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SUMMARY This review provides a comprehensive summary of issues associated
with treating polyclonal bacterial biofilms in chronic diabetic wounds. We use this as
a foundation and discuss the alternatives to conventional antibiotics and the emerg-
ing need for suitable drug delivery systems. In recent years, extraordinary advances
have been made in the field of nanoparticle synthesis and packaging. However,
these systems have not been incorporated into the clinic for treatments other than
for cancer or severe genetic diseases. We present a unifying perspective on how the
field is evolving and the need for an early amalgamation of engineering principles
and a biological understanding of underlying phenomena in order to develop a
therapy that is translatable to the clinic in a shorter time.

KEYWORDS chronic diabetic wounds, biofilms, drug delivery systems, engineering,
nanoparticles, quorum sensing

INTRODUCTION

iabetes mellitus affects about 34.6 million adults in the United States, which is

approximately 12.6% of the population (1). The global prevalence of diabetes
among adults is 8.5% (2), thereby making it a pandemic. Neuropathy or nerve damage
due to hyperglycemia is a common cause of chronic foot ulcers and wounds in diabetic
patients. As a result, 5% of diabetic patients undergo lower-extremity amputation (3).
The direct annual expenditure toward managing these foot ulcers was recorded to be
$9 billion to $13 billion in the United States alone (4). These management costs, along
with limb amputations, create a significant economic burden on the health care system.
Limb amputation also deteriorates the quality of life of the affected individuals.

The phenomenon of wound healing has been described in detail by Demidova-Rice
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et al. and by Reinke and Sorg (5, 6). Briefly, wound healing occurs in three stages: (i) the
coagulation and inflammation phase, (ii) the proliferative phase, and (iii) the remodel-
ing phase. Upon injury, the platelets migrate to the damaged blood vessels to initiate
blood clotting. They release chemokines that attract inflammatory cells such as leuko-
cytes, neutrophils, and macrophages to the site of injury. These cells release reactive
oxygen species (ROS) and different proteases that eliminate any cell debris or bacteria
at the open wound site. Simultaneously, they induce and maintain the proliferation of
dermal and epidermal cells to replace the damaged tissue. Vascularization of these cells
needs to happen to maintain cell growth and the nutrient supply. Therefore, pro-
angiogenic cytokines, such as vascular endothelial growth factor (VEGF) and platelet-
derived growth factor (PDGF), are released by platelets and inflammatory cells. Subse-
quently, fibroblasts differentiate to form an extracellular matrix (ECM) with the aid of a
class of enzymes called matrix metalloproteinases (MMPs). Eventually, the fibroblasts
are cleared by apoptosis, and acellular scar tissue finally seals off the wound.

When a person is suffering from underlying pathologies such as diabetes, it gives
rise to chronic wounds. The hallmark of chronic wounds is prolonged and excessive
inflammation, recurrent infections, the inability of dermal and epidermal cells to
respond to regenerative stimuli, and, most importantly, vascular impairment due to
microvascular pathologies related to hyperglycemia (7). Since these wounds do not
heal, they are a favorable breeding ground for bacteria, which, in turn, further delay
wound healing.

Several strategies for wound management have been described previously, includ-
ing the delivery of growth factors to accelerate healing (8-10). Magana et al. also
described in detail the laboratory techniques used to monitor, characterize, and
quantify bacterial biofilms (11). The focus of this review article is on infection manage-
ment strategies for chronic wounds. First, we describe the complications associated
with bacterial infections in chronic wounds. A large portion of this review, however,
focuses on drug delivery systems from an engineering perspective that are in an
exploratory phase for infection prevention and treatment.

BACTERIAL INFECTIONS IN CHRONIC WOUNDS

The Gram-positive bacterium Staphylococcus aureus is the most commonly found
bacterial species in diabetic ulcers. Other microorganisms such as beta-hemolytic
streptococci and a mixture of Gram-negative species such as Escherichia coli, Klebsiella,
and Pseudomonas aeruginosa are also present in wounds (12). Staphylococcus epider-
midis, a Gram-positive bacterium native to human skin, may also turn pathogenic when
exposed to systemic circulation in the wound bed (13). Conventionally, bacterial
infections have been treated with oral or intravenous antibiotics depending upon the
severity of infection and sometimes bioabsorption of the antibiotics. However, infec-
tions of chronic wounds are canny. Wounds can become infected by bacteria that
encapsulate themselves in biofilms over time or when the body’s natural defense
mechanisms are impaired. Biofilm consists of bacteria encapsulated in a protective layer
of bacterially derived extracellular polymeric substances (EPSs) that provides them with
a favorable environment for proliferation and survival (14). These biofilms are generally
surface associated, and bacterial cells in these biofilms communicate with each other
via quorum sensing (QS). QS signals regulate the expression of genes, production of
proteases, and other cues that enable the high-density bacterial cluster to thrive (15).
Biofilms exhibit enhanced tolerance to antibiotics compared to free-living bacteria,
which makes treatment of wound infections challenging.

