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ABSTRACT 

Bioadhesives with antimicrobial properties enable easier and safer treatment of wounds as 

compared to the traditional methods such as suturing and stapling on a variety of medical 

conditions. Composed of natural or synthetic polymers, these bioadhesives seal wounds and 

facilitate healing while preventing infections through the activity of locally released antimicrobial 

drugs, nanocomponents or inherently antimicrobial polymers. Although many different materials 

and strategies are employed to develop antimicrobial bioadhesives, the design of these biomaterials 

necessitates a prudent approach as achieving all the required properties including optimal adhesive 

and cohesive properties, biocompatibility, and antimicrobial activity can be challenging. Designing 

antimicrobial bioadhesives with tunable physical, chemical and biological properties will shed light 

on the path for future advancement of bioadhesives with antimicrobial properties. In this review, we 

discuss the requirements and commonly used strategies for developing bioadhesives with 

antimicrobial properties. In particular, we will summarize different methods for their synthesis and 

will review their experimental and clinical applications on a variety of organs. Advances in the design 

of bioadhesives with antimicrobial properties will pave the way for a better management of wounds 

to increase positive medical outcomes. 
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Introduction 

Tissue breaches due to injury or surgical procedures need closure [1,2]. Conventional methods for 

wound closure, including suturing  [3], stapling  [4] and taping [5] have been widely applied [6]. 

However, the first two are invasive procedures, and the third one may not be effective or possible to 

use, e.g. in internal organs. The use of sutures and staples may also interfere with wound healing [7], 

require training and consume time [8].  

  

On the other hand, the use of bioadhesives is easier and results in better cosmetic outcome [9,10]. 

The adhesive strength provided by bioadhesives is enough for small breaches. In addition, they can 

also be applied in combination with other wound closure methods such as sutures, e.g. to prevent 

anastomotic leak [11]. Although bioadhesives will not replace sutures and staples completely, 

stronger bioadhesives are expected to be used for more applications in future. 

There are many commercially available bioadhesives, both of biological and synthetic origin [12]. 

Biological bioadhesives such as fibrin glue [13] are biocompatible; however, they suffer from low 

mechanical properties and limited adhesion to wet surfaces. On the other hand, synthetic 
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bioadhesives such as cyanoacrylate and polyethylene glycol (PEG)-based bioadhesives have relatively 

high mechanical properties, but they may cause inflammatory reaction, which is increased by the 

release of their degradation products [14]. PEG is approved by the Food and Drug Administration 

(FDA) and it has been extensively used to develop new bioadhesives [15]. However, it is very 

hydrophilic, and it may swell up to four times of its original size leading to the compression of 

sensitive tissues such as nerves [13]. In addition, recent studies have shown that PEG can cause 

adverse immune reactions [16,17].  

  

A major concern in wound healing is the risk of infection [18]. The rate of surgical site infection can 

be as high as 20% [19]. The risk of infection rises further in immunocompromised patients such as 

those having cancer, diabetes or organ transplantation [20–22]. Failure to prevent infection may 

lead to serious complications with increased morbidity and mortality [23] and increase the financial 

burden on individuals and healthcare systems [24]. The use of systemic antibiotics is associated with 

adverse effects, hence the local application of antimicrobials can be useful in many situations [25]. 

The use of bioadhesives that have antimicrobial properties in addition to their wound closure 

function will improve the outcome of surgical procedures, especially when used for the treatment of 

wounds that have higher risk of infection and in immunocompromised patients. Therefore, the 

development of such multifunctional antimicrobial bioadhesives has been a major focus of research 

in the last decade [26].   

According to a market analysis report, the value of the global wound care market in 2020 was USD 

19.83 billion and it is expected to rise up to USD 27.21 billion in 2028. The increase in the geriatric 

population and chronic diseases are fueling the global demand for wound care products [27]. There 

are many bioadhesives in the market claimed to have antimicrobial properties, e.g. those based on 

cyanoacrylates, however cyanoacrylate antimicrobial properties are closely-related to their 

cytotoxicity properties (from their in situ polymerization to degradation) [28–30]. To the best of our 

knowledge, there is only a few bioadhesives that have antimicrobial properties available on the 

market, such as chlorhexidine incorporating acrylic-based bioadhesive (BeneHold™) and silver 

nanoparticle incorporating bioadhesive made from collagen, sodium alginate and 

carboxylmethylcellulose (Colactive® Plus Ag). 

There are several reviews that cover the topic of bioadhesives [13,14,31–34]; however, there are no 

reviews focused on bioadhesives with antimicrobial properties. The term bioadhesive has been used 

to describe tissue glues [35], adhesive films [36,37], and sealants [38,39], which can either be 

biodegradable or biostable. We will discuss different methods to include antimicrobial properties 

into these bioadhesives, cover the synergy or the trade-off between bioadhesive components, and 

review their applications for the treatment of internal and external organs (Figure 1). In addition, we 

will discuss current challenges and highlight future research directions for the development of 

multifunctional bioadhesives.  
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Figure 1. Design, characterization and applications of antimicrobial bioadhesives. 
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Antimicrobial bioadhesive design requirements 

From theoretical concept to clinical application, there are many important aspects in the 

development of antimicrobial bioadhesives that should be considered. In the following sections, we 

will discuss details of mechanisms, strategies and assessment of antimicrobial bioadhesives. We will 

focus here on three fundamental aspects, i.e. adhesive and cohesive properties, antimicrobial 

activity and biocompatibility. While these are important considerations, factors such as the site and 

method of application can also affect the outcome and success of applications. 

  

2.1 Chemistry of adhesion 

The mechanism of adhesion mostly involves a combination of molecular forces to yield ultimate 

adhesive strength [32]. Moreover, molecular density of these chemical interactions is also 

important, e.g. higher concentration of even weak chemical bonds can lead to strong adhesions [14]. 

In addition, pH, temperature, and presence of salts favor the formation of different chemical bonds 

with the tissues’ surfaces [32]. Although there are other factors such as topography [40] and 

mechanics (e.g. use of microneedles) [41] that may affect adhesion [42], the most extensively 

studied mechanisms are based on the chemistry of the adhesion process [38]. In addition, it is 

important to also note that the chemistry behind the adhesive nature of bioadhesives is usually 

closely related to their cohesive nature [43]. Sometimes bioadhesives fail due to a cohesive failure 

instead of insufficient adhesion [44]. Therefore, bioadhesives can only function when their adhesion 

and cohesion characteristics meet the requirements of target application. In the following sections, 

chemistry of the adhesion process with regard to cohesive properties of bioadhesives will be 

discussed. 

2.1.1 Catechol chemistry 

There are extensive studies on the development of catechol-based bioadhesives [45], which deploys 

a variety of reversible and non-reversible molecular interactions, enabling wet adhesion of hydrogels 

to the tissues. Hydrogen bonding, Pi-Pi (π-π) interactions, cation- π interactions, metal complexation 

can be formed reversibly and covalent bonds can be achieved when catechol groups are oxidized to 

form quinone which, reacts with amine and thiol groups of the extracellular matrix (ECM) 

components [42]. For example, catechol groups were used in an oxidized hyaluronic acid (HA) and 

3,4-dihydroxyphenylalanine (DOPA)-grafted/epsilon (ε)-polylysine hydrogel system [46]. Densely 

packed catechol groups formed covalent and non-covalent bonds with porcine skin to reach an 

adhesive strength of 71.2 kPa, which is ~10 times higher than that of the clinically established fibrin 

glue [46]. In another study, tannic acid, containing pyrogallol and catechol groups, was used with silk 

fibroin and silver (Ag) NPs to form bioadhesives [47]. It was shown that complexation of catechol 

groups with increased concentration of Ag NPs in the bioadhesive led to significant increase in 

storage modulus of the hydrogel while decreasing adhesive strength ex vivo. 

