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Recent developments in biomolecule-based
nanoencapsulation systems for antimicrobial
delivery and biofilm disruption

Mark Louis P. Vidallon* and Boon Mian Teo (& *

Biomolecules are very attractive nanomaterial components, generally, due to their biocompatibility,
biodegradability, abundance, renewability, and sustainability, as compared to other resources for
nanoparticle-based delivery systems. Biomolecule-based nanoencapsulation and nanodelivery systems
can be designed and engineered for antimicrobial cargos in order to surmount classical and current
challenges, including the emergence of multi-drug resistant strains of microorganisms, the low
effectiveness and limitations in the applicability of the present antimicrobials, and biofilm formation. This
feature article highlights the recent applications and capabilities of biomacromolecule-based
nanomaterials for the delivery and activity enhancement of antimicrobials, and disruption of biofilms.
Unique properties of some nanomaterials, arising from specific biomacromolecules, were also
emphasized. We expect that this review will be helpful to researchers in engineering new types of
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1. Biofilm production as a manifestation
of antimicrobial resistance

Antimicrobial therapy has been one of the most successful
advances of modern medicine, laying the foundations for complex
and innovative medical interventions that have allowed lengthen-
ing of the expected human life span worldwide. However, existing
antibiotics are losing efficacy over time due to the emergence of
drug resistance in pathogenic microorganisms.' From an evolu-
tionary perspective, bacteria use two major genetic strategies to
adapt to the effects of antibiotics, namely: mutations in genes,
often associated with the mechanism of action of the compound;
and acquisition of foreign DNA coding for resistance determi-
nants through horizontal gene transfer."” These genes encode for
a variety of antimicrobial resistance mechanisms, which allow
microorganism to: (1) produce substances that can destroy or
modify the antimicrobial molecule, thus rendering it inactive; (2)
generate molecules, structures and internal machineries that
either prevent the antibiotic target from penetrating the cytoplas-
mic membrane or actively extrude the antimicrobial compound;
(3) protect the target sites either by biosynthesizing compounds
that compete with the antimicrobial molecule or by directly
introducing alterations to the target site structures; and
(4) develop resistant phenotypes as a result of global cell adaptive
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antimicrobial nanocarriers, hybrid particles and colloidal systems with tailored properties.

response. Antibiotic overuse and misuse has been strongly linked
to the unceasing emergence and propagation of resistant strains.’

Biofilm formation is strong evidence of this evolutionary
adaptation, which also perpetuates antimicrobial resistance.
Biofilms are sessile microbial communities attached to a living
surface and embedded within a matrix of extracellular poly-
meric substances (EPS), including exopolysaccharides, proteins
and nucleic acids, that they produce.’™ Biofilms appear to be
the predominant and natural state of some microorganisms
compared to their planktonic state, despite the high growth
and reproduction rate of planktonic cells. Biofilm operates as a
favourable environment for microbial growth. It can act as a
filter and trap nutrients from the surroundings and distribute
these through water channels between microcolonies, which
can also act as an expulsion or excretory system of harmful
metabolites.*”® Biofilms promote bacterial tolerance towards
unfavourable environmental conditions, including water or
blood flood flow, by attaching to biotic or abiotic surfaces.
The EPS matrix also functions as a defensive, impenetrable
layer (Fig. 1), which minimizes the exposure of cells to
antimicrobial agents and protects the cells from other changes
in environmental conditions. Microcolonies embedded within
the biofilm matrix also have limited mobility, but are in high
density, which favours transfer of plasmids or extracellular
DNA, some of which contain antimicrobial resistance genes.?
Recent studies have shown that the efficacy of antibiotics
against biofilms is also affected by various mechanisms,
including the slow growth of biofilm organisms, spatial
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Fig. 1 Schematic representation of the antimicrobial resistance mechanism of biofilms at the (a) community and (b) cellular levels. Reproduced with

permission.'° Copyright 2015, MDPI.

heterogeneity and different penetration pathways (voids and
dense cell clusters) in the biofilm structure, and the presence of
drug-resistant or drug-tolerant microbial physiology.”® Pene-
tration of antimicrobials through the biofilm is also dependent
on the antimicrobials used - while some molecules diffuse
quickly and completely though some biofilms, others cannot.’

Biofilm formation has been a major challenge in medical
sciences, especially in some disease, such as in cystic fibrosis, in
wound infections, and in biomedical device-associated treat-
ments, surgeries, implants and prostheses.>""
indwelling medical devices are difficult to treat and are much
more problematic to eradicate, compared to planktonic
cells.*">™" Conventional intervention strategies for biofilm-
associated infections include: (1) prevention of initial device
contamination; (2) minimization of initial microbial cell attach-
ment; (3) use of agents such as high-dose antibiotics, antibiotic
combinations or antibiofilm agents in a catheter lock solution
to penetrate the biofilm matrix and kill the embedded micro-
organisms; and (4) removal of the infected indwelling medical
devices.'®*® Infections in prostheses are much more compli-
cated and may necessitate expensive implant replacement and
often times cause chronic and/or relapsing disease.'”> Some
of the promising, non-conventional approaches against
antibiotic-resistant biofilms, include nanoparticle systems, nat-
ural bioactive compounds, anti-quorum sensing signalling mole-
cules, matrix-degrading enzymes, photodynamic therapy, and
CRISPR-CAS (gene editing technique)."” The succeeding
sections of this work discuss a small portion of antimicrobial
nanoparticle systems, which is focussed on biomacromolecule
encapsulation materials for the delivery of antimicrobials and
some examples of nanostructures that target biofilm disruption.

