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1 | INTRODUCTION

Bacterial infection has become one of the leading causes of death worldwide, particu-
larly in low-income countries. Despite the fact that antibiotics have provided successful
management in bacterial infections, the long-term overconsumption and abuse of
antibiotics has contributed to the emergence of multidrug resistant bacteria. To address
this challenge, nanomaterials with intrinsic antibacterial properties or that serve as
drug carriers have been substantially developed as an alternative to fight against bac-
terial infection. Systematically and deeply understanding the antibacterial mechanisms
of nanomaterials is extremely important for designing new therapeutics. Recently,
nanomaterials-mediated targeted bacteria depletion in either a passive or active man-
ner is one of the most promising approaches for antibacterial treatment by increasing
local concentration around bacterial cells to enhance inhibitory activity and reduce
side effects. Passive targeting approach is widely explored by searching nanomaterial-
based alternatives to antibiotics, while active targeting strategy relies on biomimetic
or biomolecular surface feature that can selectively recognize targeted bacteria. In this
review article, we summarize the recent developments in the field of targeted antibac-
terial therapy based on nanomaterials, which will promote more innovative thinking
focusing on the treatment of multidrug-resistant bacteria.
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and at least 35,000 deaths are caused as a direct consequence
of these infections, resulting in an estimated cost of infection

According to the report of the World Health Organization,
bacterial infection is one of the leading causes of death
worldwide in the past 15 years.!) Although antibiotics as con-
ventional antibacterial drugs have achieved huge success in
treating bacterial infectious diseases, extensive and inappro-
priate consumption of antibiotics leads to the occurrence of
multidrug resistance.!*! As it threatens human beings’ health
at any stage of life via food, water, and livestock,[*>) antibiotic
resistance has become one of the most urgent public health
problems in the world. It is reported that each year nearly 3
million people are infected with antibiotic-resistant bacteria

treatment of ~20 billion United States dollar (USD) annually
in the United States.!®”] Therefore, there remains an urgent
need to develop new antibacterial agents with low side effects
and high efficacy.[*]

To tackle this challenge, various long-term approaches have
been utilized to propose viable options against antibiotic-
resistant bacterial infection,!”"!) such as the discovery of
new inhibitors,'"1*) the interference of quorum sensing,!*°]
and the development of new antibiotics.'*'°! In the mean-
time, significant and intensive efforts have been invested in
short-term approaches, such as chemically modifying existing
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antibiotics for drug resistance elimination. However, neither
the discovery of novel antibiotics nor the chemical modifica-
tion of existing drugs, their low target selectivity results in the
removal of a great deal of potent drugs from the list of clinical
therapeutics.!”’! One promising way to address this short-
coming is rational functionalization of antibacterial agents
by improving drug selectivity and targeting ability, such as
conjugating antibiotics with targeting ligands that have affin-
ity to bacterial cells.[”'] Targeting capability originated from
conjugated specific ligands that can recognize biomolecules
or receptors overexpressed on the surface of bacterial cells
or infected tissues provides strongly enhanced interactions
between antibiotics and bacterial cells. For example, Vitamin
B9, one the of small molecules targeting ligands, has been
intensively applied for clinical treatment.[??) The application
of targeting ligands displays many advantages, such as strong
binding affinity, high specificity, intrinsic stability, and com-
mercial availability.[”*) These targeted systems display that
the local concentrations of antibacterial agents significantly
increase at targeted sites in contrast to off-target sites. In
recent years, representative targeting ligands, such as anti-
bodies, aptamers, and peptides, have been intensively utilized,
exhibiting superior inhibitory activities against bacteria.*]
Over the last decade, nanotechnology has attracted remark-
able attention in antibacterial application, showing great
potential to enhance the effectiveness of antibiotic-resistant
bacteria treatment.[**~2°] Antibacterial abilities of nanoma-
terials are attributed to improve the potentiality of existing
antibiotics or exert antibacterial action by nanomaterials with-
out antibiotics.””] There are plenty of unique advantages
of nanomaterials for antibacterial applications especially in
combatting antibiotic-resistant bacteria. First, nanomateri-
als, which can be used as antibiotic carriers, are of great
help in increasing drug accumulation, reducing overall drug
exposure, facilitating bacterial uptake, and improving drug
stability.[*®] These antibiotic carriers can overcome the bar-
rier of the cell membrane and deliver antibiotics to kill
antibiotic-resistant bacteria. Besides, multiple antibiotics can
be delivered by nanomaterials and controllably released to
inhibit antibiotic-resistant bacteria. Second, their new bacte-
ricidal pathways that are totally different from antibiotics have
been illustrated. As demonstrated by recent studies, antibac-
terial abilities of these nanomaterials are closely associated
with the damages of bacterial cell membranes, which are
caused by non-oxidative bactericidal mechanisms, the release
of metal ions, and the generation of reactive oxygen species
(ROS).[?-34] Third, the physical properties of nanomaterials,
including shape, size, and structure, can be easily designed and
controlled. Last but not least, the surface of nanomaterials can
be modified and functionalized on demand, enabling multi-
ple antibacterial capabilities. Therefore, it is highly important
to understand the intrinsic properties and antibacterial mech-
anisms for developing novel, effective antibacterial strategies
based on these advanced characteristics of nanomaterials. In
this review, we review and discuss nanomaterial-based tar-
geted antibacterial strategies in a passive or active fashion, by
which the local concentration of nanomaterials at infection
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Antibacterial mechanism and nanomaterial-mediated

sites or around bacteria cells can be accumulated efficiently
to strengthen bacteria killing (Figure 1). We also summarize
the recent advance of targeted antibacterial therapy based on
newly-developed nanomaterials.

2 | MECHANISMS OF
NANOMATERIAL-BASED ANTIBACTERIAL
STRATEGIES

In contrast to traditional small molecular antibiotics, nano-
materials allow large amounts of molecules to attach bacterial
cells through self-assembly, resulting in different antibacterial
mechanisms (Figure 2). Nanomaterials show numer-
ous antibacterial behaviors for fighting against bacterial
infection without causing antibiotic resistance,*>*°! includ-
ing physical-mechanical, chemical, and photo-mediated
damages.[*”]  Therefore, understanding the interactions
between nanomaterials and bacterial cells can contribute to a
rational design of potent nanotherapeutics with the possibility
to replace conventional antibiotics in antibacterial treatment.

