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Abstract

Infectious diseases has remained one of the leading causes of morbidity and mor-
tality in the past decade. The problem has further exacerbated due to the lack of
newer antibiotics and emergence of antimicrobial drug resistance among the
pathogens. Bacteria have evolved diverse mechanisms which make them resistant
to many antimicrobials simultaneously. These alarming situations have triggered
worldwide initiatives in the direction of developing novel strategies, effective
antimicrobial agents, and efficient targeting systems. One of the fields which
holds promise to provide solutions as efficient antibacterial agents is nanotechnol-
ogy. The field of nanotechnology is rapidly evolving with more applications being
developed in the pharmaceutical and biomedical domains. Nanoparticles such as
metallic and metal-oxide, have gained tremendous attention owing to intrinsic
antibacterial properties. These properties have been further enhanced by their sur-
face functionalization approaches. They are being explored as delivery agents to
inhibit bacterial population and also to combat drug resistance mechanisms in
pathogens. The present chapter summarizes recent scientific advances on metal,
metal oxide nanoparticles, and nanocomposites-preparation methods along with
their antibacterial potential evaluated in prokaryotic bacterial model systems.
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4.1 Introduction

Metals whose dimensions fall in the range of 1-100 nm with respect to their length,
width, or thickness are categorized as metal nanoparticles. Various kinds of nano-
materials are produced using physical, chemical, and biological (green synthesis)
methods. With the unique properties acquired due to their dimensions, nanomateri-
als find varied applications in the fields of electronics, cosmetics and personal care,
food & beverage industries, pharmaceutical & healthcare, and other industries such
as textile, wastewater treatment, aerospace, glass, & paints (Willems 2005). Based
on the metal, the global metal nanoparticles market has been segmented into silver,
gold, iron, copper, platinum, graphite, titanium, and others (Willems 2005).

Owing to their antimicrobial properties, gold and silver nanoparticles are used in phar-
maceutical & healthcare segment (Willems 2005). Silver nanoparticles have accounted
for the largest share of the metal nanoparticles market. Recently they were valued over
USD 1.3 billion in 2017 and would continue to lead the market in the next 5 years. Silver
metal’s exceptional therapeutic antimicrobial properties against pathogens and other
microorganisms attribute to its growing popularity, which is being extended to food pack-
ing industry (Willems 2005). Moreover, the application of metal nanoparticles in electri-
cal & electronics industry is projected to impact the market. This segment is projected to
grow at the second-highest rate in the next 5 years (Willems 2005).

Other metal nanoparticles such copper, zinc, and graphite are being used as catalysts
in different chemical and electrochemical reactions. They are also being used in multi-
layered ceramic capacitors, in conductive layers, and wire printing. Carbon, graphite,
and copper nanoparticles find applications as lubricants in engine oils to impart wear
resistance and reduce friction (Willems 2005). The ever growing diverse applications
of metal nanoparticles along with their engineered and improvised versions are further
going to boost the entire metal nanoparticle segment.

Nanoparticles (NPs) owing to their extremely large surface area in proportion to
their size gather strategic advantages over their normal-size counterparts. Decreasing
and bringing the size of the material in the nano-range may provide higher activity
at smaller doses, thereby decreasing the effective dose to control pathogens (Hazan
et al. 2015). The use of nanostructure-based materials as potent antibacterials to
combat bacterial infections and moreover control drug resistances among microbes
has gained tremendous importance in recent years (Baranwal et al. 2018).

Soon after the antibiotics were put to clinical use as drugs to treat and combat
microbial infections, a remarkable feature was being evidenced among microorgan-
isms i.e., to persist, survive, adapt, and to evolve in the presence of antibiotics, a phe-
nomenon now well known as antimicrobial resistance. Lack of new antimicrobials
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together with the emergence and spread of multidrug-resistant bacteria, such as meth-
icillin-resistant Staphylococcus aureus (MRS A) (Seil and Webster 2012) or vancomy-
cin-resistant Enterococcus (VRE) (Hamilton and Wenlock 2016), are currently a
global threat to public health and livestock ((Rudramurthy et al. 2016); (Baptista et al.
2018). These pressing issues have prompted research worldwide to develop novel
antimicrobials along with development of effective delivery or targeting strategies.
Approaches such as use of nanomaterials and their engineered versions are being cur-
rently explored as a plausible solution to overcome the growing problem of antibiotic
resistance in microbes.

In this chapter, we present an overview on various metal nanoparticles and their
forms used as antibacterial agents. Recent advances in the form of nanoparticle
conjugates have also been summarized in the subsequent section. Though it is dif-
ficult to give a comprehensive overview and discuss all forms of metal NPs, repre-
sentative methods used of synthesis for NPs along with their characterisitcs have
been briefly summarized. Main focus has been to summarize recent findings on the
antibacterial effect as a function of size, morphology. Also focus on the mechanism
of activity of different metal NPs forms against multi-drug resistant (MDR) patho-
gens along with challenges and future prospects.

4.2 Metal and Metal Oxide Nanoparticles

Metals and their oxides in the form of nanoparticles, renowned for their intrinsic
and potent antibacterial properties, include silver (Ag), iron oxide (Fe;O,), copper
oxide (CuQ), magnesium oxide, titanium oxide (TiO,), zinc oxide (ZnO), and oth-
ers (Hazan et al. 2015).

