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Abstract: Antibiotic resistance has increased significantly in the recent years, and has become a global
problem for human health and the environment. As a result, several technologies for the controlling
of health-care associated infections have been developed over the years. Thus, the most recent
findings in hydrogel fabrication, particularly antimicrobial hydrogels, could offer valuable solutions
for these biomedical challenges. In this review, we discuss the most promising strategies in the
development of antimicrobial hydrogels and the application of hydrogels in the treatment of microbial
infections. The latest advances in the development of inherently and composite antimicrobial
hydrogels will be discussed, as well as hydrogels as carriers of antimicrobials, with a focus on
antibiotics, metal nanoparticles, antimicrobial peptides, and biological extracts. The emergence of
CRISR-Cas9 technology for removing the antimicrobial resistance has led the necessity of new and
performant carriers for delivery of the CRISPR-Cas9 system. Different delivery systems, such as
composite hydrogels and many types of nanoparticles, attracted a great deal of attention and will be
also discussed in this review.

Keywords: antimicrobial activity; carriers; composites; gene delivery; nanoparticles

1. Introduction

Antimicrobial agents—such as antibiotics—have dramatically reduced the number of
deaths from infectious diseases over time; however, they are often overused and discarded
in the environment. However, the selective pressure exerted by the use—appropriate
and/or inappropriate—of antibiotics has led to the emergence of antibiotic resistance
(ABR) [1]. Several bacteria have developed resistance to one or more antibiotics from
three or more antibiotic classes, and those resistant to all antibacterial drugs are identi-
fied as multi-drug resistance (MDR) bacteria [2]. Even though antimicrobial resistance
(AMR) is a major and growing public health concern, the research relating to the growth
of this phenomenon in environmental settings is remarkably limited. A key strategic
objective of the European Antimicrobial Resistance Surveillance Network, together with
the WHO, is to strengthen AMR surveillance, but they recognize that several countries in
the region do not have systems for the surveillance of AMR, antibiotic use, and hospital-
acquired infections. Multi-drug resistance among the bacterial pathogens is of partic-
ular concern because they are responsible for many severe infections in hospitals, as
well as the contamination of implants or devices introduced into the body as stents or
catheters. Several reports have confirmed a rapid increase in rates of infections due to
methicillin-resistant S. aureus (MRSA) [3], extended-spectrum beta-lactamase (ESBL) [4]
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and carbapenemase-producing K. pneumonia [5], metallo-beta-lactamase-producing A. bau-
mannii [6], metallo-beta-lactamase-producing P. aeruginosa (MBL-PA) [7], and extended-
spectrum beta-lactamase (ESBL) producing Enterobacter spp., Clostridium dificile, Escherichia
coli, and Klebsiella oxytoca [8]. Bacterial pathogens are able to avoid the activity of antibi-
otic used in medicine [9] due to the numerous different mechanisms: (i) inactivation or
alteration of the antimicrobial molecule, (ii) bacterial target site modifications, (iii) reduced
antibiotic penetration/accumulation, and (iv) the formation of bacterial biofilms [10]. In ad-
dition, because of their ability to form biofilm on biological surfaces, bacterial pathogens
are highly prevalent in clinical settings, making it difficult to treat infectious diseases [11].
Although bacteria can be intrinsically resistant to certain antibiotics, they may also accumu-
late AMR genes from mobile genetic elements (MGE). Thus, the most phenotypic variability
in AMR is due to MGEs [12]. As a result, the bacterial genome may contain hundreds of
gene sequences that reveal the previous exposure to the foreign DNA. Due to the high
pressure exerted by antimicrobial resistance and the increasing prevalence of multiresistant
bacteria, the development of new and beneficial treatments is required. Several treatments
against multiresistant pathogens have been developed over time, including: new drugs,
phage therapy (including derivates), antivirulence therapy, lysins, antibodies, probiotics,
and immune stimulation [13]. The particular problem with antimicrobial treatment is the
delivery method of the antimicrobial agents and avoiding the systemic uptake that increases
the selection of resistant bacteria. Cross-linked polymers (hydrogels) play a fundamental
role in the treatment of infectious diseases due to their compatibility with tissues and the
loading capacity of different antimicrobials. Hydrogels can serve as antimicrobials, as
well as chitosane and other naturally derived polysaccharide [14]. They can also serve as
drug delivery systems for antibiotics, metal nanoparticles [15], antimicrobial peptides [16]
biological extracts [17], implant coating to prevent infection [18,19] and carriers for delivery
of the CRISPR-Cas9 system for curing the plasmid encoding antimicrobial resistance [20,21].
In recent years, the design of coatings suitable for localized treatment of surface-related
infections of medical devices was of great interest. Thus, several composite hydrogels
were developed to prevent the adhesion of bacteria to the surfaces of medical devices by
the inhibition of quorum sensing and biofilm formation [22]. Smart hydrogels targeting
bacterial infections and responsive to the bacterial microenvironment, their ability to adjust
the release of antibiotics and/or antimicrobial compounds according to the bacterial con-
tamination, have been studied. These strategies limit the accumulation of drugs in healthy
host tissues, minimizing the risks of toxicity and the selection of resistant bacteria [23].
A lower dose of antibacterial compounds could be administered with hydrogels than when
administered systemically, thus overcoming the bacterial resistance [24]. Due to the multi-
ple mechanisms of antibacterial ingredients loaded in hydrogels, it is difficult for bacteria
to develop resistance. Moreover, different ingredients might exhibit a synergic effect, in-
creasing the antibacterial spectrum and antimicrobial effect. As hydrogels have offered a
new way to fight against resistant bacteria, numerous studies and clinical applications are
produced yearly.

In this review, we discuss the latest advances in the development of different types of
antimicrobial hydrogels and the main application in limiting the antimicrobial resistance
and the potential application of the hydrogels in gene delivery during the curing of bacterial
plasmids containing the resistance genes with the CRISR-Cas9 technology. The main
application of hydrogels in antimicrobial resistance that will be discussed in this review is
shown in (Figure 1).
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Figure 1. Hydrogels as antimicrobial compounds and carriers of antimicrobial agents and gene
editing tools.

2. Classification of Hydrogels

Hydrogels are classified based on various criteria: sources, preparation, composition,
cross-linking, physical properties, ionic charge, degradability, responsive, administration,
etc. (Figure 2).

a. Depending upon their origin, hydrogels can be split into natural, synthetic, or hybrid
hydrogels. Generally, hydrogels with natural origin exhibit a superior biocompatibility
and favor biological processes, while the synthetic hydrogels exhibit more consistent
mechanical and biochemical attributes. The hydrogels of natural origin are obtained
based on precursors belonging to different structural categories of biopolymers, chains
representing polysaccharides, or peptides/proteins [25];

b. Depending upon their preparation, hydrogels were defined in various ways. The most
popular definition which describes a hydrogel as a cross-linked polymeric network
which is water-swollen, derived from the basic reaction of one or more units of
monomer/polymer/cross-linker. A different description presents it as a polymeric
material capable of swelling and retaining a large amount of water in its three-
dimensional matrix, but which does not dissolve in water [26]. They are also il-
lustrated as polymeric systems that present the capability to swell in water and retain
a significant proportion of water inside their three-dimensional net, without dissolv-
ing in water. Food and biomaterial researchers are using two similar terms, gels and
hydrogels, to describe polymeric cross-linked net structures [27]. Homopolymers are
the polymers which have only one type of monomer in their assemblage. They may
have a cross-linked structure, due to the nature of the monomer and the technique of
polymerization. Copolymeric hydrogels are the ones that are made of two types of
monomers, at least one of them being hydrophilic [28];

c. Hydrogels can be also classified according to their structure, which may be amor-
phous, semicrystalline, crystalline, or hydrocolloid [28];

d. As the hydrogels are basically built by cross-linking networking, therefore based on
cross-linking, they are classified regarding this feature into two categories: (a) physi-
cally cross-linked or self-assembled hydrogels are formed through reversible bonds
based on ionic interactions, crystallization, formation of stereocomplex, hydrophobiza-
tion of polysaccharides, interaction of proteins or hydrogen bonds; (b) a chemically
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cross-linked hydrogel, linked by permanent covalent bonds which can be polymer-
ized by chain growth, addition, and condensation [27]. Several types of physical and
chemical hydrogels were prepared from natural or synthetic polymers in order to be
used in miscellaneous applications (Table 1).

Source
Natural

Synthetic
Hybrid

Preparation

Composition

Crosslinking

Physical
properties

Responsive

Ionic change

Degradability

Copolymeric
Homopolymeric
Interpenetrating

Amorphous
Semicrystalline

Hydrogen bonded
hydrogels

Physical
Chemical

Conventional
Smart

Chemical 
(pH, oxidant)
Biochemical 

(enzymes, ligands)
Physically 

(temperature, pressure)

Cationic
Anionic
Neutral

Ampholytic

Physical
Chemical

Figure 2. Classification of hydrogels by different criteria.

Table 1. Various types of physical (1) and chemical (2) hydrogels (cross-linking hydrogels).

Type Crosslink Hydrogels (Polymers) Applications Ref.

1 Freeze-thawing Polyvinyl alcohol, Polyvinyl alcohol/gelatin, etc. Therapeutic [29]
1 Hydrogen bonding Hyaluronic acid Drug delivery; regenerative medicine [30]
1 Ionic interaction Chitosan Antigen delivery [31]
1 Heat-induced aggregation Alginate capsules Cartilage tissue [32]
1 Stereocomplex formation Dextran, poly lactic acid Drug delivery [33,34]
2 Chemical cross-linking Polyethylene glycol Biomedical [35]
2 Polymerization Polyethylene glycol methyl ether metacrylate Antifouling [36]
2 Enzymatic reaction Chitosan Packaging and wound dressing [37]
2 Radiation Poly oligo-propylene glycol methacrylate Biomedical [38]
2 Chemical grafting Poly epsilon-caprolactone Tissue engineering; cell viability [39]
2 Condensation reaction Nanocellulose crystals Cell adhesion; viability [40]
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e. As regards the administration to patients, hydrogels are either implanted or injected.
Injectable hydrogels are preformed before injection or are formed in situ [41];

f. Depending upon their response, the hydrogels are broken down into physically, chem-
ically, and biochemically responsive hydrogels. They can further be designed to
be responsive to environmental variables, such as temperature, light, pH, antigens,
or even enzymes. Hence, hydrogels can be divided into physical, chemical, or bio-
chemical classifications. Physical hydrogels can pass from liquid to gel in response to a
specific change in environmental parameters, such as temperature, pH, concentration
of ions, or changes in the state of two such components. Chemical gels use covalent
bonding that provides mechanical integrity and degradation resistance in compar-
ison with other weak materials. In biochemical hydrogels, the gelation process is
performed with the involvement of biological agents, as enzymes or amino acids [14];

g. According to their ionic charge, hydrogels can be designated as cationic, anionic,
neutral, and ampholytic. For instance, poly(norbornene) is a cationic polymer, and it
was thoroughly scrutinized for its antimicrobial properties [42];

h. Depending upon their physical properties, there are two types of hydrogels: con-
ventional and smart hydrogels. The first are the ones already known, previously
established in the past. Smart hydrogel systems include elements capable of chemi-
cally or structurally displaying responses to a range of external stimuli comprising
light, temperature, concentration of ions, pH, chemicals, and even magnetic or electric
fields. This change in structure and volume as a response to the stimuli as the ones
above opens a huge research potential and a large array of applications [43];

i. Depending upon their degradability process, the hydrogels are split into two types:
biodegradable and non-biodegradable. The biodegradability and biocompatibility
make them a strong candidate for biological and environmental applications, as im-
plants or materials for pollutants removal. They can even bring biodegradability
to electronics, meaning that hydrogels represent a new option for the designing
and creation of supercapacitors. Natural hydrogels are not only biodegradable and
biocompatible. For instance, chitosan has become the preferred hydrogel for de-
veloping antimicrobial hydrogels of natural origins, as its properties include fast
cross-linking [14]. Hydrogels can be engineered to fit a number of large range applica-
tion due to their pliability, the possibility to be modulated according to needs [14].