2.1 | Bacterial inhibition based on
physical-mechanical damage of cellular
membranes

Bacterial cell membrane that plays essential roles in keep-
ing bacteria intact and alive is considered as one of the most
important antibacterial targets. Similar to conventional antibi-
otics, nanomaterials with unique physiochemical properties
including size, surface charge, and topological structure can
cause damages to bacterial cell membrane after direct con-
tact with bacteria.l’® ] It has been reported that topological
nanostructures mimicking the surface of living organisms
possess antibacterial ability.[*’! Crawford et al. have reported
that cicada wing surface displays effective antibacterial prop-
erties via physical-mechanical effect.!?!] Additionally, the
sharp edge of nanoparticles (NPs) can damage bacterial
cell membrane. Li et al. have proved that the sharp cor-
ners of graphene nanosheets penetrate into bacteria along
with inducing cell wall damage.!** Recently, the hydrophobic
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and electrical properties of nanomaterials have been ver-
ified to cause bacterial damage by breaking bacterial cell
wall.[+3]

22 |
killing

Chemical damage-induced bacterial

Different from physical-mechanical damage to bacterial cells,
chemical damage is mainly caused by generating oxidative
stress, which could damage proteins or genes.!**] Numerous
attempts have been made to develop antibacterial nanomateri-
als with efficient ROS generation. Wang et al. have successfully
developed a new type of zwitterionic polymer nanomicelles
with enhanced ROS generation for photodynamic antimicro-
bial therapy, owing to the presence of an aggregation-induced
emission active photosensitizer moiety.[*”] The ROS gen-
eration efficiency of this nano-system was evaluated by a
ROS-sensitive probe, which exhibited a 5.8-time increment
in fluorescence intensity within 30 s under light irradia-
tion. Reactive nitrogen species, another class of chemically
reactive species, can be produced by nanomaterials for inhibit-
ing the growth of bacteria via nitrosative stress.*>*’] Due
to the short half-life of free radical nitric oxide (NO) and
their derivatives, several NO-donor combined nanomateri-
als, including dendrimers,!*¢) NPs,[*°] and polymers,[>°] have
been developed for stabilizing NO and extending their half-
life to kill bacteria. Seabra et al. have exploited a chemically
modified chitosan approach to obtain S-nitroso-chitosan for
antibacterial applications.[®!) S-nitroso-chitosan can release
NO sustainably at a steady-state rate of 42.2 + 0.7 mmol L™
to achieve long-term antibacterial effects.

2.3 | Photo-mediated bacterial killing

Photothermal therapy has emerged as a promising strategy
for antibacterial treatment by converting light into heat under
the irradiation of near-infrared (NIR) or visible light. It has
been reported that a variety of photothermal nanomateri-
als, such as carbon-based nanocomposites, noble metallic

Inhibition of bacteria basing on nanomaterials by physical-mechanical, chemical, or photo-mediated damage

nanomaterials, as well as polymeric nanomaterials and metal
sulfide nanomaterials, have displayed high light-to-thermal
conversion efficiencies.*>*3] Surface coating is a flexible
and effective strategy to achieve enhanced photothermal
therapy efficacy. For instance, Wang et al. have designed
polyelectrolyte-coated gold nanomaterials (GNR@PE and
GNS@PE) to obtain an antibacterial effect synergistically
(Figure 3).°*) GNR@PE and GNS@PE demonstrate great
synergistic chemo-photothermal antibacterial efficiency in a
mouse wound infection model under the irradiation of an
808 nm laser. To enhance photothermal therapy efficacy, com-
bination with one or two other approaches has been applied
in antibacterial treatments. For example, Deng et al. have suc-
cessfully synthesized multifunctional, ultrasmall-sized gold-
platinum nanodots which are profited from the combination
of photothermal and chemodynamic therapy.[**! Patir et al.
have reported a new black phosphorus/Au nanocompos-
ite, which exhibits highly antibacterial efficiency due to the
combination of photothermal antibacterial and antibiofilm
effects.!>°]

Photodynamic therapy (PDT) is exploited as an alterna-
tive antibacterial therapeutic modality to control the spread
of resistant bacteria.l”’] Different from traditional antibiotics
that bind to a single molecular target, ROS can interact with
multiple sites on bacteria to gain more opportunities for bacte-
rial inactivation. Metal- and carbon-based nanomaterials have
been proven to remarkably enhance the antibacterial efficacy
of PDT.[>**°] In addition, sunlight-triggered nanomaterials
have also been applied for antibacterial treatment by solar
light-induced ROS generation. Although studies of sunlight-
triggered nanomaterials are limited, with the development
of visible photocatalysts, sunlight-enabled antibacterial nano-
materials will attract increasing attention.[°-¢1]

3 | NANOMATERIALS WITH PASSIVE
TARGETING ANTIBACTERIAL
CAPABILITIES

Nanomaterials are designed to transport to target sites in
a passive or active delivery route, which is mediated by
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FIGURE 4  Antibacterial nanomaterials and their applications for
antibacterial therapy in a passive targeting manner

instinctive reaction, targeting moiety, and external force.[®?]

Passive targeting, as an efficient method to deliver drug to bac-
teria, occurs to modified nanomaterials that arrive at target
tissues through diffusion or convection (Figure 4).1%°) Inves-
tigations into the antibacterial mechanism of nanomaterials
have revealed that nanomaterials could interact with key com-
ponents of the bacterial cell membrane such as lipids, proteins,
and polysaccharides through hydrophobic interactions, elec-
trostatic attraction, and Vander Waals forces.[*4%°] For exam-

ple, the antibacterial action of AuNPs/AgNPs was attributed
to multiple types of interactions (such as electrostatic attrac-
tion and hydrophobic interactions) between NPs and bacterial
proteins.[°°] In general, the physicochemical properties of the
bacterial cell membrane and nanomaterials directly determine
the interactions and antibacterial effects. Although bacteria
have evolved numerous strategies to circumvent the damag-
ing effects of antibiotics, it is difficult for bacterial cells to
develop resistance to nanomaterials that could kill bacteria
in multiple ways at the same time.[**] With the development
of nanotechnology, different sizes and forms of nanomate-
rials, including nanotubes,[7-%%] nanofibers,!®7°) NPs, and
nanocomposites,’>”?] have been applied in the diagnosis and
treatment of various kinds of bacterial infections.