The ineffectiveness of traditional antibiotics in treating biofilms has been attributed
to a combination of different factors. The multilayered defense against antibiotics
includes poor penetration into biofilms, adaptive stress responses, and metabolic
inactivation due to nutrient and gas limitation (16). Charged pockets on biofilm surfaces
have been identified by Kurniawan and Fukuda (17). A negatively charged biofilm
membrane may limit the penetration of positively charged antibiotics through the
biofilm (18), referred to as charge- and size-based limitations in engineering jargon.
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Even if the antibiotic molecule enters the biofilm, it has to diffuse through the aqueous
matrix in order to reach the bacterial cells. Aminoglycosides and beta-lactams may be
inactivated or sequestered by binding to any solutes present in the matrix, making it
impossible for them to diffuse to the depths of the biofilm (19, 20), also referred to as
mass transport limitation. The same principle limits the diffusion of nutrients and gas
transfer to the bacteria that grow at the bottom core of the biofilms. As a result, they
cannot divide and grow as actively as bacteria that are at the top surface of the biofilm.
Since most antibiotics work only on growing bacterial cells (21), these drugs would not
have an effect on bacteria that are metabolically inactive and hence in a stationary
phase. Bacteria in the nutrient-limited zone upregulate their stress responses and
switch their metabolic pathways from growth to persistence (16). Some bacterial cells
change their phenotype such that they can survive for prolonged periods in the
presence of antibiotics. These cells are known as persisters (22). Interestingly, biofilms
containing S. aureus have a higher number of persister cells than free-growing bacteria
(23). The nutrient and oxygen limitations in the biofilms provide the environmental
cues necessary for transforming regular cells into persisters.

Additionally, cells sense their environmental changes and the presence of other
bacterial cells and modify their physiological processes through QS. QS enables bac-
terial cells to coordinate gene expression and nucleotide signaling to help them survive
collectively as a community within the biofilm (24). Signaling through QS suppresses
the expression of virulence factors until bacterial cells reach a high cell density, which
helps ensure that virulence is not suppressed by the host immune system. Additionally,
QS also changes the phenotype of bacterial cells in polymicrobial biofilms, thereby
making it more difficult to treat the infection (25). In spite of the complex biological
landscape described above, tremendous progress has been made in engineering
treatment options for chronic wound infections. A schematic of biofilm formation with
different drug molecules and drug delivery systems used in treating chronic wound
infections is presented in Fig. 1.

ALTERNATIVES TO ANTIBIOTICS

Four classes of compounds have emerged in response to the rapid spread of
antibiotic resistance among bacterial species. These include antimicrobial peptides
(AMPs), biofilm-degrading agents, QS inhibitors, and miscellaneous compounds. Each
class of molecules was initially identified from natural sources, followed by the creation
of synthetic analogs to increase their potency. Other mechanisms for treating biofilm
infections, such as debridement, energy transfer, and augmentation of innate and/or
adaptive mechanisms, etc. (26-28), differ in their modes of action from the approaches
described here and are therefore not included in this review.

Antimicrobial Peptides

AMPs are produced by both eukaryotic and prokaryotic organisms, and they are
particularly attractive as antimicrobials due to their small size (15 to 50 amino acids) and
positive charge, which attracts them toward the negatively charged biofilm surface
(29). Although the mechanism of action of AMPs depends on their structure and
sequence, many AMPs are believed to act by perturbing the cell membrane (30). Bionda
et al. took cyclic lipopeptides belonging to the fusaricidin/LI-F class and structurally
modified the amino acid sequence, thereby creating 12 synthetic analogs. They showed
that cyclic lipopeptides 1 and 3 were effective at both eradication and inhibition of
biofilm formation by methicillin-resistant S. aureus (MRSA) and P. aeruginosa PA14 due
to a higher hydrophobicity and net positive charge (31).

One mechanism by which bacterial cells respond to environmental stress is by using
the secondary messenger metabolite (p)ppGpp. (P)ppGpp sets off a cascade of effects
at the molecular level called the “stringent response.” This stress response enables the
cells to develop into a persister phenotype, which confers antibiotic resistance to these
cells (32). Therefore, the development of (p)ppGpp inhibitors is an active area of
research. The effectiveness of AMPs such as IDR-1088, DJK-5, and DJK-6 against ppGpp
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FIG 1 Biofilm formation and treatment options for chronic wounds. Planktonic bacteria secrete extracellular proteins and DNA and
form a glycocalyx containing polysaccharide film around them, which marks the beginning of the formation of a biofilm. As the
number of bacterial cells in the polysaccharide matrix increases due to cell division and from the environment, the matrix thickens
and forms a mature biofilm. Each bacterial species proliferates in its own “territory” until nutrient and gas supplies are not limiting and
secretes quorum-sensing molecules. Several classes of drug molecules exist for treating bacterial infections, but their efficacy is limited
since they either cannot penetrate the matrix or are degraded by matrix components. Drug delivery systems have evolved to

attenuate the problem.

in both Gram-positive and -negative organisms makes them clinically viable potential
broad-spectrum antibiofilm therapeutics (33) (Fig. 2).