2.1.2 Electrostatic interaction  

Electrostatic interactions between oppositely charged molecules form ionic bonds  [32]. This 

phenomenon has been widely utilized to enhance adhesion properties in the design of bioadhesives 

such as by polyelectrolyte hydrogels [48]. These interactions between polymers are dependent on 

the pH of the aqueous environment, since charged groups on polymers may retain their positive or 
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negative charges only at certain pH. For example, when pH is above 6.5, amine groups are virtually 

neutral and they cannot electrostatically interact with a negatively charged polymer. There are many 

bioadhesives that benefit from electrostatic interactions in combination with other mechanisms for 

enhanced adhesion and cohesion [49,50]. In a recent study however, [2-(methacryloyloxy) 

ethyl]dimethyl-(3-sulfopropyl) ammonium hydroxide mixed with 2-acrylamide-2-

methylpropanesulfonic acid with differing ratios was used to specifically demonstrate how different 

polyelectrolyte hydrogels adhere to porcine skin [51]. It was shown that increasing the zwitterionic 

monomer/ionic monomer concentration resulted in increased stiffness and an adhesive strength of 

up to 4 kPa. This is similar to the adhesive strength between fibrin glue and porcine skin which is in 

the range of 1-10 kPa [52,53]. 

2.1.3 Schiff base formation 

Schiff bases (or imine bonds) have reversible covalent bonds formed via spontaneous condensation 

of carbonyl and amine groups [32], enabling self-healing of the hydrogel [54]. Tissue components 

with amine groups also form imine linkages with bioadhesives containing free ketone or aldehyde 

groups. However, the formation of imine bonds is highly dependent on pH and temperature of the 

aqueous environment. Hydrogels having self-healing properties based on Schiff bases have been 

extensively studied [55–57]. An example is quaternized chitosan-g-polyaniline and benzaldehyde 

group PEG-co-poly(glycerol sebacate) injectable bioadhesive with adhesive strength of 4.9 kPa, 

mainly due to the imine bonds that reversibly form between the tissue and bioadhesive [58]. 

Another example is benzaldehyde-terminated poloxamer 407 micelles containing quaternized 

chitosan, which exhibited an adhesive strength of 6.1 kPa [50]. Bioadhesives obtained through the 

formation of Schiff bases enable reversible adhesion to tissues. However, such bioadhesives usually 

show weak cohesive properties which can limit their applications in wounds that require a higher 

mechanical support, such as skin wounds which requires a tensile modulus between 1-10 kPa [59]. 

2.1.4 Static covalent bond formation 

Adhesion through static covalent bond formations is stronger and more stable as compared to other 

molecular interactions. However, these irreversible bonds do not reform once broken, which can be 

a limitation when reversible adhesion is sought at the tissue-bioadhesive interface [42]. Among the 

few examples, acrylate-based adhesives widely used for medical applications by forming covalent 

carbon-nitrogen bonds across the tissue interface. However, degradation products of these 

bioadhesives may have cytotoxicity [60]. Another example is the formation of amide bonds during 

enzyme-catalyzed (transglutaminase) in situ crosslinking of a chitosan-based polymer [61] and tannic 

acid-conjugated gelatin [62]. It has been also reported that free radicals formed during 

photocrosslinking of gelatin methacryloyl (GelMA) can lead to covalent protein-protein crosslinks 

with tissues [63]. Since covalent crosslinkers form bonds both within bioadhesive polymeric matrices 

and at tissue-bioadhesive interfaces, increased crosslinker concentration in these bioadhesives 

usually lead to higher stiffness and adhesion strength concurrently. 

2.1.5 Hydrophobic interaction 

Hydrophobic groups in polymers do not possess polarity to interact with other polar groups and; 

therefore, they tend to aggregate in aqueous environments [32]. Although this phenomenon has 

been mainly utilized to obtain hydrogels with increased cohesive strength and self-healing ability 

[55,64–66], hydrophobic interactions have been reported to contribute in hydrogel-tissue adhesion 

as well [49,67–69]. Specifically, polymers with hydrophobic groups can expel water molecules at the 
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tissue- bioadhesive interface to initially assist the formation of tight contact and coacervation 

between the two surfaces [70]. This phenomenon is especially useful for designing underwater and 

wet tissue bioadhesives [71]. A study demonstrated that surface-distributed chitosan microspheres 

in polyvinyl alcohol could expel water molecules on glass substrates to facilitate interfacial 

interactions in wet conditions [49]. Similarly, it was shown that benzene rings in tannic acid 

molecules provide hydrogels with hydrophobicity which promoted the formation of noncovalent 

bonds to enhance adhesion to wet tissues including skin, heart, adipose and stomach [72,73]. 

2.2 Strategies for achieving antimicrobial activity in bioadhesives 

Bioadhesives can have antimicrobial properties due to incorporation of: 1) antimicrobial agents, 2) 

nanomaterials (nanocomposites), or 3) polymers with inherent antimicrobial properties in their 

three-dimensional (3D) structures.  

Although having their own limitations, antimicrobial drug-loaded bioadhesives are usually 

straightforward to prepare. Antimicrobial agents are either physically entrapped within the 

bioadhesive and released via diffusion, or chemically bound to bioadhesive matrix and their release 

is stimulus- [74,75] or degradation-dependent [76,77]. Examples of bioadhesives incorporating 

antimicrobial agents include; antimicrobial peptide Tet213 conjugated to methacryloyl-substituted 

recombinant human tropoelastin (MeTro)/GelMA [63], and ciprofloxacin physically entrapped in 

dendronized polyvinylpyrrolidone (PVP)-chitosan film (Figure 2A) [78]. 

Nanocomposites are more complicated in design and optimization; however, they have unique 

features. Metal nanoparticles (NPs) [79], carbon nanotubes (CNTs) [80], antimicrobial drug loaded 

micelles [81], liposomes [82] and inclusions [83] incorporated into polymer matrices were used to 

provide antimicrobial activity. Examples include a poorly water-soluble antimicrobial (curcumin) 

prepared in benzaldehyde-terminated poloxamer 407 micelles and incorporated into quaternized 

chitosan hydrogel [50], and zinc oxide NPs used as a platform for catechol chemistry as well as an 

antimicrobial agent (Figure 2B) [84]. 

Inherently antimicrobial polymers have attracted much attention recently [61,85]. While native 

chitosan and its derivatives have been the foremost natural polymer used for its inherent 

antimicrobial activity; derivatives of gelatin [86], dextran [60], cellulose [87], polylysine [88], 

hyaluronic acid [46] also comprise important polymers for developing antimicrobial bioadhesives. An 

early example of bioadhesives having antimicrobial properties due to their inherent properties, is a 

hydrogel prepared by mixing polydextran aldehyde and branched polyethylenimine, and it provided 

contact-dependent antibacterial activity due its cationic nature [89]. Similarly, ε-polylysine was used 

as a cationic component to develop EPL/GA-COL bioadhesive (Figure 2C) [60]. 

