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1. Introduction 

The increased global thread of multi resistant microorganisms has become a major concern of mankind in recent years 
as more and more bacteria develop partly or complete resistence to all commonly used antibiotics. The overuse of 
antibiotic description and the reduced number of novel antimicrobial drugs in the pipelines of the pharmaceutical 
industries are a major cause for the worsening of this problem [1–3]. Despite an increased worldwide health standard, 
pathogens like Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia coli pose severe problems in many 
hospitals [1,4]. Especially in patients suffering from large scale wounds, infections can slow down the healing process 
or lead to sepsis of the affected site. Another major concern is the use of components that are in contact with the body: 
catheters are prone to bacterial infections and all biological components intended for the use within the body have to be 
carefully kept sterile as infections can lead to transplant rejection or even severe internal infections which are hard to 
detect and difficult to treat [5].  
 In this context, hydrogels are a unique class of materials which can represent novel functions to create a major 
weapon in the fight against pathogens [3,6,7]. They are a class of materials containing a very high amount of water and 
a specific 3D network structure. The term reaches back to more than 100 years, with the first major application 
described by Wichterle and Lim in 1960 for the use of hydrogels in contact lenses [8]. Since this breakthrough study, 
the number of publications per year has increased tremendously whith hydrogel applications in different fiels of 
science: as wound dressings [9–12], 3D cell culture systems [13–16], in tissue engineering [17,18] as well as for drug 
delivery purposes [19,20]. Due to their biocompatibility, their high water content and the possibility to design hydrogels 
to mimic extracellular structures or specific parts of tissues, they are also attractive candidates for the use within the 
body.  
 In antimicrobial treatment, it can be distinguished between two major groups of hydrogels: such with an inherent 
antimicrobial activity and such with encapsulated compounds which exhibit antimicrobial activity and can be delivered 
by the gel [3]. Hydrogels with inherent antimicrobial activity are divided in two major classes: natural and synthetic 
hydrogels. Among natural hydrogels sugars [11,21–23], DNA [24,25], and peptides / proteins [12,20,26–28] are the 
major building blocks while poly(vinylalcohol), polyethylene glycole, methacrylamide and acrylate are often used for 
the production of synthetic hydrogels [29–33]. For the encapsulation, several different approaches can be followed; in 
addition to traditionally used antibiotics,  nanoparticles (e.g. silver) and antimicrobial peptides (AMP) can be 
encapsulated and released over defined periods [26,34–36].  
 In this chapter, we will highlight recent advances in the production and application of different types of hydrogels 
with a strong focus on novel antimicrobial hydrogel systems. 

2. Hydrogels with inherent antimicrobial activity 

2.1. Natural Components 

Natural hydrogels are mainly used in fields such as drug delivery, wound dressing, tissue engineering or to cover the 
surface of orthopaedic implants [11,20,37–42]. For most of those applications, the antimicrobial activity of the used 
material is crucial to avoid a spoiling with microorganisms. The ideal hydrogel for biomedical application should also 
be biocompatible and favourably injectable [37]. Inherent natural antimicrobial hydrogels can be formed by either self-
assembling of monomers (e.g. antimicrobial peptides) into a hydrogel network or by covalently attaching antimicrobial 
compounds to the hydrogel [7]. Natural hydrogels can be classified into three main groups: peptide based, sugar based 
and nucleotide based materials. 
 
Peptide based hydrogels 
A huge group of natural antimicrobial hydrogels is based on the discovery of antimicrobial peptides (AMP) 
[7,27,43,44]. They are generally amphiphilic and possess a cationic charge, enabling electrostatic interactions with 
anionic bacterial membranes, and thereby leading to membrane disruption and bacterial death. Because AMPs do not 
have the ability to self-assemble into a hydrogel network, new peptides resembling the properties of AMPs are in 
development which can self-assemble into hydrogels under the appropriate conditions [7]. 
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Figure 1. Schematic overview of hydrogel composition and acquisition of antimicrobial activity of hydrogels 
 
