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The convergence of factors such as 

 of antibiotics has created ideal 
conditions for a 

. 
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Over-the-counter, non prescription sales of 
carbapenems in India are among the highest in 
the world and contribute to growing carbapenem 
resistance among Gram-negative organisms. Subject terms: Infection Microbiology Policy Medical research

NATURE | COMMENT

Policy: An intergovernmental panel on antimicrobial
resistance

22 May 2014

Drug-resistant microbes are spreading. A coordinated, global effort is needed to keep drugs
working and develop alternatives, say Mark Woolhouse and Jeremy Farrar.

Last month, the World Health Organization (WHO) produced a global map1 of antimicrobial
resistance, warning that a ‘post-antibiotic’ world could soon become a reality. In some ways, it
already has.

Drugs that were once lifesavers are now worthless. Chloramphenicol, once a physician’s first
choice against typhoid, is no longer effective in many parts of the world. Strains of extensively
drug-resistant tuberculosis (TB), methicillin-resistant Staphylococcus aureus (MRSA), multidrug-

Mark Woolhouse & Jeremy Farrar

ISSOUF SANOGO/AFP/Getty

Unregulated sales of medicines in developing countries contribute to the rise in antimicrobial resistance.

Policy: An intergovernmental panel on antimicrobial resistance... http://www.nature.com/news/policy-an-intergovernmental-pan...

1 di 7 03/03/17, 17:27

for concern.It is no coincidence that the nations with the strictest policies on antibiotic prescription
(Scandinavian countries and the Netherlands) have the lowest rates of resistance. But in most of
the developed world, clinical use of antibiotics has not declined, despite frequent calls to curtail
overuse. In developing countries with rising incomes, consumption is surging; sales of even
relatively expensive antibiotics increased fivefold in India and tripled in Egypt in 2005–10 (see ‘A
market for futility’). This growth is fuelled by unregulated, over-the-counter sales of antimicrobials of
all kinds.

In the United States, antibiotic usage in humans is
matched by that in farm animals, mainly as growth
promoters. The European Union banned the use
of antibiotics as growth promoters in animals in
2006, but the situation is little better. As
industrialized agriculture expands, notably in Asia,
animal antibiotic usage will continue to grow.

Mitigating resistance will require coordination
across sectors. Physicians, pharmacists,
veterinarians, patients and farmers all contribute
to the overuse of antimicrobials. All have a part to
play in using them more intelligently. However,
changing practices in the hospital, clinic or farm is
not easy. The onus is on countries that are major
producers and consumers of antimicrobials —
especially the United States and European
nations, and increasingly India and China — to

introduce policies that promote best practice.

Currently, national efforts are patchy and disconnected. The United Kingdom last year published a
five-year strategic plan to combat resistance (see go.nature.com/ideq6t), although with no new
money attached. Vietnam aims to combat resistance through its VINARES project5, but most
countries have no such programmes. The United States is still debating how to reduce the use of
growth promoters in animals. Regional initiatives such as the European Antimicrobial Resistance
Surveillance Network are yet to be replicated elsewhere. Controls that do exist are often weakly
implemented or are no more than voluntary guidelines.

Resistance is natural
Most of the antibiotics in use today, from penicillin to carbapenems, originated in soil. Long before
they were used as medicines, soil microbes were producing antibiotics, and bacteria were evolving
resistance to these natural compounds. This has been happening for perhaps billions of years6 on
a massive scale: there are at least 50 tonnes of bacteria for every person on the planet7.

SOURCE: ref. 4

Policy: An intergovernmental panel on antimicrobial resistance... http://www.nature.com/news/policy-an-intergovernmental-pan...
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The use of antibiotics in livestock is growing 
worldwide.  

OBITUARY Ahmed Zewail, 
Nobel-winning chemist, 
remembered p.168

TERMINOLOGY Spiders don’t 
sting; they bite. What’s 
the difference? p.167

TELEVISION Star Trek’s science 
legacy, 50 years after 
the first episode p.165

SCIENCE-FICTION A look at 
H. G. Wells’s contributions to 
science — and Nature p.162

any case, waging war on microbes is not 
tenable3 — our bodies and planet depend 
on them4 (see Supplementary Information; 
go.nature.com/2c03p6n). 

Addressing resistance requires global 
collective action. Like the ozone layer, a 
stable climate or biodiversity, the global pop-
ulation of susceptible microbes is a common 
pool resource — one shared by all. But no 
individual or country has a strong enough 

The effectiveness of antibiotics has 
been waning since they were intro-
duced into modern medicine more 

than 70 years ago. Today, our inability to 
treat infections ranks alongside climate 
change as a global threat1,2. New classes of 
antimicrobial drugs are unlikely to become 
widely available any time soon1; if and 
when they do, bacteria, viruses and other 
microbes will again evolve resistance3. In 

incentive to conserve this ‘commons’. It has 
been depleted by the massive use of anti-
microbial compounds and the growing com-
petitive advantage of resistant microbes. It is 
a classic ‘tragedy of the commons’.

This intimate relationship with micro-
organisms predates modern humans. It 
is the result of many millions of years of 
co-evolution. Our bodies need particular 
kinds of microbes for digestion, immune 

Use antimicrobials wisely
The United Nations must reframe action on antimicrobial resistance as the defence of 

a common resource, argue Peter S. Jørgensen, Didier Wernli and colleagues.
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Antibiotic use in livestock has contributed to drug resistance around the world.
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of therapeutic use. However, the powerful 
industrial farming lobby and a lack of per-
ceived urgency have so far stalled stronger 
mandates. 

Stronger political action to change how we 
use antibiotics, whether by humans or ani-
mals, requires citizens to be better informed. 
For instance, the public should have online 
access to surveillance that tracks how human 
resistance increases in settlements near farms. 
In the meantime, consumer groups play a cru-
cial part by calling on retail chains to switch 
where their meat is sourced. For example, 
US food chains Chipotle, McDonald’s and 
Chick-fil-A have responded (to varying 
degrees) to public demands with stricter lim-
its on antibiotic use in the meat they sell. 