3.1 | Nanobactericides

NPs, which display antibacterial activity by themselves
or improve the effectiveness of antibiotics, are termed as
nanobactericides. Typically, but not exclusively, metals, metal
oxides, and carbon-based NPs display antibiotic activity nat-
urally via multiple mechanisms, such as inhibiting the activity
of enzymes, interrupting DNA synthesis, producing ROS, and
hindering energy transduction.l’>”*] As a result, a great num-
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ber of nanomaterials have been exploited for inhibiting the
growth of bacteria, including silver NPs (AgNPs), zinc oxide
NPs, titanium dioxide NPs, gold NPs (AuNPs), aluminum
NPs, copper NPs, carbon nanomaterials, iron NPs, and chi-
tosan NPs. It has been reported that NPs can easily enter bacte-
rial cells through bacterial cell pores by passive diffusion.7>7°]
Passive targeting based on the modulation of nanomate-
rial structure and physico-chemical properties is an efficient
method for antibacterial treatment. Recently, Cheon et al. have
proposed that the antibacterial activity of NPs depends on
their morphology, which can optimize Ag ion release and tar-
get delivery.l””] To prove this hypothesis, AgNPs with spher-
ical, triangular plate, and disk morphologies are synthesized
and their antimicrobial activities are examined using a disk
diffusion method against S. aureus, E. coli, and Pseudomonas
aeruginosa. The results demonstrate that spherical AgNPs
show the highest inhibition activity against E. coli, given that
the different surface areas of spherical, triangular plate, and
disk shapes can lead to varied release concentrations of Ag
ions. This morphology-dependent antibacterial property sug-
gests a multifaceted antibacterial profile of NPs. Meanwhile,
the results prove that the shape of NPs is an important param-
eter for antibacterial activity, beside the size of NPs. NIR light-
mediated photothermal therapy has been widely applied in
cancer therapy due to its relative deep tissue penetration and
few side effects.”®] Similarly, it is explored as a promising can-
didate antibacterial strategy for inhibiting bacterial growth.
Kim et al. have prepared a NIR-assisted black phosphorus
conjugated with ZnO and Au (Au-ZO-BP) to inhibit S. aureus
species (Figure 5).7°] Black phosphorus, a rising star of two-
dimensional biomedical nanomaterials, has received increas-
ing attention due to its superior NIR absorption property.
For example, black phosphorus nanosheets containing AuNPs
have been prepared to assemble in situ with ZnO at a low
temperature condition. The antibacterial activity of Au-ZO-
BP nanocomposite is investigated by incubating with non-,
erythromycin-, and methicillin-resistant S. aureus (MRSA)
species plus NIR irradiation. The results indicate that this
nanocomposite shows excellent anti-S. aureus ability as well as
low antibiotic resistance after a long-term treatment. Despite
black phosphorus based Au-ZO-BP nanocomposite displays
enormous biomedical potential, the knowledge of interactions
between the protein and black phosphorus is still limited.
Previous preparation of metal-based nanobactericides typ-
ically needs various types of chemicals at high temperatures,
which is not an environment-friendly synthesis method. In
recent years, green synthesis of metal NPs and their oxides,
which is eco-friendly, safe, affordable, and cost-effective by
avoiding the use of expensive, harsh, and toxic raw materi-
als, has been widely implemented.[**-*?] For instance, noble
metal-based NPs have been synthesized from plant extracts.
Kirakosyan et al. have synthesized AgNPs using extracts
of Agastache foeniculum plants and callus, showing near-
spherical shape and extract source-dependent particle size.[**]
Their antibacterial activities have been assessed by a few
pathogenic bacteria for hospital-acquired infections, includ-
ing S. aureus, S. haemolyticus, Streptococcus pneumonia, and

Klebsiella pneumonia and the results exhibit that AgNPs can
effectively inhibit the growth of all the tested strains at a low
particle concentration. Interestingly, the antibacterial activ-
ity of these AgNPs is remarkably higher than that of AgNPs
that are synthesized similarly in previous works, suggest-
ing a dependence on preparation conditions. Furthermore,
Mousavi et al. have evaluated the antibacterial efficiency of
green iron nanoparticles (FeNPs), which are prepared using
Satureja hortensis essential oil. **] Their antibacterial effica-
cies against Gram-positive bacteria (S. aureus and Corynebac-
terium glutamicum), Gram-negative bacteria (P. aeruginosa
and E. coli), and one fungus species Candida albicans are
evaluated, and the results verify impressively high inhibition
efficiency, especially for Gram-negative bacteria. Thovhogi
et al. have reported a new type of copper oxide nanoparti-
cles (CuO NPs) obtained from an extract of Cedrus deodara
by using facile, nontoxic, and low-cost green synthesis.[®"]
The superior antibacterial and antiproliferative potency of
these biosynthesized CuO NPs is confirmed by using E.
coli and S. aureus. MgO NPs synthesized by Simanjuntak
et al. via using Moringa oleifera leaf water extracts and a
solution of magnesium chloride exhibit remarkable antibacte-
rial property.[®®) Similarly, Gedanken et al. have successfully
synthesized carbon dots using medicinal turmeric leaves (Cur-
cuma longa), showing favorable antibacterial activity against
both Gram-negative bacteria and gram-positive bacteria.*”]
Thus, as we can see, the biological synthesis of nanobacte-
ricides has attracted more and more attention due to their
advantages of being environment-friendly, nontoxic, and low-
cost. Although the biological synthesis process reduces the
toxicity, the role of plant extracts in the synthesis and activity
of NPs has not been clearly understood. Synthesis using pure
compounds extracted from plant extracts may provide addi-
tional effective solutions regarding the disparity of green NPs
synthesis.

3.2 | Nanocarriers

Continual advances in nanotechnology promote the devel-
opment of drug delivery systems that are used for antibiotic
transport with enhanced drug accumulation and reduced
side effects. The enhanced permeability and retention (EPR)
effects have been mainly considered as a basic route for
not only passive drug targeting to tumor site, but also for
infection and inflammation lesions.!*®) Taking advantage of
EPR effects at infection sites, nanotherapeutic approaches
have been exploited to manage antibacterial agents.®] In
this regard, nanocarriers as efficient antibacterial drug deliv-
ery systems show several merits. First, nanocarriers can be
designed with stimuli-responsiveness for targeted drug deliv-
ery. Second, antibacterial drugs based on nanocarriers can be
endowed with a significantly extended half-life during blood
circulation, controlled drug release, and optimized pharma-
cokinetics. Moreover, thanks to their unique physicochemical
properties, nanocarriers can be easily tailored to minimize
side effects and increase drug loading. Last, nanocarriers can
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improve antibacterial drugs’ solubility and stability and load
multiple drugs for synergistic antibacterial therapy.

Various types of nanocarriers, such as polymeric nanomi-
celles, dendrimers, metallic NPs, and liposomes, have been
investigated for delivering antibiotics.”*) Due to the mul-
tiple drug-loading capabilities of nanocarriers, Fang et al.
have designed a synergistic therapy strategy with a dual
antibacterial and anti-inflammatory effect to treat bacterial
infection.[”!) In this study, the authors have developed nanos-
tructured lipid carriers (NLCs), which can load ciprofloxacin
and rolipram simultaneously. In vitro tests of antibacte-
rial and anti-inflammatory abilities reveals superior effects
in comparison with the combination of free drugs. Fur-
ther, in vivo treatment with NLCs displays improvements in
bacterial clearance and the prevention of organ damage in
MRSA-infected mice. Given specific targeting ability and drug
release profile, stimuli-responsive nanocarriers have received
increased attentions worldwide. Govender et al. have reported
a combined strategy to improve the potency of antibiotics
against infectious diseases using pH-responsive nanosystems