Interestingly, bacteria themselves also produce AMPs when in the vicinity of other
competing species of bacteria. Bacterial cross talk between S. epidermidis and S. aureus
has been reported. This is particularly interesting for the field of chronic wound
infections since S. aureus is the dominant species in diabetic ulcers. It is important to
note that (i) not all AMPs reported in the literature are effective against the biofilm-
forming bacteria, although they may be effective against all antibiotic-resistant plank-
tonic bacteria, and (ii) bacterial cells may develop resistance to AMPs just as they
develop tolerance to antibiotics by forming phenotypically mutant cells. In fact, S.
aureus develops resistance to AMPs such as lysozyme via the biofilm formation-
regulatory system GraRS, which produces virulence factors in S. aureus (34). These AMPs
are also susceptible to proteolytic degradation within biofilms since they are protein-
aceous in nature.

Biofilm-Degrading Agents
When bacterial cells adhere to a solid surface, they secrete polymeric substances

April 2019 Volume 32 Issue 2 e00091-18

cmrasm.org 4


https://cmr.asm.org

Polymicrobial Infections in Chronic Diabetic Wounds

Untreated Inhibition by 1018  Eradication by 1018
&
3 ﬁ a
S - =
'?O . &=
o &
S
a |
E EI
3 <
S«
o —
S <
S
S
[a N

L ]

S. aureus
MRSA

"v 'lﬂ.‘t m"m

FIG 2 IDR-1018 inhibits bacterial biofilm formation and eradicates preformed biofilms in Gram-negative
and Gram-positive bacteria. Gram-positive and -negative bacterial biofilm formation was monitored for
up to 3 days after treating the surface with IDR-1018 at sub-MICs. Biofilm eradication was evaluated 2
days after the flow cell surface came into contact with the bacteria. Bacterial presence was tested using
live/dead staining using confocal microscopy. (Adapted from reference 33 [published under a Creative
Commons license].)

such as proteins, nucleic acids, and polysaccharides. These EPSs form the biofilm
architecture. Both synthetically and naturally derived enzymes such as a DNase |,
amylase, dispersin B, lysostaphin, and alginate lyase have been shown to degrade the
EPSs (29). Precoating of vascular catheters with dispersin B and triclosan resulted in
significantly lower rates of colonization by S. aureus, S. epidermidis, and E. coli (35).
Pretreatment of biofilms formed by Aggregatibacter actinomycetemcomitans with dis-
persin B made the biofilms more sensitive to detachment by the surfactant SDS (36).
Similarly, recombinant human DNase | (rhDNase 1) alone and in combination with
dispersin B inhibited biofilm formation by S. aureus and S. epidermidis in microtiter
plates and increased their sensitivity to biocide by other antibiotics (37). DNase |, when
used in combination with different antibiotics, has also been shown to decrease the
biomass of established Gram-positive and -negative bacteria biofilms but was not
observed to be as effective when used alone (38). These studies indicate that biofilm-
degrading enzymes can be used as supplementary agents in the treatment of biofilm-
forming bacteria. Additionally, the higher cost of enzyme production may make their
widespread use prohibitive. Other strategies that are employed in the clinic for de-
grading biofilms are changing the pH of the wound to slightly acidic, high osmolality,
and the use of surfactants to break down the polymeric biofilm matrix (39, 40).

QS Inhibitors

QS in Gram-positive bacteria is controlled by autoinducing peptides (AIPs). These
molecules are secreted constitutively or in response to environmental cues such as high
cell density. AlPs bind to transmembrane receptors to communicate with other cells
and also regulate the transcription of target genes. QS in Gram-negative bacteria is
mainly controlled by the Luxl and LuxR proteins and their analogs. Luxl homologs
produce autoinducers called acyl homoserine lactones (AHLs) that bind to LuxR ho-
mologs to regulate the transcription of target genes within the bacterial cell (41). Just
like AMPs, QS inhibition is an actively expanding field of investigation, particularly
because many QS pathways are generic for both Gram-positive and -negative bacteria.
QS inhibitors may work by either blocking the detection of an environmental cue by a
bacterial cell, inhibiting signal exchange between different bacterial cells, or inhibiting
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signal propagation to downstream targets within a cell. Balaban et al. demonstrated
that an RNAIlll-inhibiting peptide suppressed TRAP (target of RNAlll-activating protein)-
agr systems in MRSA, resulting in reduced MRSA graft infections in rats (42). A
compound called meta-bromo-thiolactone has been shown to reduce biofilm forma-
tion in P. aeruginosa by inhibiting the production of pyocyanin, a QS molecule (QSM)
(43).

Bacteria produce molecules to inhibit the growth of other bacterial species while
existing in a polymicrobial community. A serine protease, Esp, produced by S. epider-
midis inhibits biofilm formation by S. aureus in vitro (44). Similarly, a synthetic derivative
of the agr pheromone produced by S. epidermidis has been shown to potently inhibit
the S. aureus agr system that is responsible for the production of virulence factors
associated with biofilm formation (45). Another method for inhibiting quorum sensing
is signal degradation or quorum quenching. Two types of AHL-degrading enzymes
have been described. The enzyme AHL-lactonase hydrolyzes the lactone ring in AHL,
whereas the enzyme acylase breaks down the amide bond in AHL (46).

A detailed study of naturally derived QS inhibition molecules, focusing on plants,
prokaryotes, and marine life, has been described elsewhere (47). Plant metabolites such
as coumaric acid, catechin, and salicylic acid demonstrate QS inhibition properties.
Ajoene and iberin, isolated from garlic and horseradish, respectively, attenuate viru-
lence factors such as rhamnolipid produced by P. aeruginosa (48, 49).