 In 2007, Salick et al. developed an inherent AMP based hydrogel, consisting of amphiphilic beta-hairpins. This AMP 
consists of a region of alternating valine and lysine residues which are connected by a tetra-peptide sequence [43]. The 
formation of the beta-hairpin conformation is triggered through the addition of cell culture media at a physiological pH, 
containing mono- and divalent salts. This results in a mechanically rigid hydrogel [26,43] with a high antimicrobial 
activity on the surface against bacterial strains commonly occurring in hospital environments, including Gram-negative 
bacteria, such as E. coli and Klebsiella pneumoniae, as well as Gram-positive bacteria such as Staphylococcus 
epidermis, Staphylococcus aureus and Streptococcus pyogenes [2,43,45]. Direct interaction between the hydrogel 
surface and the bacteria leads to cell membrane disruption and thus to cell death. The study showed that the 
antimicrobial effect of the hydrogel surface would be strong enough for the expected bacterial infection levels during 
surgery. Furthermore, the hydrogels surface was selectively cytotoxic for bacteria, however displaying no cytotoxicity 
toward mammalian cells. Therefore, the use of this hydrogel system may lead to improved tissue regeneration therapies 
due to the possibility to avoid bacterial infections [43]. 
 Since this so-called MAX1 hydrogel has only a high antimicrobial activity against drug-susceptible bacteria, the 
same group developed a hydrogel against methicillin-resistant S. aureus [27]. By replacing two lysine residues in the 
sequence with arginine, the material provides a cationic surface charge for the interaction with the anionic components 
of bacterial cell membranes and the possibility of hydrogen bond-formation with oxygen atoms of negatively charged 
macromolecules of the outer bacterial surface, e.g. lipopolysaccharides [27,46]. Additionally, this hydrogel surface is 
also selectively cytotoxic for bacteria and has not shown any cytotoxic effect towards mammalian cells [27]. 
Furthermore, it can be shear-thin delivered by a syringe (decreased viscoelasticity with increasing mechanical stress), 
which makes it an attractive candidate for injection-based therapies [27]. In order to determine whether the replacement 
of even more lysine residues of MAX1 into arginine leads to an altered antimicrobial activity, new variants were 
developed containing four, six and eight arginine residues [44].  
 In 2016, Baral et al. have designed a simple, dipeptide based hydrogel which displays antimicrobial activity against 
Gram-negative bacteria like E. coli and P. aeruginosa [37]. The hydrogel consists of the dipeptide Boc-(11-
aminoundecanoic acid)-Phe-COOH (P11) and was formed in phosphate buffer at physiological pH. Although P11 has 
shown to be effective against Gram-negative bacteria, no antimicrobial effect could be detected towards Gram-positive 
bacteria, e.g. S. aureus and B. subtilis. This can most likely be explained by the differences of cell walls of Gram-
negative and Gram-positive bacteria [37]. The Gram-positive cell wall is composed of several layers of peptidoglycan 
with a lot of pores, allowing molecules to enter the bacterial cell. Contrarily, Gram-negative cell walls are composed of 
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only a thin layer of peptidoglycan, but two cell membranes. The outer cell membrane can therefore act as a barrier, 
preventing the entrance of foreign molecules [47]. Beside the biocompatibility of this hydrogel with human red blood 
cells and fibroblasts, it is further highly resistant against proteolytic enzymes. Furthermore, this hydrogel has shear-
thinning properties allowing a local delivery by syringe [37]. Therefore, the research group has suggested a possible 
application of this hydrogel to combat biofilm formation in orthopedic implants, since these infections are highly 
resistant to commonly used antibiotics [37,48,49]. 
 In addition to the use of antimicrobial hydrogels for chronic wounds or tissue engineering applications in general, 
antimicrobial hydrogels have also been useful as a contact lens like bandages for the treatment of corneal ulcers. For 
this purpose, a hydrogel was developed by Gallagher et al. consisting of poly-ε-lysine cross-linked with octanediodic 
acid [28]. This formation has several advantages: poly-ε-lysine is a non-toxic material, used in many food applications 
e.g. as emulsifier, and it gained the “general recognized as safe” status by the US Food and Drug Administration in 
2004 [50,51]. Additionally, it is known to have inherent antimicrobial activity and good modifiability. It was shown that 
the hydrogel itself has an antimicrobial activity against E. coli and S. aureus. However, the antimicrobial efficacy 
against S. aureus could be further enhanced after the covalent attachment of either free poly-ε-lysine or penicillin G via 
ionic interactions. Since the hydrogel has shown similar properties as commercially available contact lenses e.g. the 
ability to adsorb high water volumes or the compatibility with HCE-T cells in vitro and along with the antimicrobial 
effects, this hydrogel is a promising candidate for antimicrobial bandage for ophthalmic applications [28]. 
 
