweapons  would  pose  global  health  threats  and  affect  the



Immunoinformatics Frontiers in Antimicrobial Agents, Vol. 2   353

world economy [63]. The advances in immunoinformatics help vaccines and drug
discovery  in  a  fast  and  affordable  way  when  such  emergencies.  The  future
development of antimicrobials would be influenced by mainly five situations [64,
65]. The first one would be the multidrug-resistant microbe’s emergence and the
development of drugs or vaccines against it. The second is the pandemic spread of
disease,  affecting  the  global  economy  and  efforts  to  develop  solutions  for  the
global crisis. The third one is the management of zoonotic and complex diseases
by effective antimicrobials. The fourth one is the solutions for the epidemics of
poor  and  underdeveloped  countries  and,  finally  and  not  least,  the  threat  of
bioterrorism. The era of immunoinformatics and the advancement of science and
technology  lead  to  the  development  of  an  efficacious,  affordable,  and  safe
solution. Our recent research studies on various viruses like SARS-CoV2 [66, 67],
Dengue  [68,  69],  SFTS,  and  Nipah  virus  suggested  a  great  interrelationship
between  both  immuno-informatics  and  chemi-informatics  in  designing  and
developing better antimicrobials. Immuno-informatics played various significant
roles  in  designing  antimicrobial  peptides.  In  this  new  reverse-vaccinology  era,
these  antimicrobials  have  various  roles  and  prospects  for  developing  fast
treatment  strategies.

CONCLUSION

Antimicrobials inhibit or cure infectious diseases in a better way. The emergence
of  new  and  multidrug-resistant  microbes  challenges  the  identification  of  new-
generation antimicrobials. Immunoinformatics has abundant scopes in the design
and development of antimicrobials in emerging pandemic infectious diseases. In
the upcoming era, this would be helpful to reduce the development time and cost
of  the  vaccine,  drug,  or  therapeutics.  These  immunoinformatics  methodologies
would  be  helpful  to  overcome  future  challenges  in  antimicrobial  development.
There is an abundant number of databases, data analysis software, and artificial
neural networks for the identification, design, and development of antimicrobials.
The  antimicrobials  were  identified  from  plants  to  plasmids.  Small  and  big
molecules  or  peptides  are  predicted  to  an  efficacious  antimicrobials  against
various  diseases.  The  antimicrobials  were  used  for  the  treatment  of  viral,
bacterial, helminths, protozoal and fungal diseases. A few viral complex diseases
like HIV, Varicella, herpes zoster, Influenza, Human Parainfluenza, Respiratory
Syncytial,  herpes  simplex,  Hepatitis  B  and  C  are  treated  with  new-generation
antiviral drugs. The immunoinformatics methods predicted vaccines for various
diseases  like  Helicobacter  pylori,  Avian  Infectious  laryngotracheitis  virus,
Retrovirus,  human  papillomavirus  Influenza,  human  immunodeficiency  virus,
hepatitis B, and Candida albicans. Surface-localized adhesins molecules' ability to
elicit an immune response against fungal infections screened through two-layer
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immunoinformatics methods to predict a vaccine. From big databases to machine
learning techniques would be helpful to develop personalized antimicrobials for
global pandemic diseases.
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