that can co-deliver vancomycin and 183-glycyrrhetinic acid
(VCM-GAPAH-LPHNPs).[2] In vitro evaluation has con-
firmed the enhanced biocompatibility and biosafety of VCM-
GAPAH-LPHNPs. Compared to free vancomycin and 183-
glycyrrhetinic acid, treatment with VCM-GAPAH-LPHNPs
in an acidic medium can improve antibacterial efficacy against
MRSA. Peptide based controllable self-assemblies have been
developed as a promising candidate for antibacterial applica-
tion. Wang et al. have reported a sandwich dimeric structure
that was self-assembled by peptide-chlorophyll conjugates
with Cu?*.[%) This dimer could target macrophages and sig-
nificantly eliminate intracellular S. aureus in mice muscular
infection model by PDT. Very recently, they have success-
fully applied human defensin-6 peptide to self-assemble
into nanoparticles, which could trap bacteria and prevent
bacterial invasion.[**] Self-disassembled nanovesicles have
been designed by the Wang group for precise oritavancin
antibiotic delivery and enhanced antibacterial efficiency.[°*]
Considering the complex microenvironment of the infected
sites, nanocarriers with individual stimulus-responsiveness
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antibacterial treatment in an active targeting fashion

are sometimes insufficient for delivering antibacterial drugs.
To address this issue, Wang et al. have designed and pre-
pared smart dual-responsive cellulose nanofibers (CNF-PEI-
NIPAM), presenting notable biocompatibility and antibacte-
rial activity during in vitro and in vivo evaluations.!”®) The
antibacterial activity of CNF-PEI-NIPAM was above 99%
against E. coli, due to the high density of amino groups.
To date, a large number of nanobactericides and nanocarri-
ers have been applied to upgrade the delivery of antibiotics.
Compared to free antibiotics, considerable progress of NPs
has been achieved in antibacterial therapy, including tar-
geted delivery, efficient drug loading, overcoming resistance,
and protection from inactivation. Although nanocarriers
have promising potential for bacterial killing, the study of
nanocarriers is still in the preliminary stage of testing. More
studies of the interactions between nanocarriers and biologi-
cal molecules are needed to ensure their biosafety and efficacy
in vivo.

4 | NANOMATERIALS WITH ACTIVE
TARGETING ANTIBACTERIAL EFFECTS

Despite its elegance, passive targeting strategy often suffers
from a few limitations, including the dependence on cir-
culation time for drug accumulation in target tissues, weak
specificity, and the random nature of the delivery process
(interaction between NPs and cells is driven by stochastic
processes).[7?%] To overcome these limitations, active target-
ing strategy has been emerged and broadly utilized antibac-
terial therapy. Active targeting involves the application of
specific ligands that can recognize target structures/substrates
for enhanced delivery of antimicrobial agents to bacterial cells
(Figure 6).[°°) Owing to the characteristics of nanoscale size
and surface properties, the half-life of nanomaterials can be
significantly extended in blood circulation, resulting in an
increment in the local concentration of therapeutics at infec-
tion sites.!') Ligands with affinity for molecules or receptors
on cell surfaces boost cellular uptake of nanomaterials and

lead to an improved therapeutic effect.'”!) The surface of

nanomaterials is typically conjugated with targeting ligands,
such as antibodies, aptamers, peptides, polysaccharides, and
specific small molecules, to selectively recognize bacterial
cells.

4.1 | Antibody-conjugated nanomaterials
Antibodies have been highly pursued in basic research, ben-
efiting from high specificity and affinity for target antigens.
However, the low therapeutic activity of antibodies has lim-
ited their wide application in antibacterial treatment.['2] In
the last twenty years, researchers have found that antibod-
ies conjugated with nanomaterials can strikingly enhance
therapeutic potency. Thus, the antibody conjugation strategy
has become increasingly attractive for the treatment of both
inflammatory diseases and cancers.!'31%] A wide variety of
nanomaterials, such as metal NPs, polymeric NPs, carbon
nanotubes, and metal oxide NPs, have been conjugated with
antibodies for antibacterial therapy.

Given the optical and photothermal properties, gold nano-
materials with different sizes and shapes have been conjugated
with antibodies for killing bacterial cells.'°*!%”) Norman et al.
have developed a new approach by using antibody-conjugated
gold nanorods to selectively target and destroy bacterial
cells.%) Gold nanorods that are covalently anchored with
antibodies can enhance their binding with the surface of
P aeruginosa, resulting in a significant reduction in cell
viability after NIR radiation. Wang et al. have conjugated
anti-Salmonella antibody to oval-shaped AuNPs for label-
free detection and destruction of S. typhimurium.'®) These
antibody-conjugated AuNPs can bind with cells to form
microbial clusters, resulting in irreparable cellular damage
after exposure to NIR irradiation. Moreover, different struc-
tures and morphologies of gold nanomaterials lead to tun-
able optical/plasmonic properties under laser irradiation.!'"’!
Recently, Zharov et al. have used 10-, 20-, and 40-nm AuNPs
that were conjugated with anti-S. aureus antibodies to tar-
get the bacterial wall for selective killing of S. aureus.[""!]
This study has successfully optimized the size-dependent
efficiency of AuNPs in bacterial inhibition. Meanwhile, this
approach can regulate the attachment efficiency of antibody-
conjugated NPs to bacterial cell surfaces by controlling
the number of conjugated antibodies. Although antibody-
conjugated AuNPs have been widely implemented in antibac-
terial therapy, significantly reduced efficacy has frequently
occurred in biofilm-associated infections. Meeker et al. have
explored an antibody-conjugated gold nanocage coated with
antibiotic-loaded polydopamine (PDA).[""? Upon laser irra-
diation, this system can be activated to convert photon energy
into heating, leading to controlled release of antibiotics in
infection tissues. This work proposes that the use of pho-
tothermal effects to synergize antibiotic delivery promotes
treatment efficiency toward bacterial infections. It highlights
the feasibility of incorporating alternative antibodies and
antibiotics to PDA-coated gold nanocages for targeting P
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aeruginosa."®) Impressively, this approach has been con-
firmed to achieve enhanced laser-assisted photothermal treat-
ment and antibiotic-mediated killing of both Gram-positive
and Gram-negative bacterial species.

Various types of carbon-based nanostructures have been
used for antibacterial agents, due to their environment-
friendly and high bacterial toxic properties.>>!"] Particularly,
a series of carbon nanostructures, including graphene oxide,
carbon colloids, and carbon nanotubes, have attracted consid-
erable attention in recent years. Reid et al. have applied anti-
Streptococcus group A antibody-conjugated multi-walled car-
bon nanotubes to investigate targeted photothermal damage
of both planktonic bacteria and biofilm-residing bacteria.!">]
Moreover, the authors have found that light-induced local
heating causes negligible collateral damage in adjacent tissue,
which supports the potential of carbon nanotubes for further
translation. Chen et al. have used antibody-functionalized
nanoscale reduced graphene oxide (NRGO) for selective
killing of S. aureus, showing negligible toxicity to E. coli and
human cells under NIR irradiation.!"'] These easy-fabricated
and cost-effective properties support the use of antibody-
NRGO as a promising candidate for antibacterial therapy.
More recently, Hamme et al. have fabricated both anti-E.
coli monoclonal antibody-conjugated and gold nanopopcorns
attached single-walled carbon nanotubes (mAb-AuNP@f;-
SWCNTs) for selective detection and specifical photothermal
damage of bacteria.l'”] Under 670 nm light irradiation,
mAb-AuNP@f;-SWCNTs show marked sensitivity and rapid
selectivity, achieving a higher killing efficiency against E. coli
than unmodified AuNPs under the same laser exposure.