Sugar 
Sugar based hydrogels are mainly composed of chitin, chitosan, cellulose or derivatives of those compounds. Chitosan 
and cellulose occur in large amounts in nature and have suitable properties for biomedical applications. They are 
biocompatible, biodegradable, non-toxic, hydrophilic and are inexpensive [23,52–55]. Furthermore, chitosan or 
cellulose hydrogels can be formed easily by chemical or physical methods with suitable reagents [3]. In acidic medium, 
chitosan is, based on its protonated primary amino groups, positively charged and therefore possesses antimicrobial 
activity per se [3]. Moreover, antimicrobial compounds can be covalently ligated to the hydrogel network [56,57]. 
 Since chitosan possesses several advantageous properties for biomedical applications, many different chitosan based 
materials have been developed [22,58,59]. In 2012, Mohamed et al. designed a chitosan based hydrogel where chitosan 
was crosslinked with varying concentrations of oxalyl-bis-4-(2,5-dioxo-2H-pyrrol-1(5H)-yl) benzamide [47]. The 
hydrogel inhibited the growth of Gram-positive bacteria (B. subtilis, S. aureus and S. pneumoniae), Gram-negative 
bacteria (E. coli, S. thyphimurium) and fungi (A. niger and A. fumigatus) effectively. However, the growth of Gram-
positive bacteria was inhibited more effectively than the growth of Gram-negative bacteria, which could be explained 
by the different composition of the cell walls [47].  
 In addition to the treatment of infections, they can be applied in everyday life as for example in diapers. After the 
absorption of urine, harmful bacteria can grow within diapers, negatively affecting human health [60]. The surface of 
cellulose fibres could be modified by attaching several bactericidal compounds e.g. N-halamine siloxanes or beta-
cyclodextrin to achieve antimicrobial effects [56,57]. Contrarily to these approaches, Peng et al. have incorporated 
quaternary ammonium into a cellulose hydrogel network, designing a novel material [60]. In subsequent tests, the 
hydrogel has shown a good biocompatibility towards the hepatic human cell line L02 and was able to inhibit the growth 
of Saccharomyces cerevisiae [60]. In this setup, microbial death is caused by membrane disruption which in turn is 
caused by the attraction of the anionic microbial membrane into internal pores of the material [59,60]. Additionally to 
the antimicrobial activity and the hydrogels biocompatibility, it exhibited superabsorbent properties and high 
mechanical strength, which would facilitate its application as a filling material in diapers in the future [60]. 
 
DNA 
Since DNA hydrogels also have a wide potential for biomedical applications, antimicrobial DNA hydrogels have been 
developed. DNA hydrogels are mainly produced in two ways:  DNA can either be chemically crosslinked or the 
network formation can be triggered enzymatically [24,25,61]. The antimicrobial activity of a DNA hydrogels is 
normally achieved by incorporating antimicrobial substances into the network [61]. 
 In order to control the antimicrobial activity, Cao et al. (2013) designed and prepared a novel DNA hydrogel where 
the biocidal activity is driven by the addition of DNase [61]. The formation of the hydrogel is based on electrostatic 
interactions between negatively charged salmon sperm DNA hydrogel, which is used as a frame, and the positively 
charged oligo (phenylene ethynylene)s (OPEs). The addition of DNase leads to hydrolysis of the DNA frame into small 
fragments, which released the OPEs [62]. After the disintegration, OPEs are able to cross the membrane and cause 
damage within the cell by reactive oxygen species generation. 
 Apart from inherent antimicrobial activity, DNA based materials are mainly used for the controlled loading and 
delivery of substances which can be incorporated into the material. DNA hydrogels can be specifically designed to 
control pore sizes and mechanical properties. Furthermore, they can be used to bind drugs via electrostatic interaction, 
minor or major groove binding or intercalation. Current examples are highlighted in the appropriate part of this chapter.   
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Figure 2. (A) Crosslinked yeast protein hydrogel (top left) Fibrillary phenylalanine hydrogel (top right) Crosslinked bovine serum 
albumin hydrogel (bottom left) and alginate hydrogel beads (bottom right) (B) Gel-to-sol transition of a crosslinked bovine serum 
albumin hydrogel (C) Electron microscopy of a nanoporous crosslinked bovine serum albumin hydrogel (D) Antimicrobial activity of 
a fibrillary phenylalanine hydrogel loaded with ampicillin against P. aeruginosa. Bodenberger et al., unpublished. 
 

