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Abstract

For more than 2 billion years, microbes have reigned on our planet, evolving or outlasting many
obstacles they have encountered. In the 20t century, this trend took a dramatic turn with the
introduction of antibiotics and vaccines. Nevertheless, since then, microbes have progressively
eroded the effectiveness of previously successful antibiotics by developing resistance, and many
infections have eluded conventional vaccine design approaches. Moreover, the emergence of
resistant and more virulent strains of bacteria has outpaced the development of new antibiotics
over the last few decades. These trends have had major economic and health impacts at all levels
of the socioeconomic spectrum — we need breakthrough innovations that could effectively manage
microbial infections and deliver solutions that stand the test of time. The application of
nanotechnologies to medicine, or nanomedicine, which has already demonstrated its tremendous
impact on the pharmaceutical and biotechnology industries, is rapidly becoming a major driving
force behind ongoing changes in the antimicrobial field. Here we provide an overview on the
current progress of nanomedicine in the management of microbial infection, including diagnosis,
antimicrobial therapy, drug delivery, medical devices, and vaccines, as well as perspectives on the
opportunities and challenges in antimicrobial nanomedicine.
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1. Introduction

Antibiotics and vaccines are arguably the most important medical innovations in human
history. The introduction of a broad range of antibiotics and immunizations drastically
reduced the morbidity and mortality from infectious diseases over the last century [1,2].
Between 1900 and 1996, mortality from infectious diseases in the United States fell
remarkably from 797 to 59 deaths per 100,000 with the lowest mortality rate of 36 deaths
per 100,000 in 1980. However, multiple concerning trends have emerged in the last several
decades that threaten to deeply undermine progress. By far the most worrisome has been the
relentless emergence of antimicrobial resistance, which has been widely documented to
worsen clinical outcomes and increase the economic burden of infectious diseases [3]. While
many factors appear to be involved in its emergence, the excessive and improper use and
abuse of antibiotics has been shown to play a major role. The continued evolution of drug
resistance, which has already invalidated many routinely used antibiotics, has reached a
fevered pitch and is a serious public health threat, with some even warning of the possibility
of the 215 century becoming the “post-antibiotic” era [4]. Moreover, some bacterial strains
are capable of developing or acquiring resistance to multiple antimicrobial agents, a
phenomenon known as multidrug resistance (MDR) [5]. MDR pathogens are notoriously
difficult to treat using conventional methods and can be clinically untreatable. One serious
example of MDR is the increasing proportion of methicillin-resistant Staphylococcus aureus
(S aureus), or MRSA, acquiring resistance to vancomycin (vancomycin-resistant S. aureus,
or VRSA), making the treatment a daunting medical challenge since vancomycin is often
regarded as the last resort for S. aureus infections [6]. In the ongoing race between the
emergence of drug resistance and the development of novel antimicrobial agents, microbes
appear to be pulling ahead [7]. To make the situation worse, the pharmaceutical industry has
decreased its efforts to develop new antibiotics due to low returns on investment and shifts
in R&D priorities; the pipeline of new antibiotics, in particular for MDR Gram-negative
superbugs, is running dry [8,9].

The application of nanotechnologies to medicine, also named nanomedicine, has profoundly
altered the landscape of the pharmaceutical and biotechnology industries [10-13], with
around 100 nanomedicine products already approved for clinical use ranging from drug
delivery and imaging to implantable biomaterials and medical devices [14].
Nanotechnologies have also shown impressive potential in tackling almost every aspect of
microbial infection (Figure 1). More than 10 nanoparticle-based products have been
marketed for bacterial diagnosis, antibiotic delivery, and medical devices (Table 1). With
their unique physicochemical characteristics, nanomaterials have played a critical role in the
fast, sensitive, and selective detection of microbial infections. Many inorganic and organic
nanomaterials have also been demonstrated to possess potent inherent antimicrobial
properties that are rarely expressed in their bulk form. More importantly, some of these
nanomaterials can combat antibiotic resistance by compromising existing resistance
mechanisms. Furthermore, nanoparticles for antimicrobial drug delivery also offer distinct
advantages in overcoming resistance and causing fewer side effects than conventional
antibiotics. In addition, the incorporation of antimicrobial nanomaterials in medical devices
can prevent microbial adhesion and infection. Last, but not least, using nanomaterials as
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vaccine adjuvants and/or delivery vehicles can evoke more efficient immune responses
against microbial infection. Herein we provide an overview of all these aspects of
antimicrobial nanomedicine and discuss the opportunities and challenges of this exciting
area.

2. Nanotechnologies for Microbial Diagnosis

Infectious diseases caused by contagious microbes are subject to transmission from either an
infected individual or vector to a healthy individual. Rapid, sensitive, and specific detection
of pathogens is therefore critical for identifying the source of infection, improving patient
care with proper treatment, and controlling the spread of disease[15,16]. The complexity and
broad variety of microbes, as well as the incubation period before clinical symptoms appear
(ranging from a couple of minutes to years after the initial infection), make the diagnosis of
some of these conditions very challenging. Modern molecular techniques for microbial
infection diagnosis, including enzyme-linked immunosorbent assay (ELISA) and
polymerase chain reaction (PCR), possess high sensitivity and reproducibility. Nevertheless,
these techniques require laborious sample preparation processes and have long readout
times, possibly delaying the time-critical diagnosis of and response to urgent situations in
infection, such as bacterial sepsis. Moreover, the sophisticated instrumentation required and
short shelf life of some reagents limit the application of these detection techniques in
developing countries and rural areas of developed countries, where microbial infectious
diseases are more likely a major health problem.

Nanotechnology presents a great opportunity for the development of fast, sensitive, specific,
and cost-effective techniques for the diagnosis of microbial infection [17]. Sensitive and
specific detection requires selective capturing and distinguishing of target molecules/
microbes from other substances in a complex sample matrix. Nanotechnology can facilitate
both of these processes, and the unique physicochemical properties of nanomaterials
potentially enable the recording a single binding event. Targets can be labeled or captured
by nanoparticles coupled with affinity probes (e.g., antibodies and nucleic acids), which can
selectively recognize microbe biomarkers. In addition, the development of surface
patterning techniques and nanoscale arrays of pathogen-targeting ligands may further
revolutionize pathogen detection. Several different types of nanomaterials have been used
for microbial diagnosis, including magnetic, gold (Au), and fluorescent nanoparticles.

2.1. Magnetic Nanoparticles

Magnetic nanoparticles, in particular superparamagnetic iron oxide nanoparticles (SPIONs),
have been well studied as magnetic resonance imaging contrast agents for medical
applications [18]. A great deal of effort has also been focused on the application of probe-
decorated magnetic nanoparticles for microbial diagnosis. In one recent study, Lowery and
co-workers developed a T2 magnetic resonance (T2MR)-based SPION diagnostic platform
that can rapidly and reproducibly detect five Candida species in whole blood within 3 h
[19]. Hybridization of oligonucleotide-decorated SPIONs with amplified Candida DNA
yields large changes in the sample’s T2MR signal (Figure 2). Notably, the product based on
this system, T2Candida, is currently in clinical trials, with data expected in 2014.
Meanwhile, Weissleder and colleagues reported the development of magneto-DNA
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nanoparticles that can target bacterial ribosomal RNA for profiling of pathogens in clinical
samples [20]. Coupled with a miniaturized nuclear magnetic resonance (NMR) system for
signal readout, the assay was capable of simultaneously detecting and phenotyping a panel
of 13 bacterial species in clinical specimens within 2 h.

Magnetic nanoparticles can also be externally manipulated by controlled magnetic fields,
enabling the enrichment, washing, and resuspension of targets from a complex biological
matrix. Application of this unique profile of magnetic nanoparticles in conjunction with
novel detection techniques offers limitless potential in sensitive and multiplex detection of
bacteria. For instance, matrix-assisted laser desorption/mass spectrometry (MALDI-MS) has
recently been adopted as a fast and reliable method for bacterial identification based on the
mass spectrometry profiles of commonly encountered bacterial species [21]. Integrated
workflow combining the magnetic nanoparticle-based sample preparation/concentration
with MALDI-MS detection enables rapid analysis of bacteria in clinical samples, such as
whole blood [21,22]. Besides, ligand-modified magnetic nanoparticles have also been
combined with magnetic microfluidic devices for clearing bacteria and endotoxins from the
bloodstream [23]. Magnetic nanoparticles modified with a synthetic ligand bis-Zn-DPA can
remove Escherichia coli (E. coli) from bovine whole blood with almost 100% clearance at
flows as high as 60 mL/h.