3. Processing Procedure

Polysaccharides-based natural hydrogels can be synthesized by different methods,
which can be either chemical or physical. Chemical methods are based on the cross-linking
of the component parts already existing in the gelation feed mixture. Hydrogels are physi-
cally obtained, from polysaccharides, by the freeze–thaw technique. The polysaccharide
hydrogels resulting from this technique exhibit more desirable characteristics than the
conventional ones, which result from cross-linking. The physically obtained hydrogels are
tightened by multiple inter-chain hydrogen bonds, within the polymeric structure. The
freeze–thaw technique also allows, by modulating parameters such as temperature, freez-
ing span, polysaccharides types, kinds of soluble additives, and number of refreezing cycles,
to regulate the properties of the final product. A large array of polysaccharides, including,
for example, the hyaluronic acid, carboxymethylated cellulose, carboxymethylated-curdlan,
locust bean gum, xanthan, b-glucan, starch, agarose, and maltodextrins, can be involved in
obtaining gels [27]. Polysaccharide polymers are preferred, instead of synthetic polymers,
for the forming of many hydrogels, due to their traits of biocompatibility, biodegrada-
tion, or good hydrophilicity. Hence, they are used in biomedical, industrial, and even
environmental applications. There are several ways to obtain synthetic hydrogels. Chemi-
cally cross-linked hydrogels look like 3D polymeric structures held by plentiful of bonds
between the chains. Many of them are connected by covalent bonds which can form di-
rectly between hydrophobic monomers. Commonly involved in such monomers are vinyl
pyrrolidone, methacrylic acid, and poly-2-hydroxyethyl methacrylate. A very suitable and
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often used method for cross-linking is applying the use of hydrolysis/radiation for the hy-
drophobic polymeric network [44]. The physical interactions required to develop hydrogels
include crystalline junctions, hydrogen bonding, and phase-separation. The strength of
the obtained hydrogels is directly related to the strength and density of the physical bonds.
However, despite being relatively weak, the hydrogen bonds can still hold a stable structure.
They lead to crystalline junction points in the chain of the polymer that translate within
hydrogels [44]. Poly-vinyl alcohol is synthetic and water soluble, and several mechanisms
can be used to transform this polymer into hydrogels. For example, covalent cross-linking
or hydrogen bonds can be involved to develop a hydrogel derivative hydrogels based on
poly-vinyl alcohol by the repeated freeze–thaw technique [27].

4. Inherently Antimicrobial Hydrogels
4.1. Natural Hydrogels

Antimicrobial hydrogels, based on natural polymers, can be used as antibacterial
agents in a lower dose than when administered systemically. These materials are typi-
cally polycationic and act through membrane disruption, making it difficult for bacteria to
develop resistance. Thus, many of such polymers are active against current strains of multi-
drug resistant bacteria and could be considered as a valuable method for the treatment
of multi-drug resistant bacterial infection [45]. Several natural polymers, such as chitosan
and gelatin, exhibit substantial antimicrobial activity and were used for wound healing
and preventing bacterial infection [46]. Different strategies were developed to increase
the antibacterial activity of hydrogels that can be used for wound dressings. Chitosan
hydrogels can be used alone or combined with antibiotics and/or metal nanoparticles
(NPs) [47]. Antimicrobial activity of chitosan hydrogels can be improved by including
tertiary amino groups along the backbone [48]. Additionally, chitosan or alginate based
hydrogels containing honey, which provide wound healing, reduce pain, and prevent
infection of surgical wounds, are available on the market [49]. Hydrogels have been
widely used in practical fields, such as pharmaceuticals, biomedical implants, food addi-
tives, regenerative medicine, artificial biostructures, diagnosis, cell immobilization and
encapsulation, biosensors, barrier materials for molecular and cell separation, and for the
adjustment of biological adhesion, microelectromechanical systems, and controlled drug
release. Recent developments brought hydrogels in competition with many previous smart
functional materials used for countless applications. The spectrum of functional monomers
and macromeres keeps widening its applicability [27,50]. Hydrogels can be produced
using antimicrobial polymers. This approach would limit the risks of bacterial resistance
and prevent involvement of harmful items. Polysaccharides form a class of biomaterials
which deserve special attention and represent the main structural component of hydrogels
(Table 2).

Table 2. Natural polymers from inherently antimicrobial hydrogels (1 = microbial source, 2 = algal
source, 3 = animal source, 4 = plant source).

Type Polymers Source Structure Ref.

1 Dextran Streptococcus mutans, Leuconostoc
mesenteroides, etc.

Consist of (1,6) glycosidic linkages between D-glucose
monomers, with branches from (1,3) linkages

[43]

1 Xanthan gum Xanthomonas campestris Composed of a pentasaccharide repeating unit, consisting of
D-glucose, D-mannose and D-glucuronic acid the molar ratio
of 2:2:1.

[36,51]

1 Gellan gum Sphingomonas elodea Composed of a tetrasaccharide repeating unit, consisting of
two residues of D-glucose, one residue of L-rhamnose and
one residue of D-glucuronic acid.

[51]

2 Alginate Brown algae (Phaeophyceae) Composed of beta-D-mannuronic acid and L-gluronic acid.
Its reticulation can also occur by divalent cations (Ca2+, Fe2+,
Ba2+)

[52,53]

2 Agarose Red algae, (Rhodophycae—Gelidium,
Gracilariae)

It is a linear polymer made up of the repeating unit of agaro-
biose, which is a disaccharide made up of D-galactose and
3,6-anhydro-L-galactopyranose

[54]
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Table 2. Cont.

Type Polymers Source Structure Ref.

2 Carrageenan Red algae, (Rhodophycae—Gelidium,
Gracilariae)

The presence of L-3,6-anhydro-L-galactopyranose rather than
D-3,6-anhydro-L-galactopyranose units and the lack of sulfate
groups

[55]

3 Chitosan Crustacean skeleton It is a polysaccharides from chitin and it is composed by the
repetition of N-glucosamine units.

[36]

3 Hyaluronic acid Synovial fluid; articular cartilage. Composed of D-glucuronic acid and N-acetyl-D-glucosamine,
linked via alternating (1-4) and (1-3) glycosidic bonds

[56]

3 Chondroitin sulfate Extracts of cartilaginous cow and
pig tissues; shark, fish, and bird car-
tilage.

It is a sulfated glycosami-noglycan composed of a chain of al-
ternating sugars (N-acetylgalactosamine and glucuronic acid)

[57]

4 Cellulose Cell wall of green plants It is an organic compound, a polysaccharide consisting of a
linear chain of several hundred to many thousands of (1-4)
linked D-glucose units.

[58]

4 Guar gum Guar bean (Cyamopsis tetragonoloba) Composed of the sugars galactose and mannose. [59]
4 Locust bean gum Seeds of the carob tree A natural nonstarchgalactomannan [60]

4.1.1. Microbial Sources

• Gellan gum is an anionic product extracellularly secreted by Sphingomonas elodea
(ATCC 31461) following a microbial fermentation process [61]. It has a structure of lin-
ear polysaccharide, formed by a repeating tetrasaccharide unit made of two D-glucose,
one L-rhamnose and one D-glucuronic acid (Table 2). This gum has two commercial-
ization forms: high acyl (acetylated) gellan gum and low acyl (deacetylated) gellan
gum. Both of them are capable of gelation. The difference is that the acetylated one
makes elastic and translucent gels, while the deacetylated form produces gels which
are rigid and, thus, more suitable for tissue engineering and regenerative medicine ap-
plications. The gelation process is conducted by a two-step mechanism [62]. The first
step is a thermic process. The aqueous solution of gellan gum is heated above 80 °C for
about 25 min and then cooled, driving the formation of highly ordered double helices
from the linear polymers of gellan gum with randomly coiled chains. Afterwards,
the cations are added and the helices are cross-linked to complete a stable hydrogel.
There are several favorable characteristics of gellan gum hydrogels, including biocom-
patibility, similarity in structure with the inner glycosaminoglycans of the body, and
mild conditions of gelation, that facilitate the incorporation of cells, making gellan
gum-based hydrogels appropriate for various tissue engineering and regenerative
medicine applications [51,63].

• Xanthan gum is extracellularly secreted by bacteria of the genus Xanthomonas, resulting
from polysaccharide fermentation [64]. It is not toxic. Xanthan gum is a polysaccharide
with a branched structure and is made of a repeating unit of D-glucose, D-mannose,
and D-glucuronic acid, having the molar ratio of 2:2:1 (Table 2) [65]. Its harmless
nature and shear characteristics make it promising for attaining an injectable scaffold
for cartilage tissue repairing and for biocompatibility [66]. Xanthan gum is produced
by a single-step thermic gelation process. A colloidal heterogeneous suspension, made
of pockets of molecular assemblies, is constituted when, at room temperature, xanthan
gum polymers are added in water. If this heterogeneous suspension is brought above
40 °C, for 3 h, annealing takes place and thus the suspension becomes homogenous.
After cooling the hydrogels become robust [67].

• Dextran was the first microbial polysaccharide commercially available. It is secreted
by two species of bacteria, Leuconostoc mesenteroides and Streptococcus mutans. Linear
alpha-1,6 and branch alpha-1,3 glycosidic linkages between glucose monomers are at
the base of its edification (Table 2). Dextran is very important in medicine, being used
extensively as a volume expander and antithrombotic. The downside is that dextran
cannot form hydrogels in its native state. However, composite hydrogels based on
dextran were developed in order to be used in tissue regeneration [68]. Dextran is
also exhibiting antimicrobial features if long alkyl tail is attached at the reducing end.
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More explicitly, a mixture of DMSO-MeF and NaCNBH3 with excess of dodecyl or
octadecyl is mediating the reductive alkylation [69,70].

4.1.2. Algal Sources

Algal polysaccharides are extracted from seaweed. The genera with the highest content
of polysaccharides in the dry weight are Ulva, Palmaria, Ascophyllum, and Porphyra.

• Alginate may be present in the salts located in the cell wall of brown algae or in acid
form. The composition of alginate consists of 1,4-linked alternate alpha-L-guluronic
acid and beta-D-mannuronic acid residues. The chemical composition of alginates
slightly differs from one algae species to another. Hydrogel preparation is mainly used
in the biomedical field, in drug release or tissue regeneration. For a hydrogel to be
formed, divalent cations are needed. Calcium chloride is such a cation which provides
the cross-linkage. The salts of alginate also exhibit antimicrobial effects. Percival et al.
(2011) [71] reported effects, including the growth inhibition of infectious agents as
Streptococcus viridans and Candida albicans. Such properties can be boosted by adding
alkyl groups to alginate [52].

• Carrageenans. There are only three forms of carrageenans found in nature, represented
by kappa, iota, and lambda. The k-carrageenan is obtained from the alga Kappaphycus al-
varezii, while i-carrageenan is extracted from Euchema denticulatum. Carrageenans vary
in about 15 different structural ways. They are generally made of differently linked D-
galactopyranose units. Carrageenans also include sulfate groups in their structure. Sev-
eral hydrogels were developed from carrageenans. For bone tissue regeneration, a sensi-
tive medical issue, a composite hydrogel from k-carrageenan/collagen-hydroxyapatite
was developed [72]. Injectable hydrogels based on the same carrageenans are pro-
duced to be involved in tissue engineering [72]. Azizi et al. (2017) [55] fabricated a
bio-nanocomposite hydrogel by incorporating biosynthesized silver nanoparticles with
kappa- carrageenan. Diverse plant extracts were used for the synthesis of Ag nanopar-
ticles. It demonstrates an excellent antimicrobial effect against S. aureus, methicillin-
resistant S. aureus E. coli, and Pseudomonas aeruginosa.