Miscellaneous Compounds

Several antibiofilm compounds that cannot be classified into one of the three
categories described above have been reported in the literature. For instance, gallium-
containing compounds interfere with bacterial iron metabolism, which is believed to be
vital for bacterial growth and virulence (50). Amyloid blockers are another such
category of compounds. Bacteria such as E. coli produce amyloids, such as pili and curli,
that adhere to surfaces to form biofilms. Peptidomimetics such as FN0O75, which hinder
protein assembly and curli and pilus biogenesis, alleviate the initial biofilm attachment
of E. coli to surfaces (51). Small molecules such as LP 3134 and LP 3145 can be used to
inhibit diguanylate cyclase (DGC) enzyme production, which synthesizes cyclic di-GMP,
the secondary messenger responsible for the stress response in bacteria. While the
chemical structures of these molecules were not discussed by Sambanthamoorthy et.
al, these molecules have demonstrated antibiofilm activity against P. aeruginosa (52).

DRUG DELIVERY SYSTEMS

The need to engineer a drug delivery system for treating chronic infections in
wounds has emerged from the underlying biochemical properties of a biofilm. Extra-
cellular components of the biofilm matrix either sequester, inactivate, or inhibit the
drug, thus preventing the required amount of drug from reaching the target cells. A
delivery system protects the drug from these inhibitory components to some extent,
thereby augmenting both its pharmacodynamic and pharmacokinetic effects. Two
types of drug delivery systems have been widely explored for treating wound infec-
tions: nanoparticles (NPs) and scaffolds embedding nanoparticles.

Nanoparticles

NPs are particles that have dimensions of between 1 nm and 100 nm (53). Based on
the material used for their synthesis, they are generally classified into six groups:
metallic NPs, nonmetal NPs, polymeric NPs, lipid NPs, quantum dots, and ceramic NPs.
While quantum dots and ceramic NPs are biocompatible and soluble in water and have
demonstrated the potential for use in the treatment of chronic wound infections (54,
55), they have been excluded from this review since research is still in the early stages.

Metal NPs. Metal ions and their oxides found their place as topical antimicrobial
agents several decades ago. Since metals are also liable to inactivation by components
of the wound bed (56), metallic NPs were explored as a solution. Oxides such as CuO,
Fe,03, Al,O5, Au,05, ZnO, and Ag,0 have been used to synthesize NPs. Of these, silver
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and zinc NPs by themselves have been reported to be effective antimicrobials. Both
these metals act by disrupting the cell membrane of bacteria and interfering with their
metabolism, thereby preventing cell growth. Kalishwaralal et al. incubated cultures of
P. aeruginosa and S. epidermidis with various concentrations of silver NPs and quantified
biofilm formation by measuring the binding of crystal violet dye to adherent cells.
Compared to the untreated group, the plates incubated with silver NPs inhibited
biofilm formation by ~95% (57). The antimicrobial activity of ZnO, CuO, and Fe,O; NPs
has also been tested against both Gram-positive (S. aureus and Bacillus subtilis) and
Gram-negative (E. coli and P. aeruginosa) bacteria in vitro using the well diffusion
method (58). In the well diffusion method, as described by Holder and Boyce and
Balouiri et al., the microbial inoculum is spread on an agar plate, and a hole is
aseptically created in the center of the plate by using a micropipette tip. Antimicrobial
solutions (NPs in this case) of the desired concentrations are introduced into the hole,
and they diffuse into the agar medium to exert an antimicrobial effect. The output of
this test is measurement of the zone of inhibition. The zone-of-inhibition test is a
qualitative method of determining whether the bacterium is sensitive to the test
antimicrobial (NPs). If the bacterium is susceptible to the test antimicrobial, a zone of
inhibition emerges around the punched hole described above, where the bacterium
does not grow after sufficient incubation of the cells with the NPs (59, 60). It was
observed that ZnO NPs showed a greater bactericidal activity than the other tested
metallic NPs (58). The antibiofilm effectiveness of ZnO NPs against S. aureus and P.
aeruginosa has also been evaluated. Lee et al. tested 36 metal ions for antibiofilm
activity against P. aeruginosa. ZnO NPs were found to be the most effective among the
tested metal NPs (61). S. aureus biofilms were cultured with different concentrations of
ZnO NPs on polyvinyl chloride (PVC) microscope slide surfaces. The reduction in biofilm
formation was quantified using crystal violet staining. A 55% reduction in biofilm
growth on the composite surface was observed (62). In fact, Zn NPs synthesized from
natural polysaccharides demonstrate broad-spectrum antimicrobial activity against
several pathogenic bacterial species when tested using the agar well diffusion method
(63). The antibacterial properties of gold NPs (Au-NPs) have also been evaluated. In one
study, Au-NPs with a size of 20 to 30 nm showed no antibacterial effect on S. aureus
ATCC 6538 and E. coli K-12 NCTC 10538 (64). The MIC of Au-NPs against S. aureus was
also shown to be significantly higher than that of Ag-NPs (65). However, Au-NPs can be
used as effective antimicrobials in a modified state or as drug carriers (discussed below).