In addition to the diagnosis of bacterial infection, magnetic nanoparticles were also utilized
to determine bacterial metabolic activity and antimicrobial susceptibility by monitoring the
consumption rate of nutrients (e.g., starch). Perez and co-workers developed two SPION-
based assays to assess the bacterial susceptibility to antibiotics in blood with magnetic
relaxation [24]. At low metabolic activity or bacterial growth rates, the unconsumed starch,
which has a high binding affinity to Concanavalin A (Con A), can induce the aggregation of
Con A-conjugated SPIONs or dextran-coated SPIONs supplemented with free Con A,
leading to a change of T2MR. The susceptibility of different microbes to ampicillin can be
determined within 2.5 h with a dextran-coated SPION competition assay in the presence of
free Con A, or within 5 min with a Con A-conjugated SPION non-competition assay. This
strategy is as sensitive and reliable as the turbidity method, which requires 24 h cell
incubation for the measurement of antimicrobial susceptibility.

2.2. Au Nanopatrticles

Au nanoparticles have distinctive optical and electrochemical properties that bulk Au does
not possess and can be easily surface-functionalized with probes, both advantages that have
triggered widespread interest in their application as sensing materials [25]. Since the
pioneering work by Mirkin and colleagues [26], oligonucleotide-functionalized Au
nanoparticles have been widely used as probes for fast identification of pathogens whose
genome sequence is known to contain unique nucleic acid signatures. Hybridization of
oligonucleotide-Au nanoparticles with target nucleic acids allows the formation of a
polymeric network with a concomitant distinct shift in the plasmon resonance peak [26].
Utilizing the distance-dependent optical properties of Au nanoparticles, Storhoff and co-
workers also developed a “spot-and-read’ colorimetric detection method for identifying the
mecA gene found in MRSA strains [27]. Hybridization of these nanoparticles created a
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visually detectable color change when the solutions were spotted onto an illuminated glass
waveguide, with zeptomole sensitivities in detecting nucleic acids.

With a Raman tag as a narrow-band spectroscopic fingerprint and silver coating as a
surface-enhanced Raman scattering promoter, Au nanoparticle probes labeled with
oligonucleotides and Raman-active dyes have been utilized for multiplexed detection of
oligonucleotide targets with high sensitivity and selectivity [28]. Six dissimilar DNA targets
were simultaneously distinguished with six Raman-labeled Au nanoparticle probes with a
detection limit of 20 femtomolar. Using this detection modality, Mirkin and colleagues
further developed a bio-barcode assay for extraordinarily sensitive analysis of nucleic acid
and protein targets [29]. As shown in Figure 3, the targets of interest form a sandwich
structure with Au nanoparticles and magnetic microparticles for magnetic separation and
dithiothreitol (DTT)-mediated release of barcode strands, which are subsequently identified
and quantified on a microarray. Based on this diagnostic technology, the Verigene test was
successfully developed by Nanosphere, Inc. and approved by FDA for in vitro bloodstream
identification of both Gram-positive and Gram-negative bacteria. This test is ~ two to three
orders of magnitude more sensitive than ELISA-based methods and can provide results
within 2 - 2.5 h of blood culture positivity, as compared to ~ 2 - 4 days required by
conventional microbiological methods [30].

Au nanomaterials labeled with other affinity probes than oligonucleotides have also been
reported for bacterial diagnosis. Au nanoclusters embedded within lysozymes that can bind
with peptidoglycans on bacterial cell walls, were developed to concentrate pathogenic
bacteria for MALDI-MS-based identification[31]. Human serum albumin- or its binding
peptide motif-stabilized Au nanoclusters also demonstrated specific affinity with S. aureus
and MRSA for their selective detection[32]. Moreover, similar to magnetic nanoparticles,
Au nanoparticles can also be used to determine antimicrobial susceptibility by measuring the
shifts in the surface plasmon band, upon the Con A-induced clustering of dextran-coated Au
nanoparticles in the presence of starch in bacterial suspension [33].

2.3. Fluorescent Nanoparticles

Nanomaterials with fluorescent properties or nanoparticles labeled/encapsulated with
fluorescent dyes have also been applied for microbial detection. Using antibody-conjugated
silica nanoparticles that encapsulate thousands of fluorescent dye molecules for signal
amplification, Tan and co-workers developed an assay tool for in situ detection of single
bacterium cells in less than 20 min [34]. They also developed multicolored FRET
(fluorescence resonance energy transfer) silica nanoparticles by co-encapsulating three
tandem dyes that emit unique colors upon excitation with a single wavelength [35].
Simultaneous detection of multiple bacterial targets was achieved with different monoclonal
antibody-conjugated FRET silica nanoparticles. Quantum dots (QDs), a type of fluorescent
semiconductor nanoparticle, exhibit many characteristics that make them superior to
conventional fluorophores, such as photobleaching resistance and size-tunable broad
absorption spectra with narrow emission [36]. These optical qualities along with versatile
surface chemistry make QDs a good modality for the analysis of complex samples and have
been applied for the detection of bacteria such as Listeria monocytogenes [37].
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The chemical and physical versatility of these inorganic nanoparticles, together with the
unique interactions of affinity probes with molecular targets or pathogens, make them very
promising for robust and high-throughput microbial diagnosis of biological and
environmental samples. Miniaturized devices that require lower sample volumes and
produce faster readouts with higher sensitivity and accuracy will be designed. However, it
should be mentioned that most of these nanoparticle-based diagnostic strategies depend
upon the recognition of known bacterial genome sequences/biomarkers by targeting probes,
and thus may not identify mutated and/or new bacteria strains. As drug-resistant strains
continue to emerge, another important direction is the development of diagnostic
nanotechnology capable of not only sensing the presence of pathogens, but also determining
the susceptibility of the pathogens to antimicrobial drugs at the same time.

3. Nanotechnologies in Antimicrobial Treatment

The rapid emergence of antimicrobial drug resistance has become a widespread challenge
and a significant threat to public health. Bacteria acquire resistance by spontaneous mutation
of existing genes or through horizontal gene transfer by transformation, conjugation, or
transduction [38]. Resistance to antimicrobial drugs involves numerous mechanisms,
including decreased uptake and increased efflux of drug from the microbial cell, increased
production of a competitive inhibitor of antibiotics, and alteration of the substrate to which
antibiotics bind [39]. Another very important challenge in antimicrobial therapy is the
treatment of chronic infections, which are often caused by the formation of biofilms and/or
by intracellular microbes (e.g., Mycobacterium leprae, Chlamydia, Listeria, and others)
[40]. Biofilm is a matrix consisting of extracellular polymeric substance (EPS) that
accumulates and surrounds bacterial cells [41], acting as a barrier of diffusion by trapping
and degrading antibiotic molecules. Bacteria in a biofilm can exhibit up to 1000 times more
resistance to multiple antibiotics than planktonic bacteria [42]. Intracellular microbes are
well protected by the host cell, and thus have limited exposure to many antibiotics. Frequent
administration of high-dose antibiotics is still often prescribed for chronic infections, but
complete eradication is difficult.

One prominent advantage of nanomedicine in antimicrobial treatment is the potential to
address existing microbial resistance while avoiding its further development. This could be
achieved by different strategies, such as concurrently targeting multiple pathways by
antimicrobial nanomaterials, and increasing local antibiotic concentration by nanoparticle-
based delivery. Moreover, some antimicrobial nanotherapeutics show promise in treating
chronic infections through inhibiting the formation of biofilms and targeting intracellular
microbes. Two major applications of nanomedicine in antimicrobial treatment are (i) the
development of inorganic and organic nanomaterials with inherent antimicrobial properties
(Figure 4A) and (ii) nanoparticle-based antimicrobial drug delivery (Figure 4B).

