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Abstract

The increasing prevalence of microbial infections, especially those associated with impaired
wound healing and biomedical implant failure has spurred the development of new materials
having antimicrobial activity. Hydrogels are a class of highly hydrated material finding use in
diverse medical applications such as drug delivery, tissue engineering, as wound fillers and as
implant coatings, to name a few. The biocompatible nature of many gels make them a convenient
starting platform to develop selectively active antimicrobial materials. Hydrogels with
antimicrobial properties can be obtained through the encapsulation or covalent immobilization of
known antimicrobial agents, or the material itself can be designed to possess inherent
antimicrobial activity. In this review we present an overview of antimicrobial hydrogels that have
recently been developed and when possible provide a discussion relevant to their mechanism of
action.

1. Introduction

Microbial infections, caused by bacteria and fungi, are a serious health problem, especially
with respect to wound healing and biomedical implant fouling.1~4 Staphylococcus aureus,
Saphylococcus epidermidis, Escherichia coli, Pseudomonas aeruginosa and Candida
species are examples of pathogens normally related to these types of infections.1=6 Infection
can prolong or impair the wound healing process leading to tissue morbidity and depending
on the severity of infection, sepsis can occur. Regarding biomedical implants, infection at
the implant-tissue interface can lead to implant failure, which necessitates implant removal
and replacement. Other devices such as catheters can act as vehicles that introduce infection
from the nosocomial environment to the patient. Different strategies have emerged to
develop materials having antimicrobial activity to prevent or treat infections at wound,
implant, and device insertion sites. Materials can be impregnated with antimicrobial agents
that are released over time’:8 or the surface of the material can be covalently modified to
immobilize broad spectrum antimicrobial agents, such as antimicrobial peptides (AMPS),
silver ions or polycationic groups,®-12 that confer antimicrobial properties to the material’s
surface.

Hydrogels offer a useful starting point to engineer antimicrobial materials. They are a class
of highly hydrated biomaterial, usually produced from natural or synthetic polymers.
Polysaccharides such as alginate, dextran, and chitosan, along with the proteins gelatin and
fibrin, are examples of natural polymers that form well-studied hydrogels. Poly(vinyl
alcohol) (PVA), polyethylene oxide (PEO), and poly(acrylic acid) (PAA) are examples of
hydrogel-forming synthetic polymers. Additionally, hydrogels can also be obtained from
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synthetic peptides and polypeptides. Many hydrogels are biocompatible and can be designed
to have mechanical properties similar to natural tissues, and thus have been used in a myriad
of applications including drug delivery, healing of chronic and traumatic wounds, surface
coatings for implants, encapsulation of cells for three-dimensional cell culture, and tissue
engineering, to name a few.13-17 Pertinent to this review, hydrogels with antimicrobial
properties have been developed, further increasing the utility of this important class of
biomaterial. Herein, we will review the use of hydrogels to impart antimicrobial action.

2. Antimicrobial hydrogels

Antimicrobial hydrogels are extremely attractive materials for use as wound dressings and
fillers. Due to their high water content, gels provide a moist, heavily hydrated environment
to the wound area, facilitating cellular immunological activity essential to the wound healing
process. However, this same hydrated environment can also facilitate microbial infection.
Thus, gels capable of imparting antimicrobial action in addition to serving their primary
functional role (e.g. wound healing, drug, delivery, etc...) are desirable. The primary
approaches to accomplish this are outlined below (Table 1).

2.1. Hydrogels for the controlled release of antimicrobial agents

Hydrogels can be used as controlled-release systems to deliver bioactive molecules such as
small molecules, nucleic acids, peptides, and proteins. In addition, antimicrobials can be
non-covalently encapsulated into the gel network for their controlled release locally to
tissue.