In addition to gold and carbon nanomaterials, other
antibody-conjugated metal, metal oxide, polymer, and inor-
ganic nanomaterials also have demonstrated satisfactory
antibacterial activities.'8122) Wang et al. have prepared anti-
R. solanacearum antibody functionalized PLGA NPs carrying
methyl caffeate and caffeic acid phenethyl ester for selec-
tive killing of Gram-negative R. solanacearum.!'?) The ECs
level of antibody-conjugated PLGA NPs was 0.021 mg/mL,
which was decreased by 92% in contrast to unmodified
NPs. Therefore, the antibody-conjugated PLGA NPs not only
increase the antibacterial activity against R. solanacearum
but also provide a new strategy for preventing and treat-
ing R. solanacearum. Similarly, anti-S. aureus antibody-
conjugated MoS, nanosheets have been successfully prepared
by Wang et al. for targeted photothermal therapy of S. aureus
infection.!'”*) MoS, nanosheets simultaneously coated with
PDA and conjugated with thiol-polyethylene glycol (PEG-SH)
and antibodies against protein A IgG (MoS,@PDA-PEG/IgG
NSs) can be exploited as a photoactivatable and highly
selective antibacterial agent that appears to have high bio-
compatibility, suitable stability, photothermal property, and
specific bacterial-targeting ability (Figure 7). The obtained
MoS,@PDA-PEG/IgG NSs can effectively and specifically
accumulate in S. aureus biofilm, showing a five-times incre-
ment compared to that of MoS,@PDA-PEG NSs. Further-
more, MoS,@PDA-PEG/IgG NSs claim limited toxicity to
normal tissues under laser irradiation, indicating accept-

able safety for in vivo implementation. Karakasyan et al.
have described a polymeric nanocarrier (NPs_Rif anti-S.
aureus) for targeted delivery of antibiotics to S. aureus-
infected tissues.!'”] NPs_Rif_anti-S. aureus are prepared by
nanoprecipitation of poly(p,L-lactic-co-glycolic acid) (PLGA)
and poly(p,L-lactic-co-glycolic acid)-b-poly(ethylene glycol)
(PLGA-b-PEG), followed by conjugation with anti-S. aureus
antibody. As reported, NPs_Rif_anti-S. aureus can specifically
attach to the cell surface of S. aureus and then rapidly pene-
trate into the S. aureus biofilm due to the nanoscale size and
presence of a PEG shell. Compared to free antibiotics (Rif),
NPs_Rif_anti-S. aureus display a significantly enhanced treat-
ment efficacy in vivo, thank to actively targeted accumulation
of Rif in the infected tissue. Tzanov et al. have developed an
approach to promote selective destruction of targeted bacte-
ria using bacterial-specific antibody-conjugated nanocapsule
loaded with antibacterial essential oil (Ab@EO NCs).[12¢]
An anti-S. aureus antibody is conjugated to aminocellu-
lose coated essential oil-loaded zein nanocapsules (EO NCs)
via a carboxyl-to-amine coupling reaction. Notably, up to
twofold higher bactericidal efficacy was observed after treat-
ment with Ab@EO NCs compared to the non-targeted EO
NCs under the same concentrations. Conjugation with spe-
cific antibodies enhances the interaction between EO NCs
and the cellular surface, which increases the local essential
oil concentration on the bacterial cell surface and therefore
leads to rapid and efficient inactivation of S. aureus. The
application of antibody-conjugated nanomaterials in antibac-
terial treatment faces several requirements, such as high target
specificity, affinity, efficient linkage, and stability. Neverthe-
less, the development of antibody-conjugated nanomaterials
for the purpose of clinical translation is highly attractive, as
antibody-based targeting ligands have overcome the problem
of antibody immunogenicity in vivo.

4.2 | Aptamer-conjugated nanomaterials

Aptamers, often considered “chemical antibodies,” are short
single-stranded oligonucleotide selected by a process known
as SELEX (systematic evolution of ligands by exponen-
tial enrichment) in vitro to target a range of specific
ligands."7-12°] Aptamers usually consist of 15-60 nucleotides,
which can form a specific secondary structure to recognize
targets with high affinity and specificity. In the past few
decades, aptamers have been intensively exploited as anti-
cancer agents owing to their low cytotoxicity, easy preparation,
and outstanding specific targeting ability.>*132] Compared to
antibodies, aptamers exhibit several favorable features!13>-136]
1) aptamers can be prepared with great accuracy and repro-
ducibility by chemical synthesis. Different from antibodies,
aptamers can be easily functionalized with various func-
tional groups via chemical reactions; 2) aptamers show higher
thermal stability, resulting in recovering their native confor-
mation and binding to target ligands after re-annealing; 3)
nucleic acids are usually not recognized as foreign agents by
the human immune system, endowing aptamers with low
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(A) IR thermal images of S. aureus infected tissues after different treatments. (B) Digital images of S. aureus infected tissues after treatment. (C)

Variation of wound area after different treatments. (D) Colony-forming units (CFU) of S. aureus in infected tissues 8 days post-treatment. (E) Hematoxylin and
eosin and Masson’s trichrome staining of S. aureus infected tissues after treatment. Reproduced with permission from.['*] Copyright 2019, Frontiers Media SA

immunogenicity; and 4) aptamers display a high specificity
and affinity for some targets, such as small molecules and ions.
Benefited from these features, aptamers markedly broaden
their biological applications.

Aptamer-conjugated NPs have been developed as attractive
targeted therapeutic agents for treating bacterial infections.
Antimicrobial peptides (AMP) have been designed and syn-
thesized as alternative candidates for infection treatment by
virtue of their outstanding bacterial inhibition efficacy in
vitro. However, unsatisfactory in vivo performances, includ-
ing instability, short half-life, and weak penetration into
mammalian cells, have restrained the clinical application of
AMP.7] Lee et al. have reported aptamer-conjugated AuNPs
(AuNP-Apt) for efficient delivery of AMP into mammalian
living systems.[*®] Hexahistidine-tag aptamers are conju-
gated to AuNPs loaded with C-terminally His-tagged AMP

by simply mixing. The resulting AuNP-Apt-AMP is effi-
ciently delivered into mammalian living systems. The ability
to inhibit intracellular bacteria is further investigated in S.
Typhimurium infected mice by intravenous injection and the
results show that AuNP-Apt-AMP successfully eliminates S.
Typhimurium colonization in organs and extend the survival
of infected animals. Briefly, AuNP-Apt-AMP appear several
advantages: 1) effective cellular entry; 2) increased stability of
AMP by avoiding proteolysis; and 3) limited cytotoxicity to
mammalian cells.