4.1.3. Animal Sources

• Polysaccharides from animal sources are also widely used in order to obtain hydrogels.
From them, chitin is the one most common. The animal polysaccharides are chemically
modified before being used to obtain hydrogels, the native form lacking the needed
characteristics. For instance, chitin needs to be transformed to chitosan. Chitin is struc-
tured by 1–4 glycosidic bonds linking N acetyl glucosamine. The highly acetylated
residues present in chitin make it rigid, and therefore not suitable. Chitin is found in
the exoskeleton of insects, but it is mostly obtained from crab shells, which contain a
large amount of calcium, and so need to be subjected to a demineralization process.
Chitosan was accidentally obtained by Rouget in 1859 [72]. Its structure consists of
two units of 2-acetamido-2-deoxy-beta-D-glucan and 2-amino-2-deoxy-beta-D-glucan.
The extent of the deacetylation by which chitosan is obtained determines the hy-
drophilicity of the final product. Native chitosan needs to be made less hydrophilic in
order to be used for drug delivery systems. Suitable chitosan hydrogels can only be
obtained from modified chitosan [73]. Chitosan not only has antimicrobial properties,
it is also able to involve neutrophils and macrophages in the healing of wounds, thus
improving its benefits. Allan and Hadwiger (1979) [74] were the first research group,
who claimed that chitosan demonstrates antagonistic behavior towards fungi. Follow-
ing the report by Allan and Hadwiger (1979) [74], many studies were published which
discussed fungicidal and antimicrobial characteristics [73,75–77]. However, the exact
mechanism of antimicrobial activity remains obscure. Their antimicrobial properties
can even be increased by augmenting the cationic charges along the polymer back-
bone. Thus, it was observed that the hydrogels of quaternized chitosan, which contain
tertiary amino groups, provide a reduced risk of infection and sustain tissue repair
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at the same time [27]. The chitosan gels are easy to prepare. Chitosan is dissolved in
acetic acid, and then a sodium hydroxide solution is added until the solution reaches
9 (pH). Then, the raw hydrogel is decanted, washed, and dialyzed [78].

• Chondroitin sulfate is another source of hydrogels belonging to the glycosamino-
glycans; with the compounds exhibiting linear heteropolysaccharide chains formed
of repeating units of disaccharides [79]. Chondroitin sulfate can be found widely,
in many different tissues (hyaline cartilage, skin, blood vessels, etc.). Barkat et al
(2019) [80] used chondroitin sulfate hydrogels packed with oxaliplatin against colorec-
tal cancer [72].

• Hyaluronic acid is a mucopolysaccharide, also formed in living organisms, present
in the synovial fluid, which functions as a lubricant. Hyaluronic acid is a linear
polysaccharide made of nonsulfated glycosaminoglycan units. Hydrogels based
on hyaluronic acid are obtained by cross-linking. An injectable hydrogel made of
hyaluronic acid is used for drug delivery in cancer therapy [57].

4.1.4. Plant Sources

The properties of these polymers are related to the plant species, growth condition and
harvest age, or the season. In the plant cell walls, cellulose is the most abundant compound.
The plant tissue also contains lignin and hemicellulose. Polysaccharides are also stored in
the form of starch [81].

• Cellulose hydrogels can be obtained by cross-linking of cellulose in the solution [72].
As cellulose has a variety of the hydroxyl group, it can easily form networks by linking
through H2 bonding. Huang et al. prepared a nanofiber hydrogel with healing capac-
ity with dialdehyde cellulose nanocrystals and carboxymethyl chitosan [82]. Double
network hydrogel was achieved by diffusion of isopropylacrylamide in cellulose
hydrogels cross-linked to epichlorohydrin. Double network hydrogels were analogi-
cally obtained by changing the ratio between isopropylacrylamide to acrylamide [83].
Cellulose hydrogels exhibiting remarkable stretchability can be manufactured us-
ing the sequential cross-linking and dual network techniques [84]. Fabrication in
the NaOH/urea system requires two steps. The first step includes cross-linking of
cellulose by epichlorohydrin. By electron microscopy techniques, it was observed
the morphology of the first network is changed, resulting in improved mechanical
properties. First, the precursors are diffusing within the first network, then the poly-
merization is UV-light initiated and, thus, dual network hydrogels are emerging.

• Locust (Carob) bean gum represents a natural nonstarch galactomannan, it is not
ionically branched and can be used in various fields based on its inner flexibility.
The locust bean gum and its hydrogel-derived preparations are very popular, being
widely used in food, pharmaceutical, biomedical, or cosmetic fields. Locust bean
gum is also used as a carrier for drug delivery applications. Alongside the use
of this popular material, novel versions were obtained by different modifications
processes. Locust bean gum can be used for specific functions through its combination
with several other polymers. It even responds to various stimuli, enhancing the
applicability in various therapies [72].

4.2. Synthetic Hydrogels

In addition to natural polysaccharide polymers, there are various synthetic polymers,
such as poly(acrylamide), poly(vinyl acetate), and poly(ethylene glycol). The main advan-
tage of synthetic polymers is the ability to easily modify and combine them [85]. A common
augmentation includes the addition of quaternary ammonium [86]. Meanwhile, in addition
to simple functional groups, polymers can be enhanced with antimicrobial peptides (AMPs).
Naturally, AMPs are encoded by all lifeforms and are considered to be a part of innate
immunity [87]. AMPs electrostatically disrupt the bacterial membrane [88]. One of these
AMPs represents poly-lysine, which has ability to hinder both Gram + and Gram − bacteria
proliferation [89]. Similar to AMPs are amphoteric gels, with a multitude of both acidic and
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basic groups, such as poly(norbornene). Amphoteric gels derive their antagonistic features
from electrostatic interactions [90].

5. Composite Antimicrobial Hydrogels

Although the high content of water in hydrogels is beneficial for wound healing pro-
cesses, it also attracts bacteria, making implantable hydrogels susceptible to infections [45].
Thus, composite hydrogels could be the solution for particular treatments. Several types
of hydrogels, named composite hydrogels, could covalently or physically bind different
types of antimicrobial compounds, such as antibiotics, antimicrobial peptides, biological
compounds, polysaccharides, and nanoparticles (NPs), to address the bacterial resistance.
Composite antibacterial hydrogels have improved properties such as hydrophilicity and
porosity, due to compounds added in their structure, and changes in monomer composition
and the cross-linker [14]. Unfortunately, hydrogels release the antimicrobial compounds
by passive diffusion of gel degradation [91], creating a dose gradient around the hydrogel
matrix that may contribute to the selection of resistant bacteria; but several solutions were
proposed to overcome this problem. Different types of antimicrobial hydrogels and their
applications are shown in (Figure 3).

5.1. Chitosan Grafted Hydrogels

Chitosan’s antibacterial properties have been demonstrated by many authors. For ex-
ample, chitosan interacts with the outer cell membrane in cases of E. coli and Salmonella [92],
modifying its properties. Similar effects were observed in several Candida strains [93].
In general, changes in chitosan structure that decrease the polycationic nature of chitosan
also decrease the antimicrobial activity, and increase degree off substitutions in chitosan
structure enhanced antimicrobial properties [93]. Freshly-prepared alginate hydrogels
embedded in the chitosan–hydrochloride solution showed higher than 99% antimicrobial
activity against E. coli after 3 h of contact, in comparison with uncoated alginate hydrogel.
After 24 h, the complete killing of bacteria was observed [94]. Grafting the chitosan with
poly(acrylic acid-co-hydroxyethyl methacrylate) enhanced their activity against S. aureus.
Coating chitosan onto alginate hydrogels improved their antimicrobial activity against
E. coli [95]. Meanwhile, poly (Nisopropylacrylamide-co-urethane) hydrogels improved the
activity against S. aureus and E. coli [96].

Figure 3. Applications of different types of antimicrobial hydrogels.
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5.2. Hydrogels Containing Immobilized Antimicrobial Compounds

Incorporation of antibiotics, antimicrobial peptide, and metal nanoparticles in hy-
drogels or other polymers showed great promise in therapy, enhanced wound healing,
prevent infection of medical devices, and had antibacterial activity against pathogens, such
as S. aureus and S. epidermidis [97].

5.2.1. Antibiotic-Loaded Hydrogels

As the antibiotics are the most common and effective antibacterial compounds, the de-
velopment of hydrogels containing antibiotics was an alternative to overcome the bacterial
resistance, by local delivering of the adequate bactericidal dose of antibiotics directly into
the infected site, avoiding the systemic toxicity level [98]. Hydrogels are one of the most
convenient form of local administration due to selectively release of their loaded drugs
at desirable sites [99] and their biocompatibility [44]. Thus, some of the antibiotic-loaded
hydrogels are summarized as follows. Ciprofloxacin can be incorporated into antibacterial
hydrogels and self-assembled with a tripeptide (d-Leu-Phe-Phe). These nanostructured
hydrogels have high drug loading efficiency, a prolonged release [100], nontoxicity, and
antimicrobial activity against S. aureus, E. coli and Klebsiella pneumoniae. Polyacrylate hydro-
gels loaded with ciprofloxacin prevented the Ti implant-associated infections with MRSA,
by long-term release of the antibiotic [98]. A composite hydrogel with ultraviolet-triggered
ciprofloxacin release showed excellent antibacterial effects against MRSA [101]. Another
type of polymer structure based on poly-vinyl alcohol and chitosan oligosaccharide was
developed for antibiotic delivery applications. Ciprofloxacin HCl loaded in this poly-
mer film showed biocompatibility and antimicrobial activity against E. coli and Bacillus
cereus [102]. Local administration of gentamicin was also studied. Thus, an injectable
gellan gum hydrogel with gentamicin loaded poly(lactide-co-glycolide) NPs was active
against Staphylococcus saprophyticus without affecting the bone forming cells [103]. An-
other class of thermosensitive hydrogels based on chitosan-glycerophosphate incorporating
nanosized hydroxyapatite/gentamicin were introduced into polymethylmethacrylate bone
cement, resulting in an increased mineralization capacity and an enhanced antibacterial
activity [104]. Polysaccharide gentamicin hydrogels based on pullulan derivatives also
showed antibacterial activity [105]. Collagen–silica nanocomposite hydrogels loaded with
gentamicin sulfate and sodium rifampicin can potentially enhance antimicrobial activ-
ity [106]. A thixotropic hydrogel with single-application and slow-releasing of gentamicin
was developed for the treatment of otitis externa, and demonstrated antimicrobial activ-
ity against Pseudomonas aeruginosa and Staphylococcus aureus, the predominant bacterial
strains associated with outer ear infections [107]. A charged hydrogel loaded with van-
comycin was able to control the antibiotic delivery and it was used to combat the surgical
site infections against MRSA [108]. The photo-cross-linked methacrylated dextran and
poly(l-glutamic acid)-graft-hydroxyethyl methacrylate hydrogels also had antibacterial
properties [109]. Collagen/chitosan gels incorporating norfloxacine showed enhanced
properties for wound healing in rats [110] and collagen–carboxymethyl chitosan gels releas-
ing ciprofloxacin HCL and gentamicin sulfate, and also showed promising results in a rats
inducing re-epithelialization, collagen deposition, angiogenesis, and preventing wound
infection [111]. A remarkable inhibitory activity against Gram + and Gram − bacteria
was obtained by hydrogels cross-linked with amikacin or other aminoglycoside antibi-
otics, which prevent the selection of multi-drug resistant bacteria, because the antibiotic
release was produced only when exposed to acid-producing bacteria [112]. Incorporation
of antibiotics in the hydrogel matrix was successfully used in periprosthetic joint infections
and fracture-related infections [113]. These hydrogels prevent bacterial adhesion to the
implants and the formation of biofilm, increasing the treatment efficiency and reducing
the time of hospitalization [19]. Several hydrogels containing antibiotics have shown great
results in preclinical studies in terms of wound healing. Thus, keratin hydrogels containing
ciprofloxacin effectively inhibited S. aureus and P. aeruginosa infection and enhanced skin
regeneration in a porcine burn model [114]. In humans, hydrogels with prolonged release



Gels 2022, 8, 70 12 of 29

of antibiotics are not widely explored for wound healing because of the increased risk of
bacterial resistance and hydrogels containing metal-based NPs are preferred [82].