Different synthetic strategies are employed to generate metal NPs. Conventionally,
these techniques have been classified into physical (by use of vapour deposition,
microwave, ultrasound, etc.), chemical (by sol-gel, precipitation, etc.), and biologi-
cal, economical and eco-friendly (by use of microbes, plant extract) methods
(Willems 2005; Baranwal et al. 2018; Prasad et al. 2016).

4.3 Metal Nanoparticles and Antibacterial Mechanisms

NPs act in the complex growth environment comprising high protein contents, salts,
polysaccharides, and the media components. These factors in turn can affect the sta-
bility of NPs causing them to aggregate at the concentrations at which they are studied
(Schwegmann and Frimmel 2010). It appears that zero-valent metals greatly affect
microorganisms during their growth phase. Due to the ionic properties and surface
charge of metallic NPs, the forces of attraction & repulsion dominate the interaction
between the NPs and the microorganisms. Such electrostatic interactions are integral
and they promote adhesion of NPs to the cell surface of the microorganism to exert its
toxic effect (Schwegmann and Frimmel 2010). A study demonstrated this phenome-
non by the use of AuNPs that were tagged with anionic and cationic side chains.
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Phosphatidylcholine and phosphatidylserine vesicles representing a reference system
for cell membranes that carried overall negative charge and another preparation con-
taining only phosphatidylcholine that had no net charge were used. The positively
charged AuNPs lysed the negatively charged vesicles more efficiently than the one
with no charge (Schwegmann and Frimmel 2010). For different metal NPs or their
engineered forms, three broad antibacterial mechanisms have been proposed (1) by
liberation of ions; (2) by generation of reactive oxidative species and (3) interaction of
NPs with the cell membrane (Schwegmann and Frimmel 2010).

Once the metal NPs are brought in contact with the microbial cell, the metallic
nanoparticles attach to the cell via transmembrane protein. Attachment to the mem-
brane proteins triggers conformational changes in the protein, thus blocking the
transport channels. Smaller sized NPs are found to be more efficient in causing this
than the larger sized NPs. Larger surface area of the smaller NPs permit superior
binding forces and better adhesion followed by internalization. After internalization
the NPs undergo ionization within the cell that further damage intracellular struc-
tures causing cell death (Schwegmann and Frimmel 2010).

The other mechanism observed with use of metal NPs is the generation of reactive
oxidative species (ROS) to cause the antibacterial effect. ROS are group of oxidants
that are highly reactive but short-lived and they include hydrogen peroxide (H,0,),
superoxide radicals (O,"), singlet oxygen ('0,), and hydroxyl radicals (*OH). Due to
their reactive nature, they cause damage to the cellular components like DNA, RNA,
ribosomes, proteins and also to peptidoglycan present in cell membrane. ROS acts by
altering and halting the processes of transcription, translation, enzyme activity, or the
electron transport chain (Schwegmann and Frimmel 2010). Further some metal atoms
can cause damage to the enzyme structure and deactivate them by attaching to the
thiol group of the enzyme. It has been proposed that they are also capable of attaching
to the purine and pyrimidine bases. They too disrupt the hydrogen bonding between
to the helical strands of DNA causing its structural damage (Baptista et al. 2018).

Expression studies using reverse transcription-qPCR techniques are being per-
formed for a better understanding of the impact of metal NPs at the cellular level.
Recent findings of such molecular mechanisms strongly indicate upregulation of dif-
ferent stress response genes in the microorganism. When subjected to MgO treatment,
the expression of oxidative stress response genes such as karA (expressing catalase),
ahpC (expressing alkyl hydroperoxide reductase), and dps (expressing bacterioferri-
tin) were upregulated 44-, 5-, and 4- fold, respectively along with a 22-fold higher
expression of general stress response gene spoT in C. jejuni cells (He et al. 2016).

Table 4.1 summarizes representative examples of metal NPs, their methods of
synthesis, morphological characteristics and antibacterial effects.
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4.4  Metal Nanoparticles as Antimicrobials
4.4.1 Silver Nanoparticles (AgNPs)

Among different metal NPs, silver nanoparticles (AgNPs) have gained wider usage
in varied fields. Silver has been known since ancient times to possess antibacterial
action (Baptista et al. 2018). At present there are over 100 consumer products that
use AgNPs for its superior antibacterial properties (Baranwal et al. 2018).
Conventional chemical or green synthesis approaches have been used for preparing
AgNPs. AgNPs can cause damage to the bacterial cell by inducing disruption of cell
wall, oxidation mechanisms, or formation of ROS species (Baptista et al. 2018).
Synthesis of silver NPs (AgNPs) with an aqueous solution of AgNO; in the pres-
ence of culture supernatant of phenol-degraded broth was reported by Otari et al.
(2014). The resultant AgNPs showed strong antimicrobial effects against Gram-
positive, Gram-negative, and fungal microorganisms tested (Otari et al. 2014). In a
similar study, cell-free extract of Citrobacter spp., Escherichia spp., and
Pseudomonas spp. isolates were used to synthesize AgNPs which exhibited strong
antibacterial effect (Bogdanovi¢ et al. 2014). In another study, synthesis of a silver—
clay nanohybrid was performed by sodium borohydride reduction, followed by cal-
cination and U V- irradiation method to uniformly precipitate silver on clay platelets.
The resultant nanohybrid structure showed synergistic antimicrobial activity with a
magnitude fourfold higher than the silver particles alone (Girase et al. 2011). The
studies using AgNPs have been reviewed (Baptista et al. 2018; Khan et al. 2016).

