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Abstract: The ongoing escalation of drug-resistant bacteria creates the leading challenges
for human health. Current predictions show that deaths due to bacterial illness will be more
in comparison to cancer in 2050. Irrational use of antibiotics, prolonged regimen and using as
a prophylactic treatment for various infections are leading cause of microbial resistance. It is
an emerging approach to introduce evolving nanomaterials (NMs) as a base of antibacterial
therapy to overcome the bacterial resistance pattern. NMs can implement several bactericidal
ways and turn into a challenge for bacteria to survive and develop resistance against NMs.
All the pathways depend on the surface chemistry, shape, core material and size of NMs.
Because of these reasons, NMs based stuff shows a critical role in advancing the treatment
efficiency by interacting with the cellular system of bacteria and functioned as an antibiotic
substitute. We divided this review into two sections. The first part highlights the development
of microbial resistance to antibiotics and their mechanisms. The second section details the
NMs mechanisms to combat antibiotic resistance. In short, we try to summarize the advances
in NMs role to deal with microbial resistance and giving solution as antibiotics substitute.

Keywords: antibacterial materials, multidrug resistance, metallic nanoparticles, antibacterial

effect, microbial resistance mechanism, bacterial biofilm, antibiotic substitute

Introduction

Antibiotics perform their action by restraining or eradicating pathogens in a bacteriostatic
or bactericidal way, respectively.! These drugs act through linkage with any essential
compounds of microbial metabolism, thus preventing the formation of functional biolo-
gical molecules in pathogens.” However, microbes are developing resistance to antibio-
tics in the current scenario, significantly reducing their efficacy and failure of treatment.’
At present, ongoing escalation of drug-resistant bacteria creates the leading contests for
human health. According to the reports, almost 2 million patients are suffering from
antibiotic-resistant infections with nearly 23,000 deaths annually in the USA.* According
to WHO, the death rate due to antibiotic resistance is more in developing countries than
developed countries. WHO used the motto “no action today-no cure tomorrow” on
World Health Day 2011, Current predictions show that deaths due to bacterial illness
will be more in comparison to cancer in 2050.” Persistent drug therapy is needed in
infections due to multidrug-resistant bacteria (MDR) which cause too much cost (as
reported per year cost $55 billion in the USA) and short patient compliance.®
Additionally, irrational use of antibiotics, prolonged treatment for MDR bacteria and
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used as a prophylactic treatment for various infections are
leading cause of resistance.” In USA hospitals, approximately
50% of Staphylococcus aureus (S. aureus) strains were resis-
tant to methicillin, ie, methicillin-resistant S. aureus (MRSA).
Escherichia coli (E. coli) resistance has observed for 17.3% of
clinical infections against several antibiotics. Similarly,
Enterococcus, Enterobacteriaceae, Pseudomonas aeruginosa
(P. aeruginosa) and Acinetobacter have developed resistance
against many classes of antibiotics.* '

Antibiotics attack bacteria through several mechanisms
like hindering the DNA, RNA and protein synthesis, bio-
film formation and inhibition of cell wall synthesis.
Conversely, an intrinsic talent of bacteria helps to change
quickly by DNA transfer, ie, horizontal gene transfer, and
mutations to overwhelm the antibiotic risks.'""'? A gene
named as mecA is discovered in bacterial cells responsible
for bacterial resistance against the antibiotics such as peni-
cillin or penicillin-like antibiotics and methicillin."> The
single microbe can acquire drug-resistant genes from dif-
ferent bacteria to develop MDR, ie, superbug. MDR resis-
tance mechanisms comprise of natural and synthetic classes
of antibiotics. It has been found that New Delhimetallo-b-

lactamase-1 (NDM-1) enzyme is accountable for the

breakdown of fB-lactam antibacterial and thus posing wide-
ranging antibiotics ineffective to these bacteria.'* MDR
(MDR-TB) case reports
describe the progressive resistance pattern against available

mycobacterium tuberculosis

drugs.'® Notably, S. aureus is a vital challenge against a
wide spectrum of septicemias of healthcare and community.
Antibiotic resistance (ABR) has become a global threat due
to lack of new antibacterial agents and evolving resistance
of MDR bacteria as shown in Figure 1. Thus promptly
intensifying danger demands novel approaches for treat-
ment in combatting resistant strains.

Nanomaterials (NMs) have caught the attention of
researchers to overwhelm the bacterial resistance pattern.
These provide a great platform to update physio-chemical
properties of the materials resulting in more promising
agents against bacteria.'® An increased pattern of research
by scholars reveal that they are trying to provide a solution
for bacterial resistance through nanomaterials as presented
in Figure 2. Some kinds of NMs comprise polymeric NMs,
liposomes, dendrimers of zinc oxide (ZnO), silver oxide,
gold, and solid lipid NMs. Some NMs directly get attach to
the cell wall of microbes, hence there is no need for pene-

tration into the cell. While metal oxide NMs show
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Figure 2 PubMed articles published on the topic of nanoparticles for antibacterial applications. The data was collected by using the keyword “antibacterial nanomaterials” in

PubMed database about the articles published since 2010.

microbicides properties through reactive oxygen species
(ROS)."” Environmental friendly NMs abolish microbial
membrane and making favorable to be used against MDR
bacteria by adsorption, chemical conjugation, or physical
encapsulation method.'® NMs can implement several bac-
tericidal ways and turn into challenging for bacteria to
survive and develop resistance against NMs. All the path-
ways depend on the surface chemistry, shape, core material
and size of nanomaterials."” In addition to this, the syner-
gistic antibacterial effect achieved by loading the drugs into
NMs assists to cope up ABR. Because of these reasons,
NMs based stuff show a critical role in advancing the
treatment efficiency by interacting with the cellular system
of bacteria and functioned as an antibiotic substitute.

It is an emerging approach to use NMs in antibacterial
therapy to overcome the bacterial resistance configuration.”'
We divided this review into two sections for easy understand-
ing of the readers. The first portion confers the progress in
microbial resistance to antibiotics with their mechanisms.
These mechanisms include higher efflux and less drug uptake,
expressing resistance gene, modification of antibiotics, anti-
biotics competitive inhibition, antibiotic tolerance, biofilms
and swarming. Second section details the mechanisms of
different NMs to combat bacterial resistance.

Microbial Resistance to Antibiotics
and Their Mechanisms

Microbial Resistance Progression
Drug resistance develops by following steps: Firstly, the
microbes, starting gene expressing itself, possess the

resistance gene and then microbes are chosen for which
resistance gene is expressed. Initially, horizontal gene
transfer occurs through transduction, conjugation and
transformation, and a microbe develops resistance against
sole or combination of drugs. Voluntary mutation of
already existing genes also causes possession of resistance
gene.”> The bacteria having one more resistance gene
results in multiple drug resistance. Resistance gene is
expressed by a microbe when it is exposed to the drug.?

Another way of developing ABR is by using time-
dependent drugs with a long half-life, poor compliance
of patients and long-term use of antibiotics. In comparison
to microbicides, microbistatic drugs only inhibit microbial
growth and develop significant resistance pattern when-
ever exposed to drugs.** Inadequate doses or missing
regular doses of antibiotics consequences in microbial
exposure to the drug with incomplete removal. Such
actions lead to the creation of selective pressure supporting
resistance behavior. Those drugs that have small half-life
reasons patient towards non-compliance due to quick elim-
ination. The interval between two doses is short and
microbes’ extinction dose is large.*’

Selective pressure produces, even the administered doses
are according to schedule, because of the incidents happening
in the interval of each dose. These consequences are the
functions of variables known as t > minimum inhibitory
concentration (MIC). It is the time per interval of doses
where plasma drug concentration is more than the MIC. At
this stage, the drug activity reaches at peak and chances of
developing resistance are minimized,*® therefore, time-
dependent drugs having plasma concentration more than
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zero but below MIC will develop resistance as an outcome. It
could be possible once the elimination half-life of an anti-
microbial drug is long. Clindamycin, beta-lactams, macro-
lides except for azithromycin, ie, azalides and tetracycline’s,
etc., are the time-dependent antimicrobial drugs.?’

In the case of concentration-dependent drugs, clinical
consequences are functions of variables known as C,.y/
MIC. It is the ratio of peak plasma concentration of drug
during the interval to MIC. If this ratio increases above the
target threshold value, antimicrobial action of drugs increases
to a maximum as well as chances of resistance development
lowers to a minimum and vice versa. Elimination half-life
does not have any role in this case, so we can say it is
independent of the half-life of drugs.”® Aminoglycosides,
azalides involving azithromycin, quinolones, ketolides, and

vancomycin (Van) are concentration-dependent antibiotics.*’

Microbial Resistance Mechanisms
The microbes against antibiotics use several methods of
developing resistance. Figure 3 presents a schematic to
understand bacterial mechanisms of resistance.

Higher Efflux and Less Drug Uptake

Two main resistance methods include decreased uptake of
an antibiotic and its elevated efflux. The drug level can be
controlled in a microbial cell by less drug uptake or use of
transmembrane efflux pump from normal to toxic level.
Several microbes have escalated efflux or decreased
uptake methods against various classes of antimicrobial
drugs.*® The cell wall of gram-negative bacteria is made
of peptidoglycan, around periplasmic space like P. aerugi-
nosa, E.coli, etc. Less sensitivity of P. aeruginosa is

endorsing the above methods. P. aeruginosa has inner
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Figure 3 Schematic showing multifarious mechanisms of microbial resistance to develop MDR like decrease uptake of drug, an efflux of drug, target site changes, antibiotic

modification, persister cells, swarming and biofilm formation.
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membrane protein, ie, H'/drug antiporter protein attached
to a linker protein in the periplasmic space. Regulatory
protein suppresses the gene, which codes for efflux protein
and resulting in mutation of this regulatory protein that
causes overexpression of efflux protein and MDR of P,
aeruginosa.3 !