Although generally effective, the use of these metallic NPs as antimicrobials has two
major drawbacks. First, a very high dose is required for them to be effective against
bacterial cells. Doses as high as 100 ug/ml (66) and 1 mM (61) have been reported for
zinc NPs. These high doses are difficult to scale and deliver to the wound bed from an
engineering perspective. Moreover, at high doses, metals may also become toxic to
human cells (67, 68), which could inhibit the recruitment of immune cells, the regrowth
of epidermal cells, and, ultimately, wound healing. Similar to the case with antibiotics,
prolonged treatment with metal ions may result in the emergence of resistant bacterial
strains. A silver resistance gene (silE) was reported in MRSA isolates cultured from
wound and nasal passages of dogs and household pets that are capable of transmitting
infections to humans (69). Finally, metallic NPs exhibit size-dependent cytotoxicity.
Gold NPs with a size of <2 nm have been shown to have toxic effects on epithelial cells,
macrophages, fibroblasts, and other human cell lines (70, 71). Interestingly, this toxicity
has not been reported for Au-NPs with a diameter of >2 nm (71-73).

Metal NPs can also be used as drug carriers. Au-NPs in particular have attracted
considerable attention in recent years due to their negative surface charge and ability
to be synthesized in multiple shapes and sizes. Conjugation of the Au-NP surface with
carboxyl groups in methotrexate has been shown to decrease the growth rate of cancer
cells (74). Attachment of doxorubicin to Au-NPs via a pH-sensitive linker allows for the
site-directed release of the drug inside tumor cells that have an acidic environment (75).
Wadhwani et al. functionalized gold NPs with cationic AMPs and showed that the
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conjugated peptides are biologically active and more resistant to degradation by
proteases than free peptides (76).

Nonmetal NPs. Since the discovery of fullerene, a spherical 60-carbon atom mole-
cule, in 1991 (77), carbon-based NPs have been garnering interest from the bioengi-
neering community. Graphene and diamonds are two other allotropes of carbon that
have generated interest recently in the bioengineering discipline because of their
unique chemical properties. Graphene- and graphene oxide (GO)-based nanocompos-
ites can be functionalized with biocompatible polymers such as polyethylene glycol
(PEG) and exhibit electrical and thermal conductivity (78). Graphene oxide can be dually
functionalized with PEG and polyethylenimine (PEI). Since PEI forms a complex with
DNA in order to enter a cell (referred to as transfection), the concept behind the
GO-PEG-PEI-DNA complex is to increase the transfection efficiency of the DNA. Com-
pared to the free PEI-DNA complex, and the GO-PEI-DNA complex without PEGylation,
nano-GO (NGO)-PEG-PEI shows superior DNA transfection efficiency. The NGO-PEG-
PEI-DNA complex is also effective in the presence of fetal bovine serum (FBS), a
component required for cell growth, and is less toxic to cells than the PEI-DNA complex
(79).

Nanoscale diamonds are roughly 4 to 5 nm in size and are widely applied in imaging,
magnetic sensors, and conjugating biomolecules for delivery (80) because of their high
aqueous solubility and biocompatibility. Producing nanodiamonds (NDs) is less expen-
sive than producing viral vehicles or liposomes for gene delivery. Since thousands of
surface modifications can be made on the ND surface, biocompatibility data are difficult
to assess. NDs are also known to aggregate (81). Like graphene NPs, NDs can be
modified by immobilizing 800-molecular-weight PEI (PEI800) on their surface. NDs
modified with PEIB00 exhibit a transfection efficiency comparable to that of 25,000-
molecular-weight PEI (PEI25K), without its high cytotoxicity (associated with the higher
molecular weight of PEl). The enhanced delivery properties are due to hybrid ND-
PEIB00 (82). These studies with graphene and NDs as vehicles for DNA delivery open up
opportunities to explore their use as peptide and antibiotic delivery vehicles. Since PEI
has been shown to exhibit antimicrobial activity against S. aureus and E. coli (83),
ND-PEG in combination with PEl is worthy of investigation for its potentially enhanced
antimicrobial properties.

Other nonmetals, such as silica and selenium, have also been used to synthesize
NPs. Selenium NPs created by the colloidal synthesis method have been shown to be
effective against S. aureus (84). Incubation of these bacterial cells with selenium NPs for
up to 5 h reduces their growth by 60-fold compared to untreated bacterial cells, as
determined by optical density (OD) measurements. Mesoporous silica NPs (MSNs) have
attracted considerable attention in cancer theranostics due to their large surface area
and adjustable pore sizes but have not yet been studied extensively for antimicrobial
applications. Recent advances in the field of MSN drug delivery systems have been
described by Wang et al. (85).

Polymer NPs. Poly(lactic-co-glycolic acid) (PLGA) NPs are one of the most widely
studied categories of NPs for antimicrobial applications. PLGA is a biocompatible and
biodegradable polymer. The antibacterial activity of PLGA NPs loaded with rifampin
was compared to that of the free drug rifampin in a 24-h zone-of-inhibition study
conducted using agar plates. The PLGA-rifampin NPs showed higher bactericidal
activity than the free drug against all three Gram-positive bacteria (S. aureus, MRSA, and
B. subtilis) due to better penetration into bacterial cells and targeted delivery of
rifampin to the site of action. Since Gram-negative bacteria are resistant to rifampin, the
NPs were not effective against P. aeruginosa and E. coli (86).