A particularly worrying issue that is not 
confined to the use of antimicrobials in food 
production is the international spread of 
resistance genes, especially those conferring 
resistance to many drugs of ‘last resort’. Most 
recently, a mobile plasmid gene carrying 
resistance to the last-resort antibiotic colistin 
has been found in Asia, Europe and North 
America. Clearly, countries cannot act alone 
to deal with the problem without jeopard-
izing the benefits of globalization.

Much better surveillance and contain-
ment is needed of the most dangerous 
multi resistant strains in people and food2. A 
global routine-surveillance initiative could 
help to prevent the spread of resistance. It 
could screen medical tourists or patients 
returning from hospitals abroad to identify 
carriers of multiple resistant strains. Hospi-
tals that are centres of international travel 
for medical treatment must lead the way; 
funding and learning mech anisms must be 
increased for other hospitals to follow suit.

The International Health Regulations, 
revised by WHO member states in 2005, 
are a legally binding instrument that aims 
to provide global surveillance and response. 
Properly financed, they could be effec-
tive10. Yet the resources needed to respond 
to emerging diseases do not flow com-
mensurately to low- and middle-income 
countries as they do in the global north — a 
key lesson of the recent Ebola outbreak. All 
governments have a collective responsibility 
to improve capacities for rapid response to 
resistance. Greater support by donor coun-
tries to new and existing funding mecha-
nisms such as the Global Fund to Fight 
AIDS, Tuberculosis and Malaria is needed 
in low- and middle-income countries.

EXTEND COALITIONS
International and national coalitions must be 
broadened. The global action plan strength-
ens the established collaboration between 
the WHO, FAO and OIE. This should be 
extended to cover other relevant sectors, 
including trade, development and environ-
ment. The model set up by UNAIDS (the Joint 

United Nations Programme on HIV/AIDS) 
in 1996 serves as an example of how to inten-
sify collaboration, leverage resources, involve 
more parties and reduce barriers.

The UN meeting must commit to driving 
learning between institutions. Global plat-
forms are needed for sharing best practices 
and the latest data about resistance levels and 
antibiotic consumption, for instance, among 
national agencies. Such exchange happens 
in Europe for resistant human bloodstream 
infections, and human and veterinary anti-
microbial consumption. This must be scaled 
up to monitor resistance in communities, 
food industry and the environment. A rel-
evant model for exchange at the global level 
is the WHO’s Pandemic Influenza Prepar-
edness Framework. To engage the public 
effectively, more-frequent updating, vivid 
visualizations and engaging communica-
tions are needed. 

As in the Paris climate agreement, 
countries should submit to the UN voluntary 
but monitored targets on limiting resistance. 
Parties may go further by making shortfalls 
subject to potential sanctions. A key prior-
ity is to establish measurable indicators at 
the country level, such as the median yearly 
consumption of antibiotics per person. 

As for the climate issue, non-state actors 
from business to civil society can be central 
to societal transformations. Such stakehold-
ers were consulted during the development 
of the WHO global action plan. But their 
participation in the long run must become 
more integral to the global coalition respon-
sible for tackling resistance.

Available governance instruments range 
from binding treaties to guidelines, with 
each approach having pros and cons. A 
first step to holding companies account-
able would be an international code on 

the promotion of antibiotics (promotional 
spending in the United States in 1998 
amounted to US$1.6 billion), akin to that 
adopted by the WHO in 1981 on the mar-
keting of breast-milk substitutes. 

ACT NOW
The complexity and gravity of resistance 
call for the immediate mass mobilization 
of society. Maintaining the susceptibility of 
microbes to drugs for global health is a mat-
ter of sustainable development. Improving 
understanding about humankind’s depend-
ence on the global microbiome should lead 
to action on many other important issues 

involving micro-
organisms. These 
i s su e s  i nc lu d e 
infectious diseases, 
food security, nat-
ural resources and 

environmental conservation. Action here 
could, in turn, lead to more-equitable forms 
of national progress across the sustainable-
development goals3. 

Building global resilience to resistance is a 
long game. But changes can be surprisingly 
fast when the time is ripe and a plan is ready. 
This month’s UN high-level meeting is a rare 
opportunity for global collective action on 
human interactions with microbes. It must 
protect both the lifesaving power of anti-
biotics and the ability to use them when 
necessary. ■ 
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FARM FORECAST
By 2030, the use of antimicrobials in 
agriculture in Asia alone could equal 82% of 
global agricultural consumption in 2010. The 
drugs are largely given to promote growth or 
prevent infections, rather than to treat disease.
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The United States 
(13%) and China 
(23%) are the 
biggest users. 

“Building global 
resilience to 
resistance is a 
long game.”
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-up to ; 
-most of the antibiotics used in medical treatment or during animal 
production may end up in waste water; 
-waste treatment plants generally don’t remove antibiotics very well.  

-most researchers agree that total 
 per year. 

-if 50% of an antibiotic dose is subsequently excreted, then 
 each year 

(excluding the release from pharmaceutical plants). Antibiotics are 
then likely to find their way into rivers, lakes and dams. 

-this makes 12.5x1016 micrograms of antibiotic released into 9x1016 
litres of freshwater each year. This results in a 

. 
Michael Gillings, Macquarie University March 11, 2015 
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 are potentially very 
serious. Where the concentration of antibiotics is 
enough to inhibit bacterial growth, it’s almost certain to 
result in the 

. 
 
This happens because  in the 
environment collectively 

, virulence and other 
general nastiness.  
 
These genes can hop from one bacterial species to 
another, and 

. 
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NATURE | NEWS

WHO warns against 'post-antibiotic' era
Agency recommends global system to monitor spread of resistant microbes.