Similarly, a transmembrane proton gradient is utilized
as a source of energy by minimum of nine pumps
expressed by E. coli. This energy expels many antibiotics
and results in E. coli resistance for numerous drugs. There
are three families of efflux pumps depending upon proton;
resistance nodulation cell division family (RND), small
multidrug resistance family (SMR) and major facilitator
superfamily (MFS). The supreme common pump is RND,
known as AcrAB/TolC.*>? In the case of drug-sensitive
bacteria, expression of protein consisting of AcrAB/TolC
pump is suppressed by acrR protein. Resistance in
microbes triggers after drug efflux incidence because of
pump protein expression. This occurs when the suppres-
sion created by acrR completed due to mutation in acrR
gene. E. coli contains periplasmic space enclosed in the
external and internal membrane. AcrB internal membrane
protein of AcrAB/TolC pump is linked to a protein located
in the periplasmic space, ie, AcrA protein that is bound to
TolC external membrane protein. A pathway from the
cytoplasm to extracellular space is created when TolC
and AcrB are brought close to each other due to the
conformational change of AcrA and resulting drug
efflux.*

Resistance gene is exhibited by several microbes,
which permit higher efflux and low uptake of some anti-
microbial drugs like streptogramins, sulfonamides, chlor-
amphenicol, macrolides, tetracyclines, aminoglycosides,
and quinolones.**>° Genes that code for efflux pumps of
tetracyclines are TetB, TetK, and TetA exhibited in both
gram-negative and positive bacteria. Bacteria get these by
transposons and horizontal transfer of gene on a plasmid.**
For instance; consider the presence of TetA efflux protein
on transposon TnlO that usually did not express due to
TetR suppressor protein. Tetracycline behaves as an indu-
cer linking itself with TetR suppressor protein and deacti-
vates it. This transcript and translate TetA causes catalysis
of efflux of tetracycline and ultimately resistance.®’

Most gram-negative bacteria are resistant to fluoroqui-
nolones and chloramphenicol due to increased efflux
mechanism. Resistance to streptogramins like dalfopristin
and quinupristin by Enterococcus faecalis (E. faecalis)
also use this resistance method. Decreased uptake of

antimicrobial drugs by gram-negative bacteria such as P,
aeruginosa causes resistance against aminoglycoside.
Resistance against vancomycin is caused by the escalating
thickness of external membrane, ie, cell wall in the
microbes.*?

Substrate Modification

Another method of creating resistance is modified sub-
strate by expressing the resistance gene to which the
drug usually bounds. The action of the drug reduced
because its binding affinity for a modified substrate is
less as compared to the original substrate. These genes
cause resistance against drugs including aminoglycosides,
beta-lactams, quinolones, linezolid, sulfonamides, tetracy-
cline, rifampin, and vancomycin. For example, resistance
against beta-lactams is caused by MecA resistance gene.
This gene codes for modified penicillin-binding protein, ie,
PBP2A which had a little binding attraction for beta-lac-
tams and results tolerance. Penicillin-binding protein
(PBP) is too expressed by S. pneumoniae having less
affinity for the drug.*®*

VanA resistance gene causes resistance against vanco-
mycin, ie, glycopeptides. Coding for D-alanine-D-lactate
ligase is done by VanA gene and modifying terminal
domain D-ala-D-ala of peptidoglycan precursor to D-ala-
D-lactate. Former is a substrate of vancomycin as well as
PBP trans-peptidase domain. Resistance against vancomy-
cin happens because it is binding for D-ala-D-lactate has
1000 fold low affinity compared to D-ala-D-ala. VanA
gene is exhibited by vancomycin-resistant S. aureus
(VRSA) as well as vancomycin-resistant Enterococcus
(VRE).* Expression of modified dihydropteroate synthe-
tase (DHPS) enzyme causes resistance against sulfona-
mides because DHPS is a substrate for sulfonamides.
This method is used by microbes like Neisseria meningi-
tides (N. meningitides), S. pneumoniae, E. coli and
Streptococcus pyogenes (S. pyogenes).*!

Quinolone resistance is due to modified DNA gyrase or
topoisomerase IV as these enzymes are the substrate for
quinolones. Normally, quinolones link with a substrate in
gram-positive bacteria, ultimately deactivate it and coding
for topoisomerase IV subunits are done by parE or parC
genes. Any mutation in these genes results in modified
topoisomerase IV responsible for resistance. Quinolones
have low affinity for modified substrate and hence causes
resistance. On the other hand, substrate, ie, DNA gyrase is
deactivated by quinolones binding in gram-negative bac-
teria and coding for DNA gyrase subunits is done by gyrA
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or gyrB genes. Any mutation in these genes results in
modified DNA gyrase with less affinity for quinolones
and consequently, resistance is developed.* In recent dis-
coveries, binding of quinolones is inhibited after attach-
ment of QnrA and QnrB (the plasmid-encoded proteins)
with DNA gyrase and topoisomerase 11.**

Coding for modified antimicrobial binding sites by the
resistance gene is the mechanism used for resistance
against rifampin, aminoglycosides, macrolides, linezolid,
and tetracycline. For instance, macrolides binding site is
situated on 23S rRNA of 50S ribosomal subunit. Coding
for N-methyltransferase is done by all members of the
resistance gene family, ie, erythromycin resistance methy-
lase (Erm), present on transposons or plasmids. These
members methylate the adenine locating near macrolide
linking site, ie, adenine of domain V of 23S rRNA of 50S
subunit of the ribosome. Methylation of adenine inhibits

resistance.”***

binding of macrolides and causes
Aminoglycosides binding sites are present on 30S subunit
of ribosomes and any mutation in this ribosomal subunit
results in the hindrance of aminoglycoside binding and
eventually progress in resistance. For instance, a newly
discovered gene present on plasmids methylate 16S rRNA
of 30S ribosomal subunit and generates aminoglycosides
resistance. In addition, modification in the rpsL gene is
responsible for resistance against aminoglycosides and can
see in E. coli. Resistance to tetracycline is developed,
when resistance genes, ie, TetL and TetM hinder the tetra-
cycline binding to its linking point present on 30S riboso-

mal subunit.?®*

Modification of Antibiotics

Microorganisms may indicate drug-resistant genes, which
code for the enzyme modifying the antimicrobial drug and
restrict its biological action. Microbes develop the resis-
tance against aminoglycosides, macrolides, quinolones,
chloramphenicol, streptogramins, tetracycline, and [-lac-
tams by covalent modification of the drug.’

For instance, B-ring of PB-lactam is hydrolyzed by [-
lactamase enzyme, hence, therapeutic action is inactivated
and generate resistant to beta-lactams.*” Resistance devel-
ops by transfer of horizontal gene of -lactamase on plas-
mids or because of reduced activity of repressor protein
restraining gene transcription of B-lactamases in bacterial
chromosomes. Many distinct B-lactamases have revealed so
far and classified by two different classification systems.
The first classification system is a molecular classification
system that classifies depending upon the sequence of

amino acids and thus A, C and D classes (serine hydrolases)
are made. Class B involves metallic-enzyme, which cata-
lyzes hydrolysis by employing zinc prosthetic group. The
second classification is a functional classification system
that classifies B-lactamases based on their target molecules
and the molecules inhibiting them. It comprises cephalos-
porinase as class 1, broad-spectrum p-lactamases and serine
carbapenemases as class 2 and metallic B-lactamases as
class 3. Bush et al reported a progressively broad review
about classification systems.*®

B-lactamase having carbapenemase action is currently
discovered, ie, NDM-1. Several NMD-1 expressing bac-
teria are observed to be resistant against all IV antibacterial
drugs being utilized to cure severe infections.*’ In past,
infections caused by NMD-1 expressing bacteria were
common in India but now have disseminated throughout
the world including the USA and UK. Researchers exam-
ined 180 specimens of FEnterobacteriaceae expressing
NMD-1 obtained from different countries patients like
the UK, Pakistan, and India (comprising 36 and 111 sam-
ples of E. coli and K. pneumoniae, respectively).*® It
observed that many of these samples are tolerant to mono-
bactam aztreonam, aminoglycosides, quinolones, tetracy-
clines and B-lactam antibiotics. The only narrow range of
antimicrobials were sensitive to provided samples like
tigecycline and colistin.**

Aminoglycoside resistance genes code enzymes are
responsible for covalent modification of OH or NH, groups
and present on aminoglycoside. Its outcome is lowering its
affinity to bind with 30S ribosomal subunit and subsequently
decreasing the antibacterial action. ACT N-acetyltransferase,
while OH group is phosphorylated and adenylated by APH
O-phosphotransferase and ANT O-adenyl transferase,

respectively, acetylate NH, group.**-°

Antibiotics Competitive Inhibitor

In this resistance mechanism, bacteria produce resistance
against antibiotics by engineering a competitive inhibiting
molecule particularly for each antibiotic. For instance,
bacteria yield higher production of para-aminobenzoic
acid (PABA) to advance sulfonamide resistance. PABA
fights with sulfonamide for bacterial enzyme linking site
DHPS, resulting sulfonamide resistance and this resistance

method is employed by N. meningitidis and S. aureus.”'>*

Antibiotic Resistance of Inactive Persister
Infected bacterial community exhibit metabolically inert
persisters that may cause repetition of that infection after
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treatment and develop resistance to antibacterial sub-
stances. A minute fragment (~1 out of 10° cells) shifts
toxin-antitoxin (TA) genes exhibition irregularly in bacter-
ial infection and provokes the metabolic action to lower
down or cease. Such cells are named as persisters and
become more resistant to antibiotics by decreasing their
metabolic activity.> Consequently, the bacterial infected
community presented to antibacterial drugs showed that
many of them are sensitive to the drug, while some pers-
isters stay not affected. This shows treatment completion
for a certain infection. Sometimes, shifting of persisters to
metabolic action occurs again and they restart their growth
by the repetition of infection as outcome.>*