Biofilms in

2. Encapsulation technology for
antimicrobial therapy

Extensive research in nanotechnology, chemistry and materials
science has demonstrated promising approaches, which may
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have high potential to circumvent previous challenges in design-
ing antimicrobial carriers, specific for their practical use.
Nanoencapsulation is a method where one or more substance
(core material) is immobilized in some form of matrix or wall,
termed as the shell, encapsulant, and wall or carrier material.
The wall materials act as a physical barrier that gives rise to
important physicochemical and biological properties of the
resulting encapsulated product, such as protection or limited
interaction of the core from its environment, thereby effecting
improved stability during storage or preservation of bioactivity
when applied in biological systems. By reducing the particle size,
the delivery properties, solubility, and bioavailability of the
nutraceutical can be improved, depending on the increased
surface area per unit volume.”® These general properties of
nanoparticle-based encapsulation and delivery systems are sum-
marised in Fig. 2. Based on composition, these carriers can be
classified as carbon-based (fullerenes), metallic, ceramic (inor-
ganic non-metals), lipid-based, and polymeric nanoparticles.
Even within the same class, each type of nanoparticle/nanoen-
capsulation system possesses unique properties, depending on
their respective size, geometry, and structure.>**

Utilisation of biomolecules in fabricating nanoencapsula-
tion and delivery systems is being promoted due to their high
abundance and relatively lower costs, in addition to their
stability under various process conditions and biological con-
ditions (during application) including high temperature and
pH changes. Furthermore, these molecules are generally biode-
gradable and biocompatible unlike other materials used in the
fabrication of drug delivery systems. Aside from these intrinsic
properties that make them suitable as drug carriers, various
biopolymers have a distinct set of characteristics that influ-
ences the final physiochemical and functional properties of the
drug delivery system. Some of these properties can be improved
or modified by creating composites and assemblies with nano-
inorganics, such as gold and silver nanoparticles.* This section
enumerates and discusses some of the advantageous properties
of various biomolecule-based carriers and products in recent
literature, which can be used for antimicrobial delivery and
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Fig. 2 Cartoon depicting the general structures and properties of nanoparticle-based encapsulation systems.
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activity enhancement. Structures and some of the important
properties of these biomolecules are summarised in Fig. 3.

2.1. Improved solubility, and stability during storage and in
biological systems

2.1.1. Carbohydrate encapsulation prevents enzymatic
degradation. Gruskiene et al. explored the possibility of protecting
nisin from enzymatic action by complexation with pectin with
various degrees of esterification (DE): high-methoxy pectin (HMP,
DE = 60%), low-methoxy pectin (LMP, DE < 26%) and pectic acid
(PA).>* Nisin-loaded pectic acid particles showed the lowest degree
of proteolytic cleavage by Aspergillus saitoi protease, which can be
explained by the possible electrostatic repulsion between the
negatively charged protease (isoelectric pH = 3.5) and the carboxyl
groups of pectic acid molecules. Moreover, the complexation of
nisin with pectins limits the availability of the cleavage sites of
nisin, suppressing proteolytic degradation. In addition to the
protection of the antimicrobial peptide, antimicrobial action
against microorganisms such as Anthrobacter sp., Bacillus subtilis,
Klebsiella sp. and Escherichia coli, is promoted by using pectins
with a low degree of esterification, based on their previous studies
on nisin-loaded pectin and pectin-inulin systems.>*** Addition of
inulin, a polysaccharide consisting of linear f (2 — 1) linked
fructofuranosyl units terminated by a glucose residue through a
sucrose-type linkage, was shown to increase further the proteolytic
stability of nisin in pectin nanoparticles. Inulin ideally interacts
effectively with nisin through hydrogen bonding and with pectin
through electrostatic and hydrophobic interactions, as well as
hydrogen bonding. Application of inulin, in combination with
pectin, provided an additional stabilisation effect to nisin as the
added biopolymer makes the peptide bonds less accessible
perhaps by steric blockade, diminishing its susceptibility to
enzymatic cleavage (Fig. 4).

2.1.2. Biopolymeric encapsulation improves aqueous solu-
bility. The bioavailability of some antimicrobials is greatly
diminished by their inherent low solubility and physical
instability (tendency to undergo re-crystallization) in formula-
tions and during administration via various routes.”®*’ Various
strategies including, salt and co-crystal formation, pro-drug
preparation, derivatisation, and utilisation of excipients and
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Fig. 4 A schematic diagram showing some of the possible mechanisms
of drug release from polymeric particle-based delivery systems, including
passive diffusion, swelling, and polymer degradation. Reproduced with
permission.”
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stabilisers have been employed to improve the aqueous
solubility of the sparingly-soluble drugs; however, some of
these techniques resulted in low success rates in increasing
bioavailability especially in non-oral administration, and, in
some cases, the manifestation of harmful side effects.?°

This typical solubility problem of drugs, specifically
antimicrobials, is frequently addressed using cyclodextrin
inclusion complexes. A recent example of this system that is
applied to antimicrobials is the oral carbapenem analog, tebi-
penem pivoxil (TP), in a B-cyclodextrin (TP-B-CD) complex.*
This inclusion complex enhanced the aqueous solubility of TP
by two folds and effected faster solution rate at around the
intestinal pH (7.2), compared with that at simulated gastric
pH (1.2). Similarly, cefuroxime axetil (CA) in the B-cyclodextrin
(CA-HPBCD) complex showed significantly improved dissolution
profile, reaching a higher plateau on the solubility curve (80% after
60 minutes), compared to pure CA (72% after 165 minutes).*"
In effect, a CA-HPBCD inclusion complex showed up to four-fold
increase in antimicrobial activity against clinical isolates of
Klebsiella pneumoniae and Pseudomonas aeruginosa.