Several other polymers, such as chitosan and poly(8-amino esters) (PBAEs), are also
used for gene and cytokine delivery into the wound beds (10). Fewer studies have been
conducted with polymer-based NPs as drug delivery vehicles for antimicrobial com-
pounds in wound beds than with metal and lipid NPs. Of particular note among
polymer particles are the dendrimeric NPs and molecularly imprinted particles (MIPs).
Dendrimers are characterized by a highly branched structure with small empty pockets.
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This structure makes it possible to package drugs and use them as drug delivery
systems. An arginine-grafted cationic dendrimer, PAM-RG4, was combined with a
plasmid encoding vascular endothelial growth factor (VEGF), and the PAM-RG4 -plas-
mid complex was transfected by subcutaneous injection into the wounds of diabetic
mice. The wounds treated with the PAM-RG4-plasmid complex healed significantly
faster than the wounds treated with the naked VEGF plasmid and demonstrated
sustained release (87). This study indicates that it might be feasible to potentially test
dendrimers for packaging small peptides and small molecules such as antibiotics. MIPs,
on the other hand, are synthesized using acrylic or methacrylic monomers in the
presence of an epitope to which the particle is intended to bind. The target molecules
are removed, and the MIPs are then divided into particles that can selectively rebind to
the target when they are exposed to it again (lock-and-key analogy). Although MIPs are
low-cost alternatives to a monoclonal antibody to be used in bioassays or sensor
applications, their use has been limited by the presence of residual target templates
and unstandardized synthesis methods. Recently, a solid-phase synthesis method with
an affinity purification step has been developed for synthesizing template-free MIPs
that can bind selectively to molecules of =500 Da (88). These advances in the field lay
the groundwork for potentially producing MIPs selective for bacterial cell membrane
epitopes.

Lipid NPs. Liposomes have been extensively studied as delivery vehicles for con-
ventional antibiotics. Studies with antibiotics packaged in liposomes to treat bacterial
biofilms have been reviewed extensively elsewhere (89, 90). Here, we aim to provide a
fundamental understanding of why liposomes have gained impetus as drug carriers in
recent years and the versatility of these vehicles for treating biofilm infections in
wounds. Figure 3 illustrates various surface modifications on liposome NPs that could
potentially find their use in treating chronic wound infections.

Liposomes are spherical NPs that have a hydrophobic shell and a hydrophilic inner
core, as opposed to micelles that are self-assembling colloidal NPs with a hydrophobic
core and a hydrophilic shell. The hydrophobic shell of a liposome consists of a lipid
bilayer that has a hydrophilic head and a hydrophobic tail. In the presence of water, the
polar heads orient toward the water, while the nonpolar sites are oriented inward
toward each other. This lipid arrangement mimics that of a living cell membrane. Since
the lipid bilayer composition can be changed according to the target, these NPs are
highly biocompatible and have relatively low immunogenicity. Liposomes fuse with cell
membranes and, in this process, empty their payload inside cells (91). Physicochemical
properties of liposomes may be modified as necessary and have been deemed critical
for the stability of the NPs and for the sustained release of the packaged drug molecule.

Smaller lipid NPs (=500 nm) are associated with more-effective penetration (89).
Similarly, it has been observed that positively charged liposomes are able to bind to
bacterial cells better than negatively charged or neutral liposomes in P. aeruginosa and
S. aureus biofilms (92), since the bacterial cell membrane is negatively charged.

Hydrophilic cargo can be packaged in a liposome in the inner aqueous core,
whereas hydrophobic cargo may be packaged between the two layers of phospholipids
within the lipid bilayer, which makes liposomes universal carriers. Changing the com-
position of the lipid bilayer and making it rigid by the addition of long-chain fatty acids
and cholesterol, for example, reduce drug leakage, a property that can be harnessed for
the controlled release of the drug.

Surface modifications can be made almost effortlessly on liposomes and micelles.
Coating the liposomes with PEG stabilizes them against components of the comple-
ment system and prolongs their half-life in blood. Although contradictory results have
been reported regarding the impact of PEGylation on the affinity of liposomes for the
biofilm surface (93, 94), PEGylation can be beneficial for liposomes traveling through
the extracellular polymeric matrix of a biofilm. Similarly, coating a liposome with lectins
would enable the particle to bind with glycans in the glycocalyx secreted by the
bacteria. The glycocalyx is an integral part of the biofilm matrix and surrounds bacterial
cells by forming a protective barrier (95).
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FIG 3 Various surface modifications of liposomes. Structure, composition, and surface modifications increase the utility of liposomes
as drug carriers. A multilamellar (multiple lipid bilayer) liposome is more useful for controlled drug release. Surface modifications such
as positive charge, PEGylation, and ligand conjugation are governed for the liposome to penetrate the biofilm better, protect it from
degradation by proteases, and selectively bind to the target molecule, respectively.