4.4.2 Iron Oxide Nanoparticles (Fe,O,NPs)

Iron oxide nanoparticles have also been explored for their antibacterial effects. Iron
oxide nanoparticle (IONPs) with magnetite (Fe;0,) like atomic arrangement and
carrying negative surface potential (n-IONP) were prepared by co-precipitation
method. These NPs were coated with positively charged chitosan molecule and
caused reversal of the surface potential of n-IONP, i.e. positive surface potential
IONP (p-IONP). The nanocrystals of spherical shape and with 10-20 nm diameter
were obtained. At the concentrations <50 puM of n-IONP a 30% decrease in viability
was observed. IOPN (p-IONP) after appropriate coating resulted in higher 70%
reduction in cell viability of B. subtilis and E. coli strains. The antibacterial effects
were attributed to increased ROS production in the presence of p-IONP (Arakha
et al. 2015).

Another study proposed a different method to generate iron oxide NPs. The mag-
netic iron oxide nanoparticles (IONPs) were initially coated with polyvinyl pyrrol-
idone conjugated catechol (PVP-CCDP) followed by deposition of silver
nanoparticles (Ag NPs) onto PVP-CCDP-coated IONPs in the presence of catechol.
The resultant NPs were of 72 nm size and demonstrated a strong antibacterial effect
against the two model microbes E. coli and a high S. aureus (Mosaiab et al. 2013).
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4.4.3 Copper-and Copper Oxide Nanoparticles (Cu- & CuO-NPs)

The activity of copper as antibacterial has been known since ancient period (Cioffi
and Rai 2012). Copper demonstrates antibacterial effect due to its ability to donate &
accept electrons and thus generate hydroxyl radical causing damage to cellular com-
ponents like proteins and lipids (Sdnchez-Sanhueza et al. 2016). Small and bare
CuNPs prepared by reduction method were active against test bacteria by interacting
with cell membrane in a concentration-dependent manner (Bogdanovic et al. 2014).

Duftya et al. (2018) reported the effectiveness of copper oxide (CuO) nanopar-
ticles against Salmonella. Also, evaluated a combined effect of silver (Ag) and CuO
nanoparticles against Campylobacter isolated from poultry. The MIC against
Campylobacter was in the order of Ag > CuO > ZnO nanoparticles. AgNPs were
the most active against Salmonella (Duffy et al. 2018). In another study, authors
reported the use of copper NPs as antibacterial against E. coli strain. The NP caused
formation of ROS, protein oxidation, lipid peroxidation along with DNA damage
(Chatterjee et al. 2014). The bioactivity of copper-based nanomaterials have been
reviewed in literature (Cioffi and Rai 2012; Baptista et al. 2018).

4.4.4 Magnesium Oxide Nanoparticles NPs (MgO-NPs)

Importance of another inorganic material, magnesium oxide (MgO) in nano-form,
is not less. It has many diverse applications in the field of adsorbents, toxic waste
remediation, as additives in heavy fuel oils, catalysis, as catalyst supports, super-
conducting & ferroelectric thin films as the substrate, reflecting & anti-reflecting
coatings, as superconductors and in lithium ion batteries. Though there are fewer
reports, nano-forms of magnesium oxide (MgO-NPs) alone and in combination are
being explored as antibacterial agent (Jin and He 2011). In a study, the use of mag-
nesium oxide nanoparticles (MgO-NPs) alone and paired with other antimicrobials
(ZnO-NPs & nisin) against Salmonella Stanley and Escherichia coli O157:H7 were
evaluated. The MgO-NPs showed over 7 log reductions in bacterial counts. Only
when combined with nisin, MgO-NPs showed synergistic effect. However, combi-
nation with ZnO-NPs did not show any enhancement of antibacterial effect of MgO-
NPs. Scanning electron microscopy (SEM) images depicted cell membrane damage
and leakage of intracellular contents in MgO-NPs-treated cells that finally lead to
death of pathogen (Jin and He 2011).

One of the study evaluated antibacterial efficacy of MgO-NPs against three
important foodborne pathogens E. coli O157:H7, C. jejuni, and Salmonella enteriti-
dis. Results indicated that MgO-NPs with 20 nm diameter, a MIC of 2 mg/mL
MgO-NPs was required against C. jejuni with 2 h exposure, whereas complete inhi-
bition of both E. coli O157:H7 and S. enteritidis required minimum 8 mg/mL
nanoparticles in 4 h. Evaluation of oxidative stress genes, membrane permeability,
and hydrogen peroxide levels indicated interaction of nanoparticles with pathogens
triggering cell membrane damage, oxidative stress, and ultimately causing cell
death (He et al. 2016). MgO nanowires were synthesized of 6 nm diameter by
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reaction between magnesium acetate with urea by a microwave hydrothermal tech-
nique. The obtained nanowires showed concentration-dependent antibacterial activ-
ity, against both Bacillus sp. and E. coli. The production of superoxide anions (O,")
in large quantities on the surface of MgO nanowires interacted with peptide link-
ages in the bacterial cell walls to finally destroy them (Al-Hazmi et al. 2012).