5.2.2. Biological Extract-Loaded Hydrogels

In the past, several plant or animal extract-loaded hydrogels were used as antimi-
crobial materials [115]. Thus, a seaweed extract-based hydrogel was used for wound
dressing [116], allicin–chitosan was used as an antibacterial agent in foods [117] and a
hydrogel with Ag-curcumin NPs was also used for their antibacterial and wound healing
properties [118]. Essential oils, such as lavender, thyme, peppermint, tea tree, rosemary,
cinnamon, eucalyptus, and lemongrass, encapsulated in sodium alginate hydrogels were
also effective on bacteria [119]. Biological extracts from animals, such as honey and propolis,
incorporated in carboxymethyl cellulose hydrogels were used for wound dressing [120].
Hydrogel contact lenses incorporated with lysozymes, derived from normal tears, exhibited
remarkable antibacterial activity [121]. Some polysaccharides with inherent antibacterial
activity against Gram + and Gram − bacteria, such as chitosan or carboxymethyl chi-
tosan, were used as a matrix for the preparation of hydrogels because of their nontoxicity,
biodegradability, and biocompatibility [122].

5.2.3. Synthetic Antibacterial Drug-Loaded Hydrogels

Apart from semisynthetic antibiotics or biological extracts, several synthetic antibac-
terial drugs, such as nitroimidazoles and sulfanilamides, were used to develop antimi-
crobial hydrogels. Hydrogels based on polyacrylic acid and dextrin were used for the
delivery of ornidazole and showed antimicrobial activity against anaerobic bacteria and
amoeba from digestive system, and were nontoxic to human mesenchymal stem cells [123].
Other hydrogels based on dextrin grafted with poly(2-hydroxyethyl methacrylate) were
used for drug delivery in the colon region [44]. Chitosan/gelatin/beta-glycerophosphate
hydrogel containing metronidazole was tested as an injectable form for periodontal in-
fection and it maintained the release of metronidazole in effective concentrations for
Clostridium sporogenes [124]. Composite hydrogels based on chitosan, the acrylic acid,
and N-methylene bisacrylamide could be promising antibacterial agents against a broad
spectrum of Gram + and Gram − bacteria [125]. Chlorhexidine diacetate-contained poly(2-
hydroxyhexyl methacrylate-co-Nisopropylacrylamide) hydrogels also showed promis-
ing thermoresponsive and antibacterial properties against Staphylococcus epidermidis [126].
Other studies showed that chloramine-T and sulfadiazine sodium coloaded hydrogels com-
posed of poly-vinyl alcohol, poly-vinyl pyrrolidone, and glycerin accelerated the wound
healing with an antibacterial effect [127]. Poly(N-hydroxyethyl acrylamide/salicylate hy-
drogels provided antibacterial activity against E. coli RP437 and Staphylococcus epidermidis
and antifouling functions [128].

5.2.4. Peptide Hybridized Hydrogels

Antimicrobial peptides (AMPs) are a diverse group of molecules produced by plant
and animal cells having a strong antimicrobial activity against Gram + and Gram −
bacteria, fungi, viruses [129,130]. The mechanism of action of AMPs is complex, mainly
they associate to the cell wall and membrane leading membrane alteration, and inhibition
of different cellular processes as DNA replication, transcription, translation, and enzyme
activity [131]. The mechanism of action of AMPs is illustrated in (Figure 4).
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Figure 4. The mechanism of action of AMPs.

Covalently bounding of AMPs as Ala5-Tritrp7, ABU-CHRG01, Temporin-A, to poly
(2-hydroxyethyl methacrylate) hydrogels generated composite hydrogels with improved an-
timicrobial activity. AMPs conjugated to polyethylene glycol maleate citrate- co-poly(ethylene
glycol diacrylate) generated the biodegradable hydrogels (iFBH) with antimicrobial and
wound healing properties [132]. Additionally, the hybrid antimicrobial peptide as cecropinA-
thanatin incorporated in hydrogels was highly active on Gram − and Gram + bacteria [133].
Antifouling hydrogels were obtained by co-polymerization of chemically modified polox-
amer 188 with poly(2-hydroxyethyl methacrylate) that were efficiently against E. coli ad-
hesion on catheters [134]. Coating contact lenses with allylamine plasma polymer and
polyethylene glycoldialdehyde reduced microbial contamination [135]. For therapeutic
treatment of ophthalmic infections, poly(2-hydroxyethyl methacrylate) hydrogel lenses
were coated with norfloxacin and the antibiotic was released over the course of several
weeks [136]. Imprinted polymyxin B-loaded poly(2-hydroxyethyl methacrylate) hydrogels,
for the controlled release of antimicrobial peptides, were also used in ophthalmology and
were efficient against P. aeruginosa [137]. The antimicrobial peptide HHC10, introduced
into the sodium alginate/polyethylene glycol hydrogels, displayed a strong antibacterial
activity against E. coli, good biocompatibility, and could be used as coatings for medical de-
vices [138]. An ultrashort peptide (naphthalene-2-ly)-acetyl-diphenylalanine-dilysine-OH
(NapFFKK-OH) loaded hydrogel was formulated as a topical treatment of fungal infections
relating to the skin, eyes, or as a hydrogel coating for the prevention of biomaterial related
infection, being active on Aspergillus niger, Candida glabrata, Candida albicans, Candida parap-
silosis, and Candida dubliniensis [139]. An amphiphilic antibacterial hydrogel with covalently
bound, positively charged AMP was developed for the treatment of skin wounds, that
showed prolonged (more than 48 h) antimicrobial activity against Gram +, Gram − bacteria,
such as Staphylococcus epidermidis, Staphylococcus aureus, P. aeruginosa, methicillin-resistant
S. aureus (MRSA), and multi-drug resistant E. coli [140].

5.2.5. Immobilized Metal, Metal Oxide Nanoparticles

Although the incorporation of bactericidal agents in hydrogel is very efficient, this
strategy has the disadvantage of the deposition of dead microorganisms on the surface of
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medical devices. Proteins mediate this process known as biofouling and can be prevented
by composite repellent hydrogels incorporating metal ions and metallic oxide NPs. Com-
monly used metal ions include, silver (Ag), gold (Au), and copper (Cu). The most used
metallic oxide metal NPs include zinc oxide (ZnO), titanium dioxide (TiO2), and nickel
oxide (NiO). Currently, the most widely used inorganic antibacterial materials are silver
nanoparticles (Ag NPs) [141] and ZnO NPs [142]. Ag NPs could be included in nat-
ural polymers or modified natural polymers, and in synthetic polymers as well [142].
The polysaccharides, such as alginate, play an important role as the natural hydrogel
matrix. Sodium alginate incorporating Ag NPs showed antibacterial activity against
S. aureus [143]. Alginate hydrogels loaded with Ag NPs have been also used in wound
healing in several animal models and prevent infection [141]. The natural and biodegrad-
able sodium alginate nanocomposite hydrogels showed a sustained release of Ag and a
long-term antibacterial activity [144]. N-terminally 2-(naphthalen-6-yl)acetic acid-protected
Phe-Phe-Cys peptide (Nap-FFC) hydrogel, with incorporated Ag NPs was active against
both Gram + (MRSA) and Gram - bacteria (Acinetobacter baumannii) [145]. A thermoplastic
hydrogel synthesized from multiblock PEG–POSS (POSS; poly(hedraloligosilsesquioxane))
polyurethanes incorporated with Ag NPs inhibits the biofilm formation and also showed
antibacterial properties during the 14 days [146]. Acrylic acid–agar hydrogels incorporating
Ag NPs showed antimicrobial activity against E. coli and methicillin-resistant Staphylococ-
cus aureus (MRSA) under in vitro conditions [147]. Poly-vinyl alcohol, polysaccharides,
and nanocrystalline cellulose were used to develop a film containing Ag NPs that could
release the particles in a controlled manner for the possible use in treatment of oral or
wound infection. It was demonstrated that silver cross-linked nanocrystalline cellulose was
effective against E. coli and methicillin-resistant Staphylococcus aureus [148]. Polyelectrolyte
hydrogels bearing amino acid residues embedded with Ag NPs showed good antibacterial
activity against Gram + (B. subtilis) and Gram − (E. coli) bacteria, and higher antifungal
activity against S. cerevisiae than native hydrogel [15]. Chitosan and chitin have inherent
antibacterial and metal-binding properties, thus incorporating Ag NPs with enhanced
antibacterial activity against E. coli and reduced toxicity [149]. Polyethylene glycol-coated
Ag NPs and carboxymethyl chitosan hydrogels loaded with silver NPs were effective
against both Gram + and Gram − bacteria and combined with therapeutics promoted
wound healing [150]. Hybrid hydrogel lenses, composed of quaternized chitosan, Ag NPs,
and graphene oxide displayed antimicrobial properties, and cytocompatibility [82]. An
alginate/gelatine hydrogel loaded with Ag NPs improved wound healing in vivo in Wistar
rats, was non-toxic against fibroblast and showed antibacterial activity against Pseudomonas
aeruginosa and Staphylococcus aureus [151]. Gold nanoparticle (Au NPs) could also be used
to design different polymer structures with biocompatibility and antimicrobial activity,
but compared to Ag NPs, Au NPs are insufficiently studied [142]. Nevertheless, Au NPs
loaded in gelatin hydrogel cross-linked with genipin showed antimicrobial activity when
Au NPs release is triggered by thermal stimuli [63]. The Au NPs attach to cell membranes,
leading to the leakage of bacterial contents or penetrate the outer membrane and pepti-
doglycan followed by cell death. Combining the Au NPs with antibiotics or antifouling
compounds, the bacterial resistance could be reduced [128]. The hydrogel containing
carboxyl-modified Au NPs absorbed onto the outer surfaces of cationic liposomes showed
skin biocompatibility in mice and antibacterial activity against S. aureus [152]. In order to
increase the antibacterial properties, bimetallic (Ag and Au) hydrogel nanocomposites were
prepared. The nanoparticles obtained by green technology with mint leaf extract showed
antibacterial activity against Bacillus and E. coli [153]. Other metal NPs could be used
to design antimicrobial hydrogels, such as cobalt-exchanged natural zeolite/poly(vinyl
alcohol) hydrogels that showed antibacterial activity against E. coli and S. aureus [154,155].
Sodium alginate complexed with Cu NPs were bactericidal effective against E. coli and
MRSA [156]. Generally, metallic nanoparticles destroy the bacteria by attaching to cell
membranes followed by its disintegration, leakage of bacterial contents and inhibition of
protein synthesis (Figure 5). Moreover, the toxicity of metallic nanostructures is high even
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in low concentration of nanoparticles. Thus, further studies are required to investigate prop-
erties of the metallic nanoparticles in association with antibacterial properties [133]. Zinc
oxide NPs alone or in combination with Ag NPs included in hydrogels have also shown
antibacterial effect in a rat model for wound healing [157]. The reduced biocompatibility
of zinc oxide and silver have limited their applications and more long-term studies are
needed to evaluate their potential adverse effects [158,159]. Nevertheless, several topical
silver-containing hydrogels which have a broad spectrum of pathogenic bacteria and fungi
are available for patients, such as ReliaMed, Acticoat, Gentell Silver hydrogel, Silvermed,
Silver-Sept, SilvaSorb, silvergenesis colloidal Solver hydrogel, and DermaSyn/Ag [160].
Despite their high applicability, nanoparticle-based hydrogels have some limitations. Due
to the particular structure of the cell walls of Gram + bacteria, they are less effective in such
bacteria [161]. Furthermore, nanoparticles are physically and chemically unstable, which
also limits their uses. Moreover, the dead bacteria are deposited in this hydrogels, limiting
their antifouling properties. To overcome this problem, salicylate anions or carboxylate
ions were released in zwitterionic hydrogel to maintain the gel antifouling properties [162].
Metallic oxide NPs-loaded hydrogels show also good antimicrobial activity. The action of
metallic oxide NPs differs from metal NPs, the main mechanism is photocatalysis under
UV irradiation of sunlight, hydroxyl and oxygen radicals are produced, that oxidize the
organic compounds from microorganisms that kill the bacteria [126]. ZnO is one of the
most popular metallic oxide used in different composite hydrogels for their antibacterial
activity [163]. It is also non-toxic, thus it can be used in cosmetics and for wound healing
and collagen deposition [164]. It was shown that such hydrogels are effective against
Gram + and Gram − bacteria and against resistant bacterial spores [165]. Sodium alginate
hydrogel loaded with ZnO NPs showed very good antimicrobial activity against E. coli, S.
aureus, Candida albicans, methicillin-resistant S. aureus and was nontoxic on human dermal
fibroblasts at low concentrations of ZnO [166]. Alternatively, ZnO NPs incorporated in
poly(N-isopropylacrylamide) gel were used as coating for biomedical device, showing an-
timicrobial activity against E. coli and no cytotoxicity toward the mammalian cell line (3T3)
over one week [29]. Carboxymethyl cellulose nanocomposite hydrogels incorporated with
CuO NPs showed excellent antibacterial effects against Gram + and Gram − bacteria [167]
and TiO2 NP-loaded chitosan–pectin composite hydrogel generated wound dressings with
photoactive property, excellent biocompatibility, and good antibacterial activity [168].