30 April 2014

The 'post-antibiotic' era is near, according to a report released today by the World Health
Organization (WHO). The decreasing effectiveness of antibiotics and other antimicrobial agents is
a global problem, and a surveillance system should be established to monitor it, the group says.

There is nothing hopeful in the WHO's report, which pulls together data from 129 member states
to show extensive resistance to antimicrobial agents in every region of the world. Overuse of
antibiotics in agriculture — to promote livestock growth — and in hospitals quickly leads to
proliferation of drug-resistant bacteria, which then spread via human travel and poor sanitation
practices.

“A post-antibiotic era — in which common infections and minor injuries can kill — far from being an
apocalyptic fantasy, is instead a very real possibility for the twenty-first century,” writes Keiji

Sara Reardon

Melissa Dankel/CDC

Methicillin-resistant Staphylococcus aureus (MRSA) is now invulnerable to many antibiotics.

WHO warns against 'post-antibiotic' era : Nature News & C... http://www.nature.com/news/who-warns-against-post-antibiot...

1 di 3 02/03/17, 16:15

The most worrying trend is 
the spread of  
carbapenems, the '

' 

“A	post-antibiotic	era	—	in	which	
and	minor	

injuries	 —	far	from	being	
an	apocalyptic	fantasy,	is	instead	
a	very	real	possibility	for	the	
twenty-first	century,”	

 

5  

WHO PRIORITY PATHOGENS LIST  
FOR R&D OF NEW ANTIBIOTICS 

Priority 1: CRITICAL#  

Acinetobacter baumannii, carbapenem-resistant 

Pseudomonas aeruginosa, carbapenem-resistant 

Enterobacteriaceae*, carbapenem-resistant, 3rd generation 
cephalosporin-resistant 

Priority 2: HIGH 

Enterococcus faecium, vancomycin-resistant 

Staphylococcus aureus, methicillin-resistant, vancomycin 
intermediate and resistant  

Helicobacter pylori, clarithromycin-resistant 

Campylobacter, fluoroquinolone-resistant 

Salmonella spp., fluoroquinolone-resistant 

Neisseria gonorrhoeae, 3rd generation cephalosporin-resistant, 
fluoroquinolone-resistant 

Priority 3: MEDIUM 

Streptococcus pneumoniae, penicillin-non-susceptible 

Haemophilus influenzae, ampicillin-resistant 

Shigella spp., fluoroquinolone-resistant 

# Mycobacteria (including Mycobacterium tuberculosis, the cause of human tuberculosis), was not 

subjected to review for inclusion in this prioritization exercise as it is already a globally established 

priority for which innovative new treatments are urgently needed. 

* Enterobacteriaceae include: Klebsiella pneumonia, Escherichia coli, Enterobacter spp., Serratia spp., 
Proteus spp., and Providencia spp, Morganella spp. 
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‘ ’ 
have not been given enough attention 

Antibiotic innovation in 
 due to misaligned incentive structures 

and lack of vital knowledge of drug discovery 

 coming to market to 
replace those lost due to resistance development 
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NATURE | NEWS 
Antibiotics funding splurge gets mixed reception 
Multimillion dollar initiative 

 of new molecules. 
28 July 2016 

RESEARCH ARTICLE Open Access

Antimicrobial activity of some plant
materials used in Armenian traditional
medicine
Mikayel Ginovyan, Margarit Petrosyan and Armen Trchounian*

Abstract

Background: Antibiotic resistance has become one of the major problems facing humanity. The need for new
antimicrobials has been increased dramatically. Plants are considered as one of the most promising sources for new
antimicrobials discovery. Despite relatively small area, Armenia has large diversity of flora with many endemic
species. In Armenian folk medicine plant materials have been used to treat various microbial diseases since ancient
times. The goal of our research was to evaluate antimicrobial efficiency of different parts of five wild plants species
which are commonly used in Armenian traditional medicine.

Methods: Plant crude extracts were obtained with maceration technique using five solvents separately: distilled
water, methanol, chloroform, acetone, and hexane. Agar well diffusion assay was used for initial evaluation of
antimicrobial properties of plant materials against five bacterial and two yeast strains. Minimum inhibitory concentrations
of the most active plant parts were determined by broth microdilution method.

Results: Crude extracts of all five tested plants expressed antimicrobial activity against at least four test strains at
500 μg ml−1 concentration. Minimum inhibitory and bactericidal/fungicidal concentrations of selected plant parts were
determined. Crude acetone and hexane extracts of Hypericum alpestre and acetone extract of Sanguisorba officinalis
inhibited the growth of P. aeruginosa even at 64 μg ml−1 concentration. Chloroform and acetone extracts of Sanguisorba
officinalis exhibited cidal activity against P. aeruginosa till 256 μg ml−1. Acetone was the most effective solvent for
solubilizing antimicrobial compounds for almost all tested plant materials.

Conclusions: Thus, antimicrobial activity of some medicinal plants used in Armenian traditional medicine was evaluated.
Some of the plants had rather low minimum bacteriostatic/bactericidal concentrations and therefore they have
prospective for further more inclusive studies.