4.4.5 Titanium Dioxide Nanoparticles (TiO,-NPs)

Titanium dioxide (TiO,) NPs are produced  in large quantities worldwide for use in
a wide range of applications such as pigment and cosmetic products for their ultravio-
let blocking ability (Trouiller et al. 2009). They have also been used for their photo-
catalytic properties for applications such as the removal of contaminants, & recently
for disinfection of surfaces such as clothes/ glass, air and water remediation (Foster
et al. 2011). Few reports have published the effects of photoactivated TiO, on micro-
organisms as potential antibacterial agent. They have been tested against bacteria,
fungi, algae, and viruses. The killing mechanism involving production of ROS, degra-
dation of the cell wall and membrane have been proposed. Titanium dioxide NPs
decorated with Ag and Cu pronounced their antibacterial effects. The findings from
such reports are reviewed further in detail in literature (Foster et al. 2011).

In one study, the commercially available zinc- and titanium dioxide nanoparti-
cles showed considerable activity against biofilm-producing methicillin-resistant S.
aureus isolates (Jesline et al. 2015). The antimicrobial activity of silver doped with
titanium nanoparticles was determined in one study. Silver-coated nanoparticles of
20-25 nm size were effective among different sizes of nanoparticles and did not
cause significant cytotoxicity (Martinez-Gutierrez et al. 2010).

4.4.6 Zinc Oxide Nanoparticles (ZnO-NPs)

Another category of metal oxide NPs that has gained recent interest as an antibacte-
rial agent due to its nontoxic and biocompatible nature to human cells is zinc oxide
(Sirelkhatim et al. 2015). Zinc oxide quantum dots (ZnO-QDs) as nanoparticles
were evaluated against S. enteritidis, L. monocytogenes, and E. coli O157:H7. The
Zn0-QDs were used as a powder, bound in a polystyrene film (ZnO-PS), or sus-
pended in a polyvinylprolidone gel (ZnO-PVP). The ZnO-PVP caused a 6.0 log
reduction of E. coli O157:H7 and a 5.3 log reduction of L. monocytogenes at
3.2mgZnO/mL concentration after 48 h of incubation. ZnO powder and ZnO-PVP
showed remarkable antimicrobial activities against all three pathogens (Jin et al.
2009). ZnO antibacterial effect was more evident with the Gram-positive than the
Gram-negative bacteria (Premanathan et al. 2011). The ZnO-NPs were prepared by
sol-gel method and the effect of particle size & surface modification on its antibacterial
activity was studied. Different reaction times were used to control the NPs’ size and this
was followed by the addition of (3-glycidyloxypropyl) trimethoxysilane (GPTMS)
as a surface modifier. The smaller ZnO-NPs of the dimension 5 nm had significant
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bactericidal activity when tested against Staphylococcus aureus. The smaller NPs
were more efficient in causing damage to the bacterial cell wall than the larger NPs
as confirmed by SEM studies (Lallo da Silva et al. 2019).

In a study, authors studied the expression of few important superfamily class
efflux pump genes found in MDR S. aureus in the presence of ZnO nanoparticle
conjugates. The ZnO nanoparticles (NPs) conjugated to thiosemicarbazide (TSC)
under amine functionalization by glutamic acid (ZnO-Glu-TSC) and ciprofloxacin
(CIP) were used for the study. The results showed significant 2-8-fold decrease in
MIC of ZnO-Glu-TSC NPs compared to CIP alone. Moreover, the combination of
ZnO-Glu-TSC NPs and CIP (at their ¥2 MIC) significantly attenuated the expres-
sion of efflux genes- norA, norB, norC, and tet38 compared to the CIP alone
(Nejabatdoust et al. 2019). The authors screened thirty-six metal ions to inhibit
pyocyanin production and biofilm formation of P. aeruginosa in LB medium at a
concentration of 1 mM. Of the metal ions evaluated, 10 metal ions, namely Fe?*,
Agt, Ga**, In*, Pt*, Cd*, CrO,2, Co**, Zn*, and TeO,*", inhibited pyocyanin pro-
duction and thus biofilm formation. Of these metal ions, three ions (Pt*, Ag + and
TeO5>") showed antibacterial activity by abolishing cell growth while, Zn** (ZnCl,)
was found to be the most active in hindering production of pyocyanin and formation
of biofilm without displaying bactericidal effect (Lee et al. 2014).

Another study supported the above findings in which zinc and ZnO nanoparti-
cles significantly inhibited the formation of biofilm and pyocyanin production,
Pseudomonas quinolone signal (PQS), pyochelin, and hemolytic activity of P. aeru-
ginosa without affecting the growth of planktonic cells. Further, the expression
studies showed that ZnO-NPs induced the zinc cation efflux pump czc operon along
with other transcriptional regulators (porin gene opdT and type III repressor ptrA),
but repressed the pyocyanin-related phz operon (Lee et al. 2014).

4.4.7 Metal/Metal Oxide Nanocomposites

Instability and tendency of aggregation that often lead to loss of nano-size and spe-
cial properties are considered as significant drawbacks for nanomaterials. Therefore,
it is essential to prevent the tendency of aggregation and to stabilize nanomaterials
(Zare and Shabani 2016). The coating of nanoparticles, fabrication of nanocompos-
ites, or surface modification of NPs are some of the techniques adopted to engineer
the nanoparticles to retain or enhance their properties such as antibacterial effects.