Bacterial Biofilms

Bacterial resistance to exceptionally several antibiotics is
due to biofilm formation that causes chronic infection
regardless of antibacterial cure.”® There are five steps of
biofilm formation; Firstly, protein molecule from the host
(for example, tissue or blood proteins) attached to a liquid
or solid planes like tissue of host or implanted device,
thus, a layer is formed known as conditioning film.
Secondly, the primary connection takes places when bac-
terial planktonic cell is attracted and attached to a condi-
tioning film by hydrophobic, London dispersion, and
electrostatic forces. After that, these cells undergo division
with the recruitment of other planktonic cells and raising
the bacterial population. In the next step, attachment takes
place irreversibly once the quantity of bacterial cell is
primarily attached community increases from a particular
threshold. These cells shift on gene expression by quorum
sensing, which results in the formation and secretion of
extracellular polymeric substance (EPS) matrix. It assem-
bles and localizes the community of bacteria. Mainly
proteins and polysaccharides are present in EPS with
DNA. Matrix gathers materials like debris, blood proteins,
and minerals from the surrounding environment. EPS
matrix undergoes hydration and thus its constituent
includes approximately 95% of H,O. Channels and pores
are also a part of the matrix. Irreversible attachment of the
cells occur with one another and with the plane on which
they are lying by the help of the EPS matrix. In the fourth
step, there is the formation of bacterial micro-colonies
within the matrix, as the growth of biofilm occurs slowly.
Finally, equilibrium has attained between biofilm growth
and tiny particles detachment from the biofilm. A detach-
ment of tiny particles consequent discharge of planktonic
bacteria. Travelling of released planktonic bacteria may

occur through the growth medium (host’s blood) to the
conditioning films on other planes to form new biofilms.
EPS matrix preserve cells of bacteria from an extremely
high amount of antibacterial compounds which results in
chronic infection rather than cure. Accordingly, biofilm
making bacteria is 1000 folds more tolerant to antibiotics
as compared to bacteria without biofilm.>> >’

The diffusion barrier for antibiotics is EPS matrix and
rarely reaches deeply located bacteria, ie, within the EPS
matrix and efficiently goes to superficially placed
bacteria.”® Accordingly, pronounced antibiotic resistance
appears in deeply placed bacterial cells, while giving low
defense to apparent cells. EPS matrix enables to develop
the resistance against modern antibiotics. It lowers bacter-
ial cells amount exposed to antibiotic under MIC without
lowering the amount exactly to zero. Diffusion of antibio-
tic inhibits by EPS matrix through various methods; initi-
ally, the matrix pore size is too small to inhibit movement
of more than certain sized molecules including antibiotics
reaching to bacterial cells. Secondly, the negatively charge
of the matrix that inhibits antibiotic from influencing the
cells of bacteria. Lastly, covalent modification of antibac-
terial drug by enzymes located within the matrix, resulting
in deactivation of antibiotic action.””

EPS matrix acts as a barrier to the movement of nutri-
ents and O, and generates antibiotic resistance indirectly.
Deeply located bacteria have less metabolic action and
growth rate as compared to the exposed bacteria due to a
low amount of nutrients and O, reaching to them and
their
Susceptibility of surface located bacteria is unvaried

decreasing susceptibility to the antibiotic.
because they sustain normal growth rate and metabolic
action. It is another way by which more resistance is
provided to deeply existing bacterial cells and lower shield
to exposed cells.®® P aeruginosa and S. aureus are bio-
film-forming bacteria. Pathogenesis arises from bacterial
biofilm causes various illnesses like otitis media, lung

infections and gingivitis.®'

Swarming

Antibiotic resistance method that is deliberated to be a
kind of multi-cellularity in microbes and works by the
subsequent methods: Planktonic cells of bacteria distin-
guish into multiple flagellated elongated cells, named as
swarm cells. These remain closeness to one another as
well as drift on planes as one unit like a raft. Swarm
cells sub-culturing in liquid medium causes their de-differ-
entiation into planktonic bacteria having non-resistant
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behavior to antibiotics.®® Serratia marcescens, P. aerugi-
nosa, Bacillus subtilis (B. subtilis), Burkholderia thailan-
densis, Salmonella typhimurium (S. typhimurium) and E.
coli showed swarm cells and possess resistant to many
antibacterial agents.®

Nanomaterials Mechanisms to

Combat Bacterial Resistance

NMs possess different mechanisms to combat bacterial
resistance. Initially, numerous NMs like chitosan-derived
NMs, metallic NMs and nitric oxide releasing NMs apply
multiple mechanisms to prevent the progress of resistance
by pathogens.®*®> Similarly, resistance development can
be prevented by encapsulating various antibiotics within
same NMs.*¢7 Existing tolerance mechanisms like lower
uptake and higher drug efflux, intracellular bacteria and
development of biofilm can also be inhibited through
NMs.'® Antimicrobial drugs aimed at infectious area via
NMs and assisting larger amount of dose to reach the
diseased site. This way aids to suppress the resistance
with fewer side effects to the patients. Figure 4 illustrates
how nanomaterials help to fight against bacterial tolerance.

Nanomaterials Having Multifarious

Combating Tools

Various kinds of NMs have been used to compete against
microbial resistance. Many simultaneous methods resist
tolerance to develop against NMs, as several instant muta-
tions in the gene of a single cell of bacteria needed to
become resistant.

Nitric Oxide Releasing Nanomaterials (NO-NMs)

Different mechanisms are used against micro-organisms
by NMs which release NO resulting in the decreased
possibility of developing microbial resistance.®® NO
released from NMs react with superoxide (-O,) and reac-
tive nitrogen oxide intermediates (RNOS) is formed
through which NO applies antibacterial act. RNOS
includes nitrogen dioxide (NO,), dinitrogen trioxide
(N,03), and peroxynitrite (-ONOO). When the amount of
NO come to be greater than 1 mM, development of RNOS
becomes adequate to act against microbes by multiple
methods.®”’® 1) The reaction of RNOS may occur with
bacterial protein residues of amino acid, like met, phe, cys,
trp and tyr along with proteins present in the plasma
membrane. 2) Nitrosative damage to DNA can be caused
directly by RNOS. It involves removal of an amine group
from guanine, cytosine, and adenine, breakage of strands,

and a basic site formation. Elevated production of alkylat-
ing agents and hydrogen peroxide (H,O,) can also be the
cause of RNOS, destroying DNA. Cys residues of
enzymes that repair DNA as DNA alkyl transferases,
gets S-nitrosylated by RNOS and thus become hindered.
3) The reaction of RNOS with proteins prosthetic groups
as heme and Fe-S groups can also occur. Enzymes like,
CYP450 enzymes, guanylate cyclase, and nitric oxide
synthetase (NOS) contain heme. Once their quantity
becomes adequately significant, RNOS irreversibly linked
to Fe (II) present in heme, and it results in heme ejection
from the protein and reduction of Fe in bacteria. 4)
Cellular respiration of microorganisms hindered by inacti-
vation of zinc metalloproteins by RNOS. 5) Peroxidation
of lipids caused by RNOS. S-nitrosothiols (RSNO) are
powerful nitrosylating agents and synthesized when thiols
react with NO. Thiol residues are nitrosylated by RSNO.
Spores of Bacillus cereus have restrained by S-nitrosothiol
through above-said method. An innate immune response
can also be triggered in human host by NO.”!

Nguyen et al reported the antibacterial effect of sole
NO and combination action with a model antibiotic, ie,
gentamicin in polymeric nanomaterials. They observed
that NMs released both agents simultaneously and showed
synergistic properties, decreasing the viability of plank-
tonic cultures and P. aeruginosa biofilm by more than
95% and 90%, respectively (Figure 5).”° Currently, no
indications of bacterial tolerance are available and
assumed reason is the use of numerous instantaneous NO
methods against microbes. Moreover, self-generated and
serial passage mutagenesis assays are utilized by recent
research to check whether S. epidermidis, E. coli, P. aer-
uginosa, MRSA, and S. aureus can make tolerance for NO
or not. There is no rise perceived in minimum inhibitory
concentration (MIC), representing no possibility of devel-
opment of microbial resistance.”> Some bacteria after
exposed to NO reveal enzymes, which preserve them
from nitrosative destruction in the host at the physiologic
amount of NO. In K. preumoniae, P. aeruginosa, S. typhi-
murium, E. coli, and S. aureus, flavohemoglobin enzyme
expresses. In MRSA and MSSA strains of S. aureus, the
expressed enzyme is lactate dehydrogenase. In S. typhi-
murium, E. coli, and P. aeruginosa, the expressed enzyme
is DNA repair enzymes.”> At NOs physiologic quantity,
the above-mentioned enzymes can preserve the bacteria
but these enzymes proved inadequate at a high quantity of
NO released by NO-NMs.
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Figure 4 Scheme of mechanistic action of antimicrobial materials to combat microbial resistance.

NO-NMs are active against a wide range of bacteria and
can act against drug-resistant bacteria by inhibiting their
growth. These bacteria include P. aeruginosa, E. faecalis,
E. coli, and K. pneumoniae. These microbes are killed in
culture after reaction with NO-NMs quantity of 1.25-5
mM.” When NO-NMs are applied on the skin or inside the
lesions, in intramuscular abscesses, mice, and dermal
abscesses, they lower the bacteria burden in lesions caused
by MRSA. Infection caused by Trichophyton mentagro-

phytes and Candida albicans can be treated by NO-NMs.”