Keywords: Plant material, Armenian folk medicine, Antibiotic resistance, Crude extract, Antimicrobial activity,
Minimum bactericidal concentration, Acetone

Background
The prevalence of microbial infectious diseases and their
complications are continuously increasing throughout
the world mainly due to microbial drug resistance to-
ward commonly used antimicrobials [1]. Antibiotic re-
sistance has become one of the major problems of
humanity since late 20th century. The need for new anti-
microbials, which could effectively fight against resistant

microbes, has tremendously increased. Traditional ap-
proaches to find new antimicrobial drugs are not suffi-
ciently successful anymore due to the rapid resistance
development against them [2]. Consequently, it is very
important to find new approaches of antimicrobial com-
pounds discovery. Plant materials are demonstrated to
be one of the most promising sources [2–4]. Plant-
derived antimicrobials are also considered to be safer
compared with synthetic compounds because of their
natural origin [5, 6]. It is well known that about quarter
part of current medications is derived from compounds
of plant origin [1, 7]. Plant-derived compounds could

* Correspondence: Trchounian@ysu.am
Department of Microbiology, Plants and Microbes Biotechnology, Faculty of
Biology, Yerevan State University, 1 Alex Manoogian Str., Yerevan 0025,
Armenia

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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RESEARCH ARTICLE

Rational Design of Antibiotic Treatment
Plans: A Treatment Strategy for Managing
Evolution and Reversing Resistance
Portia M. Mira1, Kristina Crona2, Devin Greene2, Juan C. Meza1, Bernd Sturmfels3,
Miriam Barlow1*

1 School of Natural Science, University of California Merced, Merced, California, United States of America,
2 Department of Mathematics and Statistics, American University, Washington, DC, United States of
America, 3 Departments of Mathematics, Statistics, and EECS, University of California, Berkeley, California,
United States of America

* Miriam.barlow@gmail.com

Abstract
The development of reliable methods for restoring susceptibility after antibiotic resistance
arises has proven elusive. A greater understanding of the relationship between antibiotic
administration and the evolution of resistance is key to overcoming this challenge. Here we
present a data-driven mathematical approach for developing antibiotic treatment plans that
can reverse the evolution of antibiotic resistance determinants. We have generated adap-
tive landscapes for 16 genotypes of the TEM β-lactamase that vary from the wild type geno-
type “TEM-1” through all combinations of four amino acid substitutions. We determined the
growth rate of each genotype when treated with each of 15 β-lactam antibiotics. By using
growth rates as a measure of fitness, we computed the probability of each amino acid sub-
stitution in each β-lactam treatment using two different models named the Correlated Proba-
bility Model (CPM) and the Equal Probability Model (EPM). We then performed an
exhaustive search through the 15 treatments for substitution paths leading from each of the
16 genotypes back to the wild type TEM-1. We identified optimized treatment paths that re-
turned the highest probabilities of selecting for reversions of amino acid substitutions and
returning TEM to the wild type state. For the CPMmodel, the optimized probabilities ranged
between 0.6 and 1.0. For the EPMmodel, the optimized probabilities ranged between 0.38
and 1.0. For cyclical CPM treatment plans in which the starting and ending genotype was
the wild type, the probabilities were between 0.62 and 0.7. Overall this study shows that
there is promise for reversing the evolution of resistance through antibiotic treatment plans.

Introduction
Antibiotic resistance is an inevitable outcome whenever antibiotics are used. There are many
reasons for this: 1) As humans (also as eukaryotes), we are vastly outnumbered by bacteria in
nearly all measures, including total population size, biomass, genetic diversity, emigration, and

PLOSONE | DOI:10.1371/journal.pone.0122283 May 6, 2015 1 / 25
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a b s t r a c t

Omadacycline is novel, aminomethyl tetracycline antibiotic being developed for oral and intravenous (IV)
administration for the treatment of community-acquired bacterial infections. Omadacycline is character-
ized by an aminomethyl substituent at the C9 position of the core 6-member ring. Modifications at this
position result in an improved spectrum of antimicrobial activity by overcoming resistance known to
affect older generation tetracyclines via ribosomal protection proteins and efflux pump mechanisms.
In vitro, omadacycline has activity against Gram-positive and Gram-negative aerobes, anaerobes, and
atypical pathogens including Legionella and Chlamydia spp. Omadacycline offers once daily oral and IV
dosing and a clinical tolerability and safety profile that compares favorably with contemporary
antibiotics used across serious community-acquired infections where resistance has rendered many less
effective. In studies in patients with complicated skin and skin structure infections, including those with
MRSA infections, omadacycline exhibited an efficacy and tolerability profile that was comparable to line-
zolid. Ongoing and planned clinical studies are evaluating omadacycline as monotherapy for treating
serious community-acquired bacterial infections including Acute Bacterial Skin and Skin Structure
Infections (ABSSSI) and Community-Acquired Bacterial Pneumonia (CABP). This review provides an over-
view of the discovery, microbiology, nonclinical data, and available clinical safety and efficacy data for
omadacycline, with reference to other contemporary tetracycline-derived antibiotics.
! 2016 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Omadacycline is a novel aminomethylcycline antibiotic being
developed for once daily oral and intravenous (IV) administration
for the treatment of community-acquired bacterial infections.1

Omadacycline is being developed because of an increasing inci-
dence of resistance to earlier tetracyclines including doxycycline
and minocycline and the resistance faced by other classes of antibi-
otics.2 Omadacycline differs from earlier generation tetracyclines
because it overcomes the two primary tetracycline resistance
mechanisms of ribosomal protection and efflux,3 thus restoring
the historical broad-spectrum efficacy of earlier generation
tetracyclines.

Extensive results from in vitro studies have demonstrated
antibacterial activity against Gram-positive and Gram-negative
aerobes, anaerobes, and atypical pathogens including Legionella
and Chlamydia spp.4 Based on this profile, omadacycline was
advanced into phase 2 and 3 studies for complicated skin and
skin structure infections (cSSSI) where it showed efficacy and

tolerability comparable to linezolid.5,6 Omadacycline is currently
undergoing development in phase 3 clinical studies for Acute Bac-
terial Skin and Skin Structure Infections (ABSSSI) and Community-
Acquired Bacterial Pneumonia (CABP).

