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Abstract

The increased prevalence of antibiotic-resistant pathogens requires additional efforts to develop new antimicrobial agents
and alternative methods to prevent and treat infections. In response to this challenge, a variety of nanotechnology-based
tools are currently being designed and thoroughly investigated. To date, a considerable number of studies have reported
increased activity of antibiotic-conjugated polymeric nanoparticles against bacteria and fungi associated with various infec-
tions, including those caused by drug-resistant pathogens. Importantly, high biocompatibility of these structures coupled
with enhanced biological activity and improved pharmacokinetic properties supports the potential of these nanosystems as
new tools to treat infections. In this review, we summarize the synthesis of polymer-based nanoparticles and describe their
mechanism of action. We also highlight the recent advances in the application of antibiotic-conjugated polymeric nanopar-
ticles as novel antimicrobial agents.

Streszczenie

Stale narastajaca lekooporno$¢ drobnoustrojéw wymusza koniecznos$¢ rozwoju alternatywnych metod profilaktyki i terapii
zakazen, a takze uzasadnia prace nad nowymi lekami o aktywnosci przeciwdrobnoustrojowej. Realizacja tego celu jest moz-
liwa dzieki zastosowaniu osiagniec¢ z zakresu nanotechnologii. Zwiekszajaca sie liczba doniesien literaturowych potwierdza
znaczna aktywno$¢ przeciwdrobnoustrojowa nanoczastek polimerowych skoniugowanych z klasycznymi antybiotykami,
co moze zosta¢ wykorzystane w terapii infekcji o charakterze bakteryjnym i grzybiczym, réwniez tych wywotywanych
przez patogeny lekooporne. Wysoka biokompatybilno$¢ nanoczastek polimerowych, a takze mozliwo$§¢ zwiekszania ak-
tywnosci przeciwdrobnoustrojowej i poprawy parametréw farmakokinetycznych stosowanych obecnie chemioterapeuty-
koéw, wskazuje na mozliwos¢ zastosowania nanostruktur w nowoczesnej terapii choréb infekcyjnych. W niniejszej pracy
podsumowano metody syntezy nanosysteméw opartych na nanoczastkach polimerowych, a takze opisano mechanizm ich
dziatania. Przedstawione zostaty réwniez najnowsze osiagniecia w syntezie nanoczastek skoniugowanych z antybiotykami,
pozwalajace na ich zastosowanie w terapii infekcji o charakterze bakteryjnym i grzybiczym.

Introduction rapid development of nanotechnology provides new
safe and effective antimicrobial therapies and consti-

Over the past decades areduction in the introduc-  tutes a favorable approach in the modern treatment
tion of novel antibiotics coupled with the expansion  of bacterial and fungal infections, particularly those
of drug-resistant pathogens has become an ever-in- caused by antibiotic-resistant pathogens. To date,
creasing problem in the public health service. The a number of novel antibiotic analogs and nanomate-
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rials including magnetic nanoparticles, lipid-based
and polymeric nanoparticles have been investigated
as new treatments against pathogens in planktonic
and biofilm form [1-5]. Their use as drug nanocarri-
ers is further supported by the strong antimicrobial
activity of the nanostructures [6]. Importantly, the
introduction of nanotechnology in the treatment of
bacterial and fungal infections presents a number of
advantages over conventional antimicrobial therapy.
Specifically, nanosystems offer antibiotic delivery to
the site of infection and extension of its action due to
controlled release [7]. Additionally, the use of nano-
technology provides important improvements in the
pharmacokinetics of antibiotics whose application is
limited due to low solubility, poor bioavailability af-
ter oral administration, short half-life, high toxicity
or instability in physiological conditions (Figure 1)
[8-10]. A broad spectrum of antimicrobial activity
described for a variety of nanomaterials supports the
idea that the employment of antibiotic-conjugated
nanoformulations will provide a more efficient way
to overcome the ever-growing drug resistance of
pathogens [11, 12].

In this review we briefly summarize the potential
of nanomaterials to improve the antimicrobial activi-
ty of conventional antibiotics and highlight the recent
advances in the application of antibiotics functional-
ized with nanoscale materials as novel drug nanocar-
riers.