MRSA, as one of the most notorious human pathogens,
can resist to different antibiotics. To enhance the therapeu-
tic effects toward MRSA, aptamer-conjugated gold nanorods
(Apt@Au NRs) have been developed by Ocsoy et al.l*]
Apt@Au NRs can specifically bind to MRSA surface and effec-
tively inactivate bacterial activity due to the high longitudinal
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(A) Preparation of aptamer-conjugated MGO and photothermal-mediated inhibition of bacteria in both dispersed and aggregated forms in

PBS under 808 nm NIR laser irradiation. TEM images of (B) bare GO and (C) MGO, respectively. (D) Digital photos of GO (left) and MGO (right) solutions,

respectively. Reproduced with permission from.[*0

absorption of NIR irradiation and strong photothermal con-
version. The results also disclose that the binding strength
and affinity to MRSA cells through a multivalent effect
are increased with the number of aptamers conjugated to
the surface of Au NPs. The same group has recently pro-
posed an aptamer-functionalized magnetic graphene oxide
(Apt@MGO) for enhanced photothermal therapy against
MRSA in both dispersed and aggregated states.l'*") Fe;0,
NPs are formed in situ on the surface of graphene oxide to
prepare magnetic graphene oxide (MGO), which is used for
collecting MRSA cells by an external magnet. MGO with
aptamer conjugation is served as a photothermal agent to
generate heat under NIR irradiation for MRSA deactivation
(Figure 8). It has been observed that Apt@MGO separately
kills 78% and 95% of MRSA in the dispersed and aggregated
states after NIR laser irradiation for 200 seconds, highlighting
that aptamer conjugation strengthens the selective and spe-
cific binding capability of MGO. Recently, Ozalp et al. have
reported a new targeted delivery system of antibiotics to kill
MRSA.I"*! To reduce antibiotic resistance development, tar-

I Copyright 2021, American Chemical Society

geted delivery systems have been used to retard the evolution
of antibiotic resistance by restricting the dosage and admin-
istration frequency of antibiotics during treatment.!42143]
PLGA has been broadly used for drug delivery due to its bio-
compatibility and biodegradability.'*4146] In this context, the
authors have prepared S. aureus-specific aptamer-conjugated
PLGA NPs loaded with teicoplanin, which lead to 32- and 64-
fold decrements in minimum inhibitory concentration (MIC)
against susceptible strains and clinical isolates of MRSA,
respectively.

The existence of bacteria in aqueous environment raises
concerns as a serious risk to human health. Traditional dis-
infectants, such as chlorine and ozone, usually form harmful
by-products.'¥’-4°] By contrast, UV irradiation has been
reported to potently disinfect bacteria with minimal for-
mation of by-products.'>®>!] Kim et al. have constructed
an E. coli surface-specific aptamer cocktail (including three
different aptamers that specifically target E. coli) with conju-
gated TiO, particles (TiO,-Apc) for targeted and increased
inactivation of E. coli.'®>) Compared to single aptamer
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conjugated TiO, (TiO,-Aps) or non-conjugated TiO,, TiO,-
Apc only require half of the time (30 mins) to inactivate ~99%
of E. coli (10° CFU/mL) under UV irradiation. In addition
to enhanced inhibition, aptamer cocktail-conjugated TiO,
achieves increased bacterial selectivity than that of single-type
aptamer-conjugated TiO,.

As an antibacterial agent, Ag is well known for its power-
ful antibacterial property, which is attributed to the release
of Ag ions that present cytotoxicity to bacterial proteins,
given that protein deactivation directly affects the genera-
tion of transmembrane ATP and ion transport across the
cell membrane.['31%5] Ag nanoclusters (AgNCs) can attach to
the bacterial cell wall and lead to cell death, their antibacte-
rial ability is more potent against Gram-negative bacteria.1°]
To widen the range of applications, Xu et al. have presented
aptamer-conjugated DNA-templated AgNCs (AgNCs/Apt-
G) for accurate detection and effective elimination of S.
aureus.">’) As a “bridge,” an aptamer that specifically binds to
S. aureus is connected to G-rich sequences for enhancing flu-
orescent activity after attaching to AgNCs. The fluorescence
intensity of Ny -AgNCs is greatly influenced by the number of
complementary sequence bases. The results demonstrate that
the strongest fluorescence intensity observed in N4-AgNCs is
increased by six-times after aptamer conjugation. Compared
to N4-AgNCs treatment, N,-AgNCs/Apt-G display elevated
antibacterial activity toward S. aureus.

DNA origami structures, including two- or three-
dimensional nanostructures constructed by utilizing the
base-pairing property of DNA, have attracted plenty of
attention for biomedical applications.[*®1°]  Owing to
the characteristics of controllably designed geometries,
excellent biocompatibility, and precise spatial addressabil-
ity, DNA origami structures have been explored for drug
delivery.'°163] With the development of synthesis tech-
niques, DNA origami structures, as a versatile nanoplatform,
can deliver multiple payloads for targeted antibacterial
delivery.1o19] As reported, DNA origami structures have
low immunogenicity and can remain intact over 48 h in vivo
after specific design and modification.[1°%19”] Kaminski et al.
have applied aptamer-conjugated DNA origami nanostruc-
tures for the delivery of antibacterial peptide and lysozyme to
specifically inactivate bacteria (Figure 9).1°°] DNA origami
structures consisting of a frame with five “wells” for drug
loading are conjugated with aptamers that can target E. coli
and Bacillus subtilis. To ensure effective binding to target
bacterial cells, fourteen aptamers are attached to each side of
the nanostructure. With the loading of biotinylated lysozyme,
this aptamer-conjugated DNA origami shows significant
growth inhibition of E. coli and B. subtilis, while no significant
influence is observed on the viability of COS-7 cells.