3.1. Antimicrobial Nanomaterials

3.1.1. Inorganic nanoparticles

Metal and metal oxide: The inherent antibacterial properties of some metals and metal
oxides have been known for centuries, causing them to be utilized extensively as
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bactericidal substances in infection control [43,44]. Metal and metal oxide nanoparticles
exhibit striking physicochemical and biological properties distinct from their bulk forms,
such as photocatalysis, photothermal effects, and reactive oxygen species (ROS)-stimulating
activity [45]. Furthermore, the large surface-area-to-volume ratio of these nanomaterials also
provides ample space for straightforward surface functionalization in developing more
effective antibacterial agents.

Silver (Ag) nanoparticles are the most intensely studied metal nanomaterial. They are
capable of killing both Gram-positive and Gram-negative bacteria and are effective against
many drug-resistant microbes, such as Pseudomonas aeruginosa (P. aeruginosa),
ampicillin-resistant E. coli O157:H7, and erythromycin-resistant Streptococcus pyogenes
[46]. While many attempts have been made to clarify the mode of action of Ag upon
microbes, our understanding remains incomplete. Multiple mechanisms may be involved,
including direct interactions between Ag compounds and (i) bacterial cell membrane, (ii)
DNA, and/or (iii) enzymes and proteins, and indirect interactions through the formation of
ROS [45]. The antimicrobial activity of Ag depends heavily upon effective delivery of Ag*
ions, which are formed when Ag is exposed to atmospheric O, and dissolved in aqueous
solution. Therefore, size appears to have a very important effect on antimicrobial activity by
influencing Ag* release rate; higher activity is often associated with smaller Ag
nanoparticles, which possess a larger surface-area-to-volume ratio [47,48]. This is also why
Ag nanoparticles have usually shown higher antimicrobial activity than metallic bulk Ag.
Many other factors can also influence the antimicrobial capabilities of Ag nanoparticles,
such as surface roughness, hydrophobicity, oxidation state, and surface functionalization
[45,49]. For example, surface modification of glucosamine on Ag nanoparticles greatly
enhanced their antimicrobial effect against both Gram-negative and Gram-positive bacteria,
through glucosamine-mediated penetration of the nanoparticles into bacterial cells [50].

Besides Ag, other metal nanomaterials have also been studied for antimicrobial treatment,
including tellurium (Te) and bismuth (Bi). Interestingly, Te nanoparticles were reported to
exhibit higher antibacterial activity and lower toxicity than Ag nanoparticles [51]. Moreover,
metal oxide nanomaterials have also shown antimicrobial properties, such as zinc oxide
(Zn0), copper oxide (CuO), titanium dioxide (TiO,), aluminum oxide (Al,03),and
ceriumoxide (CeOy) [43,47,52]. ZnO nanoparticles were recently shown to exhibit
inhibitory effects against foodborne pathogens such as E. coli 0157:H7 [53]. The
antibacterial mechanisms of metal oxide nanoparticles generally include: (i) photocatalytic
production of ROS (which damages cellular components), (ii) compromised integrity of
bacterial membranes, (iii) interruption of energy transduction and transport processes, and
(iv) inhibition of respiratory enzyme activity and DNA synthesis [43,54,55].

An important advantage of using metal and metal oxide nanoparticles as antimicrobial
agents is that it is difficult for microbes to develop resistance to them. The primary reason is
that metals/metal oxides have multiple modes of action, which significantly reduces the
chance for microbes to gain resistance unless multiple mutations occur simultaneously. A
50-day microcosm exposure experiment indicated that Ag nanoparticles did not elicit
increased resistance among naturally occurring bacteria in estuarine sediments [56]. Equally
important is the anti-biofilm activity of some metal and metal oxide nanomaterials, such as
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Ag, Bi, Zn0O, and TiO, nanoparticles [57-59]. For example, Bi nanoparticles inhibited
Sreptococcus mutans growth by 69% and achieved 100% inhibition of biofilm formation
[60].

It is noteworthy, however, that metal and metal oxide nanoparticles are primarily applied to
medical devices (including wound dressings) for preventing bacterial adhesion and
infection, which will be discussed below. Their limited application as antimicrobial
therapeutic agents may be partially due to safety concerns [61,62]. For instance, ZnO and
TiO, have been demonstrated to cause DNA damage, and the high toxicity of CuO
nanoparticles actually caused oxidative lesions [62]. It has also been reported that repeated
injection resulted in significant accumulation of Ag nanoparticles in liver, lung, and spleen,
which might cause damage to these organs [63]. All these findings suggest that extra
attention should be paid to potential toxicity after chronic exposure. In addition, other
possible risks from some metal and metal oxide nanomaterials also need to be carefully
considered. For example, Al,O3 nanoparticles were shown to promote horizontal
conjugative transfer of MDR genes, which could in turn increase antibiotic resistance [64].

Carbon: Carbon-based nanomaterials such as single-walled carbon nanotubes (SWCNTS),
multi-walled carbon nanotubes (MWCNTSs), and fullerene have also been utilized in
antimicrobial applications, although they are still in early stages of development [65]. These
nanomaterials may exert antibacterial activity through cell membrane damage upon direct
contact or through their photothermal/photodynamic properties upon irradiation [66,67]. The
strong antimicrobial activity of SWCNTSs against both Gram-positive and Gram-negative
bacteria was due to oxidative stress influencing both membrane integrity and metabolic
activity of bacteria [68]. Fullerene was reported to exhibit strong antibacterial activity
towards several microbes. However, both that activity and its possible mechanisms are
controversial, as some studies suggest that the toxicity may be attributed to oxidative by-
products created during fullerene preparation [69,70]. Hydrophilic fullerene derivatives can
be used as photosensitizers in antimicrobial photodynamic therapy (PDT) due to their highly
efficient ROS production. Antimicrobial PDT exhibits broad-spectrum activity against
microbial pathogens upon illumination regardless of their drug-resistance status, and
repeated treatment induces no intrinsic resistance [71].

3.1.2. Peptide- and polymer-based nanoparticles

Cationic peptides: Cationic antimicrobial peptides (CAPs) are short amphipathic peptides
presenting in virtually every life form as nature’s antibiotics, and are potent against a broad
spectrum of microbes and MDR bacteria [72]. CAPs are also considered an integral part of
the ancestral system of defense against microbial infection in higher multicellular organisms
[73]. The antimicrobial properties are generally based on the cationic and hydrophobic
nature of CAPs, which can physically damage negatively charged microbial membranes.
Although hundreds of CAP sequences have been identified, their antimicrobial application is
limited by the inherent drawbacks of cationic peptides, including cytotoxicity (e.g.,
hemolysis), enzymatic instability, and immune surveillance [74]. Delivery strategies such as
loading CAPs on silica or paramagnetic nanoparticles have thus been proposed to protect the
peptides from proteolytic degradation and immune recognition [74,75].
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Interestingly, the cationic and amphipathic properties of some CAPs allow self-assembly
into different types of nanostructures, which can reduce toxicity and enhance therapeutic
index against bacteria in vivo, as compared to their unassembled peptide counterparts
[65,76]. In addition, variations in morphology among nanostructures were associated with
differences in bioactivity, suggesting that the nanostructure itself might also play a major
role in the antimicrobial activity [77]. Yang and colleagues developed an amphiphilic
peptide composed of cell-penetrating peptide TAT, six arginine residues, and cholesterol,
which can self-assemble to form core-shell nanoparticles (Figures 5A and 5B) [76]. Not
only can these nanoparticles have stronger antimicrobial properties than the unassembled
peptides, but they have also been shown to cross the blood-brain barrier and inhibit bacterial
growth in infected brains in a S. aureus-infected rabbit model. One very recent study also
demonstrated that the combination of hydrophobically modified CAPs with rifampicin
offered a synergistic effect against both multi-drug resistant and non-resistant tuberculosis,
and delayed the emergence of rifampicin resistance[78]. It is thus expected that the
development of CAP nanostructures for simultaneous encapsulation and delivery of
antibiotics may further enhance the therapeutic efficacy of such combination strategies.