Chitosan-Based Nanomaterials (CHT-NMs)
CHT-NMs resist micro-organisms growth by applying numer-
ous ways, so resistance to chitosan-NMs is not expected.”®

Following are the mechanisms in combating bacterial resis-
tance: 1) Removal of acetyl group done on CHT, a derivative
of chitin, ie, elongated polymeric series of N-acetyl-glucosa-
mine remnants. Thus, CHT is known to be polymeric exten-
sive sequence having arbitrary residues of glucosamine and
N-acetyl-glucosamine placed irregularly.”” CHT C, amino
group from which acetyl group has removed, have pKa
value of ~6.5. Thus, protonation of many CHT groups
occurred and at pH less than 6.5 they get a positive charge
(occurs in infections of the epidermis). Antimicrobial action is
observed when positive charge molecules attached with a
microbial semi-permeable membrane and cell wall having a
negative charge. This result in osmotic damage, higher penetr-
ability through cell envelope of microorganisms, apparent
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in P. aeruginosa biofilms. (B) Bacterial biofilms were grown in multi-well plates for 6 h in the absence of any treatment before being treated for a further | h with various
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Representative confocal images showing P. aeruginosa biofilms stained with LIVE/DEAD kit. Biofilms were grown for 6 h and then treated with NO donor spermine
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movement of cytoplasm constituents, ie, proteins and ions. It ~ fungal and bacterial cells, antimicrobial action presented by
is improbable to make tolerance against CHT-NMs mechan- ~ CHT through coherence with DNA resulting in hindrance to
istic action. It is because of evolutionary protection of negative =~ mRNA transcription and finally inhibition of protein transla-
charge in the cell envelope of microorganisms, which are  tion. 3) The performance of metalloproteins may be less by
difficult to alter by a mutation in a single gene. 2) In case of CHT as it shows action by chelating metals. 4) Healing of
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wounds will be speedy because chitosan elevates the deposi-
tion of collagen III and fibroblast recruitment along with
inhibition of inflammatory cytokines release. Hence, the risk
of wound infections reduces with the increased healing
rate.”®”
Antibiotic action of chitosan can be enhanced by load-
ing CHT into NMs. CHT application is hard in clinical
settings due to poor solubility in-vivo. In physiologic
environments, the solubility of chitosan is improved by
encapsulating into NMs.*® Surface area-to-volume ratio
increases by loading CHT into NMs, resulting in a boosted
density of surface positive charges. Thus, association with
negatively charged semi-permeable membranes and micro-
bial cell walls become stronger and greater action takes
place against microbes. CHT shows antimicrobial action
against fungi, viruses and bacteria but this action against
bacteria is less as compared to activity against viruses and
fungi.®' As compared to CHT, antibiotics comprising dox-
ycycline and acetic acid, NMs encapsulated with chitosan
proved more efficient against E. coli and S. aureus. High
molecular mass CHT-NMs and are low molecular mass
CHT-NMs are more effective in gram-positive bacteria
and gram-negative one, respectively. Gram-negative spe-
cies have greater negatively charged envelope as compared
to gram-positive, this is why CHT shows more efficacy
against gram-negative bacteria. CHT amino group dis-
places Mg and Ca'" ions responsible for stabilization
and co-ordination around lipopolysaccharide (LPS) pre-
sent in gram-negative bacteria. Therefore, the penetrability
of the outer membrane is increased by the release of
lipopolysaccharide from the exterior membrane.®*%
Marangon et al reported the combination effect of CHT
and rhamnolipid (RL) to boost antimicrobial activity. They
also found the pH effect on CHT-NMs and CHT-RL-NMs.
A schematic diagram of the synthesis of CHT-NMs and
CHT-RL-NMs has been shown in Figure 6.

Metallic Nanomaterials (Metallic-NM:s)

There are various categories of metallic-NMs and each
utilizes a variety of mechanistic tools to destroy or hinder
the microbial growth, thus preventing resistance pattern.
These comprise NMs of gold (Au), silver (Ag), zinc (Zn),
copper (Cu), magnesium (Mg) and titanium (Ti).
Combined treatment of bismuth NMs (Bi-NMs) X-ray is
prospective in the treatment of drug-resistant bacteria.®>*¢
Among metallic-NMs, the NMs of aluminium oxide

(Al,05-NMs) are exemptions to assist drug resistance.®’

Silver Nanomaterials (Ag-NM:s)

Ag-NMs employ many antimicrobial mechanistic tools to
cut the possibility of growth in bacterial resistance. The
antimicrobial action of Ag is due to silver ions (Ag")
formed by mixing silver in aqueous solution.*® The pre-
pared Ag" ions apply antimicrobial act over numerous
mechanisms.® Firstly, Ag" ions react with phosphorus
and sulfur groups containing proteins of the plasma mem-
brane and bacterial cell wall. Ag" binds to negative parts
of the cell membrane, making a hole and causes the
cytoplasm content to sweep beyond the cell. The hydrogen
ions gradient passes through the cell membrane, and occa-
sionally causes the cell to die. If it does not happen, this
association permits silver ions to penetrate via the plasma
membrane and cell wall into cytoplasm resulting in stron-
ger action by Ag" against bacteria. Gram-negative bacteria
may be more sensitive to Ag" ions comparative to gram-
positive, for the reason that gram-negative bacteria contain
a thin cell wall, providing Ag" suitable environment to
invade bacterial cells.”® However, these bacteria have high
vulnerability to Ag" as compared to gram-positive because
Ag" attaches to LPS, having a negative charge, of gram-
negative in contrast to peptidoglycan present in gram-
positive bacteria. Therefore, it was said that Ag" bounds
to LPS and is less likely to penetrate the cell of gram-
negative species comparative to cells of gram-positive
bacteria.”!

Ag" put froths antimicrobial exertion within microbial
cells:** 1) Ag" prevents cytochrome of electron transport
chain (ETC) microorganisms. 2) Ag" impasses as well as
destroys RNA and DNA of microorganisms. 3) Ag" hinders
DNA duplication by microorganisms, thus impeding division
of cell. 4) Ag" provides ribosomal 30S subunits to prevent
translation of protein. 5) Ag" ion is a source for the formation
of reactive oxygen species (ROS) that have harmful effect to
the cells of eukaryotic host and bacteria.”® 6) Ag" constrains
the production of cell walls in case of gram-positive bacteria.

Ag" ions activity level against microbes is based on the
form Ag" enters microorganisms. Metallic Ag has delicate
antimicrobial activity. Besides, the protein adsorption at
Ag" surface also hinders the bacterial growth. However,
the addition of Ag" in NMs improves the action of Ag"
against microbes.®® The action of Ag-NMs against
microbes is dependent on the quantity and morphology
of the NMs. It is because the small volume and large
surface of Ag-NMs have amplified the capability to permit
in the cell wall peptidoglycan. Antibacterial efficiency of
Ag-NMs increases when NMs have a smaller volume,
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especially radium 10nm, and larger surface areca. Ag-NMs
having a shape of the greater surface area ensure higher
with
Moreover, Ag may be oxidized to Ag” on Ag-NM surface

Ag" release superior antimicrobial action.”
during synthesis and storage, therefore it is compulsory to
create external Ag” layer on Ag-NM. Antibacterial effi-
ciency declines once the Ag-NMs have greater volume and
spherical or rod shape.”’ Ligands may be added to Ag-
NMs to enhance antibacterial activity through direct
attachment of ligands to microbes and increases the uptake
into microbial cell. Such substances are chitosan, poly-
ethyleneimines, polyethylene glycol and glucosamine.”>*’

Currently, although Ag has extensively used to fight
against microbes, however, bacterial resistance against
Ag" is occasional. This is attributed to the ability of Ag"
having multiple mechanisms of antimicrobial action, while
sole antibiotics typically have one action mechanism
against the bacteria. There are few bacteria tolerant to Ag-
NMs and Ag" due to modified cell membrane that reduces
Ag" entry, and efflux pump causing Ag" outgoing from the
cells. This resistance gene is revealed by using Ag" for long
period. In addition, resistance gene expression disappears in

the absence of Ag". This shows that Ag" resistance gene

Uptake

\ Lysosome

(AgO)n

Apoptosis
Ag*

expression may reduce the vitality of the bacterial evolu-
tion, causing the genes to be exhibited only in Ag presence
instead of its lack.”® Wang et al used synchrotron radiations
to describe the toxicity origin of Ag-NMs. Figure 7 reveals
the mechanisms of Ag-NPs activity to human monocytes
along with characterization and cytotoxicity of Ag-NMs.”’
These NMs can also be synthesized from green source for
antibacterial applications.'%*'%!