2.1.1. Hydrogels loaded with silver and gold nanoparticles—Silver nanoparticles
(NPs) have potential use in biomedical applications given their known antimicrobial
properties against a broad range of bacteria and fungi.18-22 Although their mechanism of
antimicrobial action is not completely understood it seems to involve the generation of
reactive oxygen species and binding to bacterial cell membranes, leading to membrane
damage. Additionally, silver ions released from the NP can also exert antimicrobial action
independently.20.23-26

The incorporation of silver NPs into a given hydrogel allows the formation of hybrid
materials that display antimicrobial properties and are advantageous for biomedical
applications. Hydrogels of distinct composition have been used to prepare antimicrobial
hydrogel-silver NPs systems. These include hydrogels derived from synthetic polymers such
as PVA, PVP, and poly(acrylamide-co-acrylic acid), as well as natural polymers such as
gelatin and alginate.2’-31 With respect to synthesis, several methods have been used to
incorporate silver NPs into a given hydrogel’s network. Thomas et al. prepared a
poly(acrylamide-co-N-vinyl-2-pyrrolidone) hydrogel loaded with silver NPs through the use
of a unique breathing-in/breathing out (BI-BO) method.32 In the BI-BO process, a nonionic
hydrogel is exposed to different solution conditions that cause it to sequentially swell and
shrink. When silver NPs are present during this process, they become encapsulated into the
gel’s network. Resultant gels display antibacterial activity against E. coli in a manner that is
dependent on the number of BI-BO cycles the gel had been subjected. As the number of
cycles increase, the activity of the resultant gel increases.

Another approach is to form gels in the presence of NPs.27:31.33 For example, Travan et al.
described the preparation of silver NPs in the presence of a chitosan-derived solution,
Chitlac.32 The Chitlac-NP solution was then mixed with an alginate solution forming a
hydrogel. The authors showed that the silver NPs were immobilized in the gel and that the
gel conferred antimicrobial activity against S aureus, S. epidermidis, E. coli, and P.
aeruginosa. The antimicrobial activity of the material is most likely due to the destablization
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of the bacterial membrane when bacteria come into direct contact with the material.
Importantly, the gels are selective in their action, being cytocompatible towards eukaryotic
cells. Hydrogel-silver NPs systems can also be obtained through the production of NPs
simultaneously with hydrogel formation, leading to the direct encapsulation of the NP in the
hydrogel network.343% By using silver nitrate to mediate the oxidative crosslinking of
branched catechol-functionalized poly(ethylene glycol) (cPEG), Fullenkamp et al. were able
to form gels with the concomitant formation of encapsulated silver NPs,3* Figure 1.
Resultant gels inhibit the growth of S. epidermidisand P. aeruginosa through the release of
silver, while minimally influencing mammalian cell viability.

A more common strategy to produce NP-laden gels is to directly reduce silver nitrate within
a gel network.28:29.36-38 This s typically accomplished by the immersion of a hydrogel in a
silver nitrate solution. Silver nitrate-loaded gels are then treated with a reducing agent, for
example sodium borohydride, to reduce the silver and form the NPs directly in the gel
network. Some gel networks can template the formation of the NP, providing a means to
control NP shape and size.3° This is important since it has been shown that the size and
shape of silver NPs influence their antimicrobial activity.2%4% Gold NPs are also known for
their antibacterial properties.1%41 Similar to the approaches taken with silver NPs,
antibacterial hydrogels have also been developed through the incorporation of gold NPs into
their networks.#*2-44 Taking advantage of the known antimicrobial properties of both silver-
and gold-NPs, Reddy et al. described a system where bi-metallic, silver-gold NPs were
formed throughout the networks of acrylamide (AM)-2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS) hydrogels.** This bimetallic gel exhibits higher antibacterial
activity when compared to gels containing either silver or gold NPs alone.

2.1.2. Hydrogels loaded with antibiotics—The hydrophilic nature of many gels
provides a solubilizing environment for small molecule antimicrobials. For example,
ciprofloxacin,*>-47 gentamicin,*® teicoplanin,® and amoxicillin®® have each been used to
prepare active gels.