A more complex system that applied the solubility-
enhancing property of cyclodextrins is described in the study
of Costa-Gouveia et al.** Methods such as nanoemulsification
have been utilised to fabricate delivery systems for ethionamide
(ETH), an anti-tubercular with limited solubility and high
toxicity, when administered at high doses. However, ETH, even
as emulsions, was observed to undergo crystallisation in
aqueous media and in biological fluids, which limits the
efficacy of this delivery system. In the work described,
ETH was co-encapsulated with ETH booster (BDM41906)
using epichlorohydrin-crosslinked polymeric B-cyclodextrin,
intended for combination therapy for tuberculosis. Encapsu-
lated ETH did not crystallise over the one-month storage
stability study, which might be due to the accommodation of
the drug and the booster in the hydrophobic cyclodextrin
cavities, as well as in the confined micro-domains in the
crosslinked polymeric cyclodextrin nanoparticles. In addition
to the prevention of crystallisation, the apparent solubility of
ETH was also significantly increased, especially when the
concentration of polymeric cyclodextrins used in encapsulation
was increased. This would explain the observed, lower
M. tuberculosis H37Rv-GFP CFU count in treated mice lungs
by Microsprayer® as compared with those in lungs in the
control group and ETH-treated group.

Itraconazole (ITZ) is another water-insoluble drug, which is
being applied as an anti-fungal to counteract opportunistic
infections in HIV patients. Burapapadh et al reported
that the encapsulation of this drug in Miglyol 812 (capric
triglyceride)-pectin nanoemulsions.*® All physical mixtures of
the components used in the fabrication of the nanomaterial
showed a melting endothermic peak associated with the occur-
rence of crystalline ITZ. In the case of the nanoparticles, no
melting peak of ITZ was observed, indicating that the drug was
molecularly dispersed in the polymer. Furthermore, in a two-
hour dissolution test conducted, dissolution of ITZ which was
around 3-5% was significantly increased to 60%, 66% and

This journal is © The Royal Society of Chemistry 2020
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Table 1 Some examples of chitosan-based antimicrobial encapsulation and delivery systems from recent reports in the literature

Active material Encapsulation or delivery system Test microorganism Observed bioactivity
Ethionamide® Chitosan/alginate Mycobacterium tuberculosis H37RA MIC: 0.61 pg mL~" (NPs) vs. 0.43 pg mL ™" (free
nanoparticles, stabilised by ethionamide)
carrageenan
Levofloxacin®® TPP-crosslinked chitosan Staphylococcus aureus Three- to four-fold increase in antimicrobial
nanoparticles Escherichia coli activity
Mentha piperita Chitosan-cinnamic acid Aspergillus flavus No growth from 1000 ppm and higher
essential oil"! nanogel concentrations.
Ciprofloxacin®” Alginate/high methoxy and Pseudomonas aeruginosa Percentage inhibition after 8 h:
low methoxy pectin beads with  Staphylococcus aureus 90% (P. aeruginosa)
Guar gum alkyl amine-stabilised Escherichia coli 78% (B. cereus)
silver nanoparticles Bacillus cereus 74% (S. aureus)
Rosemary essential Chitosan-benzoic acid (CS-BA)  Staphylococcus aureus MIC: 80 pug mL ™" (CS-BA); 40 pg mL ™"
oil (REO)" nanogel (encapsulated REO)
Nisin®* Alginate-chitosan Listeria monocytogenes MIC: 500 TU mL ™"
nanoparticles
Eugenol® Chitosan nanoparticles Staphylococcus aureus MIC (S. aureus): 195 pg mL ™" (NPs) vs.
363 ug mL ' (free eugenol)
Escherichia coli 0157:H7 MIC (E. coli): 98 pg mL~" (NPs) vs. 726 pg mL ™"
(free eugenol)
Pseudomonas aeruginosa MIC (P. aeruginosa): 195 pg mL~" (NPs) vs.
726 pg mL " (free eugenol)
Salmonella sp. MIC (Salmonella): 391 pg mL~" (NPs) vs.
726 pg mL " (free eugenol)
Vancomycin*® Layer-by-layer gelatin/chitosan Staphylococcus aureus Significant inhibition of S. aureus growth with
coated nanoparticles MRSA 134/94 increased osteoblast proliferation on NP-coated
titanium surfaces
Temporin B*” TPP-crosslinked chitosan Staphylococcus epidermidis Reduction of temporin B cytotoxicity on
nanoparticles mammalian cells; sustained antimicrobial
action vs. S. epidermidis for at least four days
Nisin Z*® Chitosan-coated liposomes Staphylococcus aureus MIC (S. aureus): 10 pg mL~" (NPs) vs.
10 pg mL™" (free nisin)
Listeria monocytogenes MIC (L. monocytogenes): poor activity (NPs) vs.
50 pg mL " (free nisin)
Enterobacter faecalis MIC (E. faecalis): 200 pg mL~" (NPs) vs.
726 pg mL " (free nisin)
Cymbopogon citratus Chitosan-oleic acid Escherichia coli (ATCC 25922 and ~ MBC/MFC values for nanoemulsions (with
essential oil*’ nanoemulsion ATCC 35218) Staphylococcus aureus 1000 times lower oil content) were comparable or
(ATCC 29213 and ATCC 43300) only a few times higher than those of the pure oil.