Metal and metal-based NPs are used as such or are coated with doping organic
or inorganic substances or chemical and biological agents such as surfactants, pep-
tides and proteins, polymers, antibiotics, or other metallic counterparts. All which
in turn enhance their properties and impart better stability to the suspension. The
overall surface properties and their resultant activities are thus greatly dependent on
the composition and nature of these coatings (Mukherjee et al. 2011). Figure 4.1
indicates different functionalization strategies adapted to surface modify the metal-
and metal oxide nanoparticles for their further antimicrobial effect.
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Fig. 4.1 Metal—/Metal oxide nanoparticle functionalization strategies

The authors demonstrated the photodynamic effect of Zn phthalocyanine-e-
polylysine conjugates along with silver and gold nanoparticles (NPs) against S.
aureus. The photoinactivation was observed to increase with concentration for conju-
gates. Phthalocyanines exhibited the singlet oxygen pathway causing photooxidative
destruction of cellular components like sterols, peptides, and phospholipids (Nombona
etal. 2012).

Zinc-based nano-metal organic frameworks (nMOFs) were fabricated and fur-
ther explored for their antibacterial activities—both as mixture in the presence of
antibiotics ampicillin & kanamycin and antibiotics alone. The nMOF/drug mixtures
exhibited synergistic and additive effects compared to nMOFs or antibiotics alone,
when tested against E. coli, S. aureus, Staphylococcus lentus, and L. monocytogenes
(Bhardwaj et al. 2018).

Rhamnolipid (RL)-coated silver (Ag) and iron oxide (Fe;O,) NPs were prepared
and evaluated against biofilm-forming P. aeruginosa and S. aureus strains. Silver of
the dimension 35 nm and Fe;O, NPs of the dimension 48 nm were used for this pro-
cess. The presence of RLs on the NPs had significant impact in reducing the cell adhe-
sion and biofilm forming properties of the pathogens by modifying the surface
hydrophobicity of the bacterial strains. Moreover, the metal NPs generated ROS
which potentiated antimicrobial effects along with RLs (Khalid et al. 2019).

Silver nanoparticles (Ag-NPs) anchored to graphene oxide (GO) were fabricated
with different ratios and evaluated for their antibacterial potential. The activities of
Ag-GO nanocomposites against E. coli and S. aureus model microorganisms were
studied. Ag-GO nanocomposite was very effective at very low dosages of 14 pg/mL
against S. aureus and 4 pg/mL against E. coli. The results also revealed Ag-GO
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nanocomposite to be bactericidal causing cell wall disruption for E. coli while bac-
teriostatic for S. aureus by inhibiting cell division (Tang et al. 2013).

Authors reported the synthesis of a composite nanomaterial made of silver nanopar-
ticle (AgNPs) implanted in nanofibers of poly-epsilon-caprolactone that were tested
against different drug-resistant Gram-positive and Gram-negative microorganisms.
Polycaprolactone-silver composites (PCL-AgNPs) showed dose-dependent increase
in the antibacterial activity against K. pneumoniae, E. coli, P. aeruginosa, and S.
aureus but not for B. subtilis and S. mutans (Pazos-Ortiz et al. 2017).

A study demonstrated the use of biocompatible halloysite nanoclay (HNTSs) to
intercalate silver nanoparticles (AgNPs) in the presence of curcumin as reducing
agent. The resultant AgNPs showed good antimicrobial activity against Bacillus
cereus and Escherichia coli cells (Sudhakar et al. 2017).

Polyvinyl alcohol (PVA) nanofibers containing Ag-NPs were synthesized and
investigated for antibacterial activity in wound healing applications. The antibacte-
rial activities of PVA/AgNO3 nanofibers against S. aureus and K. pneumoniae
showed significant reduction of >99.9% after 18 h of incubation (Marega et al. 2015).

Dendritic Fe;0, magnetic nanoadsorbents (DMNA) as spherical particles with
10 nm diameter were synthesized. At low concentration they showed around 97%
inhibitory effect against S. aureus and good inhibitory activity against B. subtilis, E.
coli, and P. aeruginosa strains (Singh and Bahadur 2019).

Sol-gel-based method was used to generate well-distributed hybrid copper nano-
structures supported directly on the surface of the silica nanoparticles. These nano-
structured particles formulated into a film that eliminated 99% of bio-burden at
0.01% in 6 h. These hybrid Cu-based nanoparticles liberated copper ions giving
resultant effect against model organisms S. aureus and E. coli (Palza et al. 2015).

Graphene oxide was used as a carrier for metal- and metalloid-based nanoparti-
cles (Zn, Cu, Mg, Ag, Se, AgP) to generate nanocomposites. These materials were
evaluated for their antibacterial activity against S. aureus, MRSA, and E. coli strains
as model organisms. A highest inhibition of 87.4% was observed with graphene
oxide composite made with selenium nanoparticles versus control followed by sil-
ver and silver phosphate NPs against S. aureus. A dose-dependent increase in the
antibacterial response was observed with Se-NPs against test organisms, while the
same NPs caused inhibition at highest concentration against Gram negative E. coli
(Richtera et al. 2015).