2.2 Artificial Components 

Besides natural components as major building blocks, synthetic, cationic hydrogels with inherent antimicrobial 
characteristics are an emerging field and a promising alternative to conventional antimicrobial treatments. In contrast to 
hydrogel systems made from complex natural components, synthetic polymers are more simplified structures and the 
respective hydrogels show more reproducible physical and chemical characteristics that in turn are important criteria for 
most application purposes for novel materials [63]. Furthermore, no special modifications are necessary to enable 
antimicrobial properties as many synthetic materials have properties which repel or kill microorganisms on their own. 
Normally it is distinguished between antifouling and antimicrobial activity; antifouling represents materials which repel 
microorganisms and prevent infection while antimicrobial hydrogels kill microorganisms upon contact. 
 Antimicrobial and antifouling hydrogels usually show cationic properties by either bearing cationic side chains or by 
possessing intrinsically cationic or hydrophobic properties by themselves. These positively charged polymers can easily 
penetrate negatively charged bacterial membranes or interact with the membrane due to ultra-hydrophobic properties. 
 The synthetic polymers that are observed to exhibit the strongest antimicrobial effect as well as antifouling properties 
can be classified into a vast number of polymer groups: poly(acrylate) [64–69] and polycarbonates [70–75] are among 
the most potential antimicrobial polymers. Furthermore, zwitterionic materials often exhibit certain beneficial features; 
their charge often inhibits bacterial growth while an environmental parameter can often induce a switch in the materials 
charge to repel organisms. Further polymeric chemicals which exhibit antifouling properties are arylamides [76–78], 
beta-lactams [79–83] and norbonenes [78,84–86]. However, the main challenge is to produce hydrogels from those 
materials while maintaining the intrinsic antimicrobial characteristics. Different used hydrogel components and the 
strain they are used against are listed in table 1.  
 
Polycarbonate 
One major class of cationic materials that can be used to generate synthetic antimicrobial hydrogels are polycarbonates. 
A possible cationic polycarbonate hydrogel has been illustrated by Liu et al. in 2012 [33]. In this study, the researchers 
used ring opening polymerization to first create a PEG polymer as a di-block-copolymer and a cationic polycarbonate. 
 Thiol-functionalized PEG acts as a macro-initiator in this setup. A following step links the di-block-copolymers with 
the cationic polycarbonates [33]. This synthesis approach enabled the research group to obtain highly defined hydrogels 
with a controllable molecular weight, including a predefined polymerization degree, functionality and molecular 
composition. This material showed to be highly effective in eliminating E. coli and C. albicans, with an observed 
elimination efficacy of 99.99%. To further explore the behaviour of the gel when used as a coating, Liu et al. fixed the 
hydrogel to a rubber surface to mimic a possible application as coating material for catheters. In this setup, the hydrogel 
showed excellent antimicrobial as well as antifouling properties along with negligible skin irritation and hemolysis 
properties [33]. 
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 One year later, Liu et al. further improved the material to obtain shear-thinning behaviour, lower critical solution 
temperature behaviour and most important: enhanced biofilm disrupting capabilities. Results showed a complete 
elimination of S. aureus, E. coli, the fungi candida albicans and methicillin-resistant S. aureus, vancomycin resistant 
enterococci, P. aeruginosa, A. baumannii, K. pneumonia and Candida neoformans. Furthermore, the hydrogel did not 
show any toxicity in vitro and in vivo [87]. 
 
Zwitterionic materials 
Another class of synthetic polymeric materials are zwitterionic polymers like poly(carboxybetaine) and 
poly(sulfobetaine) as presented by Cao et al. in 2013 [88]. Zwitterionic materials can change their conformation 
depending on the pH of the milieu. The team pursued the “capture and kill” principle where dead bacteria can be 
released after cell death by changing conditions, which is important to prevent possible biofilm formation and 
accumulation [89]. Preliminary work by Cao and co-workers in 2012 showed good results for the switching capabilities 
of a cationic six-membered N,N-dimethyl-2-morpholinone, which enabled an antimicrobial (kills microorganisms upon 
contact) and antifouling state (repels microorganisms) at the same time. Cao and colleagues were the first to create a 
switching hydrogel with enhanced mechanical strength [88] which exhibited antifouling properties in basic conditions 
and antimicrobial properties in acidic environment and eliminated 99.99996% of E. coli K12. [88].  
 