Recently, combination of these approaches has also been explored. For example, a hybrid hydrogel 

bioadhesive based on poly(N-isopropylacrylamide), acrylated adenine, quaternized chitosan-graft-𝛽-

cyclodextrin and polypyrrole nanotubes enabled multiple antimicrobial mechanisms provided by its 

inherently antimicrobial polymeric matrix and added nanocomponents, which can be used for 

photothermal antimicrobial effect [90]. 
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Figure 2. Synthesis of antimicrobial bioadhesives. (A) Antimicrobial drug loaded bioadhesives. (i) 

Synthesis of methacryloyl-substituted recombinant human tropoelastin/gelatin methacryloyl-

antimicrobial peptide Tet213 (MeTro/GelMA-AMP) hydrogels. (ii) Weisocyanate-dendronized 
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polyvinylpyrrolidone (PVP)-crosslinked chitosan films loaded with antibacterial drug ciprofloxacin. 

(B) Bioadhesives having antimicrobial properties due to their nano-scale components. (i) Dynamic 

Schiff base and copolymer micelle crosslinking of curcumin-loaded benzaldehyde-terminated 

poloxamer 407 (Cur-PF127-CHO) micelles and quaternized chitosan (QCS). Transmission electron 

microscopy image showing PF127-CHO micelles (scale bar: 200 nm). (ii) Polydopamine (PDA) coating 

of zinc oxide nanoparticles (ZnO NPs) within photocrosslinkable methacrylated k-carrageenan 

(KaMA) hydrogel. (C) Bioadhesives with antimicrobial properties due to their inherent properties. (i) 

Polydextran aldehyde (PDA) and polyethyleneimine (PEI) determine the adhesiveness and 

antibacterial properties of the hydrogel, respectively [89]. (ii) Bioadhesive constructed from collagen 

(COL), gallic acid (GA) and ε-polylysine (EPL). Reproduced with permission. Ai[63] Copyright 2017, 

Aii[78] Copyright 2017, Bi[50] Copyright 2018, Bii[84] Copyright 2020, Cii[60] Copyright 2020, Elsevier Ltd. 

2.2.1 Bioadhesives with antimicrobial properties provided by the addition of antimicrobial agents  

Bioadhesives with antimicrobial properties have been, so far, developed using natural or synthetic 

polymers and, antibiotics, naturally-occurring antimicrobial compounds, antimicrobial peptides and 

metal ions (Table 1). Certain new formulations [91] achieved better adhesive and antimicrobial 

results as compared to commercially-available agents while others were associated with cytotoxicity. 

There are still challenges with the combination of antimicrobial agents with the bioadhesives related 

to their release and effect on adhesiveness and cytocompatibility. Various antimicrobial agents can 

be included in the matrices of bioadhesives and their release can be affected by different factors. 

Recently, metal ions were used as antimicrobial agents instead of metal NPs because they can 

disperse better in the polymeric matrix of the bioadhesive and coordinate with the polymer chains 

to improve mechanical properties of the bioadhesive. For example, the use of zinc ions coordinated 

with catechol group of dopamine, led to improved adhesive strength of PEG monomethyl ether 

modified glycidyl methacrylate functionalized chitosan/methacrylamide dopamine bioadhesive 

hydrogel [91]. 

Modifying the surface of a bioadhesive to improve its bioadhesion may affect antimicrobial drug 

diffusion, and it needs careful consideration. For example, surface dendronization of chitosan films 

loaded with ciprofloxacin led to slight increase in their adhesiveness but decreased ciprofloxacin 

release by ~ 2.5 folds in the first six hours [78]. Initial burst release of antimicrobials is desirable to 

quickly reach minimum inhibitory or minimum microbicidal concentrations [92], which can thus be 

compromised when the release is affected. On the other hand, modifications to increase 

antimicrobial drug release may negatively affect adhesion. For example, when PVP K-90 was 

incorporated into sodium carboxymethylcellulose (CMC) films to increase the release of the loaded 

antimicrobial usnic acid, interaction of the bioadhesive with the dermis was compromised due to 

decreased availability of polar and nonpolar groups in the film following interaction of PVP K90 with 

CMC [67].  

In drug loaded bioadhesives, interactions of antimicrobial drugs with the polymer matrices which 

have different hydrophilic, hydrophobic or electrical charge properties than the matrix polymer may 

affect bioadhesiveness even at low concentrations. For example, incorporation of anionic 

cefuroxime axetil was shown to hamper the bioadhesion of cationic chitosan while facilitating it in 

case of hydroxypropyl methylcellulose films [93]. The addition of crospovidone (a porogen) 

increased bacterial growth inhibition through faster antimicrobial release rate, but it decreased  

adhesive properties of chitosan and hydroxypropyl methylcellulose films [93].  
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Because of their antimicrobial activity even at very low concentrations, minimal cytotoxicity and 

non-interference with bioadhesiveness, antimicrobial peptides (AMPs) have been increasingly 

explored [63,94–96]. For example, the peptide RRWPWWPWRR incorporated into PEG 

diacrylate/chitosan hydrogel were shown to have antibacterial activity [69]. 

Although using antimicrobial agents in bioadhesives has a straightforward preparation procedure 

and enables local delivery of antimicrobial agents, certain disadvantages limit their use. Bioadhesives 

loaded with antimicrobial agents lose their antimicrobial activity as their antimicrobial load is 

released over time [46]. Sustainable drug release is needed for prolonged treatment regimes, 

however, the risk of developing antimicrobial resistance is a major problem [97]. Moreover, 

incorporated antimicrobial drugs or drug carrier particles may interfere with the interaction of 

bioadhesives with tissues and cause cytotoxicity [67,98]. To tackle these challenges, other strategies 

to achieve antimicrobial properties in bioadhesives were explored, which are discussed in the 

following sections. 

 

Table 1. Bioadhesives with antimicrobial properties through the addition of antimicrobial agents. 

No. Polymeric matrix Added drug Experiment Tissue Main outcome Ref. 

1 
PEG200, β-cyclodextrin, 
silk sericin 

2.5% Gentamicin 

Adhesion: 
Three-point-
bend test (ex 
vivo bovine 
rib) 
Antimicrobia
l activity: E. 
coli, S. 
aureus, P. 
aeruginosa 
(in vitro, 24 
h) 
Biocompatib
ility: L929 
mouse 
fibroblast 
cells (24 h), 
rat sternal 
closure 
model (7 d) 

Sternu
m 

Adhesive used to support 
stainless steel wire in sternal 
closure exhibited no 
inflammation in contrast to 
cyanoacrylate and only 
stainless-steel wire groups 
where significant 
inflammation was observed. 
Adhesive strength, 783 kPa 
(cohesion failure). 