One-pot biosynthesis of four nanocomposites (NCs) by using TiO,—Ag, Ag—
TiO,, Cu—Ag, and Ag—Cu combination was reported, and the NCs were tested for
their possible antiquorum sensing, antiplanktonic, antiswarming motility, and anti-
biofilm activities against MDR strains. Ag—TiO, NCs showed strong evidence of
decrease in the biofilm roughness, pyocyanin synthesis, and lowering of swarming
motility of P. aeruginosa than control samples. Antibiofilm strength for these NCs
were in the order of Ag-TiO,>TiO,—Ag>Cu—Ag>Ag—Cu. Agar diffusion method
was used to determine MIC and MBC (Alavi and Karimi 2018).

Au-nanoparticles exhibiting smaller geometry, well-developed surface chemistry,
chemical stability, and structural rigidity offer as an ideal tool to study the effects of
conjugation on its properties. In a study, authors selected vancomycin as an antibiotic



4 Antimicrobial Activity of Metallic Nanoparticles Using Prokaryotic Model Organisms 71

to load on to Au-nanoparticles (AuNPs) and evaluated their activity against vanco-
mycin-resistant enterococci (VRE). They devised a chemical route to synthesize
Au-Van nanoparticles, which showed significantly improved activity against vanco-
mycin-resistant E. faecium and E. coli (Gu et al. 2003).

In a recent study authors demonstrated synergistic effect of silver-minocycline com-
bination. In the study, a metabolite of minocycline, 4-epi-minocycline, was detected as
an active antimicrobial against resistant P. aeruginosa by use of a high-throughput
screen. Nanoparticles loaded with silver and minocycline were tested against P. aeru-
ginosa clinical isolates. Minocycline and silver when used alone were very effective
while the combination was superior to individual entities, allowing reduction in dose
for the both therapeutics to obtain similar antimicrobial effect (Chen et al. 2019).

In another study, authors proposed use of biocompatible nanomedicines as an
alternative to existing antibiotics in which a novel antibacterial system against MDR
strains was fabricated. They made use of modified versions of naturally occurring
antimicrobial peptides in conjugation with Ag-NPs to create these novel materials.
For this, a cysteine residue was introduced either at one of the terminal of the parent
peptide as a strategy to enhance binding and antimicrobial potential of the resultant
peptide with the AgNPs. The cysteine-tagged NCs showed MIC values of 5-15 pM as
compared to 50 pM for peptides devoid of the cysteine residues. NMR spectroscopy
and molecular simulations revealed a hydrophobic collapse mechanism triggering
pore formation in the bilayer membrane for the improved antibacterial effects of cys-
teine-tagged NCs. The microbial strains chosen for the study were K. pneumoniae, P.
aeruginosa, and S. typhi (Pal et al. 2019). Similar advantages of nanoparticle tagging
and as a function of size and shape were studied by Liu et al. (2013) where the impor-
tance of cysteine in the conjugation process was demonstrated (Liu et al. 2013).

4,5 Metal Nanoparticles & Multidrug-Resistant Model
Strains

Many types of metal NPs, metal oxide nanoparticles and their conjugates are being
developed and evaluated against multidrug-resistant pathogens (MDRs) for their
antimicrobial potential. In some cases, metal nanoparticles not only showed activity
against the MDR strains but also displayed synergy by carrying and delivering
cargo such as antibiotics or other natural antimicrobials (Linlin et al. 2017).

In a study, ZnO-NPs of 15 nm size were obtained through biogenic route by use
of leaf extract of Aloe barbadensis Miller (A. vera). Through surface binding and
subsequent internalization, the synthesized ZnO-NPs inhibited S. aureus and E.
coli. Significant antibacterial and anti-biofilm potential were also detected against
clinical isolates of MRSA and extended spectrum beta-lactamases (ESBL) positive
E. coli, P. aeruginosa, with the MIC and MBC values of 2400, 2200 pg/ml and
2700, 2300 pg/ml, respectively (Ali et al. 2016).

Two carbapenems (a P-lactam antibiotic)- imipenem (Ipm) and meropenem
(Mem) were individually conjugated to surface of Au-nanoparticles by citrate
reduction method to maximize its therapeutic antibacterial potential against
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drug-resistant pathogens. The nanoparticles of 35 nm size each thus obtained
showed maximum activity against carbapenem-resistant Gram-negative clinical
isolates - K. pneumoniae, Proteus mirabilis and Acinteobacter baumanii. A four-
fold decrease in MIC of Ipm and a three-fold decrease in MIC of Mem were
observed (Shaker and Shaaban 2017).

Gold nanoparticles prepared with the help of chicken egg white protein (CEW) as
reducing and stabilizing agent were further coated with 2-mercapto- 1-methylimidazole
(MMT) molecules. The resultant Au-CEW-MMT nanoparticles were highly active
against MDR pathogens. Further in vivo study using a rabbit model proved the nano-
composite to have effective wound healing properties (Lu et al. 2018).

In an unconventional approach, a synergistic effect was observed when antibiotic-
tagged gold nanoparticles (AuNPs) and a targeted pulsed laser therapy enhanced anti-
biotic efficacy against MDR strains. AuNPs- in combination with gentamicin or
amikacin antibiotics and targeted pulsed laser therapy caused a significant 4 to 5-log
reduction in the viability of methicillin-resistant S. aureus and P. aeruginosa biofilms,
respectively, compared to ~1 log reduction of when treatments were used alone (Kirui
etal. 2019).