Acrylate 
Acrylate based polymers are another promising group of polymers to establish synthetic cationic hydrogels. Several 
acrylate based hydrogels that carry quaternary ammonium side chains were introduced by Perrault and Rouns. They can 
be used as a wound dressing material as they are non-irritating to the wound, exhibit antimicrobial activity against P. 
aeruginosa, E. coli, K. pneumonia, S. aureus and E. faecalis, absorb the wound exudate and moisturize the wound, 
which might be especially useful for large scale wounds like burns [90]. Furthermore, those materials support wound 
healing by facilitating wound clotting by binding clotting inhibitors, e.g.  the anionic polysaccharide heparin due to their 
positive charge [90]. Furthermore, those polymers are radiation tolerant and can thus be kept sterile by applying 
radiation to the hydrogel.  
 Acrylates as well as their derivatives are a major group of hydrogel building blocks that have been promoted in 
several studies. Armes and colleagues proposed a poly-methacrylate hydrogel that is especially highly effective against 
S. aureus with confirmed non-toxicity towards mammalian cells [10,91]. While the discovery of poly(methacrylate) 
polymer hydrogels dates back to 1986, when Ikeda et al. first promoted a poly(methacrylate) polymer containing 
chlorhexidine-like side groups, they are still among the most effective antimicrobial cationic polymer against S. aureus 
[92]. When it comes to membranes and wound coatings, acrylate based PEG diacrylate polymers and ammonium 
functionalized methacrylate monomers showed the best results due to their excellent and widespread antifouling and 
antimicrobial properties [93].  
 
Table 1 Antimicrobial hydrogels and the target microorganism they have been used against 

Hydrogel components Target microorganism 
  
Chitosan-beta-poly(glutamic acid) polyelectrolyte  S. aureus, E. coli [58] 
Dimethyldecylammonium chitosan (with high 
quaternization)-graft-poly(ethylene glycol) 
methacrylate and poly(ethylene glycol) diacrylate 

P. aeruginosa, E. coli, S. aureus, F. solani [59] 

Chitosan-dextran  hydrogel S. aureus, S. pyogenes, C. perfringens, E. coli [22] 
Beta-hairpin arginine-lysine S. pyogenes , S. aureus, S. epidermis, E. coli, K. 

pneumoniae [43] 
Beta-hairpin arginine-lysine Methicillin-resistant S. aureus [27] 
PEP6R (peptide with 6 arginine residues) S. aureus, E. coli, P. aeruginosa [44] 
Oligo(phenylene ethynylene)-DNA  E. coli [61] 
Quarternized cellulose  S. cerevisiae [60] 
Chitosan with tetracycline E. coli, S. aureus [21] 
Poly (vinyl-alcohol)-alginate with ampicillin S. pyogenes, S. aureus, P .aeruginosa, P. vulgaris [30] 
Oligo(poly(ethylene glycol)fumarate) / sodium 
methacrylate hydrogel with vancomycin 

S. aureus [94] 

Alginate hydrogel with vancomycin S. aureus [95] 
Poly(2-hydroxyethyl methacrylate) and 
poly(ethylene–glycol diacrylate) with ciprofloxacin 

Methicillin resistant S. aureus [96] 

Tripeptide hydrogel with ciprofloxacin S. aureus, E.coli, K. pneumoniae [97] 
Poly(ethylene glycol) monomethyl ether with 
teicoplanin 

S. aureus [98] 
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Alginate hydrogel with chitosan and amoxicillin H. pylori [99] 
Cyclodextrin  S. aureus, E.coli [100] 
Cyclodextrin hydrogel with thiosemicarbazones P. aeruginosa, S. aureus [101] 
Carboxybetaine ester hydrogel with salicylate S. erpidimidis, E.coli [102] 
Poly(β-amino ester) hydrogel with vancomycin S. aureus [103] 
Polyethylene glycol with polymyxin B and nisin S. aureus, S.  erpidimidis [104] 
Poly(2-hydroxyethyl methacrylate)  S. erpidimids [36] 
Poly (ethylene glycol) hydrogel with several AMPS S. aureus [12] 
Alginate hydrogel with CM11 peptide Methicillin resistant S. aureus [105] 
Poly(ethylene glycol) polypeptide hydrogel E. coli, S. aureus [106] 
Alginate hydrogel with cateslytin P. gingivalis [107] 
Lysine-methacrylamide E. coli, P. aeruginosa, S. marcescens, S. aureus, C. 