[44] 

2 

Modified hyaluronic 
acid, azide conjugated 
carboxymethylcellulose 
(CMC) 

0.2% Amoxicillin 

Adhesion: 
Peeling Test 
(PT) (ex vivo 
porcine skin) 
Antimicrobia
l activity: E. 
coli, S. 
aureus, (in 
vitro, 3 d) 
Biocompatib
ility: L929 
mouse 

Skin 

Highly biocompatible. Faster 
wound closure compared to a 
commercial product. 
Effectively inhibited bacterial 
growth for 2 days in vitro. 
Demonstrated adhesive 
strength of 513 kPa. 

[99] 
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fibroblast 
and NIH 3T3 
mouse 
embryonic 
fibroblasts 
cells (3 d), 
mice full-
thickness 
skin defect 
model (14 d) 

3 

Polyethylene glycol 
(PEG) monomethyl 
ether modified glycidyl 
methacrylate 
functionalized chitosan, 
methacrylamide 
dopamine 

0.18% Zinc ions  

Adhesion: 
Lap Shear 
(LS) (ex vivo 
porcine skin) 
Antimicrobia
l activity: E. 
coli, S. 
aureus, 
Methicillin 
resistant S. 
aureus 
(MRSA) (in 
vitro, 2 h)  
Biocompatib
ility: L929 
mouse 
fibroblast 
cells (5 d), 
rat full-
thickness 
skin defect 
model (14 d) 

Skin 

Hemostatic, antioxidant and 
effective against MRSA. Faster 
healing in vivo as compared to 
a commercial product. 
Adhesive strength, 11.5 kPa. 

[91] 

4 
Ferric iron/Tannic acid-
cellulose 

0.2% Tetracycline 

Adhesion: 
Probe Pull 
(PP) (ex vivo 
porcine skin) 
Antimicrobia
l activity: E. 
coli, S. 
aureus, (in 
vitro, 24 h) 
Biocompatib
ility: L929 
mouse 
fibroblast 
cells (24 h) 

Skin 
Self-catalytic system and 
antibacterial, but cytotoxic. 
Adhesive strength, 17.5 kPa. 

[10
0] 

5 

Quaternized 
carboxymethyl 
chitosan, oxidized 
hyaluronate 

2,2,6,6-
tetramethylpiper
idine-1-oxyl (15% 

of molar 
concentration of 
aldehyde groups) 

Adhesion: LS 
(ex vivo 
porcine skin) 
Antimicrobia
l activity: E. 
coli, S. 
aureus, (in 
vitro, 18 h) 

Skin 

Very high activity against 
tested bacteria. No 
cytotoxicity.  May not be 
suitable for skin areas under 
high shear forces. Adhesive 
strength, 4 kPa. 

[10
1] 
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Biocompatib
ility: NIH 3T3 
cells (24 h), 
rat full-
thickness 
skin round 
wound 
model (14 d) 

6 

Hydroxypropyl 
methylcellulose, 
poloxamer 407, 
poloxamer 188, 
benzalkonium chloride 

1% Itraconazole 

Adhesion: 
Residence 
Time (RT) 
and PP (ex 
vivo cow 
vaginal 
tissue) 
Antimicrobia
l activity: C. 
albicans (in 
vitro, 48 h), 
Rat 
candidiasis 
model (in 
vivo, 14 d)  
Biocompatib
ility: Not 
investigated 

Vagin
a 

Significant decrease in the 
viability of C. albicans colonies 
in vivo. Residence time, 8.74 
hours; adhesive strength, 
44.87 dyne/cm2. 

[10
2] 

7 
Silk fibroin, indocyanine 
green 

0.005% 
Vancomycin 

Adhesion: 
Tensile test 
(in vivo mice 
skin) 
Antimicrobia
l activity: 
MRSA (in 
vitro, 17-19 
h), MRSA 
inoculated 
mice full-
thickness 
skin incision 
model (in 
vivo, 7 d)  
Biocompatib
ility: Not 
investigated 

Skin 

Increased tensile strength of 
wounds and significantly 
reduced bacterial load as 
compared to commercial 
antimicrobial suture. In vivo 
adhesive strength, up to 80 
kPa. 

[10
3] 

8 Gelatin, snail slime  
4.76 w/w 

Fluconazole 

Adhesion: 
Rheometer 
(ex vivo pig’s 
ear skin) 
Antimicrobia
l activity: C. 
albicans, C. 
glabrata, C. 
parapsilosis, 
C. tropicalis, 

Skin 

Enabled fluconazole 
permeation and could be 
easily removed. Adhesion 
strength, 18 N (d=2.5 cm). 

[10
4] 
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C. krusei (in 
vitro, 24 h), 
Rat 
candidiasis 
model (in 
vivo, 14 d)  
Biocompatib
ility: Not 
investigated 

9 

Polyvinylpyrrolidone 
(PVP) K-90 and 
propylene glycol with 
CMC or hydroxypropyl 
methylcellulose or 
chitosan or Carbopol 

1% Zingiber 
cassumunar Roxb 

extract 

Adhesion: 
PP (ex vivo 
rat skin) 
Antimicrobia
l activity: S. 
aureus 
infection 
model on rat 
skin (ex vivo, 
48 h)  
Biocompatib
ility: Not 
investigated 

Skin 
Sodium CMC is the optimum 
formulation. Adhesive 
strength, 98.32 N/m2. 

[10
5] 

10 
Oxidized pectin coated 
chitosan nanofibers 

Cationic 
amphipathic 
antimicrobial 

peptides (loaded 
as 1 mg/mL on 

nanofiber 
membrane) 

Adhesion: 
PP (ex vivo 
porcine 
esophagus) 
Antimicrobia
l activity: S. 
gordonii, S. 
mutans (in 
vitro, 24 h) 
Biocompatib
ility: 
Immortalize
d human 
oral 
keratinocyte
s and mouse 
calvaria 
derived pre-
osteoblast 
cells MC3T3-
E1 (3 d) 

Oral 
Muco

sa  

pH dependent release of 
antimicrobial peptides. 
Adhesive strength, 0.5 N/cm2. 

[10
6] 

11 

CMC, 
Polyvinylpyrrolidone 
(PVP) K90, bentonite 
nanoclay 

3% Red onion 
extract 

Adhesion: 
PP (ex vivo 
pig skin) 
Antimicrobia
l activity: E. 
faecalis, S. 
aureus, S. 
epidermidis, 
L. innocua 
(in vitro, 24-
48 h)  

Skin 

Antioxidant, radical 
scavenging, and anti-
inflammatory activities. 
Cytotoxicity. Adhesive 
strength, 0.4 N. 

[10
7] 
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Biocompatib
ility: Human 
keratinocyte 
cell line 
(HaCaT) cell 
line (24 h) 

12 

Avena sativa-based 
biopolymer and 
polyvinyl alcohol (PVA) 
with 
hydroxyethylcellulose 
or PVP or carbopol 940 
or hydroxypropyl 
methylcellulose or 
sodium CMC 

0.3% Bacitracin 
zinc 

Adhesion: 
PP (ex vivo 
rabbit small 
intestine) 
Antimicrobia
l activity: E. 
coli, M. 
leutus, S. 
aureus, P. 
aeruginosa 
(in vitro)  
Biocompatib
ility: Rat skin 
excision 
wound 
healing 
model (10 d) 

Skin 

Hydroxyethylcellulose based 
showed significantly better 
bioadhesion (27 mN) and 
wound healing.  