Ag-NMs possess significant action against broad-spec-
trum microorganisms as well as against drug-resistant
fungi, bacteria, and viruses. Researchers observed that
Ag-NMs have prominent bactericidal action against MDR
P aeruginosa, erythromycin-resistant S. pyogenes and E.
coli resistant ampicillin.®”*° The bactericidal outcome was
similar regardless of whether it was tested drug-resistant or
drug-sensitive bacteria. It indicates that antibiotic-resistant
protein does not change their susceptibility to Ag-NM.'% In
combination with antibacterial drugs, Ag-NMs boost the
antibacterial activity of antimicrobial drugs significantly,
eg, penicillin G, clindamycin, amoxicillin, vancomycin,
and particularly erythromycin against E. coli and S. aureus.
For instance, Wang et al studied the effect of Ag-NMs with
an antibiotic like levofloxacin and reported the synergistic
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Figure 7 (A) Schematic diagram of chemical mechanism of Ag-NP toxicity to human monocytes (THP-1). Ag-NPs are internalized by cells and trafficked from engulfed vesicles to the
lysosomes. Due to the acidic environment in the lysosome, Ag-NPs in the form of (AgO)n are dissolved into Ag+ ions and then changed into Ag-O- form possibly due to the binding of
organic acid molecules. Dissolved silver increases LMPs that leads to the release of both dissolved silver and lysosomal contents to the cytoplasm. Then, both the increased LMPs and the
released silver decrease the mitochondrial membrane potentials, which results in ROS generation and cell apoptosis. Meanwhile, the dissolved silver (Ag-O-) will interact with cysteine-
contained proteins like metallothioneins, enzymes, etc. to become Ag-S- speciation, which may trigger mitochondrion-involved apoptosis. However, a part of Ag-S- form may be
exported by the membrane transporters to reduce cytotoxicity. To understand the chemical origin of Ag-NP cytotoxicity, two advanced techniques are powerful to illustrate the
dynamic processes of intracellular Ag-NPs in time and space. SR-TXM can in situ study the intracellular accumulation and exocytosis of Ag-NPs, while SRXANES is capable of revealing
the chemical transformation of silver from the oxidation and degradation to the Ag-S- form. (B) TEM image of Tween-20 dispersed Ag-NPs. (C) Hydrodynamic size distributions of 10 pg
mL-1 Ag-NPs during 24 h in ddH2O and 10% FBS-supplemented RPMI 640 medium. (D and E) Cytotoxicity of Ag-NPs and Ag+ ions. (D) Impacts of Ag-NPs, Ag+ ions, and the
dispersant (Tween-20) on the mitochondrial dehydrogenase activity shown as cell viability vs the dose- and time-dependence. Data are shown as mean and standard deviation (n = 4). (E)
Influence of Ag-NPs, Ag+ ions and Tween-20 on the percentage of live cells determined by Live-Dead assay. Reprinted with permission from Wang L, Zhang T, Li P, et al. Use of
synchrotron radiation-analytical techniques to reveal chemical origin of silver-nanoparticle cytotoxicity. ACS Nano. 2015;9(6):6532-6547. Copyright (2015) American Chemical Sc>ciety.9'9
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action with the safety profile in the animal study
(Figure 8).1% A study presented that nano-articulated silver
carbene complexes enveloped have harmful affect for MDR
bacteria involving P. aeruginosa, K. pneumoniae, MRSA,
Acinetobacter baumannii (A. baumannii) and Burkholderia
cepacia.'® Ag-NM has been revealed to ensure antiviral
action against HBV and HIV-1.'"

Zinc Oxide Nanomaterials (ZnO-NMs)

Different tools are being utilized by ZnO-NMs to tackle
microbes and making the resistant unlikely.'®® These mechan-
isms include 1) Similar to other NMs, ZnO-NMs bind inten-
sely to the bacterial membrane and destroys both lipids and
membrane proteins. This results in higher penetrability of the
membranes, the release of cytoplasmic substances from the
cell and causing cell death. 2) ZnO-NMs produces Zn'? ions
and ROS with hydrogen peroxide (H,O,) that ruptures the
bacteria cells. 3) When ZnO-NM is coated with polyvinyl
alcohol, it increases the permeability of the membrane and
penetrates cell cytoplasm that results in oxidative stress.'” "%
The toxicity of ZnO-NM depends on its concentration. It has
antibacterial action against MDR bacteria like MRSA and
methicillin-resistant Streptococcus agalactiae."'*'"" Pati et al
stated the S. aureus existence in ZnO-NM treated mice.
Bacterial infection was caused in mice via intradermal route,
and treatment was done with ZnO-NMs on the same day (S.
aureus + ZnO-NM) or 24 h after infection (S. aureus + 24

h-ZnO-NM). Phosphate buffer saline (PBS) and ZnO-NM
were employed as control with biopsy of mice skin with a
histological look (Figure 9A and B).''?

Copper Oxide Nanomaterials (CuO-NMs)

CuO-NMs utilize two methods in combating microbial
resistance:''® 1) Cu reacts with carboxyl and amine groups
at microbial cells. The microbes with larger density or
having such groups on cell surface like B. subtilis are higher
susceptible to these CuO-NMs. 2) At adequately excessive
levels, Cu®" ions cause the production of ROS that prevent
both amino acid synthesis and DNA replication in
microorganisms.''*'"> Although CuO-NMs have a weaker
antibacterial effect than Ag-NMs, these NMs have a
broader spectrum of microbicide action to fungi particularly
Saccharomyces cerevisiae along with microbes like Listeria
monocytogenes, E. coli, and S. aureus. This microbicide
action is the shape and concentration-dependent, ie, activity
rises by increasing Cu-NMs doses.''®""” Figure 10 illus-
trates the scheme of the bacteria-killing on a Cu-NM incor-
porated mussel-inspired dendritic polyglycerol (MI-dPG)

surface coating through a route of “attract-kill-release”.''®

Titanium Dioxide Nanomaterials (TiO,-NMs)

These NMs also utilize two methods against microbes; as a
result, the probability of developing resistance to TiO,-NMs
is less. These mechanistic tools consist of the following: In
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Figure 8 Schematic illustration of the fabrication of Ag@MSNs@LEVO nanoplatform and its application for a synergistic therapy of drug-resistant infections in vitro and in
vivo. Reprinted from Biomaterials, Vol 101, Wang Y, Ding X, Chen Y, et al, Antibiotic-loaded, silver core-embedded mesoporous silica nanovehicles as a synergistic

antibacterial agent for the treatment of drug-resistant infections, Pages No.207-216, Copyright (2016), with permission from Elsevier.
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Figure 9 (A) Survival of S. aureus in ZnO-NP treated mice. Mice were infected intradermally with S. aureus and treated with ZnO-NPs simultaneously (S. aureus + ZnO NP) or | day
after infection (S. aureus + 1d ZnO-NP). Mice injected with PBS and ZnO-NP alone were used as control. Seven days after infection, skin lesions were cut, homogenized and bacterial
count was determined by CFU assay. (B) Histological appearance of mice skin biopsy; PBS treated, S. aureus infected, S. aureus infected and ZnONP treated and only ZnO-NP treated.
On day 6, biopsy specimens were taken immediately after the termination of the experiment, fixed in 4% neutral buffered formalin and embedded in parafilm. The biopsy specimens
were stained with hematoxylin and eosin. Numbered arrows indicate the following: |, epidermis; 2, dermis; 3, sebaceous gland; 4, bacteria; 5, disrupted epidermal layer; 6,
polymorphous infiltrate, consisting of mononuclear cells including lymphocytes and neutrophils. Experiments were performed in triplicates, results are shown mean * SD; **P <
0.001. Adapted from Nanomedicine: Nanotechnology, Biology and Medicine, Vol 10/ Edition 6, Pati R, Mehta RK, Mohanty S, et al, Topical application of zinc oxide nanoparticles reduces
bacterial skin infection in mice and exhibits antibacterial activity by inducing oxidative stress response and cell membrane disintegration in macrophages, Pages No.| 195-1208,
Copyright (2014), with permission from Elsevier.''* (C) {101}-{001} surface heterojunction-promoted electron-hole spatial separation. The conduction band and valence band edges of
{001} facet are higher than those of {101} facets, facilitating electrons to transfer from {001} to {101} facets and holes from {101} to {001} facets under sunlight irradiation. The {101}/
{001} ratio can be adjusted to optimize the electron-hole separation efficiency, maximizing the electron and hole accumulation on {101} and {001} facets, respectively. (D—H) Oxidative
stress responses of E. coli and S. aureus bacteria treated or untreated with various TiO2 nanocrystals under simulated sunlight irradiation. (D) Fluorescence images of DCF-stained
bacteria showing intracellular ROS production; Cellular GSH levels in E. coli (E) or S. aureus (F) determined by the GSH-Glo assay; Lipid peroxidation assessment of E. coli (G) or S.
aureus (H) based on a MDA method. Bacterial suspensions (I x106 CFU/mL) were incubated with 200 pg/mL of TiO2 nanocrystals for 2 h under simulated sunlight irradiation, followed
by 6 h incubation at 37 °C on a rotary platform at a 180 rpm. Adapted with permission from Liu N, Chang Y, Feng Y, et al. {|01}{001} Surface heterojunction-enhanced antibacterial
activity of titanium dioxide nanocrystals under sunlight irradiation. ACS Appl Mater Interfaces. 2017;9(7):5907-5915. Copyright (2017) American Chemical Society.'*

photocatalysis, TiO, creates ROS containing OH and H,O,  methods, not linked to photocatalysis, which had not been

radicals after exposure to radiation near-UV region. Once
illuminated TiO, becomes closed to microbe, ROS ruptures
the membranes of bacterial cells, compromising the mem-
brane permeability, intruding oxidative-phosphorylation, and
occasionally producing cell impairment.''*'?° 2) In the case
of irradiation absence, TiO,-NM still has a bactericidal out-
come and suggests that it utilizes other antimicrobial

discovered so far.'">! TiO,-NM Kkills the bacteria in the fol-
lowing decreasing order E. coli, P. aeruginosa, S. aureus,
Enterococcus faecium, and C. albicans.'**'** Additionally,
TiO,-NMs are effective to microbes in following decreasing
order viruses, bacterial cell wall and spores of bacteria.'?
These NMs can make different composites with other mate-

rial for antimicrobial applications.'** 2
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Figure 10 Schematic illustration of the contact killing of bacteria on a Cu-NP incorporated MI-dPG surface coating via the “attract-kill-release” route. Reprinted with
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Liu et al reported that TiO, {101} and {001} surfaces
contain stunned conduction and valence bands. The for-
mation of {101}-{001} surface hetero-junction can quick
photo-generated electron to favorably transmission from
{001} to {101} sides, while the dumps move in the
opposed direction that leads to electron-dump three-
dimensional separation. It ultimately produces more ROS
and offers significant antimicrobial action as compared to
spherical TiO,-NMs (Figure 9C). They testified the E. coli
and S. aureus response to oxidative stress by treating with
TiO,-NMs in imitated sunlight radiation and comparing
with the control (Figure 9D-H).'**

Magnesium Nanomaterials (Mg-NMs)

Mg-NMs may include NMs of Mg-halogen (MgX,-NMs)
and magnesium oxide NMs (MgO-NMs), utilize several
antimicrobial methods, which makes their resistance sus-
pect: 1) As a rule, metal halide complexes hinder certain
microbial enzymes of bacterial cells. 2) Mg-halogen can
cause the development of ROS that causes lipid peroxida-
tion in the membrane of cells of microbes affecting the
cytoplasmic cell content outside.'* 3) MgF,-NMs induce
peroxidation of lipid passing via microbial cell membrane,
finally resulting in a decrease in pH of cytoplasm, which
increases the potential of the membrane. MgF,-NMs pre-
vent the development and manufacture of biofilms of S.
aureus and E. coli."** 4) Distinct from others, MgO action
against microbes acts by adsorbing molecules of halogen
on the surface of MgO. Packing of MgO in MgO-NM
raises the number of halogen molecules that may adsorb
in MgO up to five times, which enhances the microbicide

18

action of halogens."*! The Cl, and Br, with MgO-NMs
showed greater bactericidal activity against Bacillus mega-
coli, for B. subtilis

terium and E. although less

endospores.'*?