Spherical silver nanoparticles of 20-50 nm dimensions were synthesized (AgNPs)
through a rapid, single pot bio-reduction method making use of Nocardiopsis sp.
GRGI1 (KT235640) biomass. The synthesized AgNPs showed antibacterial and anti-
biofilm activities against a clinical isolate Staphylococci, at 5-60 pg/mL (Rajivgandhi
et al. 2019a).

Silver nanoparticles produced using marine Streptomyces sp. Al-Dhabi-89
showed activity against E.coli, P. aeruginosa, K. pneumoniae and clinical drug-
resistant microbial isolates MRSA and P. mirabilis. The NPs thus produced had
cubic dimensions with 11-21 nm size range (Al-Dhabi et al. 2018).

Chang et al., reported use of glucose and trimethyl chitosan nitrate as reducing
and stabilizing agent for the biosynthesis of trimethyl chitosan nitrate-capped silver
nanoparticles (TMCN-AgNPs). The TMCN-AgNPs possessed antibacterial activity
against P. aeruginosa, E. coli, and S. aureus at a concentration lower than 6.13 pg/
mL and showed MIC of 12.25 pg/mL against multidrug-resistant A. baumannii
strain (Chang et al. 2017).

Bacterial exopolysaccharide stabilized AgNPs were synthesized of 2—15 nm size
range and were tested to be active against multidrug-resistant pathogens P. aerugi-
nosa and K. pneumoniae (Kanmani and Lim 2013). In another study, biosynthesis
of AgNPs was carried out using leaf extract of Mukia scabrella to obtain nanopar-
ticles of 18-21 nm size with spherical shape. MDR- strains of Acinetobacter sp.,
K. pneumoniae, and P. aeruginosa were found to be sensitive in presence of these
AgNPs (Prabakar et al. 2013).

A study reported synergistic action of chitosan along with zinc oxide nano-
micelles (CZnO-NPs) against MDR strain for their complete elimination of test
pathogens such as E. coli BAA-2471 and E. faecium 1449 (Bui et al. 2017).

Mehta et al. (2019) performed mechanistic studies using LIVE/DEAD viability
assay, fluorescence imaging, 3D confocal microscopy and cytotoxicity assay to
determine effective dose (ED50) of the miceller CZnO-NPs for elimination of the
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MDR E. faecium 1449 as model. The results revealed that within 24 h the CZnONPs
achieved 50.22% biofilm reduction compared to 15.66% with chitosan and 13.94%
of ZnO alone. The chitosan coated ZnO-NPs (CZnONPs) showed promising action
on MDR bacterial biofilms. The synergistic action has been attributed to the chito-
san shell of CZNPs for controlled release of ZnO in the bacterial cell, whereby ZnO
showed antibacterial property against Gram-positive species and also to chitosan’s
inherent antimicrobial activity mainly against Gram negative strains (Mehta et al.
2019).

Authors in a recent study showed for the first time pectin-capped biogenic plati-
num NPs (PtNPs) to cause selective loss of plasmid from capsulated strain of E. coli
U3790 strain. These pectin-coated PtNPs acted as plasmid curing agent and showed
a significant decline in MIC of 16-64 fold for meropenem and ceftriaxone in
carbapenem-esistant Escherichia coli (CREC). Both in vitro and in vivo the plasmid
cured strain showed smaller colonies and slower growth. It also lead to drastic
reduction in bacterial bioburden by 2.4 log CFU compared to meropenem treatment
alone. Acquisition of plasmid from wild-type strain into cured strain restablished
drug-resistant phenotype. Mechanistic studies revealed that nanoparticles did not
induce ROS formation but interacted with cell surface and perturbed inner mem-
brane integrity (Bharathan et al. 2019).

In another study, nano-antibiotics (AgNAs) were prepared by the self-assembly of
ultra-small silver-nanoclusters and biofilm-responsive polymeric ligands. The resultant
AgNAs were responsive to the acidic conditions prevalent in the biofilm which caused
ligand protonation and later their disaggregation. This feature of the AgNAs allowed
enhanced retention, better penetration, and accelerated leaching of silver ions thus
effectively killing the bacteria inside the biofilm, in comparison to regular antimicro-
bial agents which show limited permeation and therapeutic activity. These effects were
confirmed on a methicillin-resistant Staphylococcus aureus (MRSA) infection model
both in vitro and later in vivo which significantly reduced mortality rate of mice with
biofilm-induced severe pyomyositis (Wu et al. 2019).

Authors in their study combined the antimicrobial effects of silver ion with
selective toxicity of branched polyethylenimine (bPEI) to effectively kill MDR
pathogenic strains by fabricating branched polyethylenimine-functionalized silver
nanoclusters (bPEI-AgNCs). The MIC of bPEI-AgNCs was 10-15 folds lesser than
that of PEI alone and 2-3 fold lower than AgNO; alone when determined against
uropathogenic MDR strains (Huma et al. 2018).

In another study, glutathione-stabilized silver nanoparticles (GSH-AgNPs) were
synthesized and their activity was evaluated against multidrug-resistant
Campylobacter strains isolated from the chicken and patients. The MIC and mini-
mal bactericidal concentration (MBC) were found to be 4.92-39.4 pg/mL and 9.85—
39.4 pg/mL, respectively and the GSH-AgNPs remarkable activity against all MDR
Campylobacter strains tested (Silvan et al. 2018).