[10
8] 

13 
Sodium CMC, Carbopol 
971 P 

2% Usnic acid 

Adhesion: 
PP (ex vivo 
porcine skin) 
Antimicrobia
l activity: B. 
cereus, E. 
aerogenes, 
E. faecalis, K. 
pneumoniae, 
S. 
epidermidis, 
S. pyogenes, 
P. 
aeruginosa 
(in vitro, 24-
48 h)  
Biocompatib
ility: HaCaT 
cell line, 
human 
primary 
fibroblasts 
(24 h) 

Skin 

PVP K 90 formulation showed 
strong antibacterial activity 
against Gram-positive 
bacteria and smoothening the 
cytotoxic effect of usnic acid. 
Adhesive strength, 1 N (4 
cm2). 

[67] 

14 
Gelatin, glycerol, 
methyl cellulose, PVP, 
gellan gum, CMC 

2.5% Iodine 

Adhesion: 
PP (ex vivo 
porcine skin) 
Antimicrobia
l activity: E. 
coli (in vitro, 
48 h)  
Biocompatib

Skin 

The formulation with gelatin 
and methylcellulose/PVP 
showed significantly stronger 
bioadhesion as compared to 
other formulations; 0.821 N 
(area=?). 

[10
9] 
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ility: Not 
investigated 

15 
Chitosan, 
Hydroxypropylmethylce
llulose, crospovidone 

5% Cefuroxime 
axetil 

Adhesion: 
PP (in vitro) 
Antimicrobia
l activity: E. 
coli, S. 
aureus (in 
vitro, 24 h)  
Biocompatib
ility: Not 
investigated 

Oral 
Muco

sa  

Bilayered 
hydroxypropylmethylcellulose
/chitosan containing wafer 
formulation demonstrated 
the best adhesion. Drug 
loading increased the work of 
adhesion in this formulation 
by ~2 fold; 348 mJ/cm2 

[93] 

16 
Chitosan, carbopol, 
glycerine 

2% Mupirocin 

Adhesion: 
PP (ex vivo 
mice skin) 
Antimicrobia
l activity: B. 
cereus, E. 
coli, E. hirae, 
K. 
pneumoniae, 
S. aureus, P. 
aeruginosa 
(in vitro, 24-
48 h)  
Biocompatib
ility: Mice 
excisional 
wound 
model (10 d) 

Skin 

The formulation with 
chitosan, carbopol and 
glycerine performed 
significantly better than the 
ones with sodium alginate or 
PEG 400 or propylene glycol in 
terms of adhesion (0.432 
N/cm2) and wound healing.  

[36] 

17 
PEG diacrylate, 
thiolated chitosan 

0.01% Trp-rich 
peptides 

Adhesion: LS 
(ex vivo 
porcine skin) 
Antimicrobia
l activity: E. 
coli, S. 
aureus (in 
vitro, 24 h) 
Biocompatib
ility: MC3T3-
E1 cell line 
(5 d), rat 
full-
thickness 
skin wound 
model (21 d) 

Skin 

Introduction of thiol groups 
effectively improved the 
tissue adhesion (3.3 kPa) and 
sustained release properties 
of the double-network 
hydrogel. 

[69] 

18 

Chitosan, 
hydroxypropyl 
methylcellulose, 
PEG400 

15% Tioconazole 

Adhesion: 
PP (ex vivo 
porcine 
vaginal 
mucosa) 
Antimicrobia
l activity: C. 

Vagin
a 

Films loaded with tioconazole 
displayed faster antimicrobial 
activity against C. albicans 
than tioconazole pure drug, 
and no cytotoxicity. Adhesive 
strength, 4.8 N (d= 2.5 cm). 

[11
0] 
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albicans (in 
vitro, 4 d)  
Biocompatib
ility: Huh7 
cell line (24 
h) 

19 
Chitosan-grafted-
dihydrocaffeic acid, 
oxidized pullulan 

0.2% Amoxicillin 
0.33 µg/mL 
Doxorubicin 

Adhesion: LS 
(ex vivo 
porcine 
colon 
tissue), in 
vivo 
adhesion 
test 
Antimicrobia
l activity: E. 
coli, S. 
aureus (in 
vitro, 24 h)  
Biocompatib
ility: HCT116 
cell line (3 d) 

Colon 

Chitosan-grafted-
dihydrocaffeic acid exhibited 
significantly stronger 
adhesion (5.5 kPa) than native 
chitosan. Showed ~30% less 
doxorubicin release 
(cumulatively) at pH 6.8 as 
compared to pH 7.4 in 60 
hours. 

[75] 

20 

3-(4-hydroxyphenyl) 
propionic acid 
conjugated glycol 
chitosan 

0.01% 
Gentamycin 

Adhesion: 
PP (in vitro) 
Antimicrobia
l activity: E. 
coli, S. 
epidermidis 
(in vitro, 14 
h)  
Biocompatib
ility: L929 
cell line (24 
h) 

Skin 

The degree of substitution of 
the conjugation as well as the 
polymer concentration had a 
significant effect on the 
adhesive performance of the 
hydrogel; 78 kPa. 

[11
1] 

21 Dendronized chitosan 
0.5% 

Ciprofloxacin 

Adhesion: 
Mucine 
particle 
method & 
SEM (ex vivo 
porcine 
gastric 
mucin) 
Antimicrobia
l activity: S. 
aureus, P. 
aeruginosa 
(in vitro, 24 
h)  
Biocompatib
ility: Rabbit 
eye (in vivo, 
6 h) 

Skin 

The dendronization preserved 
the distinctive properties of 
chitosan, and significantly 
improved drug delivery. 
Adhesive strength, +10 mV. 

[78] 
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22 

Gelatin methacryloyl & 
methacryloyl-
substituted 
recombinant human 
tropoelastin 

0.3% Tet213 
Antimicrobial 

peptide 

Adhesion: 
Wound 
Closure (WC) 
(ex vivo 
porcine 
gastric 
mucin), LS 
(in vitro), BP 
(ex vivo 
porcine 
intestine) 
Antimicrobia
l activity: E. 
coli, MRSA 
(in vitro, 24 
h)  
Biocompatib
ility: NIH 3T3 
cell line (5 
d), rat 
subcutaneou
s 
implantation 
(56 d) 

Skin 

Better adhesion as compared 
to commercial products. ~10-
folds better antimicrobial 
potency as compared to zinc 
oxide (ZnO). Adhesive 
strength; 57 kPa (WC), 1085 
kPa (LS), 11 kPa (BP). 

[63] 

23 Chitosan 
0.075% 

Chloramphenicol 

Adhesion: 
PP (ex vivo 
porcine skin) 
Antimicrobia
l activity: S. 
aureus, S. 
epidermidis 
(in vitro, 24 
h)  
Biocompatib
ility: Not 
investigated 

Skin 

Liposome incorporation did 
not significantly affect 
bioadhesion (10.5 g, 
area=2.01 cm2). Drug release 
was delayed in liposome-
including formulation as 
compared to non-liposome 
containing formulation. 