Marchesan et al. recently described an antimicrobial hydrogel that is formed via the self-
assembly of the hydrophobic tripeptide (PLeu-Phe-Phe).4” When assembly occurs in the
presence of ciprofloxacin, the authors report that the small molecule takes an active part in
the assembly process, becoming directly incorporated in the gel’s structure. The same non-
covalent interactions that are responsible for the integration of the molecule into the peptide
network allow its eventual controlled release. The gel showed activity against S. aureus, E.
coli and a clinical strain of Klebsiella pneumoniae. Important for its biological application,
the hydrogel did not show significant cytotoxicity towards human red blood cells or mouse
fibroblast cell cultures. This and other ciprofloxacin-loaded hydrogels have potential use as
wound dressings.*%47

In another example, De Giglio et al. developed ciprofloxacin-modified hydrogels as titanium
implant coatings to prevent implant-associated infections.#6 Polyacrylic hydrogels, namely
poly(2-hydroxyethyl methacrylate) (PHEMA) and a copolymer based on poly(ethylene-
glycol diacrylate) (PEGDA) and acrylic acid (AA) (PEGDA-AA), were electrosynthesized
onto titanium substrates containing the antibiotic ciprofloxacin. The resultant hydrogel
coatings were investigated for their ability to release the antibiotic and to inhibit the growth
of methicillin-resistant S aureus (MRSA). It was shown that the PEGDA-AA hydrogel
coating released a greater amount of ciprofloxacin and showed better antibacterial activity
when compared to the PHEMA coating.

2.1.3. Hydrogels loaded with antimicrobials—There are also examples of hydrogels
engineered to deliver more broadly acting antimicrobial agents.51-58 The use of

Biopolymers. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Veiga and Schneider

Page 4

antimicrobial agents, as opposed to frequently used antibiotics, can be advantageous with
respect to the emergence of antibiotic resistance. With potential use as wound dressings,
pHEMA-based hydrogels have been developed for the release of nitric oxide5! and poly(N-
isopropylacrylamide) (PNIPAAm)-based hydrogels have been developed for the release of
polyhexamethylene biguanide (PHMB).5® In this last example PEG-crosslinked PNIPAAM
thermoresponsive hydrogels were developed for wound dressing applications where lysine
acrylate was incorporated into the hydrogel to improve cell adhesion. The gel was shown to
facilitate wound healing in a rat model. In addition, when assessed in a wound model that
included P. aeruginosa infection, the PHMB-loaded hydrogels were able to reduce the
infection as well as expedite healing. In other work described by Laverty et al., AMPs were
incorporated into PHEMA hydrogels as promising surface coatings for the prevention of
biomedical device-related infection.>* Three different AMPs, maximin-4, H-Orn-Orn-Trp-
Trp-NH,, and C12-Orn-Orn-Trp-Trp-NHo, were used and shown to be released from the
hydrogel network. All AMP-loaded hydrogels displayed anti-adherent properties when
tested against S. epidermidis. The authors showed that the ability of each gel to inhibit cell
adhesion is related to the amount of AMP released and that the lipopeptide C1,-Orn-Orn-
Trp-Trp-NH, was the most effective AMP examined. Once released the AMPs act through
their general accepted mechanism that includes bacterial membrane disruption.

Amphotericin B is a broad-spectrum antifungal agent, often used to treat medical device-
derived infections. Thus, antifungal hydrogels employing amphotericin B may find use as
surface coatings for devices as proposed by Zumbuehl et al. This group developed a dextran-
based hydrogel containing amphotericin B.>” The hydrogel rapidly kills Candida albicans
(C. albicans) by a mechanism involving direct fungi contact with the gel. In vivo studies
demonstrated the hydrogel’s ability to prevent C. albicans infection in a mouse model.
Amphotericin B was also used to develop injectable antifungal hydrogels for the treatment
of localized infections.58

2.2. Hydrogels possessing inherent antimicrobial activity

Although the most common approach to constructing antimicrobial gels is to simply load
them, non-covalently, with drugs, some hydrogel networks are, themselves, active against
microbes. Inherently active gel networks can be produced by covalently ligating active
agents to a polymer matrix or gels can be prepared by self-assembly mechanisms, where
monomers can be engineered to assemble into hydrogel networks that display antimicrobial
activity.