Gardnerella vaginalis
Pseudomonas aeruginosa
Chlamydia trachomatis

Lysozyme®° TPP-crosslinked chitosan Escherichia coli MIC (E. coli): 0.156 ug mL~" (NPs + lysozyme) vs.
nanoparticles 0.625 pg mL ™" (NPs)
Bacillus subtilis MIC (B. subtilis): 0.156 pg mL ™" (NPs + lysozyme)
vs. 0.313 pg mL~" (NPs)

Antimicrobial motif (Pep-H) TPP-crosslinked chitosan Mycobacterium tuberculosis H37Rv NPs showed significant reduction in CFU
of human neutrophil nanoparticles (>90%) at 5-10 times lower concentrations
peptide-1 (HNP-1)*" than that observed for free Pep-H.
Homalomena pineodora TPP-crosslinked chitosan Diabetic wound pathogens: Broad spectrum antimicrobial activity with
essential oil>® nanoparticles Bacillus cereus 60-80% microbial growth reduction in

Bacillus subtilis 3D collagen wound models.

Staphylococcus aureus
Methicilin-resistant
Staphylococcus aureus (MRSA)
Escherichia coli

Proteus mirabilis
Yersinia sp.

Klebsiella pneumonia
Shigella boydii
Salmonella typhimurium
Acinetobacter anitratus
Pseudomonas aeruginosa
Candida albicans
Candida utilis

Alginate lyase™ TPP-crosslinked chitosan (low Pseudomonas aeruginosa biofilm  Biofilm thickness:
molecular weight) 88 um (no treatment)
nanoparticles 22 pum (NPs + alginate lyase)

50 um (free alginate lyase)
Increased biofilm sensitivity towards
piperacillin, ceftazidime, and amikacin.

*MIC - minimum inhibitory concentration; MBC - minimum bactericidal concentration; MFC — minimum fungicidal concentration.
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80%, upon encapsulation in high-methoxy pectin (HMP),
low-methoxy pectin (LMP) and amidated low-methoxy pectin
(ALMP), respectively. These observations can be related to the
wall strength of the particles; unlike LMP and HMP particles,
ALMP particles tend to rupture despite their excellent gel-
forming properties, indicating the possibility of using this
material for fast or immediate drug release formulations.

2.2. Antimicrobial encapsulants and additives enhance
antimicrobial activity

Chitosan is one of the most extensively studied polymers as a
shell material, matrix component, and additive to delivery
systems due to its inherent antimicrobial activity. Table 1
shows some examples of chitosan-based antimicrobial encap-
sulation and delivery systems from recent reports in the litera-
ture. A widely accepted explanation for the antimicrobial
activity of chitosan is the electrostatic interactions between
the amino groups of the chitosan molecule and the negatively
charged bacterial surface molecules, including lipopolysacchar-
ides, which induces change in the penetrability of the bacterial
membrane.**° Jeon et al. proposed an alternative explanation,
after studying the molecular mechanisms of the antimicrobial
activity of chitosan microparticles via in vivo and in vitro tests
with Escherichia coli 0157:H7 EDL933 (ATCC48935), intrauter-
ine pathogenic Escherichia coli, Salmonella enterica CDC3041-1,
and Klebsiella pneumonia.** In their work, the outer membrane
protein A (OmpA), an integral bacterial outer membrane pro-
tein embedded as a B-barrel structure that contributes to the
structural integrity of the bacterial cell surface, is proposed to
be a direct target of chitosan binding. The hydrogen bond
interactions between the chitosan and this membrane protein
inhibit OmpA function, which results in membrane disruption
leading to apoptosis. Chitosan nanoparticles were also demon-
strated to exhibit biofilm-disrupting capabilities, mainly due to
the particle size that allows higher penetration rate compared
to micro-sized antimicrobial agents.’” Furthermore, cationic
chitosan interacts with the negative charge of the biofilm
components, including the EPS matrix and extracellular DNA,
and the microbial membrane, leading to the inhibition of
surface colonisation and biofilm formation.*® This effect of
chitosan nanoparticles was also shown to be effective even
against dual-species biofilms of Streptococcus mutans and Can-
dida albicans, a pair that is known to exhibit faster EPS
formation and enhanced antimicrobial drug tolerance com-
pared to their single-species biofilms.?”