Gold Nanomaterials (Au-NM:s)

Au-NMs can be prepared by several strategies provided in
the earlier reports.'**'** Au-NMs do not possess antibac-
terial activity alone but conjugated with antibiotic or poly-
mer they exhibit antibacterial property.'*>'*¢ Brown et al
testified that ampicillin bounded to the gold-NMs surface
(Au-NM-AMP) abolished much bacterial resistance to
drugs, involving Enterobacter aerogenes, P. aeruginosa,
MRSA and E. coli.”® There are different characteristics of
Au-NMs which help to activate and enhance their antimi-
crobial activities by conjugating with antimicrobial
substances.'”” Antibiotics like kanamycin, levofloxacin
have been conjugated with Au-NMs for improved antibac-
terial activity.'*®'*° Many scholars believe those bacteria
that could not do endocytosis have not taken up by Au-
NMs. Moreover, cell wall inhibitor antibiotics like ampi-
cillin penetrates the cell walls of gram-negative and gram-
positive bacteria to give antibacterial action. Therefore,
ampicillin existence on gold NMs exterior permits Au-
NM-AMP to come into the bacterial cell. Scientists are
unsure about the two methods that work together against
bacteria. First, the existence of many molecules of ampi-
cillin on Au-NMs surface permits Au-NM-AMP to sup-
press the elevated amount of B-lactamases. Secondly, Au-
NM-AMP hinders a transmembrane pump, which triggers

drug molecule outflow from bacterial cell.'*
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Functionalization of NMs enables them a potent tool in
penetrating cell membrane of bacteria. In ground-breaking
results of functionalized NMs having antibacterial action,
Gu et al produced Au-NMs functionalized with vancomy-
cin (Van) against VRE."*! They synthesized Au-NMs of 5
nm and conjugating with bis (Van) cystamide by Au-S
bond, and results in approximately 61 Van molecules per
NM (Figure 11). The antimicrobial activity of Van-capped
Au-NMs (Van@Au-NMs) was estimated by calculating
their MICs that is needed to prevent the growth of the
bacteria. Van@Au-NMs and sole Van presented MIC of
2-4 mg/mL and 64 mg/mL against VRE, respectively.

Zhang’s group worked on the drug release from Au-
NMs triggered by a bacterial toxin, stabilized by lipo-
somes, to treat bacterial problems as shown in
Figure 12A. Van@liposomes have protected by absorbing
Au-NMs coated with chitosan (AuCHT) onto their exterior
to avoid from merging with the membrane of bacteria or
with each other. When the AuCHT stabilized liposomes
(AuCHT-liposomes) bump into microbial toxins, pores
made in the liposomal membrane by the toxins, so the
loaded drug is released. It results in successively hinder or
eradicate the bacterial growth responsible for the secretion
of the toxins. They determined the surface zeta potential of
AuCHT, sole liposome and AuCHT-liposome as presented
in Figure 12B.'** Grzybowski’s group tuned the surface
charge of Au-NMs to get mixed-charge Au-NMs because
these are more suitable against gram selective bacteria.
Figure 12C and D illustrates the synthesis scheme of
mixed-charge TMA/MUA NMs (TMA; trimethyl ammo-
nium chloride, MUA; mercaptoundecanoic acid), and
charge polarities of NMs calculated by zeta potential,
respectively. They also performed the microscopic studies
of bacteria, which were treated with different mixed-

charge NMs as shown in Figure 12E.'*

Bismuth Nanomaterials (Bi-NMs)

Bi-NMs are significantly potent against drug-tolerant bac-
terial strains.'** There are different ways to prepare Bi-
NMs depending on the size and shape of NMs.'*® For
optimum antibacterial activity, Bi-NMs should be synthe-
sized with controlled morphology and size.'*® Different
from visible, topical, or ultraviolet radiation therapy,
X-rays may influence and destroy bacterial infections in
the dermis. Bi-NM utilization reduces the amount of radia-
tion required to eradicate the bacteria, probably restraining
harmful to human host cells. When X-rays radiate bis-
muth, it releases electrons by a photoelectric effect with

. ® o [fj ] O ( 2
O O } 13/
S bacterium
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Figure 11 lllustration of a possible multivalent interaction between a Van-capped

Au nanoparticle (2) and a VanA genotype VRE strain (hexagons: glycosides; ellipses
represent the amino acid residues of the glycanpeptidyl precursor with different
colors: L-Ala (yellow), D-Glu (orange), L-Lys (green), D-Ala (blue), and D-Lac
(purple)). Reprinted with permission from Gu H, Ho PL, Tong E, Wang L, Xu B.
Presenting vancomycin on nanoparticles to enhance antimicrobial activities. Nano
Lett. 2003;3(9):126 1-1263. Copyright (2003) American Chemical Society.'*'

the formation of free radicals. The electrons and free
radicals mutually destroy the DNA of bacteria steadily.®®
Conjugation of Bi-NM with antibiotics to the object
microbe more reduces the average distance between Bi-
NM and the cells of bacteria, so further enhancing the
bactericidal action.'*” Bi-NM radiation therapy is potent
against P. aeruginosa of MDR, the most usual gram-nega-
tive bacterium that causes infections in hospitalized
patients and utilized as the MDR model. In research, Bi-
derived NM with polyclonal antibodies to P. aeruginosa
had put-in the MDR-P. aeruginosa culture, subsequently
low dose X-ray irradiation.®®

Aluminium Oxide Nanomaterials (Al;O3-NMs)

Alumina or Al,O3-NM is sort of metallic NMs, which can
raise the possibility of developing resistance to the drugs.
It is noted that Al,O3;-NMs can penetrate the E. coli
cytoplasm to exert the toxic effect.'*® Whereas a high
concentration of Al,O3-NM ruptures the bacterial cell
wall but reveals a non-significant bacterial growth
inhibition.?® A study showed that Al,O;-NM raises the
hazard of horizontal transmission of antibiotic genes by a
factor of 200 when conjugated from E. coli to salmonella.
Consequently, bacteria are more likely to obtain one or
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Figure 12 (A) Schematic principle of bacterial toxin-triggered antibiotic release from gold nanoparticle stabilized liposomes to treat toxin-secreting bacteria. Vancomycin-
loaded liposomes are protected by absorbing chitosan-coated gold nanoparticles (AuCHT) onto their surface to prevent them from fusing with one another or with
bacterial membranes. Once the AuCHT-stabilized liposomes (AuCHT-liposome) encounter bacterial toxins, the toxins will form pores in the liposome membranes and thus
release the encapsulated antibiotics, which subsequently kill or inhibit the growth of the bacteria that secrete the toxins. (B) The surface { potential (mV) of bare liposome
(without AuCHT) and AuCHT-liposome with a liposome/AuCHT molar ratio of 1:300. Adapted with permission from Pornpattananangkul D, Zhang L, Olson §, et al.
Bacterial toxin-triggered drug release from gold nanoparticle-stabilized liposomes for the treatment of bacterial infection. | Am Chem Soc. 201 1;133(11):4132-4139.
Copyright (2011) American Chemical Society.'*? (C) lllustration of the synthesis of mixed-charge TMA/MUA nanoparticles. The relative compositions of these thiols in
solution used for NP functionalization and on the resulting NPs are generally different, which is why the latter have to be determined independently by methods such as core
etching followed by NMR. (D) Quantification of the NP charge polarities plotted against the composition of the mixed on-particle SAMs (composition expressed as XTMA:
XMUA ratios as determined by core-etching/NMR analyses). The blue curve is for pH | | and fully deprotonated MUAs; the red curve is for pH 7.4 (PBS buffer) under which
conditions a small fraction of the MUAs is protonated (and hence the curve shifts slightly upwards compared to the one for pH | I). Error bars are based on three separate
measurements. (E) Microscopic studies of bacteria treated with different types of mixed-charge NPs. Scanning electron microscopy (SEM) images of E. coli incubated with i)
pure-MUA and ii) pure-TMA NPs. Inset in (B) shows TMA NPs adsorbing on the bacteria. For TEM images resolving the individual NPs. iii) Kelvin force microscopy (KFM)
image of an E. coli bacterium illustrating its net negative surface potential of about 50 mV (blue horizontal line). iv) SEM, v) TEM, and vi) AFM images of E. coli after incubation
with cTMA:cMUA=80:20 AuNPs evidencing the rupture of the bacterial cell wall. vii) TEM image showing cTMA:cMUA=80:20 AuNPs (small dark dots) associated with the
intracellular material leaked from the bacterium upon lysis. Adapted from Angewandte Chemie International Edition, Vol 55/ lIssue 30, Pillai PP, Kowalczyk B, Kandere-
Grzybowska K, Borkowska M, Grzybowski BA, Engineering gram selectivity of mixed-charge gold nanoparticles by tuning the balance of surface charges, Pages No.86 10—
8614, Copyright (2016), with permission from John Wiley and Sons. © 2016 WILEY.VCH Verlag GmbH & Co. KGaA, Weinheim.'**

more genes of drug resistance. Qiu et al suggested that it is
because Al,03-NMs cause oxidative destruction to the
bacterial cell membrane and Al,O3-NM causes increased
gene expression that endorses conjugation, and the lower

manifestation of genes preventing conjugation.®’