[11
2] 

24 
Carbopol 934, 
hydroxypropyl 
methylcellulose 

0.15% Anise oil 

Adhesion: 
RT (in vitro) 
Antimicrobia
l activity: C. 
albicans, C. 
glabrata, C. 
parapsilosis, 
E. coli, S. 
aureus, S. 
lutea, P. 
aeruginosa 
(in vitro, 24 
h for 
bacteria, 58 
h for fungi)  
Biocompatib
ility: Not 
investigated 

Vagin
a 

Formulations of anise oil with 
carbopol 934 showed strong 
anti-fungal activity and better 
adhesion as compared to 
formulations with sodium 
alginate; 112-123 minutes of 
RT 

[11
3] 
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25 Gelatin/CMC 1.3% Lysozyme 

Adhesion: 
PP (ex vivo 
porcine 
small 
intestine) 
Antimicrobia
l activity: C. 
albicans, E. 
coli, S. 
aureus, P. 
aeruginosa 
(in vitro, 24 
h for 
bacteria, 48 
h for fungi)  
Biocompatib
ility: Not 
investigated 

Muco
sa 

Physicochemical properties of 
the enzyme were retained 
after being released and 
showed potent anti-microbial 
activity. Adhesive strength, 
4.38 kPa. 

[11
4] 

26 
Xanthan gum-based 
rubber 

15 phr 
Gentamycin 

Adhesion: 
PP (ex vivo 
porcine 
dorsal skin) 
Antimicrobia
l activity: S. 
aureus, P. 
aeruginosa 
(in vitro, 24 
h)  
Biocompatib
ility: Not 
investigated 

Skin 

Good antimicrobial and 
angiogenic activity (chick 
chorioallantoic membrane 
assay). Adhesive strength, 
0.03 N/mm2. 

[11
5] 

27 Chitosan 

1% Econazole 
nitrate (i) 

2% Miconazole 
nitrate (ii) 

Adhesion: 
PP (ex vivo 
mucin from 
porcine 
stomach) 
Antimicrobia
l activity: C. 
albicans (in 
vitro, 24-48 
h)  
Biocompatib
ility: Not 
investigated 

Vagin
a 

Chitosan with different 
antifungal agents was 
effective in the treatment of 
vaginal candidiasis. Adhesive 
strength, 0.12 N (d=1 cm). 

[11
6] 

28 
Poloxamer 407, 
Carbopol 934P 

4% Propolis 

Adhesion: 
PP (ex vivo 
mucin from 
porcine 
stomach) 
Antimicrobia
l activity: C. 
albicans, C. 
glabrata, C. 
parapsilosis 

Vagin
a 

Increased Poloxamer 407 
content led to significantly 
higher mucoadhesion 
performance. Adhesive 
strength, 5.04 N/mm2. 

[11
7] 
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(in vitro, 24-
48 h)  
Biocompatib
ility: Not 
investigated 

 

2.2.2 Bioadhesives with antimicrobial properties provided by the addition of antimicrobial nano-

components 

Bioadhesives incorporating antimicrobial nanocomponents such as metal NPs [118], polymeric NPs 

[119], micelles [81], liposomes [112] and CNTs [120] have been developed (Table 2). For example, 

Ag-doped bioactive glass NPs containing chitosan/catechol functionalized HA bioadhesive was 

shown to inhibit Gram-positive and Gram-negative bacteria [121]. Although increasing Ag NP 

content could increase antimicrobial activity of, e.g. silk fibroin and tannic acid; however, beyond 

0.025 wt% it led to a dose-dependent reduction in bioadhesive properties, mechanical performance 

and cytocompatibility of the resulting material [47]. When bioadhesives having different 

antimicrobial NPs were compared, it was found that ZnO NP-containing bioadhesive performed far 

better in terms of bacterial growth inhibition and adhesiveness to liver tissue, as compared to 

titanium dioxide NP-containing bioadhesive [122].  

It was also found that ZnO NPs coated with polydopamine (PDA) in a photocrosslinked κ-

carrageenan polymeric matrix enhanced cohesive characteristics and significantly improved 

bioadhesiveness of the hydrogel [84]. Positively charged ZnO NPs formed electrostatic interactions 

with negatively charged sulfate groups of κ-carrageenan while showing bactericidal activity. Despite 

conferring antimicrobial activity and improving mechanical characteristics of bioadhesives, metal 

NPs can be cytotoxic [123], e.g. increasing ZnO NPs in polyacrylic acid polymer led to reduced cell 

viability [98].  

Polymeric NPs, liposomes and micelles, have also been used for sustained antibiotic release 

[119,124] and enhanced bioadhesion [125,126]. Higher concentrations of these nano-components 

may be useful to increase antimicrobial activity, however, it might negatively affect their 

biocompatibility, as seen with dopamine-based NPs used for coating alginate-hyaluronan 

membranes [124]. Incorporation of antimicrobials may affect mechanical properties of the 

bioadhesive. For example, when tigecycline loaded gelatin NPs were incorporated into chitin-fibrin 

gel bioadhesive, interaction with tissues was adversely affected, resulting in a lower burst pressure 

[119].  

In contrast, some nano-/micro-scale antimicrobial components can improve mechanical properties 

of bioadhesives, by e.g. contributing to the crosslinking of polymers and improving hydrophobicity to 

achieve adhesion with wet surfaces. For example, incorporation of 4-carboxyphenylboronic acid 

bridging of metronidazole loaded chitosan microcapsules into PVA polymer led to improved 

antimicrobial activity, and enhanced cohesion and bioadhesiveness, achieving results comparable to 

those obtained with the use of commercially available Periocline® gel [49]. However, high degree of 

crosslinking may affect hydrogel porosity for cellular penetration and in growth [50], lead to reduced 

cell viability as it was observed with increased concentrations of benzaldehyde functionalized 

poloxamer 407micelles used for the crosslinking of quaternized chitosan [50]. 
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Stimuli-responsive biomaterials are being increasingly investigated, including bioadhesives having 

light-triggered antimicrobial activity [55,127]. For example, the incorporation of photodynamic CNTs 

in N-carboxyethyl chitosan nanocomposite bioadhesive synergistically increased both adhesion 

strength and antimicrobial activity [55]. Similarly, near infrared (NIR) inducible cuttlefish melanin 

NPs were incorporated into HA and functionalized PEG-based hydrogel, resulting in complete 

deactivation of methicillin-resistant S. aureus (MRSA) in vitro [127]. 

Nanomaterials with intrinsic enzyme-like characteristics (nanozymes) can also be utilized to generate 

reactive oxygen species for enhanced antimicrobial activity [128]. Specifically, Ag NP incorporating 

bilayer bioadhesives with peroxidase-like activity to release hydroxyl radicals were developed [128]. 

In conjunction with photothermal treatment, Ag NPs led to shortened irradiation time and reduced 

adverse effects. Similarly, tannic acid-chelated Ag NPs used in an acrylic acid based bioadhesive 

inhibited S. epidermidis growth by 90% in the presence of hydrogen peroxide (H2O2) [79]. Another 

study reported that tannic acid-chelated ferric iron-decorated molybdenum disulfide nanosheets 

had a peroxidase-like antibacterial activity under acidic pH, and at neutral pH a catalase-like activity 

that can supply oxygen to enhance wound healing  [129].   

In a recent study, MgO microparticles have been used for providing both antibacterial properties 

and the crosslinking of citric acid, PEG-block-poly(propylene glycol)-block-PEG diol and dopamine 

[130], as an alternative to the less biocompatible sodium periodate-based crosslinking [131]. 