2. Discovery of omadacycline

2.1. Structure–activity relationship

Omadacycline is a stable, well-characterized crystalline drug
substance that differs from other tetracyclines because of a novel
modification at the C9 position.1 Omadacycline is an aminomethyl-
cycline antibiotic that is characterized by an aminomethyl group at
the C9 position on the tetracycline structure.1 Modifications at the
C9 position result in improved antimicrobial potency for these new
generation tetracyclines attributed to stability to ribosomal protec-
tion proteins and efflux pump mechanisms.7,8

A series of aminomethylcyclines with potent in vitro activity
(minimum inhibitory concentration [MIC] 6 0.06–2.0 mcg/mL)
were evaluated in vitro against Gram-positive bacteria possessing
different tetracycline resistance mechanisms of ribosomal protec-
tion (Tet (M)) in Staphylococcus aureus, Enterococcus faecalis, and

http://dx.doi.org/10.1016/j.bmc.2016.07.029
0968-0896/! 2016 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author. Tel.: +1 267 364 5560.
E-mail address: judith.steenbergen@paratekpharma.com (J. Steenbergen).

Bioorganic & Medicinal Chemistry 24 (2016) 6409–6419
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metal and metal oxides, have been developed and evaluated by different research groups; examples
include silver (Ag), gold (Au), Ag oxide (Ag2O), zinc oxide (ZnO), titanium dioxide (TiO2), calcium
oxide (CaO), copper oxide (CuO), magnesium oxide (MgO), and silicon dioxide (SiO2) [39]. NPs act on
microbes by several different methods and the mode of action of these NPs varies with each different
type (Table 1 and Figure 1). Several bacterial strains are capable of adhering to any natural or artificial
surface, and can even form biofilms on these surfaces. Many different factors are responsible for the
adhesion and formation of biofilms by bacteria; these include the production of slime-like substances,
electrostatic interactions, dipole-dipole and H-bond interactions, hydrophobic interactions, and
van der Waals interactions. Therefore, nanomaterials that are used as antimicrobial agents must reduce
microbial adhesion and biofilm formation. Hence, screening NPs for their anti-adhesion capability
would increase their potential as antimicrobial agents. A schematic representation describing the
various methods for the synthesis of different NPs is shown in Figure 2.
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2.1. Inorganic NPs with Antibacterial and Antifungal Activities

Several inorganic metals and their oxides, including Ag, TiO2, CuO, iron oxide (Fe3O4), and ZnO,
have been studied for their antimicrobial activities.

2.1.1. Silver NPs (AgNPs)

AgNPs are synthesized by physical, chemical, and biological methods. The physical method,
which is also known as the “top-down” method, involves grinding the bulk metal, whereas the chemical
method, widely called the “bottom-up” method, involves reduction, electrochemical processes, and
decomposition by ultrasonic waves [43–45]. However, the synthesis of AgNPs by physical and
chemical processes involves the use of toxic and hazardous chemicals, and the process is extremely
expensive. The biological method, which is a “bottom-up” approach, exploits bacteria, fungi, and
plant extracts to synthesize NPs. Recently, biologically synthesized NPs have received a great deal of
attention, mainly in the field of biomedicine [46]. The biological method involves oxidation or reduction
reactions by enzymes produced by microorganisms, or by phytochemicals. Several bacteria, fungi, and
plants including Pseudomonas stutzeri, Bacillus megaterium, Escherichia coli [47–49], Aspergillus fumigatus,
Fusarium solani [50,51], Aloe vera, Piper betle leaf, Leptadenia reticulata, and Momordica cymbalaria, have
been explored for use in the synthesis of AgNPs [27,44,52–56]. The size of the AgNPs synthesized by
biological methods varies between 1 and 600 nm [27,43,54].
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Abstract: Antimicrobial substances may be synthetic, semisynthetic, or of natural origin (i.e., from
plants and animals). Antimicrobials are considered “miracle drugs” and can determine if an infected
patient/animal recovers or dies. However, the misuse of antimicrobials has led to the development
of multi-drug-resistant bacteria, which is one of the greatest challenges for healthcare practitioners
and is a significant global threat. The major concern with the development of antimicrobial
resistance is the spread of resistant organisms. The replacement of conventional antimicrobials
by new technology to counteract antimicrobial resistance is ongoing. Nanotechnology-driven
innovations provide hope for patients and practitioners in overcoming the problem of drug resistance.
Nanomaterials have tremendous potential in both the medical and veterinary fields. Several
nanostructures comprising metallic particles have been developed to counteract microbial pathogens.
The effectiveness of nanoparticles (NPs) depends on the interaction between the microorganism
and the NPs. The development of effective nanomaterials requires in-depth knowledge of the
physicochemical properties of NPs and the biological aspects of microorganisms. However, the risks
associated with using NPs in healthcare need to be addressed. The present review highlights the
antimicrobial effects of various nanomaterials and their potential advantages, drawbacks, or side
effects. In addition, this comprehensive information may be useful in the discovery of broad-spectrum
antimicrobial drugs for use against multi-drug-resistant microbial pathogens in the near future.

Keywords: nanoparticles; drug resistance; antimicrobial; mode of action; synthesis; silver; metal
oxide; pathogens; antibiotics; medicine

1. Introduction

Antimicrobial agents kill or inhibit the growth of a wide range of microbes such as bacteria
(antibacterials), fungi (antifungals), and viruses (antivirals). Antimicrobials may be synthetic, may
be of plant or animal origin, or may be chemically modified natural compounds [1], and can have
a significant impact on the outcome of an infected patient/animal. They are used in the treatment
(chemotherapy) and prevention (prophylaxis) of infections. Many infectious diseases have been
combatted since the discovery of antimicrobial drugs in the 1960s [2]. The history of antimicrobial
agents dates back to 1928, when penicillin was discovered; however, it did not come into use until 1942.
Penicillin was the first antibiotic to be used in medicine [3], and the management of life-threatening
bacterial infections improved significantly after its discovery. Moreover, the discovery of penicillin,
which is considered one of the most significant advances in medicine, started what is known as “the

Molecules 2016, 21, 836; doi:10.3390/molecules21070836 www.mdpi.com/journal/molecules



Milano, MiCo Centro Congressi 
17 | 18 | 19 MARZO 2017 

16	

Molecules 2016, 21, 836 6 of 30

Table 1. Mode of action of various nanoparticles/nanocomposites against pathogenic microbes.