Figure 5. Antibacterial mechanisms of metal nanoparticles.
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5.2.6. Carbon Material-Loaded Hydrogels

Several carbon nanotube hydrogels showed antimicrobial activity against S. aureus,
E. coli, and Candida tropicalis [169], and graphene oxide also exhibited strong antibacte-
rial activity against Gram + and Gram − bacteria [170]. Other authors showed that an
Ag/reduced graphene oxide hydrogel exhibited good antibacterial activity against E. coli
and S. aureus and has excellent biocompatibility [171].

6. Hydrogels as Carriers of Antimicrobial Agents

Hydrogels have been designed as a carrier for antimicrobial agents as antibiotics and
other synthetic antimicrobial substances, metal/metal-oxide NPS, AMPs, and biological
extracts [14], to overcome the problems generated by standard drug administration due to
high dosage, repeated administration and toxicity [52]. Several strategies were developed
in order to increase hydrogel antimicrobial activity, to control antimicrobial release, and
to reduce the toxicity of biocidal agents as follows: (a) physical incorporation of NPs in
hydrogels, (b) integration of enzyme cleavage sites into hydrogels, (c) optimization of
hydrogel properties, and (d) development of bacteria responsive hydrogels [14].

Generally speaking, the mechanism of classical antimicrobial agents, such as antibi-
otics, are based on biochemical interactions. Despite multiple structural classifications of
antimicrobial compounds, most of them hinder cell growth by: (1) cell wall destruction,
(2) inhibition of protein synthesis, and (3) nucleic acid metabolism [172]. For example,
a cell wall can be disrupted by vanxomycin. This glycopeptide binds to peptide side of
the peptidoglycan precursor, reducing cell wall thickness. The other antibiotics affect the
protein synthesis backbone. Specifically, tetracyclines and macrolides inhibit 30S and 50S
ribosomal subunits. Meanwhile, fluoroquinolones hinder transcription by DNA gyrase
inhibition [172–174].

As a whole, antibiotics represent an efficient and sophisticated method of cell growth
inhibition. In comparison to antibiotics, inherent antimicrobial polymers represent a more
diffused way of inhibition. Generally, polymers such as chitosan increase bacterial outer
membrane permeability, leading to the release of cellular components [92,175]. Thus,
inherent microbial polymers are not quite as efficient as antibiotics and must be modified
either with Ag or alkylation [52].

6.1. Physical Incorporation of NPs in Hydrogels

Controlled antimicrobial release was obtained by different strategies, such as: phys-
ical incorporation of metal NPs in hydrogels as cellulose–polymer–Ag nanocomposite
fibers [176], or Au NPs incorporated in composite hydrogels [144], NP-stabilized lipo-
somes [152] and antibiotic-loaded NPs [177]. The release efficiency of gold NP-stabilized
liposomes containing antimicrobial compounds was obtained by increasing of the cross-
linker concentration and released of lyposomes from the hydrogel was pH dependent. This
composite hydrogel had antimicrobial activity on S. aureus at pH 4.5 [152]. Improved adhe-
sive strength in wet environments was obtained by combination of ciprofloxacin-loaded
poly(lactid-co-glycolide) NPs with dopamine methacrylamide. Dopamine increased by
92%, with the retention of ciprofloxacin-loaded NPs in wet conditions, and by 40% with the
gradual release of ciprofloxacin within 12 h compared with control, which was 94% within
12 h [177]. Injectable hydrogel consisted of gentamicin-loaded poly(lactid-co-glycolide)
NPs incorporated into a gellan gum hydrogel showed improved antimicrobial activity
against Staphylococcus saprophyticus than free gentamicin [103].

6.2. Integration of Enzyme Cleavage Sites into Hydrogels

Integration of enzyme cleavage sites into hydrogels was performed for controlled drug
delivery, mediated by enzymatic degradation of hydrogels. Thus, a composite chitosan-
based hydrogel with incorporated cefuroxime was used for wound healing, the antibiotics
being released in the presence of esterases, with abundant enzymes at wound sites [178].
Another combination of antibacterial alginate-based hydrogels containing levofloxacin
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with alginate lyase was used for controlled antibiotic release mediated by pH [179]. Other
compounds having antimicrobial activity were also used for wound healing. For example,
immobilized cellobiose dehydrogenase immobilized in succinyl chitosan/carboxymethyl
cellulose releases hydrogen peroxide by enzymatic gel degradation [180]. The same hy-
drogel matrix with incorporated cellulase was used for hydrogen peroxide release, that
ensured the antimicrobial activity of the gel against E. coli and S. aureus, whereas free
hydrogel has no antimicrobial activity [180].

6.3. Optimization of Hydrogel Properties

Hydrogel antimicrobial properties can be modulated by several parameters, including
overall charge [108], polymerization method [181], monomer composition [182], cross-linker
concentration [152], and antimicrobial concentration [112]. Extended release of vancomycin
(during 4 days) was obtained by incorporation of the positively charged vancomycin within
oligo (poly(ethylene glycol) fumarate) sodium methacrylate hydrogel which is negatively
charged, ensuring the efficient loading of vancomycin without affecting its potency [108].
On the other hand, oxidized polysaccharide hydrogels (dextran, carboxymethyl cellulose,
alginate, and chondroitin sulfate) using aminoglycosides as cross-linkers were more ef-
ficient on different bacteria than a calcium cross-linked alginate hydrogel encapsulating
aminoglycoside [112]. Moreover, hydrogels with varying amikacin concentrations were
more effective on E. coli, S. epidermidis, S. aureus, P. aeruginosa than commercially avail-
able hydrogels (e.g., Nano-Ag, Achromycin gel) [112]. Biodegradable hydrogels based on
poly (D,L-lactic acid) encapsulating gentamicin or teicoplanin, were used for progressive
release of antibiotic over a period of 96 h [183], that is useful for reduction in bacterial
adhesion and viability on medical devices as implants, catheters, and to reduce post-surgical
infections [184,185]. In order to reduce coating thickness of titanium implants and con-
trolled released of antibiotic, the electrosynthesis of poly(2-hydroxyethyl methacrylate) or
poly(ethylene glycoldiacrylate)-co-poly(acrylic acid) loaded with ciprofloxacin [98] or Ag
NPs was used [186], having antimicrobial activity against S. aureus, P. aeruginosa, and E. coli.

6.4. Development of Bacteria Responsive Hydrogels

Hydrogels can be developed to respond to different stimuli as temperature [187],
pH [188], light [159], electricity [188], and bacteria [177,189]. Smart antibacterial hydrogels
have been developed to respond to biological stimuli related to the presence of bacteria,
such as changes in pH or bacterial enzyme secretion [112,190]. Hydrogels responding to a
bacterial stimulus could be obtained by the use of proteases and virulence factors produced
during an infection. A gelatin methacryloy hydrogel embedded with 10,12-tricosadiynoic
acid vesicles containing antimicrobials was designed to recognize the pathogenic bacteria.
The specific release of antimicrobials is triggered by pore inducing toxins of P. aeruginosa
or S. aureus, while nonpathogenic E. coli did not produce toxins and the vesicles remain
intact [191]. Nanogels coated with red blood cell membranes were designed to target
MRSA [177] and hyaluronic acid hydrogels were designed to release Fe3+ that in combina-
tion with H2O2 forms hydroxyl radicals leading to bacterial cell death [189]. A complex
hydrogel based bifunctional coating for urinary catheters that can both detect and inhibit
bacteria by modification of the surrounding pH due to infection was developed. Proteus
mirabilis hydrolyzes urea, that is followed by the increases of the urinary pH. The poly-
diacetylene vesicles detect this changes by visible color transition, from blue in acidic
media (pH < 7), to purple and red in alkaline media (pH 7–8.8 and pH > 8.8, ensuring the
bacterial detection and the releasing of ciprofloxacin at pH 7 [191]. Another way to create
a pH-sensitive hydrogel is to incorporate Schiff bases. Schiff bases contain C=N double
bond, which is unstable at acidic pH and allow gel degradation by changing the pH. If the
hydrogel is loaded with amoxicillin, the antibiotic release could be obtained by immersion
in a phosphate buffer saline dependent of the pH values [112]. Dextran aldehyde hydrogel
complexed with cationic dendrimers (amine-terminated generation 5 polyamido-amine
and Ag NPs in acidic environment releases the dedrimers and Ag NPs two times higher
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than in a neutral environment after 24 h and have a synergic effect in the treatment of
bacterial infections [192].