2.2.1. Peptide-based hydrogels—Inspired by the structure and function of AMPs, our
lab developed a family of self-assembling B-hairpin peptides that form hydrogel networks
that display inherent antibacterial activity.59-61 AMPs, which typically do not self-assemble
to form gel networks, are characterized by their cationic net charge and amphiphilic
structure, displaying broad-spectrum antimicrobial activities. In general, these peptides act
through non-stereospecific mechanisms that involve initial binding to the outer leaflet of
microbial cell membranes, typically though electrostatic interactions. This is followed by
insertion of the peptides into the hydrophobic interior of the lipid membrane. Although the
exact mechanism by which these events occur vary according to the exact AMP and microbe
under attack, in general, these events ultimately lead to membrane disruption and cell lysis.
Importantly, since AMPs do not bind to specific targets, such as cell surface receptors or
enzymes, but rather act generally to destabilize membranes, it is difficult for microbes to
gain resistance. As a result, AMPs are just recently enjoying a renaissance of interest for
potentially treating multi-drug resistant infections.52
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We designed a family of peptides whose folded structure resembles the amphiphilic, cationic
nature of classical AMPs. Importantly and distinct from AMPs, these peptides are capable of
self-assembling into a fibrillar network that constitutes the formation of a hydrogel. Our first
design involved a twenty amino acid lysine-rich amphiphilic peptide, MAX1, which self-
assembles into B-sheet rich fibrils that constitute the formation of a mechanically rigid
hydrogel.>® Solvent exposed cationic lysines on the surface of the fibrils interact with
negatively-charged bacterial cell surfaces, ultimately causing membrane disruption through
a mechanism that involves the displacement of essential divalent metal ions from the
bacteria cell wall. MAX1 gels are active towards both Gram-negative bacteria (E. coli and
K. pneumoniae) and Gram-positive bacteria (S. aureus, S. epidermidis and Streptococcus
pyogenes).

Given the known key role of arginine content in the activity of many AMPs,53-65 we
recently developed a series of arginine-rich peptide gels. These gels are prepared from self-
assembling peptides whose sequences are derived from MAX1, where this peptide’s lysine
residues where systematically replaced with arginine. This approach resulted in a second-
generation hydrogel prepared from the peptide MARGL1, which contains two arginine
residues. The MARGL gel is highly active against the multi-drug resistant bacteria,
MRSA.0 Further design culminated in an optimized peptide containing six arginine
residues, PEP6R.5 This peptide forms a mechanically rigid hydrogel that is active against S
aureus, E. coli and P. aeruginosa, while being cytocompatible towards mammalian cells.
Also important for its biomedical application, the PEP6R hydrogel exhibits shear thin-
recovery rheological behavior making it suitable for simple syringe delivery. The
mechanism of action for the PEP6R gel is similar to the other peptide gels studied and
involves membrane disruption. Figure 2 shows AFM-derived micrographs of E. coli
introduced to the surface of a PEP6R gel and to a poly-L-Lysine control surface. Membrane
disruption is clearly evident for the bacterium that is in contact with the peptide gel surface.