Type of Nanoparticles Mode of Action Susceptible Microbes References

Silver (Ag) nanoparticles

Interfere with the electron transport chain and transfer of
energy through the membrane.
Inhibit DNA replication and respiratory chain in bacteria
and fungi.

Methicillin-resistant Staphylococcus aureus,
Staphylococcus epidermidis. Vancomycin-resistant
Enterococcus faecium and Klebsiella pneumoniae

[31,57,65]

Magnesium oxide (MgO) nanoparticles Formation of reactive oxygen species (ROS), lipid
peroxidation, electrostatic interaction, alkaline effect. S. aureus, E. coli, Bacillus megaterium, Bacillus subtilis [66,67]

Titanium dioxide (TiO2) nanoparticles Formation of superoxide radicals, ROS, and site-specific
DNA damage. E. coli, S. aureus, and also against fungi [28,31,68,69]

Zinc oxide (ZnO) nanoparticles

Hydrogen peroxide generated on the surface of ZnO
penetrates the bacterial cells and effectively inhibits growth.
Zn2+ ions released from the nanoparticles damage the cell
membrane and interact with intracellular components.

E. coli, Listeria monocytogenes, Salmonella, and S.
aureus [70–74]

Gold (Au) nanoparticles Generate holes in the cell wall.
Bind to the DNA and inhibit the transcription process. Methicillin-resistant S. aureus [75–78]

Copper oxide (CuO) nanoparticles Reduce bacteria at the cell wall.
Disrupt the biochemical processes inside bacterial cells. B. subtilis, S. aureus, and E. coli [79–82]

Iron-containing nanoparticles
Through ROS-generated oxidative stress. ROS, superoxide
radicals (O2´), singlet oxygen (1O2), hydroxyl radicals
(OH´), and hydrogen peroxide (H2O2).

S. aureus, S. epidermidis, and E. coli. [83]

Aluminum (Al) nanoparticles Disrupt cell walls through ROS. E. coli [82,84]

Bismuth (Bi) nanoparticles Alter the Krebs cycle, and amino acid and
nucleotide metabolism. Multiple-antibiotic resistant Helicobacter pylori [85,86]

Carbon-based nanoparticles
Severe damage to the bacterial membrane, physical
interaction, inhibition of energy metabolism, and
impairment of the respiratory chain.

E. coli, Salmonella enteric, E. faecium, Streptococcus
spp., Shewanella oneidensis, Acinetobacter baumannii,
Burkholderia cepacia, Yersinia pestis, and K. pneumonia

[87–91]
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whereas education using active techniques is more effective for 
changing prescribing behavior. Such education has been shown to 
enhance other antibiotic stewardship interventions. 
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It is now crucial that academia and ministries of Health and 
Education jointly focus on an 

microbiology, infectious diseases 
and , with emphasis on the principles 
of prudent prescribing. 

Widespread antimicrobial use has compromised its value, 
leading to a crisis of antimicrobial resistance. 

. 
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Background

Antimicrobial drugs are a precious but finite resource, dif-
ferent from other drugs. They are the only drugs that do not 
directly affect the patient but instead affect the growth, and 
ecology of invading pathogens and commensal microorganisms. 
Antimicrobial therapy is not only based on the characteristics 
of a patient and a drug, but also on the characteristics of the 
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Widespread antimicrobial use has compromised its value, 
leading to a crisis of antimicrobial resistance. A major 
cause of misuse is insufficient knowledge of prescribing 
of antimicrobials in many categories of professionals. An 
important principle of antimicrobial stewardship is avoiding 
selection pressure in the patient, both on pathogen and 
commensal by avoiding unnecessary use, choosing the least 
broad-spectrum antibiotic, adequate doses, a good timing and 
the shortest possible duration. Up to now, most educational 
efforts have been targeted at professionals (mostly medical 
doctors) after their training and at the adult public. In the past 
few years, progress has been made in educating children. 
It is now crucial that academia and ministries of Health and 
Education jointly focus on an adapted undergraduate medical/
professional curriculum that teaches all necessary principles of 
microbiology, infectious diseases and clinical pharmacology, 
with emphasis on the principles of prudent prescribing.

How to educate prescribers  
in antimicrobial stewardship practices
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microorganisms causing the infection and the colonizing flora. 
A useful didactic tool that describes the complex interrelation-
ship between humans, microorganisms and antimicrobial drugs 
is the pyramid of infectious diseases (Fig. 1). The arrows in the 
pyramid visually illustrate the multiple interactions between 
the patient, the drug, the pathogen(s) and colonizing micro-
flora. Activity of the antimicrobial drug is obtained at the cost 
of the development of resistance by the pathogen, but also the 
colonizing flora. As is shown in the pyramid (Fig. 1), the choice 
of the appropriate antimicrobial therapy is a complex decision, 
depending on the knowledge of many different aspects of infec-
tious diseases: immunological and genetic host factors, micro-
bial virulence, pharmacokinetics and -dynamics (PK/PD) of 
drugs.