A promising approach facilitating wound healing with «-Gal NPs was recently
reported (96). a-Gal NPs are essentially liposomes made with glycolipids whose surface
is modified to express several epitopes of a glycan named «-Gal. These epitopes bind
to a-Gal antibodies that recruit macrophages to the wound bed and accelerate the
inflammatory phase of wound healing. a-Gal antibodies are naturally produced in
humans. A diabetic mouse model producing a-Gal antibodies has been developed for
the purpose of testing these NPs in vivo. a-Gal NPs injected into diabetic wounds in
these mice resulted in a significant regeneration of epidermal cells in 12 days, com-
pared to the control group that was treated with saline (96).

While promising, the engineering of nanoparticle delivery systems is in its infancy.
The current understanding of how these NPs are cleared from the body is insufficient.
More importantly, immunogenicity effects of different classes of NPs have not yet been
fully delineated. The immune response to NPs can render them inefficacious or lead to
an autoimmune response if the surface modification on NPs is also a molecule native
to the human body. A major obstacle limiting particle research at the cellular level is the
lack of high-resolution techniques to visualize these NPs inside cells. Transmission
electron microscopy (TEM) and scanning electron microscopy (SEM), while high-
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resolution tools, work only for electron-dense materials like metal NPs. Fluorescent
labeling of a NP requires knowledge of the stability of these tags in various cellular
compartments, which have different pHs (97). Another potential safety concern is the
presence of residual organic solvents that are used in the synthesis of lipid NPs (97).

Scaffolds Embedding NPs

Biomaterials are a Pandora’s box for treating diabetic wounds. While they inherently
do not exhibit antibacterial properties, the value of biomaterials lies in the ability to use
them as scaffolds to embed drug particles or drug carriers. Among various types of
biomaterials, hydrogels have emerged as the material of choice for use in diabetic
wounds. Hydrogels can be formulated as particles, sponges, films, and other three-
dimensional (3D) structures, and their porosity can be controlled as desired to embed
particles of various sizes (98). Hydrogels swell upon absorption of water and retain the
water, thereby maintaining a moist microenvironment in the wound bed, which is
essential for healing some wounds (99).

Both alginate and chitosan hydrogels embedded with silver NPs exhibit antibacterial
activity against S. aureus and E. coli in diabetic rats (100). Conventional antibiotics such
as mupirocin can also be packaged in liposomes that are embedded in hydrogel and
delivered to the wound bed. These delivery systems are nontoxic to keratinocytes, a
type of skin cell (101). A detailed discussion of applications of hydrogels as a scaffold
for the delivery of antibiotics or antibiotic substitutes has been reported elsewhere
(102).

Viral Vector-Based Gene Delivery Systems

Viruses are yet another mode of delivering drugs to the wound bed. Genetically
modified viruses act as vehicles and have been shown to be effective in delivering
functional copies of genes to target cells (103, 104). The field of viral vector gene
therapy has matured immensely in the last decade. Lentiviral vector (LVV)-based
products manufactured by Kite Pharma and Novartis were approved by the U.S. FDA for
immuno-oncology applications last year. Similarly, adeno-associated virus (AAV)-based
products, such as Luxturna, were approved by the US. FDA for RPE65 mutation-
associated retinal dystrophy. LVVs integrate into the host cell genome randomly but
have a large packaging capacity, as opposed to AAVs, which have a limited packaging
capacity and do not integrate into the host cell genome. The use of viral vectors for
wound healing applications has also been evaluated.

Human B-defensin 4 (hBD4), an antimicrobial peptide that is naturally produced by
human cells, was tested for its efficacy and persistence against P. aeruginosa infection
in mice when delivered using a viral vehicle. Deep burns were induced in mice by
burning their dorsal skin. hBD4-encoding mRNA was packaged in Newcastle disease
virus (NDV) and transduced into Madin-Darby bovine kidney (MDBK) cells. These MDBK
cells transduced with NDV were introduced into the wound beds of mice, and P.
aeruginosa colony counts and wound size measurements were performed at 7, 14, and
21 days posttreatment. Compared to the untreated group, the treated group showed
significantly lower colony counts and smaller wound areas (105).

Since viral vectors exhibit risks of random integration and mutagenesis, precise
genome editing has also been reported to deliver growth factors such as platelet-
derived growth factor B (PDGF-B) in mouse fibroblasts in the wound bed. Transcription
activator-like effector nucleases (TALENSs) were used to create a double-strand break at
the desired locus in the genome, followed by the insertion of the gene for PDGF-B
expression. The double-strand break was repaired by the mammalian cells’ native DNA
repair mechanism, viz.,, homologous recombination. These edited fibroblasts persisted
in the wound bed for up to 5 months (106).

Viral vectors and precise genome editing offer great value, owing to the persistent
expression of the transduced gene in the genome. They also prevent the proteolytic
degradation of peptide-based molecules as observed otherwise. However, the cost of
manufacturing good-manufacturing-practice (GMP)-grade viral vectors is currently pro-
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hibitive. Transduction of patient cells in an ex vivo setting remains a major challenge
from a scale-up/scale-out perspective for treating hundreds of thousands of patients.
Most importantly, since the field has matured only in the last decade, there are not
enough long-term data on the off-target effects, immunogenicity, and persistence of
viral vector-based therapeutics for use in non-life-threatening conditions for large
populations.