albicans, Fusarium solani [108] 
Poly (L-lactide) and poly(D-lactide) and cationic 
polycarbonate 

S. aureus, E. coli, C. albicans, methicillin-resistant S. 
aureus, vancomycin-resistant enterococci, P. 
aeruginosa, A. baumannii, K. pneumonia, C. 
neoformans [87] 

Thiol-functionalized PEG E. coli, C. albicans [33] 
Acrylate P. aeruginosa, E. coli, K. pneumonia, S. aureus and E. 

faecalis [64,65,68] 
Silk / nanohydroxyapatite composite S. aureus, S. epidermidis, E. coli and P. aeruginosa 

[109] 
 

3. Encapsulation of substances into hydrogels 

Apart from hydrogels with inherent antimicrobial activity, there are different possibilities to generate or enhance the 
antimicrobial activity of a material by incorporation of antimicrobial agents. The main classes which have been used in 
this context are antibiotics, antimicrobial peptides and antimicrobial nanoparticles. When encapsulating substances, the 
release pattern can be swelling-dependant, stimuli responsive (pH, temperature etc.) or triggered by the addition of 
specific chemicals. Many groups work to achieve extended and precisely defined release times to create antimicrobial 
materials for wound dressing or as antimicrobial surfaces. 
 The release of antimicrobial agents from hydrogels also finds application is the development of coated medical 
devices and implants [36,104,107,108,110]. Infections in hospitals e.g. triggered by insufficient sterilization of devices 
or insufficient cleaning of premises, became alarmingly common. In 2011 / 2012 about 2.6 million cases of healthcare 
associated infections have been reported in the European Union [111]. The application of antibacterial coated medical 
implants and devices could be one right step to overcome this tremendous problem. 
 
Antibiotics 
The well-defined and precisely designed release times are the most important advantage for encapsulation of antibiotics 
compared to classical administration routes. While normal antibiotics are eliminated rather fast from an organism, 
hydrogels offer the possibility to release the drug over days or weeks to maintain constant and therapeutically effective 
concentrations at the site of infection, while the antibiotic is protected from degradation within the hydrogel. This helps 
to guarantee an elimination of all relevant pathogens, minimalizes possible mistakes in the treatment and / or 
administration of the drug and decreases the change of pathogen resistance [7,112]. Different types of antibiotics can be 
used in developing new antibacterial hydrogels like ampicillin, vancomycin or cyclosporine [9,21,30,94–103,113–115]. 
 The use of vancomycin in combination with hydrogels has found a variety of application recently [94,95,103]. 
 Vancomycin is used for the treatment of Gram-positive bacteria such as Staphylococcus species as well as a potential 
weapon against multi resistant bacteria. In 2014 a poly(β-amino ester) hydrogel with well-defined release properties and 
covalently bound vancomycin molecules on its surface was developed [103]. This biodegradable and tissue-like 
hydrogel is degraded over time in contact with biological materials due to hydrolysis of the covalent bonds. The 
degradation rate of the hydrogel also determines the release rate of the covalently bound vancomycin. It was shown that 
the material was fully degraded after approximately 20 days and the incorporated vancomycin was completely released 
over this period. The activity of released vancomycin was positively tested on S. aureus. 
 