However, MgO crosslinked bioadhesive had lower antimicrobial activity as compared to sodium 

periodate-crosslinked bioadhesive due to the steric hindrance of the microparticles [130].  

Overall, utilization of antimicrobial nano-components in bioadhesives allowed the development of 

innovative multifunctional antimicrobial bioadhesives, which were obtained using metal NPs [118], 

polymeric NPs [119], micelles [81], liposomes [112] and CNTs [120]. In addition to antimicrobial 

activity, nanoscale components can also improve cohesive-adhesive properties of bioadhesives. 

However, certain formulations significantly compromised biocompatibility [50]. Stimuli-triggered 

antimicrobial activity or nanozyme-based approaches were also employed in bioadhesives [127,128]; 

however, their clinical efficacy has yet to be demonstrated. 

 

 

 

Table 2. Bioadhesives with antimicrobial properties through the addition of antimicrobial nano-

components. 

No. Polymeric matrix 
Added nano-
component 

Experiment  Tissue Main outcome Ref. 

1 

Microneedles; 
polycaprolactone, 
polyvinylpyrrolidone 

Adhesive patch; 
polydopamine, 
polyacrylamide 

0.2% Sodium 
hyaluronate modified 

CaO2 NPs 

Adhesion: Probe 
pull (PP) (ex vivo 
porcine skin) 
Antimicrobial 
activity: E. coli, 
S. aureus (in 
vitro 

Skin 

Microneedle 
layers increased 
adhesive strength 
up to 62 kPa. 
Formulation 
incorporating CaO2 
NPs showed very 

[41] 
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photothermal; 
10 mins or non-
photothermal; 
24 h) 
Biocompatibility
: 3T3 and L929 
mouse 
fibroblast cells 
(24 h), rat type 2 
diabetic wound 
model (12 d) 

strong 
antibacterial 
activity, even 
without near-
infrared 
irradiation. 
Exhibited quicker 
wound closure and 
reduced blood 
glucose levels (by 
metformin 
delivery). 

2 
Acrylamide, chitosan, 
3-acrylamido 
phenylboronic acid 

~0.03% Tannic acid-
ferric iron NPs 

Adhesion: Lap 
Shear (LS) (ex 
vivo porcine 
skin, muscle, 
liver) 
Antimicrobial: S. 
aureus (in vitro 
photothermal; 
10 mins), S. 
aureus infected 
mice full-
thickness skin 
defect model (in 
vivo, 8 d) 
Biocompatibility
: Human 
embryonic 
kidney cells (24 
h) 

Skin, 
Muscle, 

Liver 

In addition to 
antibacterial 
activity, 
incorporation of 
the NPs enhanced 
the adhesive 
strength, 
extensibility and 
toughness. With 
near-infrared 
radiation, the 
hydrogel was able 
to eliminate the 
bacteria in the 
wound site and 
reduced 
inflammation.  

[132
] 

3 Acrylic acid, gelatin 
3% Zn-dropped 

hydroxyapatite NPs 

Adhesion: LS (ex 
vivo porcine 
skin, heart, liver, 
kidney) 
Antimicrobial: E. 
coli and S. 
aureus (in vitro 
direct contact; 
24 h), S. aureus 
infected rat full-
thickness skin 
defect model (in 
vivo, 10 d) 
Biocompatibility
: L929 mouse 
fibroblast cells 
(72 h), diabetic 
rat full-thickness 
wound model 
(in vivo, 14 d), 
porcine full-
thickness 

Skin, Heart, 
Liver, 

Kidney 

Increased Zn 
substitution in 
hydroxyapatite 
NPs enhanced 
antimicrobial 
activity while 
weakening 
adhesive strength. 
Porcine wound 
model 
demonstrated that 
in situ fused 
granular hydrogel 
achieved 20% 
better wound 
closure than 
commercial gelatin 
sponge. Adhesive 
strength; 114 kPa 
(skin), 92.7 kPa 
(heart), 56.9 kPa 
(liver), 82.9 kPa 
(kidney). 

[133
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wound model 
(in vivo, 21 d) 

4 Polyvinyl alcohol 

0.2% Carbonized 3,4-
dihydroxybenzaldehyd

e functionalized 
chitosan dots 

Adhesion: LS (ex 
vivo porcine 
skin) 
Antimicrobial: E. 
coli and S. 
aureus (in vitro 
photothermal, 
20 mins; disk 
diffusion, 24 h), 
E. coli or S. 
aureus infected 
mice full-
thickness skin 
defect model (in 
vivo, 9 d) 
Biocompatibility
: Liver L02 cells 
(3 d), mice full-
thickness skin 
defect model (in 
vivo, 9 d) 

Skin 

Combined 
polymeric and 
photothermal 
antimicrobial 
effect promoted 
the healing 
process of 
bacteria-infected 
wounds in vivo. 
Composition with 
0.2% polymer dots 
(from 0%-0.4%) 
showed stronger 
cohesive and 
adhesive 
properties (0.5 
kPa).  

[134
] 

5 

Catechol conjugated 
chitosan, tannic acid, 
sodium alginate, 
decellularized 
extracellular matrix 
powder 

?% Ag NPs 

Adhesion: LS (ex 
vivo porcine 
skin) 
Antimicrobial: E. 
coli, S. aureus 
(in vitro, 24 h) 
Biocompatibility
: LO2 liver cells 
(7 d), rabbit skin 
incision model 
(12 d),  

Skin, 
Artery, 
Heart 

Repeatable, strong 
wet adhesion 
(151.4 kPa). 
Biocompatible 
while showing 
strong 
antimicrobial 
activity. Excellent 
hemostatic 
performance in 
vivo. 

[135
] 

6 

Poly(N-
isopropylacrylamide), 
acrylated adenine, 
quaternized chitosan-
graft-𝛽-cyclodextrin 

0.1% Polypyrrole 
nanotubes 

Adhesion: LS (ex 
vivo porcine 
skin) 
Antimicrobial: E. 
coli, methicillin-
resistant S. 
aureus (MRSA) 
(in vitro contact-
dependent, 2 h; 
in vivo 
photothermal, 
10 mins), MRSA 
infected mice 
full-thickness 
skin defect 
model (in vivo, 
21 d) 
Biocompatibility
: L929 mouse 
fibroblast cells 

Skin 

Thermal 
contraction after 
adhering to wound 
site facilitated 
wound sealing. 
Polypyrrole 
nanotubes 
enabled 
conductivity and 
photothermally 
induced 
antimicrobial 
activity while 
decreasing 
stiffness. 

[90] 
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(24 h), mice full-
thickness acute 
wound model 
(14 d) 

7 

Adipic dihydrazide 
modified hyaluronic 
acid (HA), 
benzaldehyde group 
functionalized 
polyethylene glycol 
(PEG)–co-poly(glycerol 
sebacate) copolymer 

0.4% Cuttlefish 
melanin NPs, 0.2% 

doxycycline 

Adhesion: LS (ex 
vivo porcine 
skin) 
Antimicrobial: E. 
coli and 
methicillin-
resistant S. 
aureus (MRSA) 
(in vitro 
photothermal, 
10 mins; disk 
diffusion, 24 h), 
MRSA infected 
rat full-thickness 
skin defect 
model (in vivo, 
14 d) 
Biocompatibility
: L929 mouse 
fibroblast cells 
(5 d), rat 
subcutaneous 
injection (4 w), 
mice full-
thickness skin 
defect model 
(14 d) 

Skin 

High swelling, fast 
degradation and 
strong 
antimicrobial 
activity in vivo 
enabled faster 
wound healing as 
compared to a 
commercial 
bioadhesive 
(TegadermTM). 
Adhesive strength, 
13.78 kPa. 