Prescribers of antimicrobial drugs have dual, somewhat con-
tradictory responsibilities. On the one hand they want to offer 
optimal therapy for the individual patient under their care; on 
the other hand they have a responsibility to the same and other 
patients in the future and to public health to preserve the effi-
cacy of antibiotics and minimize the development of resistance. 
The former responsibility tends to promote overtreatment; the 
latter is usually overlooked. Among antimicrobial drugs, those 
targeting bacteria, i.e., antibiotics, are most extensively developed 
and prescribed. Misuse of antibiotics, i.e., unnecessary prescrip-
tions as well as inappropriate use (inadequate dosing, wrong 
duration) is frequent; up to half of the antibiotic prescriptions 
both in the community and in hospitals are considered unjus-
tified.1,2 Bacterial resistance to antibiotics is a serious threat to 
patients that is increasing rapidly. With few new antibiotics in 
the research and development pipeline, particularly in the Gram-
negative spectrum,3 and “old” useful antibiotics, which are not 



What can be done in the clinical setting 

•  Adjust use of antimicrobials according to local epidemiology 
•  Know the target pharmacokinetic/pharmacodynamic 

parameter for the specific drug in use 
•  Select the most appropriate administration modality 

according to pharmacokinetic/pharmacodynamic parameters 

•  Remember that standard susceptibility breakpoints may be 
inaccurate for the clinical scenario 

•  Maximize dosing, especially in severely ill patients, according 
to renal function, but limit the duration of therapy when 
possible 

•  Assess serum antimicrobial concentrations whenever 
possible 

•  Adopt combination therapy for 48–72 hours and then reevaluate 
empirical therapy 

•  Perform active surveillance 

Adembri C and Novelli A, PK-PD and potential for providing dosing regimens that are less vulnerable to resistance  
Clin Pharmacokinet, 2009 
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•  Low Vd 
•  Predominant renal Cl 
•  Low intracellular 
penetration  

•  High Vd 
•  Predominant hepatic Cl 
•  Good intracellular 
penetration  

• 		↑	Vd	
•  Cl	↑	or	↓	dependent	on	
renal	function		

• 	Vd	largely	unchanged	
•  	Cl	↑	or	↓	dependent	on	
hepatic	function		

•  β-lactams 
•  Aminoglycosides 
•  Glycopeptides 
•  Daptomycin 
•  Colistin 

•  Fluoroquinolones 
•  Macrolides 
•  Lincosamides 
•  Linezolid 
• Tigecycline 

General PK 

Altered ICU 
PK 

Examples 

Hydrophilic antibiotics       Lipophilic antibiotics 

Roberts JA et al., Crit Care Med, 2009, mod 



Daptomycin 
 

Mean pharmacokinetic parameters in healthy 
volunteers  and severely ill patients 
	
Parameter		

6	mg/kg	 8	mg/kg	

Volunt.a	
(6)	

Pts.c	
(13)	

P*	 Volunt.b	
(6)	

Pts.c	
(7)	

P*	

Cmax	(mg/l)	 86.4	 55.7	 <	0.01	 106.2	 85.1	 =	0.05	

t½	(h)	 7.8	 8.8	 NS	 7.3	 8.6	 NS	

AUC	(mg·h/l)	 705	 406.1	 <	0.01	 773.3	 584.3	 <	0.05	

Cl	(ml/h/kg)	 8.6	 18.0	 <	0.05	 10.1	 20.4	 <	0.05	

Vd	(l/kg)	 0.096	 0.22	 <	0.01	 0.102	 0.25	 <	0.01	

( ) no. Cases      * ANOVA test 
 
a Dvorchik BH et al., Antimicrob Agents Chemother, 2009 
b Benvenuto M et al., Antimicrob Agents Chemother, 2006 
c Falcone M, Venditti M, Novelli A, 21st ECCMID-27th ISC Milan, Italy, 2011 



Relationship between T>MIC for β-Lactams with 
bacterial eradication in children with otitis media and 
sinusitis  

PSSP = penicillin-susceptible S. pneumoniae; PISP = penicillin-intermediate S. pneumoniae;  
PRSP = penicillin-resistant S. pneumoniae; H. influenzae 
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Finding the right dose of rifampicin, and the right dose of 
optimism

After the widespread introduction of rifampicin in 
the early 1970s, it took another two decades, and 
more than 50 randomised trials with more than 
20 000 participants1 to fi nalise the drugs, doses, and 
schedule for the currently recommended regimen for 
newly diagnosed patients with active tuberculosis. Yet 
this regimen has important drawbacks, most notably 
the 6 months duration, and frequent toxicity. These 
limitations have stimulated considerable research 
interest to fi nd shorter and better-tolerated regimens. 

New drug development is expensive, and progress 
in the past 20 years has been very slow. Investigators 
have re-examined current drugs and doses, including 
the dose of rifampicin, which was initially selected as 
the lowest eff ective dose because this drug was very 
expensive when fi rst introduced. Bacterial clearance in 
mice,2 extended early bactericidal activity in patients 
with pulmonary  tuberculosis,3 and 6-month survival 
in patients with tuberculosis meningitis4 have all 
been improved with higher doses of rifampicin. 
In patients with tuberculosis, meningitis survival 
was closely related to serum concentrations.5 In 
The Lancet Infectious Diseases, Martin Boeree and 
colleagues6 report fi ndings of a randomised controlled 
phase 2B trial of patients with drug-sensitive pulmonary 
tuberculosis. The trial assessed four experimental 
regimens given for 12 weeks followed by 14 weeks of 
isoniazid and rifampicin. The regimen with rifampicin 
dosage of 35 mg/kg (RIF35) resulted in faster time 
to culture conversion compared with the standard 
regimen. This diff erence was not seen with the other 
experimental regimens (including two with rifampicin 
dose of 20 mg/kg), and was seen only with liquid 
culture media, but not solid cultures. Compared 
with the standard regimen, serious adverse events 
including hepatitis were not signifi cantly higher with 
any experimental regimen, although the study was 
underpowered for this outcome, and the occurrence of 
hepatitis with RIF35 was more than twice as high as with 
standard rifampicin doses. 

There are two important methodological issues 
to consider when interpreting this interesting and 
well executed study; use of the innovative multi-

arm, multi-stage (MAMS) design, and time to culture 
conversion as the primary outcome. The MAMS trial 
design has been used successfully in phase 2 cancer trials 
to select regimens for phase 3 trials, and to minimise 
enrolment to regimens with inadequate effi  cacy or 
excessive toxicity.7,8 However, to successfully reduce the 
number of participants enrolled to worse regimens, 
the time from enrolment to outcome in participants 
included in the interim analyses must be substantially 
shorter than the total time to enrol all participants. 
In this trial, 117 participants were randomly assigned 
to the arms that were stopped early, compared with 
127 randomly assigned to the experimental arms 
that were continued—the diff erence represented a 
3% reduction of overall enrolment—a rather modest 
benefi t. 