Antimicrobial Peptides 
As bacteria evolve more and more resistance towards antibiotics, antimicrobial peptides become more and more 
attractive in the fight against multi resistant bacteria. Compared to antibiotics, many AMPs have the potential to entirely 
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eliminate microorganism which makes bacteria more unlikely to evolve resistance [116]. As a result, AMPs are 
intensively studied to develop novel antimicrobial hydrogels [36,43,104,105,107,108,117].  
Song and coworkers have described a hydrogel with antibacterial activity with incorporated antibacterial peptides [106]. 
This material is made of a 100 amino acid polypeptides with alternating lysine and alanine crosslinked through a 6-
armed PEG. Alanine and lysine have antimicrobial properties through their amphiphilic structure and inhibit bacterial 
growth by cell wall lysis [106]. 
 In 2015, Babavalian et al. described a hydrogel to fight methicillin resistant S. aureus [105]. In this setup, the 
antimicrobial peptide is encapsulated into the material. They developed an alginate / sulfate hydrogel with an 
impregnated AMP called CM11. CM11 is a short cationic oligopeptide (WKLFKKILKVL) which has shown its 
antibacterial effects against Gram-positive and negative bacteria in previous studies [118]. They tested the hydrogels 
efficacy on mice wounds infected with S. aureus. CM11 was released from the matrix in a continuous manner over a 
period of three weeks. Mice wounds treated with this hydrogel were healed completely after 8 and 12 days, 
respectively.  
 In 2015, the group of Z. Xie provides another example for a wound healing hydrogel [12]. An in situ forming 
hydrogel was proposed which could cover every part of the wound through its shape-shifting properties. Furthermore, 
this hydrogel is not only biodegradable and highly biocompatible but has also several antimicrobial peptides conjugated 
to its surface. 24 h hours after wound treatment with the biodegradable gel in a rat skin model, wounds were exposed 
with S. aureus. Ampicillin and untreated wounds served as controls and no infection was observed when covering the 
wound with the antimicrobial hydrogel. However, the antimicrobial effects were still best for pure ampicillin. 
 Daphne and coworkers described an antibacterial hydrogel for medical implants [110]. The hydrogel itself consist of 
alternating linked valine and lysine.  The surface of the hydrogel showed antibacterial activity against several Gram-
positive Staphylococcus strains and Gram-negative strains like E. coli and K. pneumoniae. The gel showed the ability to 
disrupt inner and outer membrane, which leads to cell death while showing no hemolytic properties to human 
erythrocytes. 
 Another hydrogel for coatings of medical devices was proposed by Laverty et al [36].  An anti-adherent poly (2-
hydroxyethyl methacrylate) hydrogel with incorporated antimicrobial peptides prevents the adhesion of bacteria on the 
surface of the covered implant. Furthermore, in case of contact of the medical device with bacteria, the integrated 
cationic antimicrobial peptide C12-Orn-Orn-Trp-Trp-NH2 kills the remaining microorganisms. A strong antibacterial 
effect was shown against S. epidermidis, which is known for serious infections through contact lenses, catheters etc. 
 
Nanoparticles 
Another important group of active compounds, which has successfully been used in antimicrobial therapy, are 
nanoparticles. Two different approaches can be applied in this context: either hydrogels themselves are produced as 
nanoparticles to increase their uptake by microorganisms or nanoparticles are directly encapsulated and / or loaded into 
the hydrogel. In both cases, the active substance is released from the material to reach higher concentrations at a 
specific target site.  
 Silver and gold nanoparticles have been known for a long time to exhibit antimicrobial activity; however, they are 
normally cytotoxic to mammalian cells as well. However, with the development of composite hydrogel materials and 
stronger investigations about the mechanism of metal nanoparticles, they become more and more attractive as 
antimicrobial agents.  
 Juby et al. developed a PVA hydrogel loaded with nanoparticles with antimicrobial activity [119]. Gel-to-sol 
transition takes place in a one pot reaction which is triggered by gamma irradiation. This technique also enables a 
sterilization of the material during formation along with a formation of nanoparticles in the range of 10 to 40 nm [119], 
while the loading with silver could be increased with rising crosslinking densities. Both the crosslinking density and the 
loading showed to have an influence on the toxicity of the hydrogel on E. coli.  
 In 2016, Zhang et al. produced an antimicrobial hydrogel inspired by the adhesion mechanisms of marine mussels 
[120]. One major challenge in antimicrobial treatment is the site-directed release of antimicrobial substances. By 
encapsulating the drug into nanoparticles, the properties of both platforms can be individually tailored; the nanoparticles 
are designed to enable sustainable, long-term release of the drug while the hydrogel is designed to enable a proper 
adhesion at the target site. The developed material shows high adhesion and strong mechanical properties on different 
substrates [120]. The hydrogel successfully eliminated all biofilm formation of E. coli and showed antimicrobial effects 
and non-toxicity in mice models.  
 Another promising application for hydrogels is their use in tissue engineering in biomedicine, where infections are a 
major concern. To address this challenge, Ribeiro et al. produced a hydrogel in 2017 for bone regeneration which has 
antimicrobial properties. This composite material made of silk fibroin and nanohydroxyapatite which has integrated 
silver and gold nanoparticles exhibits antimicrobial activity [109]. The hydrogel showed a good antimicrobial activity 
against S. aureus, S. epidermidis, E. coli and P. aeruginosa. The hydrogels were tested for cytotoxicity and the study 
revealed that mammalian cells were not affected at all by the hydrogel, independently of the used nanoparticle 
concentration, which makes the material a promising template for effective and save bone regeneration [109].    
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4. Capture and kill mechanism 