Recently, nanozymes have attracted increasing interest
as a next generation of antibiotics due to high stabil-
ity, broad spectrum antibacterial activity, limited occur-
rence of resistance, and low cost.'®>7] Compared to
traditional antibiotics, nanozymes can be equipped with
unique advantages of nanomaterials, such as reduced side
effects and benign membrane permeability.”174) Different

from natural enzymes, nanozymes profit from extra physic-
ochemical properties, including size-, composition-, and
shape-modulating catalytic activities.”>7°] To date, a great
number of antibacterial nanozymes, such as carbon-based
NPs, metal-organic framework-based compounds, transition
metal peroxides/oxides, and metal-based NPs, have been
developed.77"77%) Yang et al. have developed an activatable
aptamer-conjugated nanozyme for targeted chemodynamic
therapy of bacterial infection.!'*") Normally, chemodynamic
therapy is based on the utilization of ROS to destroy cells by
converting hydrogen peroxide (H,0,) into the highly toxic
hydroxyl radical.'-182) However, the peroxidase-mimicking
activity of most nanozymes is optimal in acidic solutions (pH
3-6), while most tissue environments are alkalescent.183154]
To overcome this limitation, a nanocapsule (APGH) con-
taining aptamer-functionalized platinum nanozymes (Apt-
PtNZ), glucose oxidase (GOX), and hyaluronic acid (HA) is
prepared for the antibacterial therapy of diabetic wounds. In
vitro evaluation of antibacterial effects in PBS (pH 8.0) supple-
mented with 10 mM Glu (a simulated diabetic wound environ-
ment) shows that APGH can induce prominent morphology
collapse of S. aureus through a dual aptamer-targeting and
glucose oxidation effect. An in vivo study in S. aureus-infected
diabetic mice further supports the ability of APGH to play
antibacterial effect in alkalescent normal tissue environments.
Despite the fact that various aptamers have been success-
fully conjugated to a variety of nanomaterials, the studies
of antibacterial aptamers-conjugated nanomaterials are cur-
rently in their infancy. It is expected that more antibacterial
aptamer-modified nanomaterials will become available for
clinical trials in the near future.

4.3 | Peptide-conjugated nanomaterials

Peptides have been well-known as targeting ligands for fight-
ing infections because of their simple synthesis and high
specificity.18>15°] Basically, the size of peptide ligands is
between that of antibody and small molecular ligands. Pep-
tides can simulate interactions among proteins and show a
large binding area with receptors, resulting in remarkably
higher specificity and binding affinity than molecular ligands.
It is reported that antibacterial peptides display antibac-
terial functions by several strategies, such as delocalizing
peripheral membrane proteins, inducing the permeability
of cell membranes, and disrupting the organization of cell
membrane.['"”] However, their potential applications are lim-
ited by hemolytic toxicity, low protease stability, and finite
contact surface area.!'®%1%°] The conjugation of peptides to
NPs has been developed as an effective strategy to solve
some of these difficulties.®*1°2] Chen et al. have synthesized
peptide-conjugated reduced graphene oxide NPs (NRCO03-
DA/nRGO) to enhance the stability of the NRCO03 peptide
for targeted treatment of bacterial infection.”?! In addition
to the increased stability of NRCO03 peptide in physiologi-
cal environments, conjugated NRC03-DA/nRGO NPs exhibit
ignorable cytotoxicity to BEAS-2B cells after 24 h incubation,
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while free NRCO03 peptide shows an apparent influence on cell
viability under the same conditions. Furthermore, the antibac-
terial efficiency of these NPs toward Gram-positive S. aureus
is greatly enhanced after conjugation with the NRCO03 pep-
tide. To treat S. aureus infection, Tang et al. have reported an
intracellular antibiotic delivery system (Gen@MSN@LU) as
an active targeting agent for treating intracellular bacteria.l**]
Gen@MSN@LU is based on gentamicin-loaded mesoporous
silica NPs (Gen@MSNs) that are decorated with bacterial
toxin-responsive lipid bilayers and the targeting peptide
UBI,9_41. As a gate to control drug release, the lipid bilayers
on the surface of Gen@MSN@LU are degraded by bacterial
toxins specifically at the site of infection. The targeting and
inhibition capabilities of Gen@ MSN@LU toward S. aureus are
confirmed both in vitro and in vivo.

Polymeric NPs represent an interesting approach for the
delivery of antimicrobial drugs due to their controllable cargo
release, facile surface functionalization, biodegradability, and

low toxicity.!'>) Sullan et al. have reported a multifunctional
and stimuli-responsive polymeric antibacterial platform as an
effective antibacterial strategy.'°°] This antibacterial platform
(PANP-CWRII) is fabricated by decorating the surface of PDA
NPs (PdNPs), a superior photothermal and biocompatible
polymeric nanomaterial, with bacterial membrane-targeting
antimicrobial peptide CWRIL. The combination of the
membrane-targeting ability of peptide CWRI1 with the laser-
induced heating capability of PANPs significantly triggered the
cell death of E. coli, along with mitigating damage to healthy
cells at the infection site. Lee et al. have reported a sort of self-
assembly micelles, which combines antimicrobial lipopeptide
(DSPE-PEG-HnMc) and biodegradable amphiphilic poly-
mers as new antibacterial agents.””] These micelles are
prepared by the co-self-assembly of DSPE-PEG-HnMc and
PLGA-PEG, which form a hydrophobic PLGA and DSPE core
as well as a hydrophilic PEG and HnMc shell. HnMc micelles
display expected antibacterial activity against a wide spectrum
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of bacteria, demonstrating the great potential of antibacterial
peptide-based NPs for detection and treatment of bacte-
rial infections. The translation potentiality of HnMc micelles
as a targeted antibacterial agent is evaluated using a lung
infection model, showing significantly improved antibacterial
and anti-inflammatory activities compared to free gentam-
icin. Although the antibacterial effectiveness of peptide-
conjugated nanomaterials has been proven in vitro, compro-
mised antibacterial activity and decreased stability in vivo
have hampered the clinical application. Furthermore, the cost
and complexity of peptide synthesis are another challenge.

4.4 | Other target-specific nanomaterials
Polysaccharides, as an important type of natural biopoly-
mers, have shown appealing properties benefitted from their
stability, biodegradability, low toxicity, and diverse chemi-
cal modification feasibility.'”®!°°] Therefore, polysaccharides
are considered as one type of the most promising build-
ing blocks for drug/gene delivery, bioimaging, and targeted
treatment.[>°) The function and properties of polysaccha-
rides depend on chain lengths, monosaccharide sequence, and
charge. For instance, hyaluronic acid with negative charges
has been widely developed as a targeting ligand, owing to
its ability to bind with the CD44 receptor overexpressed on
the surface of cancer cells. Moreover, hyaluronic acid has
been reported to play an important role in anti-inflammation.
Pandey et al. have designed a hyaluronic acid-conjugated self-
nano emulsifying drug delivery system (HA-CIP-SNEDDS)
for improving the delivery of ciprofloxacin (CIP) toward
Salmonella infection.[*"! To address the poor solubility and
permeability of CIP, SNEDDS is used as a carrier, which suc-
cessfully improves the permeability of HA-CIP-SNEDDS in
goat intestinal mucus with the help of HA conjugation. Com-
pared to free CIP, the permeability of HA-CIP-SNEDDS is
increased fourfold after 4 h incubation, and around 80% of
the CIP is released sustainably for 72 h. Additionally, Duan
et al. have utilized HA-conjugated metal organic framework
(ZIF-8) as a Trojan horse of vancomycin for treating MRSA
infection.!”*?] Competitive residency experiments demon-
strate that HA-conjugated ZIF-8 can be endocytosed by
macrophages via specifically binding to CD44 for targeted
clearance of bacteria in vitro. Moreover, in vivo antibacterial
results indicate that HA-conjugated ZIF-8 has more effective
inhibition of MRSA than the same dose of vancomycin.
Small molecular ligands have been an important medium
by virtue of their simple structure and definite interactions
with receptors. For instance, vancomycin, as a well-recognized
small molecular targeting ligand, has been conjugated to
the surfaces of AuNPs,!***] iron oxides,[?**! dendrimers,>*°]
and microporous silica NPs!?°! for specific binding with
Gram-positive bacteria. Li et al. have designed pH/lipase-
sensitive micellar carriers encapsulated with ciprofloxacin
(Van-hyd-PECL/CiP), which are prepared by self-assembly
of amphiphilic poly(ethylene glycol)-poly(e-caprolactone)
(PECL) copolymers conjugated with vancomycin (VAN).[207]