7. Delivery Systems for Gene Editing Tools for Curing the Bacterial Resistance

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-
associated protein (Cas) as immune system of bacteria can detect and degrade foreign
genetic material from viruses and plasmids [193,194]. It is known that the CRISPR-Cas9
system is the most widely applied in gene editing [195], the precise designing of guide
RNAs targeting specific sequences allowed the employment of this system as promising
tools against the multi-drug resistance prevalence as well [196]. The CRISPR-Cas 9 system
could be addressed to treat multi-drug resistance in two different strategies: (i) targetting
specific resistant bacteria possessing specific sequences (constitutive genes) from bacterial
communities; (ii) targetting the antibiotic resistance genes, and resensitizing the bacteria to
antibiotics [197]. Despite the efficiency and specificity of CRISPR-Cas9 system in targeting
the multi-drug resistant pathogens or their resistance genes, its delivery has become the
real challenge and major limitation for therapeutic applications [198]. Mostly, the virus-
based delivery systems have been studied, due to their ability to infect bacteria [199,200].
Electrotransfer of CRISPR system (pCasCure—eliminate endemic plasmid types that confer
resistance to carbapenems) to various CRE isolates—including K. pneumoniae, E. coli and
E. hormaechei—in order to perform the deletion of KPC, NDM, and OXA-48 carbapene-
mases was also reported [201]. In the last years, non-viral gene delivery systems, such as
polymers and nanoparticles, have been developed [202] due to their simplicity and various
possibilities to design the appropriate delivery system (Figure 6).

Figure 6. Non-viral delivery for CRISPR-Cas9 system to edit genes involved in bacterial resistance to
anibiotics: the plasmid form of CRISPR-Cas9 system can be transferred into cells as plasmid or as
plasmid integrated in lyposome and then transcribed into Cas9 mRNA and sgRNA. After translation,
the Cas9 protein forms a ribonucleoprotein (RNP) complex with sgRNA that edits the target genes,
directed by sgRNA; delivery the CRISPR-Cas9 system in its mRNA form, included in liposome;
delivery the CRISPR-Cas9 in its protein form as RNP complex included in liposome.

Lipid and polymeric nanoparticles have more potential for future use, due to their
advantages, such as low toxicity and immunogenicity, and multiple tailoring ways [203].
Lipid nanoparticles, such as liposome-templated hydrogel nanoparticles are one of the
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most extensively explored nanoparticle systems for CRISPR-Cas9 delivery, especially for
gene therapy in cancer [204], but in bacteria the most used delivery systems are based on
polymeric NPs and gold nanoparticles (Au NPs) [205]. The CRISPR-Cas9 system could be
released in its DNA, mRNA, or protein form, thus different biomaterials for delivering the
system were rapidly developed (Figure 7). For curing the bacterial resistance and virulence,
the DNA form of the CRISPR-Cas9 system is used, but several aspects regarding the proper
biomaterials developed for all delivery forms are discussed here.

Figure 7. Biomaterials used for the delivery of different forms of CRISPR-Cas9 system: the DNA
form delivered in lipid, liposome, polymeric nanoparticle, and PEI; the mRNA form delivered in
liposome and (amino) lipid nanoparticle; the protein form delivered in liposome and different types
of gold and silver nanoparticles.

Delivery of the CRISPR-Cas9 system in a DNA form consists of a plasmid containing
the sequences encoding the Cas9 nuclease, a promoter to begin transcription, and sgRNA.
Carrier particles for these plasmid vectors should be employed because they cannot pass
through the cell membrane. Moreover this carrier particle protects the plasmids from enzy-
matic degradation [206]. Several cationic lipids, such as Lipofectamine, and polymer-based
delivery systems, such as Turbofect (cationic polymer), are commercially available through
transfection reagents [207]. Increased transfection efficiency, both in vitro and in vivo, when
compared with commercial transfection reagents, was obtained by encapsulation with a
cationic lipid mixture of 1,2-Dioleoyl-3-trimethylammonium propane and 1,2-Dioleoyl-sn-
glycero-3-phosphoethanolaminand cholesterol [177]. Delivery of the CRISPR-Cas9 system
in its mRNA form offers several advantages over plasmid DNA, mostly avoiding the need
to access the bacterial chromosome, leading to quick and transient Cas9 expression, but at
the same time has the disadvantage of its instability and susceptibility to degradation.
Therefore, many strategies consist of coating the mRNA with positively charged groups to
improve cell entry. The most of the vectors are cationic liposomes, but other vectors include
functionalized (amino) lipid nanoparticles [20]. Delivering Cas9 in its protein form allows
the quickest action, because the Cas9 nuclease can directly form the ribonucleoprotein
(RNP) complex with the sgRNA and reach the target genes. Unlike mRNA and plasmid
DNA, the Cas9 protein is positively charged, that allows interactions with the cell mem-
brane, but, at the same time, its inability to interact with cationic lipids or polymers would
leave the protein susceptible to degradation by proteases [208]. Thus, several strategies
were developed to overcome this issue: to modify the Cas9 protein with a negatively
charged molecule (anionic peptide or protein) or to complex Cas9 protein with an sgRNA
to form a negative charged structure [209]. A complex delivery system was developed
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based on branched polyethylenimine (PEI) that ensured the interaction with free thiol
groups found on the cysteine residues of Cas9. The cationic PEI-Cas9 was then complexed
with sgRNA targeting mecA, from methicillin-resistant Staphylococcus aureus (MRSA). This
nanocomplex shown greater bacterial uptake and decreased number of colony forming
units, decreased growth rate in comparison with a simple mixture of unmodified Cas9
RNP with PEI or Lipofectamine [210]. This system may be a significant achievement in the
delivery of antimicrobials in Gram + bacteria, due to their particular structure of the cell
wall. As drug carriers in different types of tissue, inorganic nanoparticles, such as gold NPs,
have also been used for the delivery of CRISPR-Cas9, but usually not in bacterial cells [211].
Several nanoparticles delivering the CRISPR-Cas9 system were reviewed by Deng et al.,
2019, Wan et al., 2019 and Kim et al., 2020 [138,212,213] most of them used for gene editing
of eucariote cells.

8. Challenges of Development and Uses of Antibacterial Hydrogels

Despite their numerous advantages, as described in previous sections, antimicrobial
hydrogels have many issues of their own, which is why many of them have shown promis-
ing in vitro results but lack convincing preclinical investigations, and just a limited number
of such compound are readily available on the market or for therapy. Naturally derived
biomaterials have the advantage of the high biocompatibility and bioactivity, but in the
same time, have the disadvantage of difficult processing and batch variability. Even though
new and performant materials were developed, the immunity related complications are not
solved, for example, the immunogenicity of the biomaterials themselves and the immune
response associated with their administration. The most discussed issue is PEGylation of
nanoparticle surface in order to protect against innate immune response, to reduce protein
adsorbtion and increase blood circulation, that was followed by production of antibodies
reactive to PEG, reducing the benefits of PEGylation [214,215]. Thus, more studies are
needed to overcome this issue. Moreover, several lipids also have the potential to elicit
innate and/or adaptive immune responses [216]. In other words, these materials should
be cell-friendly and, at the same time, very effective on the most virulent and resistant
bacteria. Synthetic materials have the main advantage of the huge tunability for tailored
nanoparticles, but, unfortunately, they lack bioactive motifs for influencing the cellular pro-
cesses [20]. Hydrogels carrying antibiotics are associated with the risk of selection of new
resistant bacteria, thus the hydrogels based on nanoparticles and antimicrobial peptides
could be a promising solution. Among commercially viable antimicrobial hydrogels, there
are a notable number of silver NP-based and chitosan-based hydrogels because most of the
metal or metal oxide nanoparticle are physical and chemical unstable and have reduced
biocompatibility [161]. Polymeric NPs, conjugated or not with cell-penetrating peptides on
the surface for quick cellular uptake and/or nuclear localization signal peptides for delivery
of gene editing tools inside cells have low immunogenicity and high biocompatibility, but
more studies are needed in this regard [21].

9. Conclusions and Perspectives

Numerous types of biomaterials, such as hydrogels and composite polymers, have
demonstrated their versatility and tunability, making them a very attractive option for
limiting the antimicrobial resistance, mostly in pathogen bacteria, but not exclusively.
Resistant bacteria have become a global health threat, as infections are becoming more
difficult to treat, thus many strategies to overcome this problem were developed and the
antimicrobial hydrogels proved their numerous advantages as antimicrobials, or as carriers
of antimicrobial compounds and genetic tools for curing the antimicrobial resistance of
bacteria. Naturally derived biomaterials possess high biocompatibility and bioactivity,
being preferred for wound treatment and preventing bacterial colonization of the medi-
cal devices, such as implants, catheters, and contact lenses. Chitosan is the most widely
explored polymer for such applications, being a natural polysaccharide that can be easily
modified to improve its properties and biocompatibility. Moreover, several compounds,
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such as antibiotics, metal NPs and AMPs, and antibiofouling compounds, could be in-
cluded in natural biopolymers or in composite hydrogels to improve their antimicrobial
activity. Alternatively, hydrogel backbones can be modified to obtain a prolonged or smart
stimuli responsive drug release. Nevertheless, more studies are required regarding the
development of composite antimicrobial hydrogels that could prevent the antimicrobial
resistance due to antibiotic use and cytotoxicity of metal nanoparticles. Antifouling hydro-
gels could also be a promising solution against the deposition of biological molecules or
bacterial cells. Moreover, for therapeutic success, the antimicrobial hydrogels should be
biocompatible and must achieve bactericidal drug levels and sustained antimicrobial action.
Therefore, the constant development of new strategies of designing hydrogels coupled
with antimicrobial therapies will enable the potential solutions to prevent antimicrobial
resistance and the successful treatment of infectious diseases.

Author Contributions: Conceptualization, R.C. and A.L.B.-K.; figures, A.R. and C.A.C.; writing—
original draft preparation, R.C., A.L.B.-K. and A.R.; writing—review and editing, R.C., A.L.B.-K. and
A.R.; visualization, R.C., A.R., A.L.B.-K. and C.A.C.; supervision, A.L.B.-K. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Omulo, S.; Thumbi, S.; Njenga, M.; Call, D. A review of 40 years of enteric antimicrobial resistance research in Eastern Africa:

What can be done better? Antimicrob. Resist. Infect. Control. 2015, 4, 1. [CrossRef]
2. Bassetti, M.; Merelli, M.; Temperoni, C.; Astilean, A. New antibiotics for bad bugs: Where are we? Ann. Clin. Microbiol. Antimicrob.