ZnO nanoparticles (ZnO-NPs) of 30 nm dimension were synthesized and evalu-
ated using dilution and disk diffusion assays to confirm their antimicrobial potential
against carbapenem-resistant A. baumannii. The resultant ZnO-NPs demonstrated
good antibacterial activity against the strain selected. Production of ROS triggering
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leakage of cellular contents was proposed as the mechanism of reduction in cell
viability in the pathogen (Tiwari et al. 2018). In another study, ZnO-NPs of 70 nm
size with spherical or rod-shapes were prepared and tested at different concentra-
tions as antimicrobial agent against a notorious foodborne pathogen E. coli
O157:H7. The microbial growth inhibited at the MIC of 12 mmol/L. ZnO- NPs
showed significant antimicrobial activity against E. coli O157:H7 by causing leak-
age of cellular contents and lysing the bacterial cells (Liu et al. 2009).

Bankier et al. (2018) engineered nanoparticle combinations (NPCs) by using
silver-, copper nanoparticles (Ag-, Cu-NPs), and tungsten carbide (WC). Several
literature is available on strong antimicrobial activity of NPCs against vast number
of bacterial species. Different methods like plate count assay, viability assay by flow
cytometry, and JPCR were used to evaluate the antimicrobial activity of prepared
NPCs on S. aureus and P. aeruginosa bacteria at 0.05-0.25% concentration. The
plate assay and flow cytometry confirmed the antimicrobial effects of NPCs to the
extent of >8 log reduction (Bankier et al. 2018).

Ouyang et al. (2018) evaluated the use of black phosphorus (BP) together with
AgNPs against methicillin-resistant Staphylococcus aureus (MRSA) model. Black
phosphorus was used as a substrate, a stabilizing and a reducing agent and BP
nanosheets were coated with AgNPs through an in situ growth method. Combination
of near-infrared (NIR) light irradiation triggered the photothermal effect of the
black phosphorus in Ag-BP nanohybrids and released Ag+ ions gradually to cause
rapid disruption of bacterial membrane with enhanced the antibacterial effect.
Further, the in vivo studies in mice model proved Ag-BP nanohybrids to be efficient
in decreasing the MRSA bio-burden and thus reduce infection-related tissue lesions
(Ouyang et al. 2018). The recent results of use of nanoparticles and nanomaterials
against multidrug-resistant bacteria have been reviewed in detail by (Baptista et al.
2018). The use of some NPs targeting against MDR efflux pumps have been recently
reviewed by Hasani et al. (2019) (Hasani et al. 2019). The Table 4.2 summarizes few
examples of metal and metal oxide NPs against MDR strains as models.

4.6 Metal Nanoparticles and Plausible Toxicity or
Resistance

Metal, metal oxides and other engineered forms of nanoparticles are an emerging
class of antibacterials, finding their way to provide alternatives to antibiotics and
also acting against resistant pathogens. Though, these materials are produced in
large quantities globally, their impact on environment and life-forms warrants
detailed evaluation studies in this direction. A study was carried out on various
metal and metal oxide particles (TiO,, Cu, CuO, Zn, ZnO, Fe,O,, Fe;0,, Fe,0;), and
the toxicity was evaluated to that of multiwalled carbon nanotubes and carbon
nanoparticles with the use of human lung epithelial cell line A549. The CuO-NPs
were labeled to be most toxic and could cause severe DNA damage along with oxi-
dative lesions. The toxicity was further pronounced in the presence of ZnO and TiO,
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particles. While no or low toxicity was observed for remaining NPs. The carbon-
nanotubes showed cytotoxicity at the lowest tested dose (Karlsson et al. 2008).

Another study investigated TiO, nanoparticles-induced genotoxicity, inflamma-
tion and oxidative DNA damage in a mice model. The results indicated that the NPs
induced genotoxicity in vivo thus raising concerns about health hazards due to TiO,
NPs exposure (Trouiller et al. 2009). Moreover, there are some findings that reported
development of bacterial resistance to metal NPs. For instance, a recent study pro-
vided insights on impact of NPs on spread of antibiotic resistance. The results indi-
cated that both metal and its metal oxide- i.e., copper (Cu*") and copper oxide
nanoparticles (CuO-NPs) were able to stimulate multiple-drug resistance genes via
the conjugative transfer. At sub-inhibitory or environmental concentrations, the
plasmid-mediated antibiotic resistance genes were found to be significantly upregu-
lated (Zhang et al. 2019).

Such evidences are a matter of greater concern and need elaborate studies to
quantify and postulate mechanisms of resistance and toxicity in future.

4.7 Conclusion

The recent scientific advances in the nanotechnology domain with special reference
to metal/metal oxide nanoparticles and nanocomposites as antibacterial agents have
opened up new opportunities to combat infections that are caused by bacterial
pathogens. The findings summarized in present body of work as a function of -
nature of metal, shape, size, concentration, and nature of conjugation, show promis-
ing results in support of these nanomaterials to act against microbial species and
their multidrug-resistant variants. Likewise, some observations reported recently
suggest plausible health hazard based on their capability to cross cellular barriers
and risk of development of resistance among microbial pathogens against metal
NPs. As some of these nanomaterials are already in the consumer market, for other
diverse applications, the future research and actions should be directed towards sys-
tematic evaluation of its benefits and its effects on human health. It thus demands
caution to be exercised before the large-scale exposure of these wonder materials in
an environmental sphere and food-chain continuation of nature.
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