Other groups have employed peptides to prepare active gels.56-68 For example, Zhou et al.
use epsilon-poly-L-lysine (EPL), an AMP produced by Streptomyces albulus, to prepare
antimicrobial hydrogels.5” Hydrogels were prepared from EPL-graft-methacrylamide (EPL-
MA) using PEG diacrylate a crosslinker. The gels can be immobilized onto plastic surfaces
for use as coatings for medical devices. These EPL-MA hydrogels are broadly active against
bacteria and fungi, for example, E. cali, P. aeruginosa, S. aureus, C. albicansand Fusarium
solani (F. solani). Song et al. provides another example with wound-healing hydrogels
prepared from a series of polypeptides poly(Lys)x(Ala)y crosslinked with 6-arm PEG-amide
succinimidyl glutarate. One particular formulation employing poly(Lys)go(Ala)4 showed
superior mammalian cell adhesion and cell proliferation activities while exhibiting
significant antibacterial activity.%8

2.2.2. Chitosan-containing hydrogels—Chitosan is a linear polysaccharide derived
from the naturally occurring biopolymer chitin. Chitosan is known for its wound healing and
antimicrobial properties, which make it attractive for biomedical applications.89-71 The
mechanism responsible for chitosan’s antimicrobial activity is not completely understood
but is usually attributed to its polycationic nature.”® Aziz et al. used N-succinyl chitosan to
prepared antibacterial chitosan/dextran-based hydrogels.”2 However, the authors found that
the material’s activity was not due to the N-succinyl chitosan component of the gel, but
rather the dextran. Others have taken advantage of chitosan’s antimicrobial properties by
either immobilizing the polysaccharide to an existing material’s surface or encapsulating it
within a gel.”3-85 For example, wound dressings were prepared by Chen et al. by
immobilizing a chitosan hydrogel layer, using glutaraldehyde as the cross-linking agent, to
the surface of PNIPAAmM gel/polypropylene (PP) nonwoven composites. The authors
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showed that the chitosan hydrogel layer imbibed activity against E. coli and S. aureus, while
being biocompatible towards fibroblast cells.”3

With a proposed application as a coating for medical implants, Li et al. developed an
antimicrobial hydrogel based on quaternized ammonium chitosan-graft-poly(ethylene
glycol) methacrylate (qC-g-EM).”® A family of hydrogels was prepared differing in alkyl
chain identity and in their degree of quaternization. The antimicrobial activity of the gels
was assessed using four clinically important pathogens, namely the bacterial strains S
aureus, E. coli, P. aeruginosa and the fungus F. solani. Of all the hydrogels tested, the
dimethyldecylammonium chitosan (with high quaternization)-graft-poly(ethylene glycol)
methacrylate (DMDC-Q-g-EM) gel was the one that showed potent antimicrobial activity. It
was proposed that the polycationic hydrogel is contact-active, acting like a molecular
anionic sponge, attracting the anionic microbial membrane into the hydrogel nanopores,
leading to membrane disruption and microbe death. The DMDC-Q-g-EM hydrogel proved
biocompatible in in vitro and in vivo experiments and a further study, in which a model
surface treated with this hydrogel was also active, suggests that the material may find use in
coatings applications.

2.2.3. Other polymer-derived hydrogels—Several interesting hydrogels have been
recently reported that are not only antimicrobial but also antifouling to prevent bacterial
attachment.86:87 Lju et al.86 described the fabrication of PEG hydrogels that incorporate an
antimicrobial polycarbonate (polycarbonate containing quaternary ammonium groups,
APC), forming cationic PEG-APC hydrogels. These gels showed strong antimicrobial
activity against S. aureus, E. coli, and C. albicans. One of their optimized gels displayed
99.9% killing efficiency against all microbes tested, including clinically isolated MRSA,
vancomycin-resistant enterococci (VRE), Acinetobacter baumannii (A. baumannii), and
Cryptococcus neoformans (C. neoformans). Impressively, the gel is able to maintain its
activity over time even when challenged daily with S. aureus for 12 days. The gel was
coated onto silicone rubber, mimicking the surface of a catheter. The hydrogel surface
showed effective antimicrobial activity against S. aureusand E. coli, but also antifouling
properties. The gel is thought to act via a contact-dependent mechanism involving
membrane disruption.