Synthetic cationic polymers: Designing synthetic polymer mimics of CAPs is of great
interest due to their relatively low cost and better enzymatic stability [79]. Polymers with
quaternary ammonium and phosphonium groups structurally mimic CAPs and share similar
antimicrobial mechanisms. Figures 5C and 5D show that rationally designed amphiphilic,
CAP-mimicking, biodegradable triblock polymers can form micellar nanoparticles by self-
assembly [80].These nanoparticles can inhibit the growth of Gram-positive bacteria, MRSA,
and fungi by selectively disrupting microbial membranes, while avoiding significant
hemolysis over a wide range of concentrations. In another study, CAP-mimicking poly[2-
(tert-butylamino)ethyl methacrylate] nanofibers incorporated with Ag nanoparticles were
also reported to have excellent antibacterial performance against Gram-negative E. coli and
Gram-positive S. aureus [81].

Chitosan: Apart from synthetic polymers, a natural cationic polysaccharide polymer,
chitosan, has also shown antimicrobial activity. The antimicrobial properties of chitosan and
its derivatives are mainly due to their polycationic character. Several mechanisms have been
proposed, such as increased permeability of microbial wall via electrostatic interaction, and
inhibition of enzymes by chelating necessary trace metals [82]. Impressively, nanoscale
chitosan has been shown to be a more effective antimicrobial agent than chitosan solution,
as a result of the higher surface-area-to-volume ratio and increased affinity to microbes [83].
Minimum inhibitory concentration (MIC) of chitosan nanoparticles against E. coli and S
aureus was less than 0.25 pug/mL, while MIC for conventional chitosan molecules was
reported to be 20 pg/mL. Chitosan nanoparticles are also more effective against Gram-
positive bacteria than Gram-negative bacteria, and are excellent against fungi [82,84]. In
addition, one recent work by Friedman and colleagues showed that nanoparticles composed
of chitosan and alginate exhibited direct bactericidal effect against Propionibacterium acnes
(P. acnes), a bacterium linked to the pathogenesis of acne, as well as anti-inflammatory
properties by inhibiting P. acnes-induced cytokine production [85]. When encapsulated with
benzoyl peroxide, a commonly used anti-acne drug, these nanoparticles further
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demonstrated high potential for topical treatment of some dermatologic conditions.
Moreover, the hydrophilic and polycationic nature of chitosan makes it a suitable carrier for
antibiotic delivery or a suitable coating biomaterial for stabilizing other nanomaterials like
metallic nanoparticles [86,87].

3.2. Drug Delivery

Another very significant application of nanoparticle technologies in antimicrobial treatment
is the delivery of antimicrobial agents. Nanoparticle-based drug delivery could overcome
some important challenges in the treatment of infections, such as systemic toxic effects of
antibiotics, decreased uptake and increased efflux of drugs, biofilm formation, and
intracellular bacterial infection. Targeted nanoparticle delivery to the infection site could
also be achieved by surface modification with targeting ligands or by microenvironment
responsiveness, both of which may further improve therapeutic efficacy and reduce the side
effects of antimicrobial drugs. Other advantages of nanoparticle delivery of antimicrobial
drugs include (but are not limited to) improved solubility of hydrophobic drugs, prolonged
systemic circulation time and drug half-life, and sustained drug release, all of which may
eventually reduce systemic side effects and lower administration frequency [43]. To this
end, various nanoparticle platforms have been developed, including liposomes, solid lipid
nanoparticles, polymeric nanoparticles, silica nanoparticles, and Au nanoparticles [43,88].
Notably, a few liposomal/lipid complex platforms for antibiotic delivery have been
approved for use in human patients, including Abelcet, AmBisome, Amphotec, and
Fungisome (Table 1).

3.2.1. Non-targeted nanoparticles for antibiotic delivery—Reduced uptake and
increased efflux of drugs are two important mechanisms of antibiotic resistance that prevent
the concentration of antimicrobial drugs from reaching toxic levels within microbial cells
[38]. The outer membrane of Gram-negative bacteria like P. aeruginosa and E. coli may
also provide an extra barrier against uptake, lowering susceptibility to some hydrophobic
antibiotics (e.g., beta-lactams and macrolides) [89]. Increased efflux by the overexpression
of different transmembrane pumps could confer MDR in microbes and is often related to
resistance against chloramphenicol, fluoroquinolones, and macrolides [38,89]. A variety of
nanoparticle delivery vehicles have been reported to compromise these resistance
mechanisms, as summarized in two recent review works [39,90]. For example, fusogenic
liposomes that consist of certain lipids could fuse quickly with the plasma membrane of
microbial cell and release a high concentration of drug into the microbial cytoplasm, which
could saturate the transmembrane pumps [91,92].

Nanoparticle-based antibiotic delivery also shows promise to combat biofilms and
intracellular microbes — two common reasons for chronic infections that are difficult to treat
with regular antimicrobial therapies. Nanocarriers, such as liposomes and lipid-/polymer-
based nanoparticles, have been demonstrated to significantly enhance the efficacy of
antibiotics against biofilm-forming bacteria, attributed to the protection of antibiotics from
enzymes and increased permeation [93,94]. Certain lipids including phosphatidylinositol and
stearylamine also exhibited specific affinity with biofilms, and thus could increase the
biofilm adhesion of liposomes [95,96]. For intracellular infection treatment, the small size of
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nanoparticles facilitates their entering into host cells through endocytic/phagocytic
pathways, and subsequent releasing of the antibiotic payload to the localities of infection. A
beneficial fact is that many different types of intracellular bacteria reside in the mononuclear
phagocyte system composed primarily of monocytes and macrophages, which is also
responsible for the clearance of nanoparticles administered in the body [97]. For example, it
has been shown that polyethylenimine-coated mesoporous silica nanoparticles loaded with
rifampin can be efficiently internalized by human macrophages, and exhibited greater
efficacy against Mycobacterium tubercul osis-infected macrophages than free rifampin [98].
Several most recent review papers have well summarized the application of nanoparticles
for anti-biofilm and intracellular infection treatment [39,97,99].

As the effect of some antibiotics depends on their interaction with surface components of the
bacterium, stronger antibacterial effects could be obtained through the polyvalent effect
achieved by conjugating multiple antibiotic copies on nanomaterial surface. For instance, Au
nanoparticles provide a stable surface for the attachment of different antibiotic drugs and
could greatly enhance their antibacterial activity through stronger interactions with cell walls
[100].Vancomycin-capped Au nanoparticles exhibited a 64-fold higher antibacterial activity
than vancomycin itself against vancomycin-resistant Enterococcus and E. coli [101]. In
addition to improvement in antibacterial activity of antibiotics, some studies have also
shown that introduction of molecules that are inactive or less active as antibiotics on inert
nanoparticles can trigger significant antibacterial effects. One study demonstrated that after
conjugation on an Au nanoparticle surface, amino-substituted pyrimidine that is completely
inactive by itself, exhibited strong antibacterial activity against MDR clinical isolates and
induced bacterial resistance more slowly than conventional antibiotics [102].

Nanoparticles have also facilitated the delivery of a specific short-lived gaseous
antimicrobial agent, nitric oxide (NO). NO exhibits antimicrobial effects mainly through the
direct interference with DNA replication and cell respiration, or the formation of reactive
nitrogen intermediates [103]. These mechanisms of action make the development of
bacterial resistance to exogenous NO treatments very unlikely [39,104]. Thus far, different
nanoparticle platforms have been created for effective NO delivery, and discussed in
recently published review papers [90,103]. For example, silica nanoparticles prepared with
NO donors (e.g., diazeniumdiolate) showed not only excellent antibacterial effect, but also
great efficacy (=99.9%) against biofilm formation of P. aeruginosa and E. coli[105,106].
Moreover, when biomaterials such as PAMAM dendrimer and chitosan that possess inherent
antibacterial properties were used for the encapsulation of NO donors, this type of NO
nanoparticles exhibited even better bactericidal and anti-biofilm efficacy [107,108]. Besides
the encapsulation of NO-donating chemicals, Friedman and colleagues also developed a sol-
gel-based nanoparticle system that can carry gaseous NO through the thermal reduction of
nitrite, and release it in a controlled and sustained manner [103,109]. These NO
nanoparticles showed antimicrobial activity against a broad spectrum of bacteria, including
some drug-resistant bacteria. More interestingly, this system retains NO in a stable form
when dry, and allows the release of gaseous NO upon exposure to moisture. Promising
applications have been explored for the topical treatment of wounds and affected
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areas[110,111], and confirmed by the accelerated wound closure and less bacterial burden in
a MRSA-infected murine wound model [112].