The study of Breser et al. suggests that chitosan may have
important bactericidal properties, against both the bacteria in
preformed biofilms and the planktonic cultures of coagulase-
negative Staphylococcus (CNS) isolates from chronic bovine
mastitis.>* Remarkably, a combined treatment using chitosan
and cloxacillin was not only able to inhibit bacterial biofilm
establishment and increase preformed biofilm eradication, but
it also reduced intracellular bacterial viability and induced a
slight increase in interleukin-6 (IL-6) in infected MAC-T
cells, indicating the possible contribution of chitosan to the
epithelial cell response against CNS.
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Another example of an antimicrobial polymer is aminocel-
lulose. In the study of Ivanova et al.,, nanoparticles were
fabricated via the layer-by-layer (LbL) technique using alternat-
ing antibacterial aminocellulose and hyaluronic acid (the
stabilizer) on a biologically inert nanoparticle template.”® This
biopolymer nanoparticle system seems to exhibit a mechanism
of antimicrobial action similar to chitosan, which affects both
the planktonic cells of E. coli and S. aureus and the total biofilm
growth. Moreover, the functionalized NPs demonstrated
enhanced capacity of the nano-layered aminocellulose to inter-
act with and disrupt the negatively charged bacterial cell
membranes at lower concentration in comparison to its bulk
solution. On the other hand, the LbL functionalized NPs were
able to inhibit the formation of biofilms by S. aureus and
impede the biofilm growth by E. coli, without affecting the
morphology of human fibroblast cells.

In addition to antimicrobial polymers, metal nanoparticles
such as gold (AuNPs) and silver nanoparticles (AgNPs) possess
intrinsic antimicrobial activity’®>® and in combination with
various antimicrobials (Table 2), the bioactivity of the resulting
assemblies and hybrids sometimes exceeds the capacity of the
materials alone through synergism. AgNPs and AuNPs exert
antimicrobial activity by binding to the microbial cell
membrane, resulting in the disturbance of normal cell wall
permeability and cellular respiration by dispelling the chemios-
motic gradient, leading to cell death. Furthermore, several
studies revealed that AuNP- and AgNP-treated microorganisms
have elevated reactive oxygen species (ROS) levels, a condition
which may lead to cell inactivation. AuNP and AgNP that
can penetrate the cell membrane can cause cell damage by
interacting with intracellular proteins and DNA.*>>9%2

2.3. Controlled release and delivery to target sites of action

Aside from being a barrier between the core material and the
external environment, wall materials can regulate the mode
and rate of release in different media. Delivery systems can be
engineered in such a way that the release of drugs from
biopolymeric particles generally occurs via: passive diffusion;
enhanced diffusion by swelling; polymer degradation and
erosion; or a combination of these modes,”*”* as depicted in
Fig. 5. In most of these systems, core materials are retained
within the assembly until being exposed to a specific environ-
ment. Swelling-controlled release systems undergo swelling in
an aqueous environment, allowing the entrapped core material
to diffuse through the swollen network into the external
environment. Diffusion-controlled systems are stable in the
target environment and do not change in size through swelling
or degradation; the drug diffuses through the pores or macro-
molecular structure of the polymer upon introduction of the
delivery system to the biological environment, without
inducing any change in the polymer itself.”*

2.3.1. Biopolymeric encapsulation of antibiotics prolongs
antimicrobial activity by sustained release. Introduction of a
hydrophobic component to porous biopolymeric materials
tends to decrease the permeation of the encapsulated drug
and slow down the release of the drug from the diffusion

This journal is © The Royal Society of Chemistry 2020
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Table 2 Some examples of nanometal-antimicrobial combinations and carriers from recent reports in the literature

Nanometal-based carrier or nanometal-antimicrobial
combination

Test microorganism

Observed bioactivity

Amphotericin B-conjugated biogenic silver Candida albicans
nanoparticles®

Candida tropicalis

Penicillin G-capped silver nanoconjugates®?

Cationic dipeptide capped gold/silver nanohybrids®*
aureus

B-lactamase resistant Staphylo-
coccus aureus and Escherichia coli

Escherichia coli Staphylococcus

MIC (C. albicans): 5 pg mL™" (conjugated AgNPs) vs.
125 pg mL ™' (AgNPs)

MIC (C. tropicalis): 1.5 pg mL ™" (conjugated AgNPs) vs.
62.5 pg mL~" (AgNPs)

AgNP nanoconjugates showed six to eight times
increase in the zones of inhibition in the test micro-
organisms compared to AgNPs.

Nanohybrids exhibited 2-10 fold reduction in nano
formulation dosage against tested microorganisms;

Salmonella typhimurium

Candida albicans

Candida glabrata
Gold-silver gAu-Ag) nanoparticle combination with
doxycycline®®

Pseudomonas aeruginosa

nanohybrid materials displayed non-cytotoxic
behaviour.

Significant increase in the zones of inhibition in the
test microorganisms compared to Au-Ag bimetallic
NPs and doxycycline alone;

Staphylococcus aureus

Escherichia coli

Micrococcus luteus
DNA aptamer-functionalised gold nanostructures®®

coccus aureus

Nisin-gold assembly®”

Methicillin-resistant Staphylo-

Multidrug resistant (MDR) and

Generation of reactive oxygen species by Au-Ag bime-
tallic NPs

DNA aptamer-functionalised gold nanorods effectively
inactivated 95% MRSA cells through hyperthermia via
photothermal conversion of near-infrared radiation.

MIC (multidrug reistant E. faecalis and S. aureus): 156~

non-resistant Enterobacter faecalis 313 U mL ™' (nisin-AuNPs) vs. >2500 U mL "' (nisin
and Staphylococcus aureus only)

Bovine serum albumin-capped gold nanoparticles,

sulphate, neomycin sulphate, gentamicin sulphate and 27853
kanamycin sulphate®®
Gold nanoparticle-sushi peptide and gold

Salmonella typhi
nanoparticle-polymyxin B conjugates®

Escherichia coli ATCC 25922
functionalised with various antibiotics: streptomycin Pseudomonas aeruginosa ATCC

Antibiotic-conjugated AuNPs showed 1.4 to 3.6 times
higher antimicrobial activity, compared to the pure
antibiotics.