Inspired by the antifouling properties of zwitterionic hydrogels, Cao et al.8” developed two
hydrogels based on poly(2-((2-hydroxyethyl)(2-(methacryloyloxy)ethyl)(methyl)
ammonio)acetate) (p)CBOH1) and poly(2-(bis(2-hydroxyethyl)(2-(methacryloyloxy)ethyl)
ammonio)acetate) (pCBOH2) that are zwitterionic when exposed to neutral or basic solution
conditions. When the environmental pH is made acidic, these gels become cationic and are
able to bind to and kill bacteria through a mechanism involving membrane damage. Thus, in
their cationic form, the gels exhibit antimicrobial activity. However, once the material has
carried out “the kill”, a change in environmental pH back to neutral or basic conditions,
converts the material to its zwitterionic form and the dead bacteria are released from the gel.
This antifouling property prevents the accumulation of dead bacteria at the gel’s surface,
which can hamper its antimicrobial function.

If the bacterial attachment, growth and the resultant formation of a biofilm cannot be
prevented, the answer can be the use of a hydrogel that kills microbial biofilms. In a recently
published study Li et al.88 report the formation of temperature-responsive hydrogels formed
through the stereocomplexation of triblock polymers, namely poly(L-lactide)-b-
poly(ethylene glycol)-b-poly((L-lactide) (PLLA-PEG-PLLA), poly(D-lactide)-b-
poly(ethylene glycol)-b-poly((D-lactide) (PDLA-PEG-PDLA), and the cationic triblock
polymer poly(D-lactide)-b-cationic poly(carbonate)-b-poly(D-lactide) (PDLA-CPC-PDLA).
Noncovalent interactions are involved in the gels formation providing them with shear-
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thinning properties. The antimicrobial activity of two gels formed by different amounts of
PLLA-PEG-PLLA, PDLA-CPC-PDLA, and PDLA-PEG-PDLA was tested. The two gels
were able to kill S aureusand E. coli, but only the gel with an increased amount of the
cationic polymer was able to completely eliminate C. albicans. In addition, these gels are
active against several clinically isolated microbes such as MRSA, VRE, P. aeruginosa, A.
baumannii, K. pneumoniae, C. neoformans, again, through a membrane lytic mechanism.
The authors go on to demonstrate that these gels can disrupt microbial biofilms formed by S.
aureus, MRSA, E. cali, and C. albicans. These gels were also shown to have no significant
hemolytic activity or cytotoxicity towards mammalian cells, and animal studies were used to
show their skin compatibility.

3. Conclusions

As described in this review, antimicrobial hydrogels can be prepared by either encapsulating
known drugs into a given gel for eventual release or by covalently attaching therapeutics to
the network. Some gels are inherently antimicrobial where the network itself displays
activity. These materials are typically polycationic and act through non-stereospecific
mechanisms that involve membrane disruption. As such, it’s difficult for bacteria to gain
resistance and many of the materials are active against current strains of multi-drug resistant
bacteria and may hold promise towards future bad actors. At any rate, the design of next
generation materials that are active against virulent strains is proving important, especially
in wound healing and implant applications.
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Figure 1.

Branched catechol-functionalized PEG (cPEG) reduces Ag(l) leading to quinone-initiated
radical cross linking and hydrogel formation with concomitant formation of silver
nanoparticles.
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E. coli E. coli
on Gel Surface on Control Surface

Figure 2.
Micrographs showing E. coli bacteria in contact with a PEP6R hydrogel surface versus a

poly-L-Lysine control surface. Membrane disruption from the gel surface is the principal
cause of bacteria cell death. Micrographs were prepared from AFM height measurements.
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Table 1

List of antimicrobial hydrogels described in this review.

Type of antimicrobial gels Applications References

Loaded with drugs: Silver NPs Wound dressings and surface coatings [27-39]
Gold NPs Wound dressings [42-44]
Antibiotics Wound dressings and implant coatings [45-50]
Antimicrobial agents  Wound dressings and surface coatings [51-58]

Inherently active based on:

Peptides Wound dressings and surface coatings
Chitosan Wound dressings and surface coatings
Polymers Surface coatings

[59-61,66-68]
[73-85]
[86-88]
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