Combination antibiotic therapy appears to hold a great deal of potential not only in tackling
existing mechanisms of drug resistance but in preventing its development in the first place
[113]. Combining multiple drugs can result in higher potency and higher antimicrobial
efficacy by additive or synergistic effects. Development of resistance to multiple agents,
each of which has different mechanisms of action, requires multiple simultaneous gene
mutations in the same bacterial cell, the chances of which are considered slim. Nanoparticles
could facilitate the co-delivery of multipleantibiotics as well as the combination of
antibiotics with antimicrobial nanomaterials, while avoiding synergistic/additive off-target
toxicities from these combinations. PLGA nanoparticles loaded with rifampin and
azithromycin were more effective against chlamydial infections than those loaded with
either of the individual drugs [114]. Mesoporous silica simultaneously loaded with peracetic
acid and Ag nanoparticles allowed the sustained release of both agents and showed a
considerable synergistic bactericidal effect on antibiotic-resistant and biofilm-forming S
Aureus [115].

3.2.2. Targeted nanoparticle delivery—Compared with non-targeted nanoparticles,
targeted delivery of antimicrobial drugs could achieve even higher doses of drug at the site
of infection with fewer adverse effects. It may also increase the success rate of therapy for
chronic and persistent infections, such as slow-growing or even dormant bacterial infections,
which are important challenges in antimicrobial therapy and require frequent administration
of high-dose antibiotics [116,117]. Modification of nanoparticles with ligands that bind to
specific receptors on the bacterial wall is the traditional mode of targeting. For example,
PLGA nanoparticles conjugated with folate were used to deliver azithromycin and
rifampicin drug combinations for infections with Chlamydia, which has upregulated folate
receptor expression[118]. Mannose-conjugated liposomes into which ciprofloxacin was
incorporated also exhibited high selectivity for alveolar macrophages and were used in the
treatment of respiratory intracellular infections [119].

In addition to ligand-targeted nanoparticle delivery, other targeting strategies have utilized
the unique microenvironment at the site of infection, such as low pH, enzyme
overexpression, and bacterial toxins. Localized acidity occurs due to the combined actions
of bacterial metabolism and host immune response and often reduces the activity of
antibiotics [120]. Based on this mechanism, we have recently reported pH-responsive,
surface-charge-switching nanoparticles that can shield non-specific interactions at pH 7.4
but bind avidly to bacteria at pH 6.0 (Figures 6A and 6B) [120]. Vancomycin encapsulated
within the nanoparticles also retains more efficacy at low pH compared with free drugs
(Figure 6C). In a different case, by adsorbing carboxyl-modified gold nanoparticles to the
outer phospholipid layer, the fusion activity of liposomes with bacteria can be switched off
at neutral pH, and resumed at acidic environments due to the detach of Au nanoparticles
[121]. By integrating this Au nanoparticle-modified liposome system with hydrogel, it has
also shown potential for sustained topical drug delivery [122].
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Unique biomolecules secreted by bacteria, such as enzymes and bacterial toxins, can also be
utilized for the environment-targeting delivery. With the pore-forming property of bacterial
toxins and their tremendous viability at the infection site, Zhang and colleagues developed
innovative liposomes that can selectively deliver antibiotics to the sites of bacterial
infections upon contact with the existing bacterial toxins, which can trigger the release of
encapsulated therapeutic agents by inserting themselves into the liposome membranes [123].
In another example, Wang and colleagues reported a lipase-sensitive polymeric nanogel for
the selective delivery of vancomycin only in the presence of lipase-secreting bacteria [124].
The polymeric nanogel contains a polyphosphoester core and a poly(s-caprolactone) fence,
which can be degraded by bacteria-secreted lipase, thus triggering drug release.
Furthermore, by being conjugated with macrophage-targeting ligands (i.e., mannose), the
polymeric nanogel first binds to macrophages, accumulates at bacterial infection sites
through macrophage-guided transport, and then triggers antibiotic release upon contact with
lipase-secreting bacteria [125].

Despite the enormous potential of targeted nanoparticles, their translation into clinical
development has faced considerable challenges, such as (i) the difficulty of identifying
highly selective targeting ligands, (ii) the development or adaptation of simple, robust, and
reproducible processes that can facilitate scale-up and manufacturing, and (iii) the rapid
optimization of the biophysicochemical properties of nanoparticles for maximal efficacy
[126,127]. Thus, many efforts have been focused on developing nanoparticles through self-
assembly and high-throughput processes to facilitate their screening and optimization as
well as subsequent scale-up and manufacturing [11,128]. To precisely engineer targeted
nanoparticles in a simple and scalable manner, we have recently developed an innovative
strategy by first pre-functionalizing polymer components with targeting ligands and then
self-assembling with other nanoparticle components [128]. With the capability of
eliminating the need for post-particle modification and enabling the formulation of distinct
targeted nanoparticles with narrow variations for optimization, this technique has been
successfully translated into the development of a targeted polymeric nanoparticle product
(BIND-014) currently in Phase 2 trials for cancer treatment, and a synthetic vaccine
candidate (SEL-068) currently in Phase 1 trials for smoking cessation and relapse prevention
[11,126,129].

4. Antimicrobial Nanotechnologies in Medical devices

Medical devices play an important role in modern healthcare practice, but their application
may increase the risks of nosocomial infection. According to a report by the Centers for
Disease Control and Prevention, device-related infection accounts for approximately 45% of
all nosocomial infections, with associated costs estimated at $16 to $20 billion per year in
the United States alone [130]. The leading device-associated infections are associated with
catheters, implants, and sutures. Up to 54% of all catheters have been shown to be infected
with bacteria and can cause many serious complications such as urinary tract infection,
bloodstream infection, and even death [131]. Implant-associated infection occurs at low to
moderate rates (7.4% of cardiovascular and 4.3% of orthopedic implants infected in the
United States [132]) but is very problematic, since treatment is implant removal and
replacement if standard antibiotic treatment is not successful [44]. The initiation of device-

Nano Today. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Zhu et al.

Page 14

related infection usually involves bacterial adhesion to the device or the patient-derived
glycoprotein coating (conditioning film), subsequent microbial proliferation, and the
development of biofilms. The pathogens most commonly found in infected devices include
S epidermidis, S aureus, and P. aeruginosa [44]. These bacteria can become extremely
resistant to antibiotic treatment due to the formation of biofilms, and systemic administration
of antibiotics usually does not show satisfactory results [133].

Medical devices with inherent antimicrobial properties have been studied for decades, with
the goal of good integration with host cells while preventing any bacterial adhesion or
biofilm formation. Most relevant studies have utilized the intrinsic antimicrobial effect of
metals (in particular Ag). Interestingly, some studies suggested that the application of bulk
metallic or metal-coated devices failed to prevent bacterial infection, especially in vivo [45].
Possible reasons may be the poor release of metallic ions and/or the formation of patient-
derived conditioning film [134]. To address this concern, many nanomaterial-coated or -
embedded medical devices have been developed (Figure 7), and several have been approved
for clinical use, including catheters, endotracheal tubes, and wound dressings (Table 1)
[45,135].

4.1. Surface Coating

Surface coating by direct deposition (Figure 7A) of antimicrobial metal nanomaterials has
proven an effective strategy for the prevention of bacterial attachment. Bacterial adhesion
and infection were reduced, and biofilm formation was prevented by different metal
nanoparticle-coated devices, such as wound dressings, heart valves, central venous catheters,
and urinary catheters [44]. Acticoat, the first nanocrystalline Ag-coated wound dressing,
showed better wound healing capacity and shorter healing times compared with silver
sulfadiazine, and achieved scarless healing in animal models [136]. In clinical studies of
burn wounds, sepsis and secondary bacteremia were less frequent in patients treated with
Anticoat dressing than in those treated with gauze soaked in 0.5% silver nitrate solution
[137].