Staphylococcus aureus ATCC 25923

MIC (S. typhi): ~700 nM AuNP-sushi peptide
conjugates

Gold nanoparticles with antimicrobial motif (Pep-H) of Mycobacterium tuberculosis H37Rv Inhibition of M. tuberculosis growth:

human neutrophil peptide-1 (HNP-1)*°

Antimicrobial peptide (AMP) HPA3PHis loaded onto
gold nanoparticle- DNA aptamer conjugate’®

Vibrio vulnificus

91-95% (1-5 pg mL ™" Pep-H AuNPs),

59% (AuNPs)

45% (1 pg mL ™" Pep-H)

90% (5 ug mL~" Pep-H)

90% reduction in intracellular V. vuinificus in HeLa
cells, treated with 0.5 pM HPA3Phis and 1 nM AuNP-
DNA aptamer conjugate

Silver nanoparticles physically combined with cefazo- Staphylococcus aureus ATCC 25922 Synergism of AgNPs with various topical antibiotics

lin, mupirocin, gentamycin, neomycin, tetracycline
and vancomycin®®

Escherichia coli ATCC 10536

against the test microorganisms;

AgNPs + topical antibiotics showed increased ROS
level, membrane damage following protein release, K*
leakage and biofilm inhibition.

Pseudomonas aeruginosa ATCC

25619

*MIC - minimum inhibitory concentration.

controlled system.”*”> Examples of hydrophobized polymers
that can be used for this purpose include poly(lactic
acid)-grafted amylopectin, acetylated cashew gum, fatty acyl
hyaluronan, acetylated pullulan, cholesteryl cyclodextrin and
many more.””

Lima et al. demonstrated that increasing the degree of
acetylation of cashew gum decreases the rate of release of
hydrophobic drug amphotericin B.”® This was also observed
in the other, where hydrophobic non-antimicrobial drugs,
mostly chemotherapeutics, are encapsulated with hydropho-
bized polymers, such as the following systems: clonazepam in
acetylated pullulan particles;”” paclitaxel in caproyl and oleyl
hyaluronan micelles;”® and epirubicin in pullulan acetate
nanoparticles.”®

This journal is © The Royal Society of Chemistry 2020

The effect of extended drug release from nanocarriers is
demonstrated commonly observed as delayed effects or
prolonged activity. In the study of Kumar et al., ketoconazole-
loaded chitosan-gellan gum nanocomplexes showed improved
inhibitory activity (>80%) against Aspergillus niger compared
with the bare drug (40%) and the empty nanocomplexes
(10%).%° The results suggest that the empty complexes have
antifungal activity which may be attributed to chitosan and the
higher activity of the ketoconazole-loaded nanocomplexes may
be attributed to the synergistic effects of chitosan and ketoco-
nazole. Significantly higher antimicrobial activity of the
ketoconazole-loaded nanocomplexes only after a seven-day
incubation period, compared to that after the three-day incuba-
tion period may suggest that encapsulation can prolong the
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Fig. 5 A schematic diagram showing the principle of the thermorespon-
sive drug delivery system, combined with a typical fabricated bandage with
integrated heater and electronics (A). Transmission electron micrograph of
thermoresponsive PEGylated chitosan nanocarriers (B). Scanning electron
micrograph of a nanofibrous substrate, containing the thermoresponsive
nanocarriers, heated to 38 °C (C) and 50 °C for one hour. Plots showing
the temperature dependence of cefazolin release from the nanofibrous
drug delivery system (E). Copyright, licensed under creative commons.&®

antimicrobial effects of ketoconazole through controlled,
sustained release.

De Matteis et al. showed interesting findings in the release
properties of chitosan nanocarriers, containing bedaquiline, a
diarylquinoline anti-mycobacterial drug, with and without
conjugation with polyethylene glycol (PEGylation), in various
release media. Both chitosan and PEGylated chitosan nanocar-
riers released similar amounts of bedaquiline in water and in
Middlebrook 7H9 in a seven-day drug release study.®’ Mean-
while, substantial bedaquiline release was only favoured from
PEGylated chitosan nanocarriers in 0.9% NaCl and in RPMI,
but not from chitosan nanocarriers. This would suggest that
PEGylation changes the interactions of the nanoparticles with
the surrounding PEGylation and alters the release properties of
bedaquiline in various media. This suggests that the chitosan
nanocarrier system can be modified by PEGylation to control or
improve release properties, depending on its expected applica-
tions. Middlebrook 7H9 and RPMI media were used as Myco-
bacterium tuberculosis and infected macrophage culture media,
respectively. The presence of proteins and salts in the release
medium would influence the release of bedaquiline from
chitosan and PEGylated chitosan nanocarriers. Release in
0.9% NacCl demonstrated the suitability of the PEGylated chit-
osan nanocarriers in nebulisation formulations.

Deacon et al. studied the effects of encapsulation of tobra-
mycin in alginate/chitosan nanoparticles, prepared via ionic
gelation.®> The encapsulated antibiotic showed a biphasic
release pattern: 45% released after 90 min and up to 80% after
48 hours. A Galleria mellonella (greater wax moth) infection
model was utilised to determine the inhibition of Pseudomonas
aeruginosa infection-induced mortality. When the samples were
administered 30 min after infection, no significant differences
in survival rate were observed between the free and encapsu-
lated tobramycin. However, in another set up, where free and
encapsulated tobramycin were administered 96 hours prior to
infection, tobramycin nanoparticle-treated larva had 80%

13914 | Chem. Commun., 2020, 56, 13907-13917
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survival while free tobramycin-treated moth larva only had
40% survival. These results suggest that the controlled release
nature of the nanoparticles would provide an extended ther-
apeutic window for the antimicrobial formulation.