The improved blood circulation time and selective recogni-
tion are ascribed to the presence of PEG shell and conjugated
VAN targeting ligand. In vivo results imply that the survival
of P. aeruginosa-infected mice after treatment with Van-hyd-
PECL/Cip is largely prolonged than those of mice treated
with either free drugs or micelles without VAN conjugation.
This work provides a feasible strategy to use VAN as a small
molecular ligand for targeted therapy of bacterial infections.
Folic acid (FA), also known as vitamin B9, has been employed
as a specific targeting ligand against bacteria.[?°%?%°] Zhang
et al. have prepared a multifunctional nanocarrier (Oxi-aCD
NPs) with a DSPE-PEG-FA coating for targeted delivery
of moxifloxacin (MXF) to pulmonary P. aeruginosa.!”"]
Higher cell internalization of MXF/FA-Oxi-aCD NPs by
macrophages is observed as the attachment of FA on NP
surface renders stronger adhesion to folate receptors present-
ing on macrophages. Meanwhile, the biodistribution analysis
exhibits that MXF/FA-Oxi-aCD NPs mainly accumulate in
the infected tissue, owing to the overexpression of folate recep-
tors on activated macrophages. As a result, MXF/FA-Oxi-aCD
NPs prolong the survival time of pulmonary-infected mice.

Moreover, magnetic targeting nanomaterials have recently
ushered into an increasingly attractive research area. Super-
paramagnetic iron oxide NPs, consisting of iron oxide
cores, can become magnetized with an external magnetic
field. In this way, superparamagnetic iron oxide NPs are
endowed with the capability to deliver the coated or con-
jugated drugs to the target tissue under an external mag-
netic field guidance and can be inactivated after removing
the magnetic field. Recently, magnetic drug nano-delivery
systems, such as magnetodendrimers, magnetoliposomes,
and magnetic nanocomposite, have been introduced to
reduce the menace of resistant bacteria.!"*?! For exam-
ple, Markiewicz et al. have used a polymer/gold/magnetic-
NPs nanocomposite to inhibit the metabolic activity of
P aeruginosa and prevent the formation of biofilm.[*]
Sahoo et al. have investigated a magnetic nanocompos-
ite, Congo Red dye loaded Fe;O,4-N-[3-(trimethoxysilyl)-
propyl]-ethylenediamine-Tryptophan (FTT), for bacterial
inhibition.[”*] For specific site targeting, the antibacterial
activity of FT'T nanocomposite was examined against Gram-
negative (E. coli) and Gram-positive (B. subtilis) bacterial
strain, displaying positive antibacterial responses. However, to
develop high-quality antibacterial targeting strategies remains
one of the most important challenges for targeted antibacterial
therapy based on nanomaterials.

5 | CONCLUSION AND OUTLOOK

Antibiotics have saved a great number of lives from infec-
tious diseases every year. At the same time, the wide use of
antibiotics causes an alarming spread of bacterial resistance to
antibiotics, which is currently a global health emergency. It is
clear that the introduction of more powerful antibiotics would
not be the eventual solution to overcome antibiotic resistance,
which in turn may accelerate the development of greater and



more severe resistance. Given the advances in nanotechnol-
ogy and material science, various nanomaterials have been
developed as an alternative to against antibiotic resistant bac-
teria, due to their high surface-to-volume ratio and unique
physicochemical properties. Despite the fact that antibacte-
rial mechanisms are not yet well understood, it is clarified that
nanomaterials not only are equipped with intrinsic antibacte-
rial activity but also can be used as vehicles for the efficient
delivery of antibacterial agents. Targeting bacteria is one of
the most widely utilized approaches, which can increase the
local concentration of antimicrobial agents around bacteria
cells and result in enhanced inhibition effects and reduced side
effects. In terms of passive targeting, nanomaterials depend
on sufficient blood circulation time to accumulate in target
tissues, attributing to their specific physicochemical property
as well as unique responsive nature in target sites. To further
enhance drug delivery to infected lesions, targeting ligands
are conjugated to the surface of nanomaterials to recognize
specific receptors expressed on target cells. Both passive and
active strategies that target infection sites can increase deliv-
ery efficiency, which can reduce side effects and enhance
antibacterial ability simultaneously.

Despite these progresses, clinical translation of antibacte-
rial nanomaterials is in preliminary stage. A few antibacterial
AgNPs or nanocarriers for antibiotic delivery have been
undergoing clinical testing.[*®] For example, Pulmaquin, a
liposomal nanoformulation designed for controlled delivery
of ciprofloxacin, is in phase III clinical trials.”’®! How-
ever, many hurdles and challenges hamper the translation of
antibacterial nanomaterials into clinical applications. Firstly,
the antibacterial mechanisms of nanomaterials are bottle-
necks to deeply elucidate effectiveness at the molecular level.
The development of molecular dynamics simulations pro-
vides opportunities to fully elucidate the structure-activity
relationship and antibacterial mechanisms of nanomateri-
als. Second, the antibacterial capability of nanomaterials is
inadequate to completely meet the requirements of clinical
applications. Not only inherent physicochemical properties
but also extrinsic factors affect the antibacterial activity of
nanomaterials. Therefore, optimal nanomaterials with high
antibacterial activity in biological systems are highly desir-
able. Last, most nanomaterials present excellent antibacterial
inhibition in vitro but lack significant progress in clinical
translations due to the complexity of biological systems. Given
the complexity of biological environments, more investiga-
tions regarding in vivo biodistribution, metabolic pathways,
and degradation of nanomaterials have become critical for
future application. While nanomaterials hold great promise in
fighting bacterial infection, knowledge regarding the pharma-
cokinetic profiles and safety issues of nanomaterials applied
to the human body is extremely limited. With increasing
the understanding of interdisciplinary in nanotechnology,
microbiology, pharmacology, immunology, and toxicology,
targeted antibacterial therapy would present a major leap for-
ward and be able to confront the threat of antibiotic-resistant
bacteria.
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