Synthesis of polymeric nanoparticles

Polymeric nanoparticles (PNPs), including nano-
capsules and nanospheres, are prepared from differ-
ent kinds of polymers that range in size from 10 to
1000 nm [13]. Polymers used in nanoparticle prepara-
tion should be biocompatible with the host cells, spe-
cifically non-toxic and non-antigenic [14]. Moreover,
PNPs should be biodegradable in the human body.
Biodegradation plays a key role in the nanocarrier
pharmacokinetic profile via sustained release proper-
ties, sub-cellular size and biocompatibility with vari-
ous cells and tissues [15]. The most common materials
used in the preparation of PNPs can be divided into
natural and synthetic polymers [13]. Natural poly-
mers include polysaccharides (chitosan, cellulose,
guar gum, dextran, hyaluronic acid, etc.) and family
proteins or polypeptides (albumin, gelatin, elastin,
gliadin, legumin, etc.) [16, 17]. The principal advan-
tage of natural polymers is the presence of hydro-
philic groups such as carboxyl, hydroxyl and amino
groups, which controls their solubility in water and
allows the formation of non-covalent bonds (hydro-
gen and/or electrostatic bonds) with biological tissues
and mucosal membranes [18]. Additionally, this prop-
erty provides the opportunity for chemical modifi-
cation of the macromolecule surface to immobilize
drugs, homing ligands and other active agents [16, 19].
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Synthetic polymers are the second category of mate-
rials appealing for the design of polymeric nanopar-
ticles and include polylactides (PLA), polyglycolides
(PGA), poly(ethylene glycol) (PEG), polycaprolactone
(PCL), poly(acrylic acid) derivatives (PAA) and co-
polymers such as poly(lactide co-glycolides) (PLGA),
poly(e-caprolactone)-Pluronic, and poly(ethylene gly-
col)-poly(2-methyl-2-carboxyl-propylene carbonate)
(MPEG-PMBC), etc. [20-22].

There are different methods of fabrication to ac-
quire the desired PNP properties. The preparation
method depends on the type of polymeric matrix, size
distributions, future application, etc. Two techniques
of polymerization are generally employed: preformed
polymers or ionic gelation. Methods for preparation of
nanoparticles from dispersion of preformed polymers
include nanoprecipitation, solvent evaporation emul-
sification/solvent diffusion, salting out, supercritical
fluid (SCF) technology and dialysis. These methods
are commonly used to prepare drug to be loaded into
biodegradable nanoparticles from polylactides (PLA),
polyglycolides (PGA) and those copolymers. Prepara-
tion of nanoparticles from polymerization of mono-
mers can be accomplished by different methods such
as emulsion preparation, mini- and macro-emulsion,
interfacial polymerization and controlled/living radi-
cal polymerization, e.g. RAFT [13]. In addition, poly-
meric nanoparticles may also be used as a reaction or
dispersion medium for the synthesis of nanoparticles
[23]. Regardless of the synthesis method used, PNPs
that are prepared for biomedical applications should
be completely free from unreacted reagents, organic
solvents, surfactants or traces of heavy metals or cata-
lysts [24, 25]. Recent studies show that the pharmaco-
kinetic parameters of the drug are greatly influenced
by the selected drug’s molecular weight, polymeric
composition (type, hydrophobicity, biodegradation
and controlled release profile) of nanoparticles, local-
ization of drug in the nanospheres, and drug incorpo-
ration techniques such as adsorption or incorporation
[26-29].

Drug immobilization on the polymeric nanoparti-
cles can be performed in several ways. One approach
is based on incorporation into the internal part of
nanoparticles, which may be achieved via encapsula-
tion or imprinting of active molecules during or after
the fabrication process. A second technique consists
of drug immobilization on the surface of polymeric
nanocarriers through the engagement of covalent or
non-covalent bonds [30, 31]. The polymeric nanocar-
riers release the drug at the site of action by one of
three general physicochemical mechanisms: (i) via
swelling of the polymer nanoparticles by hydration,
(ii) by an enzymatic reaction resulting in the cleavage
of bonds and degradation of the polymer at the site of
delivery and (iii) by de-adsorption of drugs from the
swelled nanoparticles [32-34] (Figure 1).
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Figure 1. Strategies of drug immobilization on polymeric
nanoparticles

Mechanism of action

Polymeric nanoparticles possess unique properties
for antimicrobial drug delivery. Firstly, PNPs may be
composed of different types of monomers, which pro-
vide the opportunity to manipulate PNP stability and
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allow for control of their biodegradation profile. Sec-
ondly, particle properties such as size, thickness of lay-
ers, zeta potentials, and presence of active groups can be
precisely tuned by selecting the appropriate technique
such as controlled polymerization, for example revers-
ible addition-fragmentation chain transfer (RAFT) [35].