The other consideration is the critical importance 
in phase 2 trials of the predictive accuracy of the 
intermediate outcome,7 and a high negative predictive 
value is essential to avoid falsely concluding that a 
regimen is inadequate. In this trial, enrolment was 
stopped for two regimens containing SQ109, based on 
the time to culture conversion. But, before concluding 
that SQ109 should not be considered for phase 3 
trials, what is the accuracy of this outcome? Using 
meta-regression techniques, Wallis and colleagues9 
found a relationship between 2-month culture con-
version (a dichotomous outcome) and relapse. This 
spurred highly optimistic thinking about the value 
of phase 2b trials, since dampened by the failure of 
4-month fl uoroquinolone-containing regimens to 
achieve relapse free cure in three independent trials,10–12 
despite promising culture conversion data.13,14 We 
advocate for continued study of SQ109, since Wallis 
and colleagues9 did not estimate negative (or positive) 
predictive values, nor did they examine the relationship 
of relapse free cure with time to culture conversion, the 
outcome used in this trial. 

We believe that a shorter regimen for active 
tuberculosis that is also safe and well tolerated is 
urgently needed. Phase 2 trials can be helpful to 
identify promising regimens, but the intermediate 
outcome of 2 or 3 months culture conversion requires 
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Finding the right dose of rifampicin, and the right dose of 
optimism

After the widespread introduction of rifampicin in 
the early 1970s, it took another two decades, and 
more than 50 randomised trials with more than 
20 000 participants1 to fi nalise the drugs, doses, and 
schedule for the currently recommended regimen for 
newly diagnosed patients with active tuberculosis. Yet 
this regimen has important drawbacks, most notably 
the 6 months duration, and frequent toxicity. These 
limitations have stimulated considerable research 
interest to fi nd shorter and better-tolerated regimens. 

New drug development is expensive, and progress 
in the past 20 years has been very slow. Investigators 
have re-examined current drugs and doses, including 
the dose of rifampicin, which was initially selected as 
the lowest eff ective dose because this drug was very 
expensive when fi rst introduced. Bacterial clearance in 
mice,2 extended early bactericidal activity in patients 
with pulmonary  tuberculosis,3 and 6-month survival 
in patients with tuberculosis meningitis4 have all 
been improved with higher doses of rifampicin. 
In patients with tuberculosis, meningitis survival 
was closely related to serum concentrations.5 In 
The Lancet Infectious Diseases, Martin Boeree and 
colleagues6 report fi ndings of a randomised controlled 
phase 2B trial of patients with drug-sensitive pulmonary 
tuberculosis. The trial assessed four experimental 
regimens given for 12 weeks followed by 14 weeks of 
isoniazid and rifampicin. The regimen with rifampicin 
dosage of 35 mg/kg (RIF35) resulted in faster time 
to culture conversion compared with the standard 
regimen. This diff erence was not seen with the other 
experimental regimens (including two with rifampicin 
dose of 20 mg/kg), and was seen only with liquid 
culture media, but not solid cultures. Compared 
with the standard regimen, serious adverse events 
including hepatitis were not signifi cantly higher with 
any experimental regimen, although the study was 
underpowered for this outcome, and the occurrence of 
hepatitis with RIF35 was more than twice as high as with 
standard rifampicin doses. 

There are two important methodological issues 
to consider when interpreting this interesting and 
well executed study; use of the innovative multi-

arm, multi-stage (MAMS) design, and time to culture 
conversion as the primary outcome. The MAMS trial 
design has been used successfully in phase 2 cancer trials 
to select regimens for phase 3 trials, and to minimise 
enrolment to regimens with inadequate effi  cacy or 
excessive toxicity.7,8 However, to successfully reduce the 
number of participants enrolled to worse regimens, 
the time from enrolment to outcome in participants 
included in the interim analyses must be substantially 
shorter than the total time to enrol all participants. 
In this trial, 117 participants were randomly assigned 
to the arms that were stopped early, compared with 
127 randomly assigned to the experimental arms 
that were continued—the diff erence represented a 
3% reduction of overall enrolment—a rather modest 
benefi t. 

The other consideration is the critical importance 
in phase 2 trials of the predictive accuracy of the 
intermediate outcome,7 and a high negative predictive 
value is essential to avoid falsely concluding that a 
regimen is inadequate. In this trial, enrolment was 
stopped for two regimens containing SQ109, based on 
the time to culture conversion. But, before concluding 
that SQ109 should not be considered for phase 3 
trials, what is the accuracy of this outcome? Using 
meta-regression techniques, Wallis and colleagues9 
found a relationship between 2-month culture con-
version (a dichotomous outcome) and relapse. This 
spurred highly optimistic thinking about the value 
of phase 2b trials, since dampened by the failure of 
4-month fl uoroquinolone-containing regimens to 
achieve relapse free cure in three independent trials,10–12 
despite promising culture conversion data.13,14 We 
advocate for continued study of SQ109, since Wallis 
and colleagues9 did not estimate negative (or positive) 
predictive values, nor did they examine the relationship 
of relapse free cure with time to culture conversion, the 
outcome used in this trial. 

We believe that a shorter regimen for active 
tuberculosis that is also safe and well tolerated is 
urgently needed. Phase 2 trials can be helpful to 
identify promising regimens, but the intermediate 
outcome of 2 or 3 months culture conversion requires 
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After the widespread introduction of 
rifampicin in the early 1970s, it took 
another two decades, and more than 

 for the 
currently recommended regimen for 
newly diagnosed patients with active 
tuberculosis. 

, most notably the 
6 months duration, and frequent 
toxicity.  
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