Another innovative technique in the development of antimicrobial hydrogels, which has gained considerable attention in 
recent years, is the so-called “capture and kill” approach.  The aim is to synthesize hydrogels which can both capture 
bacteria on a surface and eliminate them subsequently. These hydrogels could find application in the production of 
antibacterial surfaces for sterilization purposes, wound dressings or in medical devices such as coated catheters or 
tubing.  
 There is series of publications that showed the cell catching aspect of hydrogels [121–125]. Several ways to catch 
microorganisms are proposed: Shihui Li et al. , Zhaoyang Zhang et al. and Yanxia Xing et al. functionalized hydrogels 
with DNA aptamers to catch different cell types [121–123]. Aptamers consist of single stranded DNA which can bind 
specifically to their targets e.g. bacterial cells. However, this binding normally is highly specific. Xia Liu et al. 
developed a hydrogel functionalized with lectins to capture bacteria cells for analytical purposes [125]. Bacteria express 
carbohydrates and glycoproteins on the cell surface, which are bound by the lectins with high affinity. The 
immobilization of antibodies to the hydrogel is another possible method which was first described by Gloria Thomas et 
al. [124]. All those different materials highlight the efficient and sometimes reversible capture of microorganisms.  
 In 2013 Bin Cao et al. described the first hydrogel which can adhere, kill and release microorganism [126]. In their 
work they report that coated surfaces can efficiently capture E. coli and kill it through cell membrane damage. 
 Furthermore, the hydrogel can release dead cells through switching to a zwitterionic antifouling state triggered by 
hydrolyses. The disadvantage of this step is the irreversibility. Once switched to the antifouling state, cells cannot bind 
anymore to the surface. 
 Bin Xue and coworkers introduced a material which can change its physical properties through applied voltage [127]. 
It adsorbs high amounts of bacteria, which subsequently can be killed and removed through high voltage electric pulse. 
 Another promising approach are multi-component hydrogels as proposed by Li et al. in 2015 [128]. In their setup, 
the upper hydrogel layer can bind cancer cells specifically through immobilized aptamers while the lower layer releases 
toxic molecules in a consistent manner, which can diffuse through the hydrogels and kill the cells. Using different 
aptamers, this two-component system is also conceivable for catching and killing microorganisms. 

5. Summary 

Hydrogels with antimicrobial activity have been shown to be a potent tool in the fight against bacteria while many 
materials especially address multi resistant strains. They can be classified in hydrogels with or without inherent 
antimicrobial activity, while these groups are normally divided into natural and synthetic materials. While hydrogels 
composed of synthetic precursors normally have more defined structures and are easier to reproduce, natural materials 
offer a nearly unlimited range of possible starting materials and are generally biocompatible. The third option is to 
encapsulate antimicrobial agents like peptides or nanoparticles - covalently or diffusion controlled - to provide the 
hydrogel with antifouling or antimicrobial properties. Another development which has gained considerable attention 
lately is the so-called “capture and kill” approach where microorganisms can be - sometimes selectively - caught on a 
hydrogel surface and killed by the hydrogels properties, whereas especially regenerative materials possess promising 
features. The main application of antimicrobial hydrogels up to date is for wound dressing, the local delivery of drugs 
and the coating of medical devices like catheters or tubing in clinics. 
 The possible attachment and thus the high local dosage of a drug at a specific target site along with the modifiability 
and the vast number of possible antimicrobial hydrogel properties qualifies those “Jelly Bombs” as a novel class of 
materials and a potent and promising weapon in the fight against the emerging threat from pathogenic microorganisms.  
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