Another strategy for surface coating is the blending of antibacterial nanomaterials into a
polymer coating (Figure 7B). A variety of polymers exhibit excellent film- and coating-
forming properties, and antimicrobial nanoparticles can be easily trapped within the polymer
film to form nanocomposites by either physical attachment or chemical bonding. In fact,
synergistic antibacterial effects between some polymers and metal nanomaterials have been
identified. For example, chitosan was shown to greatly enhance the antimicrobial properties
of incorporated TiO,, ZnO, and Ag nanoparticles by forming membranes or
nanogels[138,139]. Moreover, coatings may be made multifunctional by incorporating
different polymers. Combining the inherent antimicrobial activity of chitosan and Ag
nanomaterials with the anticoagulation effect of heparin, coating poly(ethylene
terephthalate) (PET) with Ag nanoparticle-containing layer-by-layer polyelectrolyte films
(chitosan and heparin) yielded excellent anti-microbial and anti-coagulant activities [140].
This is an additional benefit of using PET in cardiovascular implants: it can reduce
thrombogenicity and the chance of infection, both of which pose significant risk of
morbidity and mortality [141]. Polymeric hydrogels containing metal nanomaterials have
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also been used to coat medical devices such as dental and orthopedic implants [142]. The
hydrophilic properties of the hydrogel reduce the toxicity of the imbedded nanoparticles and
make the implant better integrated with the host cells. One example is alginate hydrogel
containing Ag nanoparticles, which displayed effective bactericidal activity against both
Gram-positive and Gram-negative bacteria but no cytotoxicity in three different eukaryotic
cell lines [143].

4.2. Embedding

Compared to surface coating, embedding of antimicrobial nanoparticles into the bulk matrix
of medical devices (Figure 7C) could offer several distinct advantages. First, impregnation
of nanomaterials could enhance the physical and chemical properties of the bulk matrix
[144]. Second, the whole device would be protected, not just the surface. Third, embedding
nanoparticles rules out the possible inactivation of their antimicrobial effect by the
formation of plasma protein conditioning film from the host, which is one proposed reason
for the unsatisfactory clinical results obtained with some devices coated with antimicrobial
nanomaterial [134]. Meanwhile, incorporation of antimicrobial nanoparticles in the device
matrix has also been reported to offer sustained release of the antimicrobial agents, a
desirable quality in an implant usually expected to stay in the body for years. On the other
hand, this finding may also suggest that this strategy is applicable only to permeable
matrices. For example, an Ag-impregnated non-permeable poly(urethane) catheter was no
different from an Ag-free poly(urethane) catheter in the prevention of abscess, while Ag-
impregnated permeable silicon catheters created considerably fewer abscesses [145].

Incorporating nanoparticles into medical devices composed of polymer matrix could be
achieved by different techniques, including in situ synthesis of nanoparticles in the polymer
matrix, polymerization of the matrix around the nanoparticles, and direct incorporation with
the aid of a blending solvent. Metal nanomaterials frequently demonstrated not only
increased antimicrobial activity and reduced toxicity after immobilization in polymer matrix,
but aggregation was avoided as well [146]. Poly(methyl methacrylate) bone cement with Ag
nanoparticles showed low cytotoxicity and impressive antimicrobial activity and could be
used to attach joint prostheses in replacement surgery [147]. Xu and colleagues also
developed a dentin primer containing Ag nanoparticles and 12-methacryloyloxydodecyl-
pyridinium bromide (MDPB) as antibacterial agents, combating residual bacteria in tooth
cavities [148]. Primers with either Ag nanoparticles or MDPB can greatly reduce the biofilm
viability, but both agents together had a much stronger effect than either agent alone.

The incorporation of metal nanomaterials into medical devices made of solid inorganic
materials can combine the properties of both the nanomaterials and the inorganic matrices,
even producing novel characteristics beyond those of the individual components. One
example is the application of Ag nanomaterial-Ti matrix composites. Ti-based materials are
commonly used for implants due to good biocompatibility, mechanical strength, and
corrosion resistance. The antimicrobial activity of Ag nanoparticles against C. albicansand
Aspergillus was enhanced in the Ag-Ti composite, while the mechanical properties of Ti
matrix were usually not significantly affected [149,150]. Meanwhile, adding Ag
nanoparticles to the TiO, matrix also enhanced the photoactivity of TiO, by producing
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electron-hole pairs, which show promising antimicrobial activity under visible light
irradiation [151]. Hydroxyapatite (HA) is a naturally occurring mineral form of calcium
apatite that shows good biocompatibility and is an excellent candidate for bone repair and
substitution. However, HA’s strong adsorption properties attract bacteria. Incorporating Cu
and Zn nanoparticles into HA effectively inhibits the adsorption of E. coli, S. aureus, and the
pathogenic yeast Candidaalbicans in both solid and liquid media [152].

5. Antimicrobial Nanovaccine

Enlisting the host’s immune system to recognize and target microbes has been demonstrated
to be very effective in protecting human against microbial infection [153]. When the
pathogens breach the host’s physical barriers, they could be recognized by the innate
immune system through microbial characteristics called pathogen-associated molecular
patterns. The subsequent activation of antigen-presenting cells (APCs) induces antigen-
specific adaptive immune responses against bacterial infections, which may mount a
protective response as long as decades after the initial contact. Even if the protective
response fails to prevent infection, it may extend the window of opportunity for antibiotic
treatment by delaying the onset of bacteremia and septic shock [154]. However, various
existing vaccines for microbes display considerable variation in immunogenicity and safety
[155]. Concerns with the application of live attenuated bacterial vaccines include the
possible reversion of pathogenicity and the pre-existing immunity to the vector, as well as
the safety risks to immune-compromised individuals [156].

Advances in biotechnology enable the production of next-generation bacterial vaccines,
including isolated proteins, polysaccharides, and naked DNA [157]. However, such novel
vaccines are often less immunogenic than traditional vaccines, such as those using live
attenuated microbes. To address this challenge, the application of nanotechnologies to
enhance the immune responses of these vaccines has attracted great interest. Nanoparticle-
based antigen delivery induces a broad spectrum of immune responses, including cellular
immune responses of Thl, Th2, and Th17, and humoral immunes responses of IgG and IgA
antibodies, both systemically and locally [158]. Nanoparticles exert immunostimulatory
effects that could be attributed to several different mechanisms (Figure 8), including (i)
better tissue penetration, access to the lymphatics and preferential uptake by APCs; (ii)
depot effect by stabilizing the antigens and controlling their sustained release; (iii) repetitive
antigen and adjuvant display on the particle surface, which can facilitate B cell receptor co-
aggregation, triggering, and activation; and (iv) cross-presentation enabled by the
nanoparticle-mediated escape of antigens into the cytosol after being taken up by the
phagosome[158,159]. Some nanoparticle systems also show adjuvant properties by
themselves.

Nanoparticles have also been shown to be effective delivery systems for mucosal
vaccination. Mucosal surfaces are a part of the first line of defense and contain almost 80%
of all immunocytes in the body [160]. It is estimated that 70% of infectious agents invade
the body through mucosal surfaces [161]. A protective, long-lasting mucosal immune
response is thus very important to protect the host from potential bacterial infection.
Subcutaneously or intramuscularly administered vaccines elicit only a weak mucosal
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immune response, while mucosal vaccination leads to both mucosal and systemic immunity
[162]. Therefore, mucosal administration through intranasal, inhalational, or gastrointestinal
routes is becoming a favored route of vaccination. Nevertheless, the effectiveness of
mucosal immunization is still limited, since the antigen has to pass through several barriers
before reaching the APCs. Different nanoparticle delivery vehicles have been proposed to
enhance mucosal vaccination through their immunostimulatory activities [162]. Moreover,
these nanoparticles could be engineered to facilitate delivery to the organized mucosa-
associated lymphoid tissue (MALT), the main sites of mucosal immune activation. For
example, antigen-loaded nanoparticles modified with UEA-1 lectin that targets M cells in
MALT elicited a two- to four-fold increase in antibody titers compared with unmodified
ones [163].

5.1. Nanoadjuvant

Nanoemulsions, or oil-in-water emulsions formed by isotropic mixtures of oil and surfactant
with droplet diameter in the nanometer scale, are effective non-inflammatory mucosal
adjuvants [164]. The adjuvanticity of nanoemulsions has been suggested to contribute to
increased cellular uptake of antigens, recruitment of monocytes and granulocytes, and
enhanced release of cytokines and chemokines [158]. Intranasally administered recombinant
anthrax protective antigen mixed in nanoemulsion induced both serum IgG and bronchial
IgA and 1gG antibodies after one or two mucosal administrations in mice and guinea pigs
[165]. In comparison, commercially available human anthrax vaccine requires six
subcutaneous injections over 18 months and yearly boosters. In another work, using
nanoemulsion as a novel mucosal adjuvant for the intranasal delivery of Burkholderia
multivorans outer membrane proteins antigen, robust serum IgG and mucosal secretory IgA
immune responses with cross-neutralizing activity against Burkholderia were elicited in
vaccinated mice [166].