Polymeric nanoparticles may interact with the
bacterial cell wall via passive or active targeting (Fig-
ure 2). Passive targeting is based on particle size and
the ability of PNPs to form pores, which disrupt the
structure of the pathogen membrane [23, 36, 37]. Re-
cent studies indicate that conjugation of lectin-spe-
cific ligands on the PNP surface showed enhanced
binding affinity to the carbohydrate receptors on the
Helicobacter pylori membrane [38]. In another study
Jain et al. used concanavalin-A (Con-A) decorated
elastin as a clarithromycin delivery system for H. py-
lori eradication [39]. In active targeting other homing
molecules including specific antibodies and aptamer
bacteriophage proteins have been used for nanopar-
ticle surface functionalization resulting in targeted
delivery platforms effective against different types of
bacterial infections [37, 40, 41]. Targeting molecules
can also be used for sensitive and specific identifi-
cation strategies for detection of pathogens such as
Staphylococcus aureus, Mycobacterium tuberculosis and
Escherichia coli via aptamer recognition and fluores-
cently tagged silica nanoparticles [42-44]. Increasing
evidence suggests that encapsulation of antimicrobial
agents on PNPs enhances their activity [7, 45, 46]. In
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Figure 2. Schematic representation of antibiotic action in free form compared to antibiotic loaded on polymeric nanopar-

ticles
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addition, recent data show that polymeric nanopar-
ticles have the ability to penetrate biofilms [47] and
that polymeric nanoparticles are able to improve the
delivery of antibiotics to the bacterial cells embedded
in biofilm matrix, thereby increasing the efficacy of
the treatment [48].

Recent advances in application of antibiotic-
conjugated nanoparticles in treatment
of infections

The rapid development of nanotechnology results
in the production of numerous nanosystems shown
to be effective antimicrobial agents for the treatment
of bacterial and fungal infections. The design of PNPs
containing conventional antibiotics as the therapeu-
tic agents supported by the antimicrobial properties
of nanosystems alone offers the potential to overcome
limitations facing conventional antibiotic therapy.
Jamil et al. demonstrated that cefazolin-loaded chi-
tosan nanoparticles can be employed as stable and
effective agents against multidrug-resistant Klebsi-
ella pneumoniae, Pseudomonas aeruginosa and extended
spectrum beta lactamase (ESBL) positive E. coli [11].
Novel studies performed by Cai et al. revealed that
the treatment of H. pylori with amoxicillin and pec-
tin sulfate-loaded lipid PNPs significantly eradicates
H. pylori in the biofilm form, inhibits bacteria from ad-
hering to gastric cells and decreases the MIC value for
amoxicillin, which increases its ability to inhibit bacte-
rial colonization despite the well-known resistance of
H. pylori to antimicrobial treatment [12]. Additionally,
Hussein-Al-Ali et al. reported strong antimicrobial po-
tential of streptomycin-conjugated magnetic nanopar-
ticles coated with chitosan against drug-sensitive
S. aureus and its methicillin-resistant counterpart
(MRSA), which might be a promising strategy to fight
drug-resistant infections, particularity those reported
in the hospital environment [46]. Recently, chitosan-
coated alginate (CS-ALG) nanoparticles were proposed
for a facilitated ocular delivery system of daptomycin for
the treatment of MRSA-originated endophthalmitis [49].