2013, 12, 22. [CrossRef]
3. Lim, W.; Wu, P.; Bond, H.; Wong, J.; Ni, K.; Seto, W.; Jit, M.; Cowling, B. Determinants of methicillin-resistant Staphylococcus

aureus (MRSA) prevalence in the Asia-Pacific region: A systematic review and meta-analysis. J. Glob. Antimicrob. Resist. 2019,
16, 17–27. [CrossRef] [PubMed]

4. Hall, J.; Ingram, P.; O’Reilly, L.; Inglis, T. Temporal flux in β-lactam resistance among Klebsiella pneumoniae in Western Australia.
J. Med. Microbiol. 2016, 65, 429–437. [CrossRef]

5. Wyres, K.; Hawkey, J.; Hetland, M.; Fostervold, A.; Wick, R.; Judd, L.; Hamidian, M.; Howden, B.; Löhr, I.; Holt, K. Emergence
and rapid global dissemination of CTX-M-15-associated Klebsiella pneumoniae strain ST307. J. Antimicrob. Chemother. 2018,
74, 577–581. [CrossRef] [PubMed]

6. Xie, R.; Zhang, X.; Zhao, Q.; Peng, B.; Zheng, J. Analysis of global prevalence of antibiotic resistance in Acinetobacter baumannii
infections disclosed a faster increase in OECD countries. Emerg. Microbes Infect. 2018, 7, 1–10. [CrossRef]

7. Fan, X.; Wu, Y.; Xiao, M.; Xu, Z.P.; Kudinha, T.; Bazaj, A.; Kong, F.; Xu, Y.C. Diverse Genetic Background of Multidrug-Resistant
Pseudomonas aeruginosa from Mainland China and Emergence of an Extensively Drug-Resistant ST292 Clone in Kunming. Sci.
Rep. 2016, 6, 26522. [CrossRef]

8. Magill, S.; Edwards, J.; Bamberg, W.; Beldavs, Z.; Dumyati, G.; Kainer, M.; Lynfield, R.; Maloney, M.; McAllister-Hollod, L.;
Nadle, J.; et al. Multistate Point-Prevalence Survey of Health Care–Associated Infections. N. Engl. J. Med. 2014, 370, 1198–1208.
[CrossRef]

9. Ramirez, M.; Traglia, G.; Lin, D.; Tran, T.; Tolmasky, M. Plasmid-Mediated Antibiotic Resistance and Virulence in Gram-Negatives:
The Klebsiella pneumoniae Paradigm. Microbiol. Spectr. 2014, 2, 5. [CrossRef] [PubMed]

10. Oliveira, D.M.P.D.; Forde, B.M.; Kidd, T.J.; Harris, P.N.A.; Schembri, M.A.; Beatson, S.A.; Paterson, D.L.; Walker, M.J. Antimicrobial
Resistance in ESKAPE Pathogens. Clin. Microbiol. Rev. 2020, 33, e00181-19. [CrossRef]

11. Hall, C.W.; Mah, T.F. Molecular mechanisms of biofilm-based antibiotic resistance and tolerance in pathogenic bacteria. FEMS
Microbiol. Rev. 2017, 41, 276–301. [CrossRef]

12. Partridge, S.; Kwong, S.; Firth, N.; Jensen, S. Mobile Genetic Elements Associated with Antimicrobial Resistance. Clin. Microbiol.
Rev. 2018, 31. [CrossRef]

13. Trastoy, R.; Lucia, B.; German, B.; Maria, T. Fighting antimicrobial resistance in ESKAPE pathogens. Fight Antimicrob. Resist. 2018,
2018, 1–18. [CrossRef]

http://doi.org/10.1186/s13756-014-0041-4
http://dx.doi.org/10.1186/1476-0711-12-22
http://dx.doi.org/10.1016/j.jgar.2018.08.014
http://www.ncbi.nlm.nih.gov/pubmed/30145271
http://dx.doi.org/10.1099/jmm.0.000242
http://dx.doi.org/10.1093/jac/dky492
http://www.ncbi.nlm.nih.gov/pubmed/30517666
http://dx.doi.org/10.1038/s41426-018-0038-9
http://dx.doi.org/10.1038/srep26522
http://dx.doi.org/10.1056/NEJMoa1306801
http://dx.doi.org/10.1128/microbiolspec.PLAS-0016-2013
http://www.ncbi.nlm.nih.gov/pubmed/26104358
http://dx.doi.org/10.1128/CMR.00181-19
http://dx.doi.org/10.1093/femsre/fux010
http://dx.doi.org/10.1128/CMR.00088-17
http://dx.doi.org/10.5599/obp.15.9


Gels 2022, 8, 70 22 of 29

14. Joshi Navare, K.; Eggermont, L.; Rogers, Z.; Mohammed, H.; Colombani, T.; Bencherif, S. Antimicrobial Hydrogels: Key Considerations
and Engineering Strategies for Biomedical Applications; Springer: Berlin/Heidelberg, Germany, 2020; pp. 511–542. [CrossRef]

15. Casolaro, M.; Casolaro, I.; Akimoto, J.; Ueda, M.; Ueki, M.; Ito, Y. Antibacterial Properties of Silver Nanoparticles Embedded on
Polyelectrolyte Hydrogels Based on α-Amino Acid Residues. Gels 2018, 4, 42. [CrossRef] [PubMed]

16. Censi, R.; Martino, P.D.; Vermonden, T.; Hennink, W.E. Hydrogels for protein delivery in tissue engineering. J. Control. Release
2012, 161, 680–692. [CrossRef]

17. Hixon, K.R.; Bogner, S.J.; Ronning-Arnesen, G.; Janowiak, B.E.; Sell, S.A. Investigating Manuka Honey Antibacterial Properties
When Incorporated into Cryogel, Hydrogel, and Electrospun Tissue Engineering Scaffolds. Gels 2019, 5, 21. [CrossRef]

18. Drago, L.; Boot, W.; Dimas, K.; Malizos, K.; Hänsch, G.M.; Stuyck, J.; Gawlitta, D.; Romanò, C.L. Does Implant Coating With
Antibacterial-Loaded Hydrogel Reduce Bacterial Colonization and Biofilm Formation in Vitro? Clin. Orthop. Relat. Res. 2014,
472, 3311–3323. [CrossRef]

19. Meo, D.D.; Ceccarelli, G.; Iaiani, G.; Torto, F.L.; Ribuffo, D.; Persiani, P.; Villani, C. Clinical Application of Antibacterial Hydrogel
and Coating in Orthopaedic and Traumatology Surgery. Gels 2021, 7, 126. [CrossRef] [PubMed]

20. Eoh, J.; Gu, L. Biomaterials as vectors for the delivery of CRISPR–Cas9. Biomater. Sci. 2019, 7, 1240–1261. [CrossRef]
21. Wan, F.; Draz, M.; Gu, M.; Yu, W.; Ruan, Z.; Luo, Q. Novel Strategy to Combat Antibiotic Resistance: A Sight into the Combination

of CRISPR/Cas9 and Nanoparticles. Pharmaceutics 2021, 13, 352. [CrossRef] [PubMed]
22. Høiby, N.; Bjarnsholt, T.; Givskov, M.; Molin, S.; Ciofu, O. Antibiotic resistance of bacterial biofilms. Int. J. Antimicrob. Agents

2010, 35, 322–332. [CrossRef]
23. Pérez-Cobas, A.E.; Artacho, A.; Knecht, H.; Ferrús, M.L.; Friedrichs, A.; Ott, S.J.; Moya, A.; Latorre, A.; Gosalbes, M.J. Differential

Effects of Antibiotic Therapy on the Structure and Function of Human Gut Microbiota. PLoS ONE 2013, 8, e80201. [CrossRef]
24. Sahiner, N. Soft and flexible hydrogel templates of different sizes and various functionalities for metal nanoparticle preparation

and their use in catalysis. Prog. Polym. Sci. 2013, 38, 1329–1356. [CrossRef]
25. González-Henríquez, C.; Sarabia-Vallejos, M.; Rodriguez-Hernandez, J. Advances in the Fabrication of Antimicrobial Hydrogels

for Biomedical Applications. Materials 2017, 10, 232. [CrossRef]
26. Ahmed, E.M. Hydrogel: Preparation, characterization, and applications: A review. J. Adv. Res. 2015, 6, 105–121. [CrossRef]

[PubMed]
27. Varaprasad, K.; Raghavendra, G.M.; Jayaramudu, T.; Yallapu, M.M.; Sadiku, R. A mini review on hydrogels classification and

recent developments in miscellaneous applications. Mater. Sci. Eng. C 2017, 79, 958–971. [CrossRef]
28. Bahram, M.; Mohseni, N.; Moghtader, M. An Introduction to Hydrogels and Some Recent Applications. In Emerging Concepts in

Analysis and Applications of Hydrogels; InTech: London, UK, 2016. [CrossRef]
29. Schulze, J.; Hendrikx, S.; Schulz-Siegmund, M.; Aigner, A. Microparticulate poly(vinyl alcohol) hydrogel formulations for

embedding and controlled release of polyethylenimine (PEI)-based nanoparticles. Acta Biomater. 2016, 45, 210–222. [CrossRef]
30. Ye, X.; Li, X.; Shen, Y.; Chang, G.; Yang, J.; Gu, Z. Self-healing pH-sensitive cytosine- and guanosine-modified hyaluronic acid

hydrogels via hydrogen bonding. Polymer 2017, 108, 348–360. [CrossRef]
31. Chellat, F.; Tabrizian, M.; Dumitriu, S.; Chornet, E.; Magny, P.; Rivard, C.H.; Yahia, L. In vitro andin vivo biocompatibility of

chitosan-xanthan polyionic complex. J. Biomed. Mater. Res. 2000, 51, 107–116. [CrossRef]
32. Yu, Y.; Moncal, K.K.; Li, J.; Peng, W.; Rivero, I.; Martin, J.A.; Ozbolat, I.T. Three-dimensional bioprinting using self-assembling

scalable scaffold-free “tissue strands” as a new bioink. Sci. Rep. 2016, 6, 28714. [CrossRef]
33. El-Meliegy, E.; Mabrouk, M.; Kamal, G.M.; Awad, S.M.; El-Tohamy, A.M.; Gohary, M.I.E. Anticancer drug carriers using dicalcium

phosphate/dextran/CMCnanocomposite scaffolds. J. Drug Deliv. Sci. Technol. 2018, 45, 315–322. [CrossRef]
34. Gentile, P.; Chiono, V.; Carmagnola, I.; Hatton, P. An Overview of Poly(lactic-co-glycolic) Acid (PLGA)-Based Biomaterials for

Bone Tissue Engineering. Int. J. Mol. Sci. 2014, 15, 3640–3659. [CrossRef]
35. Zhu, J. Bioactive modification of poly(ethylene glycol) hydrogels for tissue engineering. Biomaterials 2010, 31, 4639–4656.

[CrossRef]
36. Wang, J.; Wei, J. Hydrogel brushes grafted from stainless steel via surface-initiated atom transfer radical polymerization for

marine antifouling. Appl. Surf. Sci. 2016, 382, 202–216. [CrossRef]
37. Jayakumar, R.; Prabaharan, M.; Kumar, P.S.; Nair, S.; Tamura, H. Biomaterials based on chitin and chitosan in wound dressing

applications. Biotechnol. Adv. 2011, 29, 322–337. [CrossRef] [PubMed]
38. Loh, X.J.; Goh, S.H.; Li, J. Hydrolytic degradation and protein release studies of thermogelling polyurethane copolymers

consisting of poly[(R)-3-hydroxybutyrate], poly(ethylene glycol), and poly(propylene glycol). Biomaterials 2007, 28, 4113–4123.
[CrossRef]

39. Vashisth, P.; Bellare, J.R. Development of hybrid scaffold with biomimetic 3D architecture for bone regeneration. Nanomed.
Nanotechnol. Biol. Med. 2018, 14, 1325–1336. [CrossRef] [PubMed]

40. Pereira, D.R.; Silva-Correia, J.; Oliveira, J.M.; Reis, R.L.; Pandit, A.; Biggs, M.J. Nanocellulose reinforced gellan-gum hydrogels
as potential biological substitutes for annulus fibrosus tissue regeneration. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 897–908.
[CrossRef]