Graphene-Based Nanomaterials (GPN-NMs)

Graphene (GPN) is a carbon atom single layer sheet and
emerging as broad-spectrum antimicrobial nanomaterial
having significant action against bacteria, plant pathogens
and fungi. Likewise, as compared to carbon nanotubes,
GPN shows acceptable effect on mammalian cells.'*
Generally, the antibacterial stuff of GPN involves physical

and chemical properties. Physical injuries include direct
contact of its sharp edges with bacterial membranes and
destructive extraction of lipid molecules. These damages
also include mechanisms of wrapping and photo-thermal
ablation. Physical damage of bacterial membranes by sharp
edges is a vital mechanism of the antibacterial activity of
GPN. On the other hand, the chemical damage of bacteria is
triggered by oxidative stress with ROS production and
transfer of charge. Additionally, GPN is being used as
supporting tool in dispersing and stabilizing different NMs
like metals, metal oxides, and polymers, with great anti-

bacterial competence because of synergistic outcome.'>°
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The antibacterial action of graphene oxide (GPN-O)
and reduced graphene oxide (rGPN-O) was firstly reported
by Fan and Huang.'”' The growth of E. coli is efficiently
restricted by these NMs and confirmed by scanning elec-
tron microscopy (SEM). The bactericidal ability of gra-
phene nano-walls placed on stainless steel was examined
by Akhavan et al.'>*> They reported that direct contact of
the sharp edges of GPN nano-walls with membranes of the
bacteria causes inactivation of the bacteria. The bacterial
membrane is ruptured by GPN nano-sheets resulting in the
discharge of useful enzymes like B-D-galactosidase and
electrolytes, finally death of the bacteria. The density of
GPN edges is considered as main factor for optimum
antibacterial property of GPN nano-sheets. The sharp
edges have the ability to form the pores by cutting the
bacterial cell membrane that consequently lead to osmotic
imbalance and death of the bacteria. Other mechanisms
include destructive extraction of phospholipid and micro-

organisms trapping.'>*

Multiple Antibiotics Loading
More than one antibiotics may be packed into the same NM
to reduce the chances of resistance because bacteria would
need more real-time mutation of genes to develop resistance
against drugs.'>* Furthermore, the incorporation of several
drugs in the same NM can lead to better efficacy, greater
antimicrobial ability, and can feasibly overwhelm the exist-
ing drug resistance methods in microorganisms compared to
the sole drug. For instance, vancomycin loaded in chitosan-
NMs are active against VRSA,">> while vancomycin coated
Au-NM has been observed to be active against £. coli and
VRE with a 64-fold greater response in comparison to sole
vancomycin."* Ciprofloxacin coated Au-NM also showed
augmented action against VRE.'*°

Benzoyl peroxide (BPO) loading into NMs of chitosan
alginate (CHT-ALG-NMs) creates resistance unlikely sys-
tem due to potential antibacterial effect of BPO and CHT.
BPO causes oxidative pressure in microbial cells to induce
bactericidal activity.'”’ CHT-ALG-NMs having BPO
showed a higher potency against Propionibacterium acne
(P. acne) compared to sole BPO and CHT-ALG-NMs, and
no resistance of P. acnes is being reported yet.

Researchers reported that CHT loaded Ag-NMs
(CHT@Ag-NMs) have the potential to inhibit the growth
of P. aeruginosa, MRSA, A. baumannii and Proteus mir-
abilis. The antimicrobial action of these NMs was signifi-
cant to these strains as compared to sole CHT and Ag-
NMs. It was suggested that the synergistic outcome is

attributable to the increased penetrability of CHT to the
microbial cells, which make an easy entry for the Ag-NMs
into the cells to induce stronger bactericidal action.'™®
Similarly, multiple metals can also be loaded into a single
NM. The investigators found that NM of TiO, and Ag
(TiO,-Ag-NM) are more effective against species of
Aspergillus and C. albicans as compared to sole Ag-NM.
When these NMs are exposed to visible light, higher
antimicrobial and antiviral action have been seen than

sole TiO,-NMPs.?°

NMs Role to Overcome the Decreased
Drug Uptake and Increased Efflux

Many NMs, especially dendrimers and liposomes, can combat
resistance mechanisms including reduced uptake and increase
in drug outflow from the cell. A liposome is a spherical vesicle
with the wall consisting of one or more lipid bilayers. Each bi-
layer comprises phosphatidylcholine, amphipathic lipid, and
cholesterol to rise the stiffness of the membranes.'*® The lipid
bilayer having an antimicrobial agent can easily enter the
bacterial semi-permeable membrane and simultaneously deli-
ver a large amount of the drug in the cytoplasm. Consequently,
the liposomes dodge the mechanism of resistance of reduced
drug uptake. Liposomes act as a quicker vehicle of the drugs
with increased cytoplasm concentration.'®® This drug concen-
tration is sufficiently higher to saturate transmembrane pumps
catalyzing an increase in drug outflow from the microbial cell.
Hence, an increased outflow of drugs can be overcome by

1! With the inclusion of drugs in liposomes, this

liposomes.
drug acquires a greater and faster antimicrobial activity, which
leads to the death of microbes before there may be mutations
that cause resistance to liposomes.'®*

Researchers reported that the minimum bactericidal
concentration (MBC) of oleic acid (OA) loaded liposomes
(OA-liposomes) is 12 times lesser against MRSA as com-
pared to sole OA. Moreover, MRSA disease induced in
mouse model, the antibacterial activity of OA-liposomes
formulation was 500 times better than sole liposomes with
the eradication of most bacterial cells within 48 h.'®®
Polymixin-B loaded liposomes have amplified the antibac-
terial action against drug-resistant P. aeruginosa.
Furthermore, these have been shown to cause lipid defor-
mation on P. aeruginosa membrane indicating that lipo-
somes and bacterial plasma membranes are fused.'®
Likewise, aminoglycoside and vancomycin loaded lipo-
somes also showed significant microbicide action to

drug-resistant P aeruginosa and MRSA membrane.'®

International Journal of Nanomedicine 2020:15

submit your manuscript

7347

Dove


http://www.dovepress.com
http://www.dovepress.com

Munir et al

Dove

Dendrimers are polymers with extensive branches about
the central unit which offers a large proportion of surface
area/volume.'®® The surface of dendrimers have a large
number of quaternary ammonium compounds (positive
charge) linked to bacterial membranes (negative charge)
and increases the penetrability of the membrane. It permits
other dendrimers to invade the bacteria, therefore devastat-
ing the resistance method that is responsible for decreased
drug uptake. It results in the release of contents of cytoplas-
mic from the cell and abolishes the microbial cells mem-
brane. Due to these mechanisms, dendrimers loaded with
quaternary ammonium compounds have higher antibacter-

ial action than the sole antibiotics.'®-'*®

NMs Role in Biofilm Inhibition

Some NMs try to combat microbial resistance by prevent-
ing the formation of biofilms.>* Hetrick et al reported that
silicon dioxide NMs (SiO,-NMs) kill those bacterial
organisms which had biofilm already like S. aureus, E.
coli, P. aeruginosa, C. albicans, and S. epidermidis."®®
Similarly, Ag-NMs prevent the development of biofilms
and it is possible that new bacterial cells are being stopped
from the colonized system or existing biofilm surfaces.®®
Roe et al presented Ag-NMs hinder the production of
biofilms in S. aureus plastic catheters, coagulase-negative
C. albicans, staphylococcal species, E. coli, Enterococcus,
and P. aeruginosa.'’® NMs having a silver ring, magnetic
core and a binder cap revealed that they prominently
remove bacteria formed biofilms.'”!

There are other metallic NMs also which show antibio-
film activity. As coating glass surface of ZnO-NM produces
ROS and preventing biofilms.” Another study states that
TiO,-NMs internal thin-film composites disrupt the E. coli
plasma membrane, thus inhibiting the adherence of E. coli
to thin-film composites and reduces the speed of biofilm
formation. Photo-activated Au-NM with methylene blue
prevented biofilm formation against C. albicans.*’ NMs
having Zero-valent Bi (Zero-valant Bi-NMs) were shown
antibacterial and 100% of the biofilm formation was
obtained by Streptococcus mutans.®> Qu’s group presented
enhanced anti-biofilm activity can be achieved by deposit-
ing metallic NMs on semiconductors.'”

MgF2 hinders biofilm production by S. aureus and E.
coli through restraining the bacterial cell binding to the
surface. Hindrance to biofilm formation in MgF, coated
catheters in urine, plasma, and growth media are included
in it. It is quite significant in the catheter infections caused
by two bacterial species: E.coli and S. aureus. Formation

of biofilm on the surface of the glass can also be hindered
by coating the glass surfaces with MgF,-NMs. MgF,-NMs
have a higher surface area to volume ratio which plays a
major part in anti-biofilm characteristics.'**!"?
Superparamagnetic iron oxide-NMs (SPIO-NMs) like
magnetic NMs utilize external magnetic fields to eradicate
the bacterial biofilm.'”* Ag and Au coated SPIO-NMs
have revealed the greatest anti-biofilm action against any
kind of bacteria.'”” Anghel et al performed an in-vitro
experiment and observed that biofilm development and
colonization in C. albicans is restrained by magnetite
(Fe304) coating textile dressings comparative to uncoated
dressings.'”® Chifiriuc et al studied that Fe;0,-NMs lami-
nated with Rosmarinus officinalis essential oil showed a
strong preventive effect of biofilm formation produced by
Candida tropicalis and C. albicans."’”'"® Biofilms pro-
duced by S. aureus and S. epidermidis are inhibited by
cationic liposomes having benzylpenicillin and vancomy-

cin, respectively.'”