Anumber of studies have also established that nan-
otechnology-based achievements can be employed
to improve the pharmacokinetic properties and af-
fect the pharmacological properties of commonly
used antibiotics and commercially available formu-
lations. Recent studies have focused in part on the
improvement of amphotericin B biocompatibility
using nanotechnology-based tools. Its employment
is limited due to poor biodistribution, low solubility
and high nephrotoxicity leading to kidney failure. In
order to bypass these obstacles Italia et al. entrapped
amphotericin B into PLGA nanoparticles, which re-
sulted in improvement or oral bioavailability and
reduced nephrotoxicity [50]. Similar results from
Tang et al. [51] indicate increased fungicidal activity
of amphotericin B after incorporation into polymeric
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nanoparticles. It was also shown that encapsulation
of amphotericin B poly(L-lactide) (PLA) nanoparticles
reduces hemolytic activity of the drug without affect-
ing its antifungal properties [10]. Moreover, a study
from 2013 reported that amphotericin B-encapsulated
PLGA-DMSA (poly[lactic-co-glycolic] acid and dimer-
captosuccinic acid) nanoparticles might be an effec-
tive delivery system for the treatment of cutaneous
leishmaniasis [52]. Nanoparticle-related approaches
designed to control release of gentamicin may also
have clinical usefulness. It is well known that genta-
micin, due to its broad spectrum of activity, is an im-
portant antimicrobial agent used widely for treatment
of P. aeruginosa infections. However, its short half-life,
low bioavailability and severe oto- and nephrotoxic-
ity caused by gentamicin significantly hamper its
use in common antibiotic therapies [53]. In order to
overcome these restrictions, Abdelghany et al. dem-
onstrated that the entrapment of gentamicin in PLGA
nanoparticles controlled the release of gentamicin
and subsequently enhanced its antimicrobial activity
against the planktonic and biofilm forms of P. aeru-
ginosa without inducing side effects observed earlier
during the course of therapy [7]. Moreover, incorpo-
ration of a third-generation cephalosporin, ceftriax-
one sodium, into chitosan-based nanoparticles allows
for cellular penetration of the antibiotic, in contrast
to the free non-modified drug, whose application in
the treatment of intracellular pathogens (e.g. Salmo-
nella) is limited due to the high molecular weight and
hydrophobicity of ceftriaxone [54]. Enhancement of
solubility followed by increased antibiotic activity is
also possible due to the design of antibiotic-conjugat-
ed polyacrylate nanoparticles effective in the killing
of drug-resistant pathogens, including MRSA [55].

Apart from the reports indicating the improved
safety of nanoparticle-based formulations when com-
pared to their non-modified counterparts, Ong et al.
demonstrated a novel prodrug of meropenem for-
mulated into mucus-penetrating crystals as a tool for
administration of drugs via inhalation. A number of
studies performed by this research team confirmed
the maintenance of meropenem levels in guinea
pig lungs after treatment with meropenem-loaded
nanoformulation without the undesirable effects of
inhalation therapy, observed as the effect of lung ac-
cumulation of drugs and conventional polymeric
nanocarriers, particularly in chronic use [56]. Fur-
thermore, it is postulated that PLGA-incorporated
aminoglycosides possess the potential to be employed
in aerosol delivery for the treatment of pulmonary
infections due to the controlled release of antibiotic
from the nanocarrier [7].

The use of polymeric nanomaterials also allows for
the design of drug forms previously inapplicable due
to low antibiotic solubility. An example is the drug
ciprofloxacin, commonly administered orally and
intravenously. Studies performed by Parwe et al. in-
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dicated that the synthesis of ciprofloxacin conjugated
with biodegradable PLA allows for the introduction of
ciprofloxacin for topical use based on a biocompatible
nanofiber mat used as wound dressing material (ban-
dage) [57]. The application of PLGA-based nanopar-
ticles is also the starting point for the synthesis of an
injectable nanoparticle-loaded system for the local
delivery of antibiotics during bone infections. The
treatment of bone infections is hampered due to the
required use of high antibiotic doses (which is associ-
ated with numerous side effects), lack of site specific-
ity and invasiveness of the implanting form of drugs.
These limitations might be overcome through the de-
sign of platforms for controlled delivery of vancomy-
cin in osteomyelitis treatment, as proposed recently
by Posadowska et al. A broad spectrum of advantages
are offered by this nanoformulation, including bio-
compatibility, self-healing ability after disruption,
easy application and controlled drug release followed
by strong activity against S. aureus [58]. Recently, the
same research team presented a similar formulation,
based on gentamycin incorporated within the gellan
gum hydrogel and into PLGA nanoparticles embed-
ded into the hydrogel for the localized treatment of
bone infections [59].

Conclusions and perspectives for the future

It is possible that the rapid development of nano-
technology-based tools designed for the treatment of
infections will lead in the near future to the develop-
ment of innovative strategies and therapeutic options
for patients suffering from bacterial and fungal infec-
tions. Considering the emerging problem of microbial
multidrug resistance with subsequently a decreasing
number of novel antibiotics introduced for clinical
use, the design of antibiotic-conjugated nanostruc-
tures may provide a feasible and desirable approach
in the therapy of infections. Additionally, the advan-
tages obtained from functionalization of antimicro-
bial agents supported by antimicrobial properties of
nanoscale materials may overcome the limitations
facing modern antibiotic therapy. Given the above,
we might also expect that a growing interest in nan-
otechnology-based antimicrobial therapies will result
in the design of novel formulations such as core-shell
nanostructure including metal-based nanoparticles
functionalized by antiseptic agents or other molecules
with an antimicrobial mode of action.
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