Abdelkader et al
crosslinked chitosan nanoparticles loaded with meropenem have
two-fold lower minimum inhibitory concentrations against
methicillin-resistant Staphylococcus aureus, meropenem-sensitive
Escherichia coli, and meropenem-sensitive and meropenem-
resistant Klebsiella pneumoniae compared with free meropenem.*
A rat systemic infection (sepsis) model also showed that
meropenem-loaded nanoparticles can improved survival rates of
rats with exceptional bacterial clearance, as compared to the
animals treated with the free drug. These improvements in the
antimicrobial activity of meropenem were due to two properties of
the loaded nanoparticles: (1) positive surface charges of
the nanoparticles, which enhanced the interactions between the
drug-loaded nanoparticles and the negatively-charged bacterial cell
walls, consequently allowing higher drug penetration into the
bacterial cell; and (2) chitosan-to-TPP ratio-dependent slow
release of meropenem from the nanoparticles over time, and
limiting the degradation of the drug before exerting its antibacterial
activity.

2.3.2. Deoxyribonuclease modification overcomes mucus-
and biofilm-mediated resistance. In the aforementioned study
of Deacon et al., to facilitate active delivery of tobramycin, the
alginate/chitosan nanoparticles were further modified by dor-
nase alfa (recombinant human deoxyribonuclease I, DNase I)
functionalisation using carbodiimide chemistry.®” DNase
functionalisation was hypothesized to result in mucus visco-
elasticity reduction by cleaving extracellular DNA that contri-
butes additional viscoelasticity to the mucus network. This
would lead to better penetration of the drug-containing nano-
particles. DNase functionalised NPs were able to degrade DNA
present in sputum samples from cystic fibrosis (CF) patients,
based on gel electrophoresis. Furthermore, DNase functiona-

demonstrated that tripolyphosphate-

lised NPs were able to penetrate the sputum samples better
than the NPs, while both samples exhibited similar antimicro-
bial efficacy against P. aeruginosa present in CF sputum
samples.

In another recent work of Patel et al.,** DNase I-functionalised
ciprofloxacin-loaded chitosan nanoparticles (CIP-CHNPs) were
shown to have the enormous potential to inhibit Pseudomonas
aeruginosa biofilm development and break the previously estab-
lished biofilm extracellular matrix, without triggering severe lung
toxicity. DNase-CIP-CHNPs significantly reduced the microbial
count, thickness, and biomass, and showed the highest biofilm
dispersal, compared to ciprofloxacin alone and CIP-CHNPs. These
observed antimicrobial and anti-biofilm properties are attributed
to the extracellular DNA-hydrolysing capability of DNase I, which
improves both the nanoparticle penetration and drug diffusion in
the biofilm matrix. In addition, chitosan nanoparticles effected
the high biofilm penetration, due to their small particle size, and
controlled ciprofloxacin release, which extended the antimicrobial
efficiency of the delivery system over the 72 hour anti-biofilm
studies.

This journal is © The Royal Society of Chemistry 2020
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2.3.3. Sulphated polysaccharides increase cell uptake. The
results of the study of Murali et al., demonstrate the improvement
in the antimicrobial activity of amphotericin B (Amp B) against
Candida glabrata upon encapsulation in tripolyphosphate-
crosslinked sulfonated chitosan nanoparticles.®> The intracellular
yeast burden of C. glabrata-infected Raw 264.7 cells, treated with
Amp B-loaded sulfonated chitosan nanoparticles were signifi-
cantly lower compared with those that are treated with the same
concentration of Amp B and Amp B-loaded chitosan nano-
particles. These results are being linked to the possibility that
sulfonated chitosan nanoparticles are phagocytosed better by Raw
264.7 cells due to the presence of the sulphate groups. This uptake
was assumed to be via the cysteine-rich domain of the mannose
receptor while that of the Amp B-CNPs was via a general endocytic
process. Bare Amp B is believed to simply diffuse into the cells
without selective uptake, leading to lower antifungal efficacy.

Similarly, Amphotericin B, encapsulated in carboxymethyl-iota-
carrageenan/gelatin nanoparticles also showed enhanced cellular
uptake by Raw 264.7 cells in the study of Aparma et al.®® This
result explains why the intracellular Candida glabrata survival was
relatively low in cells treated with Amp B-loaded carboxymethyl-
iota-carrageenan/gelatin nanoparticles, compared with the
survival rates of those treated with non-encapsulated Amp B
and Amp B-loaded gelatin nanoparticles.