Cationic liposomes have also been used as vaccine adjuvants. CAF01, a cationic liposome-
based adjuvant being evaluated in clinical studies, has been proven to enhance immune
responses of a series of different vaccine candidates [167]. In a study to develop more potent
and safer tuberculosis vaccines, CAF01 incorporated with a synthetic mycobacterial
glycolipid induces strong and protective Thl and Th17 responses [168]. The potent
adjuvanticity of CAFO1 was associated with prolonged dendritic cell (DC) uptake and
activation. Cationic liposomes complexed with non-coding plasmid DNA were also reported
to be effective as parenteral and mucosal vaccine adjuvants. The use of liposome-DNA
complex as mucosal adjuvant with heat-killed Burkholderia pseudomallei (B. pseudomallei)
effectively generated potent 1gG and IgA antibody responses and increased the survival rate
of BALB/c mice to 100% after lethal pulmonary challenge with B. pseudomallei[169].

5.2. Vaccine Delivery

Polymeric nanoparticles can serve as delivery vehicles for a wide range of agents including
small molecules, peptides, proteins, and nucleic acids. Synthetic polymers alone do not
usually possess an immunostimulatory effect, but can enhance immunization via facilitating
the delivery of antigens and/or adjuvants [47]. For example, PLGA nanoparticles
incorporating a recombinant major outer membrane protein of Chlamydia trachomatis(C.
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trachomatis) induced elevated numbers of CD4+ and CD8+ T cell subsets and a 64-fold
higher Thl than Th2 antibody titer [170]. Toxoid vaccines, which are based on inactivated
bacterial toxins, have been widely used to promote antitoxin immunity for the prophylaxis
and treatment of microbial infections. However, it is still a significant challenge to eliminate
toxin virulence while retaining faithful antigenicity presentation. Using erythrocyte
membrane-coated polymeric nanoparticles, Zhang and colleagues successfully developed a
nanoparticle-based toxin-detainment strategy that can safely deliver non-disrupted pore-
forming toxins for immune processing (Figure 9) [171]. Mice vaccinated with the
nanoparticle-detained toxin showed superior protective immunity against toxin-mediated
adverse effects; effective virulence neutralization of toxins and 100% survival rate were
achieved. Moreover, natural polymers such as chitosan and pullulan have also been utilized
for delivery of antigen against bacteria such as C. trachomatis and Streptococcus
pneumoniae[172,173]. Interestingly, chitosan was also reported to have adjuvant properties
through the promotion of cytokine production. Increased serum (IgG) and mucosal (IgA)
antibody responses were obtained by modifying antigen-loaded poly(e-caprolactone)
nanoparticles with chitosan [174].

Self-assembling peptide nanoparticles (SAPNS) are icosahedral symmetric assemblies of
different protein oligomerization that are analogous to viral capsids, and are often called
“virus-like particles (VLPs)”. SAPNs provide a repetitive scaffold structure to achieve the
conformational high-density display of inserted protein epitopes or domains in a highly
exposed configuration. With different antigens inserted, SAPNSs are a powerful platform to
generate antibody responses against antigens with poor immunogenicity [175]. Without
using adjuvant, SAPNs integrated with an immunodominant B cell epitope from the malaria
parasite Plasmodium berghei circumsporozoite protein induced the production of high-
avidity and long-lasting T cell-dependent antibodies in mice [176]. Immunized mice were
protected against both primary and long-term secondary challenges with live sporozoites.

Immune-stimulating complexes (ISCOMs) are micelle-based antigen delivery systems
composed of cholesterol, phospholipid, and the inbuilt adjuvant saponin [177], and have a
cage-like structure with a diameter of ~ 40 nm. Suggested mechanisms underlying the
adjuvant properties of ISCOMs include the induction of antigen presentation by both MHC
class I and class Il pathways, and the activation of IL-12-dependent aspects of the innate
immune system. In addition, ISCOMs exhibited significant potential as mucosal vaccines,
especially for intranasal administration [178]. ISCOMs have been shown to evoke protective
immune responses with numerous antigens from bacteria and parasites including
Helicobacter pylori, Anaplasma marginale, Mycoplasma mycoides, Mycobacterium
tuberculosis, Corynebacterium diphtheriae, Streptococcus pyogenes, Moraxella bovis, and
C. trachomatis [177].

6. Opportunities and Challenges

The potential impact of nanotechnology on microbial infectious diseases has already been
demonstrated by the clinical approval of many nanotechnology-based products for the
detection of bacterial infection, the delivery of antibiotics, and the development of medical
devices with antimicrobial coatings (Table 1). Nanoparticles with unique physiochemical
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properties have enabled the diagnosis of microbial disease with high sensitivity and
selectivity, as well as rapid readout. Liposome-mediated antibiotic delivery has also been
validated through reducing the side effects of the previously approved drug Amphotericin B.
In addition, the coating of medical devices with antimicrobial nanomaterials, in particular
Ag, has drastically reduced device-associated bacterial infection and biofilm formation, and
enhanced wound healing when used in dressings. However, despite these fascinating
achievements, the full potential of nanotechnology in managing microbial infection,
particularly in the areas of antimicrobial therapy and vaccines, is far from being reached.
Below are several areas, from our perspective, that have not been well explored, but may
generate break throughs in the exciting field of antimicrobial nanomedicine for years to
come.

Gene silencing technologies such as the antisense strategy and RNA interference (RNAI)
have shown significant promise in medical applications, through which the expression of
target genes can be specifically inhibited by nucleic acid-based molecules including
antisense oligonucleotide, small interfering RNA, and microRNA [179,180]. Though still in
its early stages, the antisense strategy has attracted considerable attention in the
antimicrobial field, with the potential to facilitate the study of microbial functional genomics
and the development of new antibacterials against emerging drug-resistant strains [181,182].
It has been demonstrated very recently that selective killing of particular bacteria in mixed
culture can be achieved by using species-specific antimicrobial antisense oligonucleotides
[183]. Different from eukaryatic cells that can employ RNAI pathway to target mRNA,
bacteria do not have homologous RNAi machinery, but can utilize the clustered regularly
interspaced short palindromic repeat (CRISPR) system to modulate gene expression [184]. It
has been demonstrated that, by reprogramming the small guide RNAs of the various
CRISPR-Cas complexes, the CRISPR system could be redirected to silence the expression
of endogenous DNA or RNA of interest [185]. Nonetheless, one major hurdle for clinical
applications of nucleic acid-mediated antimicrobial therapy is the safe and effective delivery
to bacterial cells [181]. Using nanoparticle technologies, it may be possible to increase
penetration and/or target delivery to infection sites more effectively. Indeed, we have
recently designed and screened a combinatorial library of lipid-like materials for the
delivery of nucleic acids including antisense oligonucleotides[186], and developed hybrid
lipid-polymer nanoparticle platforms for sustained, long-term gene silencing and synergistic
delivery of nucleic acids and small molecular drugs [187-189]. We speculate that the
identification of delivery materials and nanoparticles that have favorable pharmacokinetics
and can readily cross bacterial cell walls will pave the way for the clinical application of
gene silencing therapy against microbes. In addition, such nanoparticle strategies could also
become an important tool for investigating mechanisms of bacterial pathogenesis and
identifying valid targets for drug development.

Vascular permeability at infection sites is another important issue that has not been well
exploited but could be significant in the development of systemic nanoparticle drug delivery.
In cancer nanotechnology, macromolecules and nanoparticles can effectively extravasate
from the leaky tumor microvasculature and accumulate in the tumor tissue. This enhanced
permeability and retention (EPR) effect [190] is the keystone in the successful development
of cancer nanotherapeutics. Interestingly, several features of infection-induced inflammation
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resemble the tumor environment in terms of pathological processes that result in the EPR
effect. It has also been demonstrated that a clinically significant EPR effect is present during
infection by major pathogenic bacterial species [191]. Therefore, taking full advantage of
the EPR effect in infection sites may lead to new nanotherapeutic approaches for the
management of infectious diseases.