41. Blache, U.; Ehrbar, M. Inspired by Nature: Hydrogels as Versatile Tools for Vascular Engineering. Adv. Wound Care 2018,
7, 232–246. [CrossRef]

http://dx.doi.org/10.1007/978-3-030-34475-7_22
http://dx.doi.org/10.3390/gels4020042
http://www.ncbi.nlm.nih.gov/pubmed/30674818
http://dx.doi.org/10.1016/j.jconrel.2012.03.002
http://dx.doi.org/10.3390/gels5020021
http://dx.doi.org/10.1007/s11999-014-3558-1
http://dx.doi.org/10.3390/gels7030126
http://www.ncbi.nlm.nih.gov/pubmed/34462412
http://dx.doi.org/10.1039/C8BM01310A
http://dx.doi.org/10.3390/pharmaceutics13030352
http://www.ncbi.nlm.nih.gov/pubmed/33800235
http://dx.doi.org/10.1016/j.ijantimicag.2009.12.011
http://dx.doi.org/10.1371/journal.pone.0080201
http://dx.doi.org/10.1016/j.progpolymsci.2013.06.004
http://dx.doi.org/10.3390/ma10030232
http://dx.doi.org/10.1016/j.jare.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25750745
http://dx.doi.org/10.1016/j.msec.2017.05.096
http://dx.doi.org/10.5772/64301
http://dx.doi.org/10.1016/j.actbio.2016.08.056
http://dx.doi.org/10.1016/j.polymer.2016.11.063
http://dx.doi.org/10.1002/(SICI)1097-4636(200007)51:1<107::AID-JBM14>3.0.CO;2-F
http://dx.doi.org/10.1038/srep28714
http://dx.doi.org/10.1016/j.jddst.2018.03.026
http://dx.doi.org/10.3390/ijms15033640
http://dx.doi.org/10.1016/j.biomaterials.2010.02.044
http://dx.doi.org/10.1016/j.apsusc.2016.03.223
http://dx.doi.org/10.1016/j.biotechadv.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21262336
http://dx.doi.org/10.1016/j.biomaterials.2007.05.016
http://dx.doi.org/10.1016/j.nano.2018.03.011
http://www.ncbi.nlm.nih.gov/pubmed/29649592
http://dx.doi.org/10.1016/j.nano.2017.11.011
http://dx.doi.org/10.1089/wound.2017.0760


Gels 2022, 8, 70 23 of 29

42. Konai, M.M.; Bhattacharjee, B.; Ghosh, S.; Haldar, J. Recent Progress in Polymer Research to Tackle Infections and Antimicrobial
Resistance. Biomacromolecules 2018, 19, 1888–1917. [CrossRef]

43. Yahia, L. History and Applications of Hydrogels. J. Biomed. Sci. 2015, 4, 2. [CrossRef]
44. Das, D.; Das, R.; Ghosh, P.; Dhara, S.; Panda, A.B.; Pal, S. Dextrin cross linked with poly(HEMA): A novel hydrogel for colon

specific delivery of ornidazole. RSC Adv. 2013, 3, 25340. [CrossRef]
45. Salomé Veiga, A.; Schneider, J. Antimicrobial hydrogels for the treatment of infection. Biopolymers 2013, 100, 637–644. [CrossRef]

[PubMed]
46. Wang, T.; Zhu, X.; Xue, X.; Wu, D. Hydrogel sheets of chitosan, honey and gelatin as burn wound dressings. Carbohydr. Polym.

2012, 88, 75–83. [CrossRef]
47. Ng, V.; Chan, J.; Sardon, H.; Ono, R.; García, J.; Yang, Y.; Hedrick, J. Antimicrobial hydrogels: A new weapon in the arsenal

against multidrug-resistant infections. Adv. Drug Deliv. Rev. 2014, 78, 46–62. [CrossRef]
48. Gan, D.; Xu, T.; Xing, W.; Ge, X.; Fang, L.; Wang, K.; Ren, F.; Lu, X. Mussel-Inspired Contact-Active Antibacterial Hydrogel with

High Cell Affinity, Toughness, and Recoverability. Adv. Funct. Mater. 2018, 29, 1805964. [CrossRef]
49. Minden-Birkenmaier, B.; Bowlin, G. Honey-Based Templates in Wound Healing and Tissue Engineering. Bioengineering 2018,

5, 46. [CrossRef]
50. Laftah, W.A.; Hashim, S.; Ibrahim, A.N. Polymer Hydrogels: A Review. Polym.-Plast. Technol. Eng. 2011, 50, 1475–1486. [CrossRef]
51. Ng, J.; Obuobi, S.; Chua, M.; Zhang, C.; Hong, S.; Kumar, Y.; Gokhale, R.; Ee, P. Biomimicry of microbial polysaccharide hydrogels

for tissue engineering and regenerative medicine—A review. Carbohydr. Polym. 2020, 241, 116345. [CrossRef]
52. Lee, K.; Mooney, D. Alginate: Properties and biomedical applications. Prog. Polym. Sci. 2012, 37, 106–126. [CrossRef] [PubMed]
53. Munarin, F.; Guerreiro, S.G.; Grellier, M.A.; Tanzi, M.C.; Barbosa, M.A.; Petrini, P.; Granja, P.L. Pectin-Based Injectable Biomaterials

for Bone Tissue Engineering. Biomacromolecules 2011, 12, 568–577. [CrossRef]
54. Bagal, D.; Karve, M.S. Entrapment of plant invertase within novel composite of agarose–guar gum biopolymer membrane. Anal.

Chim. Acta 2006, 555, 316–321. [CrossRef]
55. Azizi, S.; Mohamad, R.; Rahim, R.A.; Mohammadinejad, R.; Ariff, A.B. Hydrogel beads bio-nanocomposite based on Kappa-

Carrageenan and green synthesized silver nanoparticles for biomedical applications. Int. J. Biol. Macromol. 2017, 104, 423–431.
[CrossRef]

56. Martin, A.A.; Sassaki, G.L.; Sierakowski, M.R. Effect of adding galactomannans on some physical and chemical properties of
hyaluronic acid. Int. J. Biol. Macromol. 2020, 144, 527–535. [CrossRef]

57. Suhail, M.; Wu, P.C.; Minhas, M.U. Development and characterization of pH-sensitive chondroitin sulfate-co-poly(acrylic acid)
hydrogels for controlled release of diclofenac sodium. J. Saudi Chem. Soc. 2021, 25, 101212. [CrossRef]

58. Klemm, D.; Heublein, B.; Fink, H.P.; Bohn, A. Cellulose: Fascinating Biopolymer and Sustainable Raw Material. Angew. Chem.
Int. Ed. 2005, 44, 3358–3393. [CrossRef] [PubMed]

59. Pittler, M.H.; Ernst, E. Guar gum for body weight reduction: Meta-analysis of randomized trials. Am. J. Med. 2001, 110, 724–730.
[CrossRef]

60. Deb, P.K.; Kokaz, S.F.; Abed, S.N.; Paradkar, A.; Tekade, R.K. Pharmaceutical and Biomedical Applications of Polymers. In Basic
Fundamentals of Drug Delivery; Elsevier: Amsterdam, The Netherlands, 2019; pp. 203–267. [CrossRef]

61. Banik, R.; Santhiagu, A.; Upadhyay, S. Optimization of nutrients for gellan gum production by Sphingomonas paucimobilis
ATCC-31461 in molasses based medium using response surface methodology. Bioresour. Technol. 2007, 98, 792–797. [CrossRef]

62. Morris, E.R.; Nishinari, K.; Rinaudo, M. Gelation of gellan—A review. Food Hydrocoll. 2012, 28, 373–411. [CrossRef]
63. da Silva, A.L.D.; Salgueiro, A.M.; Trindade, T. Effects of Au nanoparticles on thermoresponsive genipin-crosslinked gelatin

hydrogels. Gold Bull. 2013, 46, 25–33. [CrossRef]
64. Petri, D. Xanthan gum: A versatile biopolymer for biomedical and technological applications. J. Appl. Polym. Sci. 2015, 132, 23.

[CrossRef]
65. Jansson, P.; Kenne, L.; Lindberg, B. Structure of the extracellular polysaccharide from xanthomonas campestris. Carbohydr. Res.

1975, 45, 275–282. [CrossRef]
66. Kumar, A.; Rao, K.; Han, S. Application of xanthan gum as polysaccharide in tissue engineering: A review. Carbohydr. Polym.

2018, 180, 128–144. [CrossRef] [PubMed]
67. Yoshida, T.; Takahashi, M.; Hatakeyama, T.; Hatakeyama, H. Annealing induced gelation of xanthan/water systems. Polymer

1998, 39, 1119–1122. [CrossRef]
68. Nikpour, P.; Salimi-Kenari, H.; Fahimipour, F.; Rabiee, S.; Imani, M.; Dashtimoghadam, E.; Tayebi, L. Dextran hydrogels

incorporated with bioactive glass-ceramic: Nanocomposite scaffolds for bone tissue engineering. Carbohydr. Polym. 2018,
190, 281–294. [CrossRef] [PubMed]

69. Nichifor, M.; Mocanu, G.; Stanciu, M. Micelle-like association of polysaccharides with hydrophobic end groups. Carbohydr.
Polym. 2014, 110, 209–218. [CrossRef]

70. Tuchilus, C.; Nichifor, M.; Mocanu, G.; Stanciu, M. Antimicrobial activity of chemically modified dextran derivatives. Carbohydr.
Polym. 2017, 161, 181–186. [CrossRef]

71. Percival, S.; Slone, W.; Linton, S.; Okel, T.; Corum, L.; Thomas, J. The antimicrobial efficacy of a silver alginate dressing against a
broad spectrum of clinically relevant wound isolates. Int. Wound J. 2011, 8, 237–243. [CrossRef]

http://dx.doi.org/10.1021/acs.biomac.8b00458
http://dx.doi.org/10.4172/2254-609X.100013
http://dx.doi.org/10.1039/c3ra44716b
http://dx.doi.org/10.1002/bip.22412
http://www.ncbi.nlm.nih.gov/pubmed/24122459
http://dx.doi.org/10.1016/j.carbpol.2011.11.069
http://dx.doi.org/10.1016/j.addr.2014.10.028
http://dx.doi.org/10.1002/adfm.201805964
http://dx.doi.org/10.3390/bioengineering5020046
http://dx.doi.org/10.1080/03602559.2011.593082
http://dx.doi.org/10.1016/j.carbpol.2020.116345
http://dx.doi.org/10.1016/j.progpolymsci.2011.06.003
http://www.ncbi.nlm.nih.gov/pubmed/22125349
http://dx.doi.org/10.1021/bm101110x
http://dx.doi.org/10.1016/j.aca.2005.09.010
http://dx.doi.org/10.1016/j.ijbiomac.2017.06.010
http://dx.doi.org/10.1016/j.ijbiomac.2019.12.114
http://dx.doi.org/10.1016/j.jscs.2021.101212
http://dx.doi.org/10.1002/anie.200460587
http://www.ncbi.nlm.nih.gov/pubmed/15861454
http://dx.doi.org/10.1016/S0002-9343(01)00702-1
http://dx.doi.org/10.1016/b978-0-12-817909-3.00006-6
http://dx.doi.org/10.1016/j.biortech.2006.03.012
http://dx.doi.org/10.1016/j.foodhyd.2012.01.004
http://dx.doi.org/10.1007/s13404-012-0078-1
http://dx.doi.org/10.1002/app.42035
http://dx.doi.org/10.1016/S0008-6215(00)85885-1
http://dx.doi.org/10.1016/j.carbpol.2017.10.009
http://www.ncbi.nlm.nih.gov/pubmed/29103488
http://dx.doi.org/10.1016/S0032-3861(97)00266-8
http://dx.doi.org/10.1016/j.carbpol.2018.02.083
http://www.ncbi.nlm.nih.gov/pubmed/29628249
http://dx.doi.org/10.1016/j.carbpol.2014.03.072
http://dx.doi.org/10.1016/j.carbpol.2017.01.006
http://dx.doi.org/10.1111/j.1742-481X.2011.00774.x


Gels 2022, 8, 70 24 of 29

72. Prajapati, V.D.; Maheriya, P.M.; Roy, S.D. Locust bean gum-derived hydrogels. In Plant and Algal Hydrogels for Drug Delivery and
Regenerative Medicine; Elsevier: Amsterdam, The Netherlands, 2021; pp. 217–260. [CrossRef]

73. Keskin, N.; Aydın, Z.; Uslu, G.; Özyürek, T.; Erdönmez, D.; Gündoğar, M. Antibacterial efficacy of copper-added chitosan
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