NMs Combating Intracellular Bacteria
Liposomes containing NMs are so minute that intracellular
microbe containing host phagocyte can engulf them. Inside
the host cell, NMs release drug to overcome the microbe
present in the cell and antimicrobial drug is released by
these NMs in the infected host.'®® Intracellular microbe
not stay alive before developing resistance by high local
dose at the infectious area. On the other hand, the total low
dose decreases the possibility of developing resistance by
the bacteria present outside the infected site.'™

NMs can fight against intracellular microbes in alveo-
lar macrophages. Chlamydophila pneumoniae, M. tubercu-
losis, L. monocytogenes, and Legionella pneumophila are
the microbes, which phagocytose and start proliferating
inside the alveolar macrophages. When these microbes
live in the host cell they are protected from several
antibiotics.”® Alveolar macrophages become targeted
after attachment of drug-loaded NM to mannose, resulting
in expression of mannose surface receptors. Selectivity for
alveolar macrophages is observed when mannose is con-
jugated with ciprofloxacin loaded liposomes, is adminis-
tered through the pulmonary route. Comparative to type II
pneumocytes, liposomes conjugated with mannose lead to
elevated antimicrobial drug concentration in the alveolar
macrophages.'®' It is hard to utilize NMs against infec-
tions inside the cell which are not the fragment of the
mononuclear phagocyte system as non-mononuclear pha-
gocyte system is unlikely to endocytose the NMs. A
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proposal to solve the difficulty is the utilization of stealth

liposomes that has the potential to enter the MPS cells.'™*

NMs Targeting Antimicrobials at the

Infected Site
Lastly, NMs target antimicrobials at the infectious area,
consequently more drugs can reach the target area and
overwhelming the resistance methods.'*® Similar to the
NMs targeting intracellular bacteria, NMs targeting infec-
tious site may release a high amount of antimicrobials at
infectious area keeping the total drug dose administered
low. Intracellular microbe not survived before developing
resistance by high local dose at the infectious area. On the
other hand, the possibility of developing resistance by the
bacteria present outside the infected site is lowered by the
total low dose.'®

Two ways of NMs targeted at site of infection are
either passively or actively. Passively targeted NMs speci-
fically go through extravasation at an infected area, where
inflammation causes higher penetrability of the blood ves-
sel. Actively targeted NMs have ligands like antibodies,
which attach to receptors, ie, antigens at the infected area.
Stimuli like low pH and ROS at the infected area may
activate the antimicrobial action of NMs. To target NMs
drug release to the infected area, radiofrequency and mag-
netic control regulate the drug release.?%!4%:!84

Zhang’s group have reviewed the concept of local
antibiotic delivery based on nanoparticles. They illustrate
the scheme of drug encapsulated inhalable materials for
drug delivery to lungs, the SEM materials synthesized
from leucine and mannitol through a method of spray
drying and a high magnification image, respectively.
They presented the fluorescence images of lungs from
untreated rat and rat after intrapulmonary delivery of
fluorescein-labelled nanomaterials (Figure 13A-E). An
illustration of nanomaterial-hydrogel (NM-gel) system
with tissue adhesive stuffs for local antimicrobial drug
delivery. Dopamine meth acrylamide, abbreviated as
DMA, having a functional group of catechol had coupled
into gel-matrix for adhesion purpose. NM-gel tried for
adhesion underflow on shaved mouse skin, HEK 293T
cell monolayer, and E. coli film. In addition, bacteria
gets treatment with PBS, blank gel, free drug (ciproflox-
acin), drug encapsulated NMs, and drug encapsulated NM-
gel to give comparable results. (Figure 13F-H)

To cure pulmonary infections, silver carbene complexes
(SCCs) in biodegradable NMs are targeted at lungs. SCCs

present in biodegradable NMs are very minute so these may
aggregate in the lungs after nebulizing. Adverse effects are
very limited because, after their delivery inside the lungs,
they regulate the effective therapeutic amount of SCCs only
at the infected area. One of the examples is SCC’s compris-
ing L-Tyrosine polyphosphate NMs (LTP-NMs).'®* In
vitro, antimicrobial action against C. albicans, B. cepacia,
P aeruginosa, MRSA, K. pneumoniae, and multidrug-resis-
tant 4. baumannii (MRAB) is shown by SCCs loaded into
LTP-NMs and free SCCs.'® Hindi et al studied that two
inhaled doses administered about 72 hours of SCCs com-
prising LTP-NMs lower bacterial load in the lung, minimize
bacteremia, and high survival by 25% in mouse models with
P. aeruginosa pneumoniae. The method of NMs activity
had observed to be a steady continuous liberation of intact
SCCs, following the release from carbene of free silver ion
that had an action against microbes in lungs at infected

arca. 185

Summary and Perspectives

Antibiotic resistance (ABR) has become a global threat
due to lack of new antibacterial agents and evolving resis-
tance of MDR bacteria. Therefore, promptly intensifying
danger demands novel approaches for the treatment in
combatting resistant strains. Here, firstly we highlighted
several schemes of bacteria developing the resistance
against antibiotics. These resistance mechanisms include
higher efflux and less drug uptake, expressing resistance
gene, modification of antibiotics, antibiotics competitive
inhibition, antibiotic tolerance, biofilms and swarming.
The intrinsic talent of bacteria helps to change quickly
by DNA transfer, ie, horizontal gene transfer, and muta-
tions to overwhelm the antibiotic risks. Secondly antibac-
terial effect of NMs along with carrier for antimicrobials.
NMs use to overcome the resistance pattern in bacteria is
increasing with the passage of time. Numerous NMs apply
multiple mechanisms like chitosan-NMs, metallic/metallic
oxide NMs, etc., to prevent the progress of resistance by
microbes. Synergistic antimicrobial action attained by
loading antibiotic drugs into antibacterial NMs minimized
the ABR.

The significant possible action of antibacterial NMs to
combat infections in humans is accelerating and concerning
the almost whole body organs (Figure 14). There is no avail-
able clinical nano-preparation for a vaccine at present that
could be used to treat pandemic healthcare infections.'®®
Even though some antimicrobial NMs undergo clinical trials,
but none of them has proceeded next to Phase-III period.'®’
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Figure 13 (A) Schematic illustration of inhalable particles as carriers for delivery of drug loaded nanoparticles to the deep lung. (B) Scanning microscopic images of microparticles
made from mannitol and leucine using a spray-drying process. The microparticles were loaded with nanoparticles made from glyceryl monostearate and soybean phosphatidylcholine
with a double emulsion process. (C) A zoomed-in image of (B). (D) Fluorescence images of lungs from untreated rat (E) and rat after intrapulmonary delivery of microparticles
fluorescein-labeled nanoparticles. (F) Schematic illustration of a nanoparticle-hydrogel hybrid (NP-gel) system with tissue adhesive properties for localized antibiotic delivery under flow
conditions. In this design, dopamine methacrylamide (DMA) containing catechol functional group was conjugated into gel matrix for adhesion. (G) NP-gel was tested for adhesion under
aflow (shear stress = 3.2 Pa) on E. coli bacterial film (green: nanoparticles in the gel; bacteria: red), HEK 293T cell monolayer (blue: cell nuclei; green: nanoparticles in the gel), and shaved
mouse skin. (H) E. coli biofilm formation when the bacteria were treated with PBS, blank gel (gel without nanoparticles or ciprofloxacin), free ciprofloxacin, ciprofloxacin loaded
nanoparticles (without hydrogel), and ciprofloxacin-loaded NP-gel (scale bar = 5 mm). Reprinted from Advanced Drug Delivery Reviews, Vol 127, Gao W, Chen Y, Zhang Y, Zhang Q,
Zhang L, Nanoparticle-based local antimicrobial drug delivery, Pages No.46-57, Copyright (2018), with permission from Elsevier.'®*
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However, different approaches are handy to modify the phar-
macological action of NMs leading to the introduction of new
characteristics against existing treatments. For example, the
use of multiple NMs to give synergistic antimicrobial effect.'*®
Similarly, surface modification improves the features (like
hydrophilicity and avoid clumping) and pharmacological
action of NMs (Figure 15A). It is observed that pharmacolo-
gical activity and cytotoxicity are being affected directly by
physio-chemical features (morphology, composition, size,
charge, etc.) of NMs,'®*'% and different materials like inor-
ganic or organic are used to modify their surfaces. For instance,
polymer and silane mediators used for coating NMs increase
their hydrophilicity character. NMs surface coating will alter

the interfacial association with bacterial and human cells, as a
result, it affects the level of antimicrobial action and toxicity.
In addition to above-said approaches, green chemistry
may play a vital role to enhance the biocompatibility of
NMs used for bio-applications, ie, tissue rejuvenation and
cellular therapies (Figure 15B). NMs synthesized by bio-
molecules produce more biocompatible NMs as compared
to traditional synthesis strategies. Such as green synthesis
of metallic NMs with biopolymer consequences in the
development of polymer-coated NMs, having the capabil-
ity of more compelling regarding antibacterial action and
less toxic.'”! There are two ways of biopolymers attach-
ment to NMs, either on the surface or as a matrix to
produce nanocomposite (NCs). NCs having swelling
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system infections

Figure 14 Antimicrobial materials potential to combat different infections in several organs of the human body.
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property are anticipated to treat wound infections, as better
hydration is necessary for a speedy recovery from wound
infections.'®?

Nevertheless, biopolymers are normally brittle and con-
tain low resistance and heat stability for sustained processes.-
193 There are few problems to use biopolymers in comparison
to traditional non-biodegradable NMs. It includes barrier
properties like increased-water penetrability, insufficient
mechanical strength, and particularly when NCs are being
applied as antimicrobial packing constituents.'* It is also of
great importance that NMs increased quantity will affect the
biopolymer character and accordingly the antibacterial prop-
erty. For instance, a high concentration of metallic ions

boosts the chitosan crystallinity and decreases the bacterial

inhibition zone. These above-said issues must be resolved
before we hope for clinical antimicrobial applications of
NMs comes in reality.
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