2.3.4. Biodegradable biopolymeric carriers allow stimulus-
triggered release. Some polymeric delivery systems can undergo
degradation in the presence of heat, enzymes and other biolo-
gical factors to release their payload. Tamayol and co-workers®”
designed a biodegradable bandage with thermoresponsive
genipin-crosslinked PEGylated chitosan carriers, entrapped
within nanofibers of engineered mesh, and integrated heaters
and electronics for on-demand release of the antimicrobial
payload (Fig. 5A and B). This delivery system allowed prefer-
ential release of the drugs by deformation and decomposition
of the polymer at 40 °C while preventing sudden release of the
drug below and at body temperature. The temperature-
dependent swelling and deformation of the polymeric carriers
effected slight deformation of the mesh microstructures at high
temperatures (Fig. 5C and D), and temperature-controlled
release of cefazolin (Fig. 5E) and ceftriaxone. The effectiveness
of this release was also evaluated using zone of inhibition and
colony forming unit methods against Staphylococcus aureus and
Escherichia coli. Samples with antimicrobial carriers that are
heated with integrated flexible filters showed significantly
larger zones of inhibition and lower colony forming units
compared with heated samples with no antimicrobial carriers
and samples with antimicrobial carriers that received no heat
treatment.

A good representative of an enzyme-triggered release system
is a cyclodextrin inclusion complex, as the cyclodextrins undergo
degradation into glucose, in the presence of a-amylase and
a-glucosidase, which are both found in the small
intestines.®®°° Current data also show that cyclodextrins are
easily degraded in the blood, and then excreted through urine.
In the study of Kaneo et al., encapsulation of amphotericin B in
hydrophobized cyclodextrin, specifically cholesterol-modified

This journal is © The Royal Society of Chemistry 2020
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cyclodextrin nanoparticles, resulted in high plasma concen-
tration of amphotericin B, compared with the Fungizone
(commercially available amphotericin B formulation), with no
haemolysis, which is commonly caused by amphotericin B.%®
This suggests the possibility of using this delivery system for the
intravenous administration of amphotericin B.

3. Conclusions and perspectives

Nature itself offers the essential components to combat this
evolving problem of antimicrobial resistance and it is up to our
human knowledge and creativity to utilise these components in
the form of biomacromolecules and biologically derived mate-
rials to create effective, innovative and safe solutions. We hope
that this review provides a bird’s eye view of the capabilities of
some of the recently reported biomolecule-based encapsulation
and delivery systems and some insights into the possibilities in
the development of these systems and technologies. Various
biomolecules, especially carbohydrate biopolymers, proteins
and peptides, have been successfully utilised as potential
antimicrobial delivery vehicles or encapsulant modifiers with
additional or altered physicochemical and biological proper-
ties, including: controlled and targeted release to sites of
action; selective interactions with target microorganism/s;
enhanced physical and chemical stability under biological
conditions; increased solubility and uptake of the antimicro-
bial; enhanced antimicrobial activity; and specific targeting of
microbial cell components and biofilms or processes leading to
biofilm formation. With the abundance of biomolecules, we
have an unimaginable number of combinations that can be
tested and developed as carriers for the currently existing
antimicrobials. In addition to these biomolecules, silver and
gold nanoparticles and many other nanometals and nanoino-
granics can also used as additives to alter the mode of action of
the resulting nanoassemblies.

Biomolecules are very attractive as nanomaterial compo-
nents, generally, due to their biocompatibility, biodegradability,
abundance, renewability, and sustainability, compared to other
resources for nanoparticle-based delivery systems. The main
challenges that we perceive in the clinical translation of these
delivery systems are the compatibility and accumulation of these
materials with the human body, as other properties arise when
biomolecules are in their nanoparticle form. Most of the studies
cited in this communication have reported successes in in vitro
experiments and in vivo animal models. The human body’s
immune response to these delivery systems needs to be studied
further. Storage stability testing, including physicochemical
evaluation of the drug delivery system and monitoring of the
chemical stability of the antimicrobial molecules over time,
would also be a crucial part of any future work to guarantee
the furtherance of new formulations into workable materials for
industry-scale product development and their viability as new
treatment options.

Increasing the complexity of the drug delivery system by
using various biomacromolecules, nanometals and other
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additives, and modifying the drug payload may offer multiple
modes of antimicrobial action, which is advantageous in
improving antimicrobial efficacy and delaying the emergence
of resistant strains. However, this increase in the complexity of
the delivery system might also act as a double-edged sword for
various reasons. Increased formulation complexity will lead to
questions regarding the biocompatibility, potential bioaccumu-
lation and side effects of the resulting hybrid material, as the
property of the delivery system would most likely be different
from the individual biocompatible components. In our view, all
these encapsulation and delivery systems can be considered as
works-in-progress, continuously being disassembled, reformu-
lated and re-assembled, in our attempts to compete with the
emergence of resistant microbial strains. While the clinical
translation of these technologies might be slow and challen-
ging, we predict that there will still be an increase in available
information about these types of encapsulation systems in
the coming years. While the search and syntheses of elusive
“all-in-one” antimicrobial agents or antimicrobial delivery
systems appears to be a long and difficult path, designing
delivery systems for particular applications and treatments by
changing the biopolymer or biomolecule compositions of the
encapsulants seem to be a more practical option, particularly in
this race against antimicrobial resistance. Tuning the drug
delivery system components also seems to be a very attractive
approach to create opportunities for on-demand localisation
and/or release via external triggers or stimuli (heat,® ™’
light,”*®® magnetic field,”’®° ultrasound,"®"** etc.). The
growing knowledge on these biomacromolecules and other
nanomaterials is an opportunity that can be extended to other
types of colloidal delivery systems, such as emulsion droplets,
micro- and nanobubbles, and composite materials that can be
fabricated with these colloids, including antimicrobial surfaces
and coatings, fibres, gels, and implant-type biomedical devices.
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