PERSPECTIVE

Biofilm infections are distinctly harder to treat than those caused by planktonic
bacteria due to the underlying biology associated with complex adaptive microbial
communities coexisting within the protective barrier of EPSs. Therefore, the field of
discovery is ripe for broad-spectrum drugs that can annihilate both Gram-positive and
Gram-negative bacteria present in biofilms. Our fundamental understanding of how
bacteria behave within a biofilm is burgeoning. It is clear that quorum sensing is a vital
pathway for bacteria to communicate and express genes necessary to survive in
nutrient-limited environments. AMPs and QS inhibitors are attractive alternatives to
conventional antibiotics. However, while overcoming some challenges, such as the
potential development of resistance, they are subject to some of the same limitations
as conventional antibiotics. These molecules are peptides and small organic com-
pounds and therefore are susceptible to enzymatic degradation and inactivity due to
pH changes. In fact, potential drug candidates are often discarded during discovery
screening as inefficacious, since they cannot penetrate biofilms. The need arises to
design thermodynamically stable drug delivery systems that can overcome these
obstacles. Cross talk between engineering and biology is essential for this field to
progress and to resolve several critical issues on all three fronts, viz, the clinic,
microbiology, and engineering.

A principal challenge in clinical care is the rapid and accurate determination of the
composition of the biofilms necessary prior to the initiation of treatment, thereby
curbing antibiotic abuse. The development of biosensors that can identify electrochem-
ically active quorum sensing molecules (QSMs) produced by bacteria present in various
bodily fluids and with minimal sample preparation at the point of care, as demon-
strated by Sismaet et al. (112), is an interesting approach. The development of a panel
of biomarkers that could determine the susceptibility of a chronic wound to a biofilm
infection, or monitor wounds for the transition from colonization to infection by
bacteria, would be an efficient preventive strategy.

Many questions regarding the price of implementing these technologies remain, but
given the progress that has already been made, the cost to commercialize these
promising approaches is expected to be orders of magnitude lower than for new drug
development. Per-unit costs of wound dressings would increase, but the real costs must
be framed in terms of preventative care and improved patient outcomes. All of the
approaches that we have described would require only a few dollars worth of materials
per dressing when manufactured in reasonable quantities. Insurance companies are
beginning to realize that spending a few extra dollars on an antimicrobial material to
significantly lower the chances of being admitted to a hospital for complicated infec-
tion is a worthwhile investment. There is also the larger societal cost savings associated
with reducing infection rates and slowing the emergence of antimicrobial resistance.

Fundamental principles of mass transfer govern sustained drug delivery. The pen-
etration and transport of NPs from the surface to the core depths of a biofilm are
governed and can be predicted by the balance of physical and chemical forces. The
release of drugs from NPs can be regulated by controlling the inherent properties of a
material, which can be altered by the composition of the coating or lipid bilayer of the
NP. The packaging capacity of a NP may be modified using size-, charge-, and
polarity-based compartmentalization. Once there is biological knowledge about the
target to which a drug molecule binds, concepts of molecular chemisorption can be
employed to determine the binding affinity. One potentially ideal drug delivery system
for chronic wound infections is a bilamellar liposome, a NP with two concentric
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compartments, where the outer compartment releases a payload to degrade the
extracellular matrix, whereas the inner bilayer is coated with a bacterial cell-specific
epitope and releases drug from the inner compartment at the cell surface. These NPs
are less expensive to manufacture and exhibit higher stability than biologics. Properties
such as drug loading capacity, leakiness, and sustained release of payload need to be
reproducibly controlled to make them a clinical reality.

From a drug delivery perspective, the main question that is yet to be answered

adequately is whether NPs generate an immune response when delivered to chronic
wounds. This is difficult to determine, since a prolonged presence of immune cells is
observed in infected diabetic wounds. While it is well accepted that biofilms in vivo and
in vitro differ both phenotypically and genotypically (107, 108), it would be helpful to
understand what these differences are to develop an acceptable in vitro model for
testing the effectiveness of antimicrobials on a biofilm. It would also be interesting to
develop “smart” drug delivery mechanisms that adapt to the changing conditions in
biofilms.

Another research avenue that needs further exploration is bacterial cross talk (45,

109). While it is known that mobile genetic elements (MGEs) are unilaterally transferred
from S. epidermidis to S. aureus (110), it will be interesting to see if MGEs can be
exploited for antimicrobial applications. Advancements in the development of restric-
tion endonucleases and ligases have made it possible to engineer custom bacterial
species. Precise genome-editing tools such as megaTALs, zinc finger nucleases, and
CRISPR/Cas9 may also be used to engineer a commensal bacterial species, such as S.
epidermidis (111). An engineered commensal, ideally, would not become an opportu-
nistic pathogen upon exposure to the wound bed and would produce cues to inhibit
the transcription of genes required for survival in pathogenic species, such as S. aureus.

Finally, the research area of treating biofilm infections in wounds is expanding

rapidly. As the field matures, more testing of the drug delivery systems is required to
understand their safety and efficacy profiles. Integrating biological understanding with
engineering principles is central to translating these nanocomposites into the clinic in
a shorter time frame, given the rate at which resistant strains of bacteria are emerging.
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