The novel field of theranostics has well-recognized potential for personalized cancer
therapy. By combining diagnostic and therapeutic agents, theranostic nanoparticles hold the
promise of enabling pre-screening of patients and real-time monitoring and evaluation of
nanotherapeutics [192]. Simultaneous real-time detection and therapy may also be beneficial
for anti-microbial management. One pioneering work in this field is the development of a
theranostic platform based on two-color Au and multilayered magnetic nanoparticles
modified with an antibody cocktail for S. aureus targeting [193]. With giant amplifications
of photoacoustic (PA) and photothermal (PT) contrasts of these nanoparticles, this platform
was demonstrated to have ultrasensitive PA detection, in vivo magnetic enrichment, and PT
eradication of circulating bacteria cells or CBCs (Figure 10). Real-time monitoring of
therapeutic efficacy could also be achieved by counting the CBCs. While more efforts are
required to validate this strategy, theranostic nanotechnologies might change the paradigm
of antimicrobial treatment.

Nanotechnologies have been exploited for safer and more effective mucosal vaccination
against microbes. Interestingly, the mechanisms underlying the potent immunity elicited by
mucosal nanovaccines are not well understood, and may depend upon the nanoparticle
platform, administration route, adjuvant/antigen presentation, and other variables. Very
recently, we designed a mucosal vaccine consisting of inactivated C. trachomatis attached to
nanoparticles that contain TLR7 agonist [194]. Results show that genital and intranasal, but
not subcutaneous, immunization with this vaccine construct resulted in protection when
mice were genitally challenged with infectious C. trachomatis up to six months after
immunization. Mechanistic studies suggest that the induction of a long-lived protective
mucosal memory T cell response is critical. Considering that there is no vaccine available
for C. trachomatis, this research may be essential for translating mucosal vaccines against
this and possibly other sexually transmitted infections in humans. More importantly, we
believe that a deeper understanding of the underlying principles will provide valuable
insights for the successful design and clinical development of mucosal nanovaccines.

While nanotechnology is becoming the driving force behind a variety of changes in the
antimicrobial field, the clinical development of antimicrobial nanotechnologies still faces
considerable challenges. The rapid emergence of clinically invalidated new biomaterials and
nanomaterials will require more careful examination of their biocompatibility and long-term
safety. The mass production of complex nanotechnologies (e.g., targeted multifunctional
nanoparticles), with minimal batch-to-batch variation, remains a significant barrier to their
development and commercialization. High-throughput technologies are also in great demand
for the rapid in vitro and in vivo screening of nanoparticle biophysicochemical properties
(e.g., composition, size, shape, surface charge, targeting ligand and its density, etc.), and
optimization of the interplay of nanomaterials with payloads (e.g., loading efficiency,
release kinetics, and stability), matrices (in the case of medical devices), and tissues (e.g.,
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pharmacokinetics, biodistribution, and immune surveillance). Furthermore, the successful
translation of antimicrobial nanotechnologies can be facilitated by developing more
clinically relevant animal models, identifying the mechanisms of microbial pathogenesis and
new biomarkers, understanding the microenvironment of bacterial infection sites, and
reducing the regulatory barriers. With continual advancements in antimicrobial
nanomedicine, we can expect that many more nanotechnology-based products will be
brought into the clinic to manage every aspect of microbial infection.
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Figure 1.
Nanomedicine applications in the management of microbial infection.
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Figure 2.

(A) Assay workflow for detection of Candida with T2MR. (B) Schematic depicting the
T2MR detection particle reagent. Oligonucleotide probes are covalently conjugated to
SPIONSs. For each target, two populations of nanoparticles were generated, each bearing a
distinct target-complementary probe. Upon hybridization to the target strand amplified in
excess by asymmetric PCR, these nanoparticles cluster, leading to a change of the sample’s
T2MR signal. The extent of clustering increases with the target DNA concentration.
Reprinted with permission from [19]. Copyright 2013, American Association for the
Advancement of Science.

Nano Today. Author manuscript; available in PMC 2015 August 01.



1dussnuein Joyny vd-HIN 1dussnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Zhu et al. Page 32

7
7 —

o
p

§
i
-
f w
)
lai
Py

ETTIITITS

" 9009-== i %Ll

Figure 3.
Bio-barcode assay for DNA and protein detection. Schematic representation of (A) protein

detection using the bio-barcode assay; (B) nucleic acid detection using the bio-barcode
assay; and (C) the scanometric detection method. Au-NP, gold nanoparticle; MMP,
magnetic microparticle. Reprinted with permission from[29]. Copyright 2006, Nature
Publishing Group.
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Figure 4.

Schematic of (A) nanomaterials with inherent antimicrobial properties, and (B) nanoparticle-

based antimicrobial drug delivery systems.
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Figure 5.
Chemical structure of (A) the designed peptide with cholesterol, glycine, arginine, and TAT;

and (C) cationic amphiphilic polycarbonate. (B) and (D) are the formation of micelles of (A)
and (C), respectively, simulated through molecular modeling using Materials Studio
software. Reprinted with permission from [76] and [80]. Copyright 2009, Nature Publishing
Group [76]. Copyright 2011, Nature Publishing Group [80].
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Figure 6.
(A) Schematic representation of the designed nanoparticle-mediated drug targeting to

bacterial cell walls. The nanoparticles avoid uptake or binding to nontarget cells or blood
components at physiologic pH 7.4 due to a slight negative charge and surface PEGylation.
The weakly acidic conditions at sites of certain infections activate the surface charge-
switching mechanism, resulting in nanoparticle binding to negatively charged bacteria. (B)
Nanoparticle zeta potential vs. pH demonstrates notable switching from anionic to cationic
with decreases in pH in PLGA-PLH-PEG but not PLGA-PEG nanoparticles. (C) Minimum
inhibitory concentrations (MIC) of the different vancomycin formulations in S aureus.
Reprinted with permission from [120]. Copyright 2012, American Chemical Society.
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Figure 7.

Strategies of the application of antimicrobial nanomaterials in medical devices, including
(A) surface coating by direct deposition, (B) surface coating by blending antibacterial
nanomaterials into a polymer coating, and (C) embedding of antimicrobial nanomaterials
into the bulk matrix of medical devices.
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Figure 8.
Mechanisms by which nanoparticles alter the induction of immune responses. Reprinted

with permission from [158]. Copyright 2013, Nature Publishing Group.
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Figure 9.
(A) Schematic preparation of nanoparticle-detained toxins, consisting of substrate-supported

RBC membranes into which PFTs can spontaneously incorporate.(B) TEM image of the
particle vectors with uranyl-acetate staining (scale bar, 80 nm). (C) Live, whole-body
fluorescent imaging of nanotoxoid(Hla) at 1h after subcutaneous administration. (D) Anti-
Hla IgG titres at day 21 (n=7). Black lines indicate geometric means. Anti-Hla titres from
mice vaccinated with non-toxin loaded particle vectors (hanotoxoid(-)) were monitored as
controls (open triangles). (E) Unvaccinated mice (black triangles, solid line) and mice
vaccinated with heat-treated Hla (prime; blue squares, dashed line), nanotoxoid(HIa) (prime;
blue circles, solid line), heat-treated Hla (prime thoost; red squares, dashed line) or
nanotoxoid(Hla) (prime + boost; red circle, solid line) received intravenous or subcutaneous
administration of Hla. Survival rates of mice over a 15-day period following intravenous
injections of 120 mg kg~ Hla on day 21 via the tail vein (n=10). Reprinted with permission
from [171]. Copyright 2013, Nature Publishing Group.
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Figure 10.
(A) Principle of in vivo integrated PA-PT nanotheranostics of bacteria in blood and distant

infected sites. (B) Multiplex targeting S. aureus surface biomarker protein A (Spa) and
lipoprotein (Lpp) by siMNPs, GNRs and GNTSs functionalized with either anti-Spa or anti-
Lpp antibody (Ab). (C) In vivoPA monitoring of CBCs labeled with Ab-functionalized NP
sin vitro prior to injection. siMNPs, silica-coated magnetic nanoparticles; GNRs, gold
nanorods; GNTS, golden carbon nanotubes. Reprinted with permission from [193].
Copyright 2012, Public Library of Science.
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