[127
] 

8 

Quaternary ammonium 
and aldehyde grafted 
HA and adipic 
dihydrazide modified 
HA 

0.001% M2 
macrophage exosome 

Adhesion: 
Qualitative 
assessment (ex 
vivo porcine 
skin) 
Antimicrobial: E. 
coli, S. aureus, 
MRSA (in vitro, 4 
h) 
Biocompatibility
: Human 
umbilical vein 
endothelial cells 
(12 h), rat full-
thickness 
diabetic wound 
model (14 d) 

Skin 

Increased cell 
proliferation and 
robust bacterial 
inhibition in vitro. 
Faster healing with 
promoted 
angiogenesis in 
vivo. 

[136
] 

9 
Poly(vinyl alcohol) 
(PVA), dextran 

1% Tannic acid-
chelated Fe-decorated 
molybdenum disulfide 

nanosheets 

Adhesion: 
Qualitative 
assessment on 
human skin 
Antimicrobial: E. 
coli and S. 

Skin 

Oxygen generation 
and photothermal 
deactivation 
enabled much 

[129
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aureus (in vitro 
contact-
dependent, 30 
mins; 
photothermal, 
10 mins), S. 
aureus infected 
rat full-thickness 
skin defect 
model (in vivo, 8 
d) 
Biocompatibility
: L929 mouse 
fibroblast cells 
(3 d) 

faster healing of 
infected wounds. 

10 
Hydroxypropyl 
cellulose modified with 
phenylboric acid 

12% Silver (Ag)-lignin 
nanoparticles (NPs) 

Adhesion: LS (ex 
vivo porcine 
skin) 
Antimicrobial: C. 
albicans, E. coli, 
S. aureus and 
MRSA (in vitro 
contact-
dependent, 2 
hours), S. aureus 
infected rat full-
thickness skin 
defect model (in 
vivo, 15 d) 
Biocompatibility
: L929 mouse 
fibroblast cells 
(24 h), rat 
abdomen 
implantation (15 
d) 

Skin 

Robust 
antimicrobial 
activity. Promotes 
M2 macrophage 
polarization and 
accelerated 
neovascularization
. 

[126
] 

11 
N-isopropylacrylamide, 
acrylic acid 

2% Pyrrole and 
dopamine-based NPs 

Adhesion: 
Qualitative 
assessment (ex 
vivo porcine 
skin), LS (in vitro 
leather and 
silicone) 
Antimicrobial: E. 
coli, S. aureus 
(in vitro NIR, 10 
mins), S. aureus 
infected rat full-
thickness skin 
defect model (in 
vivo, 2 d) 
Biocompatibility
: L929 mouse 
fibroblast cells 
(5 d), mouse 

Skin 

Asymmetric 
distribution of 
photothermal 
nanoparticles in 
the bioadhesive 
enabled 
deformability and 
tunable 
adhesiveness. 
Strong 
antimicrobial 
activity. 

[137
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full-thickness 
skin wound 
model (16 d) 

12 
PVA, PEG, sodium 
alginate and 
carboxylated chitosan  

5 mM Polydopamine 
(PDA) coating-reduced 

Ag NPs 

Adhesion: 
Qualitative 
assessment (ex 
vivo skin, heart, 
liver, and lung) 
Antimicrobial: E. 
coli, S. aureus 
(in vitro, 24 h), 
bacteria-
infected skin 
defect model (in 
vivo, 10 d) 
Biocompatibility
: L929 mouse 
fibroblast cells 
(5 d), 

Skin 

The adhesive 
bilayer hydrogel 
with porosity 
gradient showed a 
photothermal 
activity and radical 
oxygen species 
(ROS) generation 
for enhanced 
antimicrobial 
activity in infected 
wounds. 

[128
] 

13 
Acrylic acid, N,N′-
methylene 
bisacrylamide 

0.18% Tannic acid 
coating-reduced AgNPs 

Adhesion: PP (ex 
vivo porcine 
skin), qualitative 
assessment 
Antimicrobial: E. 
coli, S. 
epidermitis (in 
vitro, 2 h), E. coli 
infected 
subcutaneous 
implantation (in 
vivo, 7 d) 
Biocompatibility
: C2C12 
myoblasts (3 d), 
rat full-thickness 
skin wound 
model (21 d) 

Skin 

Bioadhesive 
enabled 
bioelectronical 
functions and 
antimicrobial 
activity via ROS 
generation. 

[79] 

14 

Oxidized dextran-
dopamine, chitosan 
quaternary ammonium 
salt 

0.01% AgNPs 

Adhesion: LS (ex 
vivo porcine 
skin) 
Antimicrobial: E. 
coli, S. aureus 
(in vitro, 12 h), 
S. aureus 
infected rat skin 
wound model 
(in vivo, 14 d) 
Biocompatibility
: L929 mouse 
fibroblast & 
human umbilical 
vein 

Skin 

Reduced 
inflammation, 
accelerated 
collagen 
deposition, and 
promoted 
angiogenesis 
enabled faster 
regeneration of 
damaged tissues 
exposed to 
bacterial invasion. 
Adhesive strength, 
10 kPa. 

[138
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endothelial cells 
(3 d) 

15 Silk fibroin, Tannic acid  0.2% AgNPs 

Adhesion: LS 
and BP (ex vivo 
porcine skin) 
Antimicrobial: E. 
coli and S. 
aureus (in vitro, 
24 h)  
Biocompatibility
: MC3T3-E1 
fibroblast (24 h) 

Skin 

Increased AgNO3 
concentrations 
improved 
antimicrobial 
activity but 
decreased cell 
viability and 
adhesion strength. 
Adhesive strength; 
14.32 kPa (LS), 5 
kPa (BP; Ø:2 mm). 

[47] 

16 
Gelatin methacryloyl 
(GelMA) 

11% Ciprofloxacin 
nanomicelles 

Adhesion: Burst 
Pressure (BP) (In 
vitro collagen 
sheets; ex vivo 
corneal tissue 
and rabbit 
eyeballs) WC (ex 
vivo porcine 
skin) 
Antimicrobial: S. 
aureus and P. 
aeruginosa (in 
vitro, 24 h); pig 
eyeball P. 
aeruginosa 
infection model 
(ex vivo, 24 h) 
Biocompatibility
: Corneal 
fibroblast 2D 
cell culture (7 d) 

Ocular 

Ciprofloxacin 
activity decreased 
in nanomicelles. 
Nanomicelle 
incorporation did 
not affect 
adhesiveness & 
cytocompatibility 
of the 
bioadhesive. 
Adhesive strength; 
35 kPa (BP; 
Ø:1mm collagen 
sheet), 60 kPa (BP; 
Ø:2 mm corneal 
tissue), 47.2 kPa 
(BP; Ø:2 mm 
rabbit eyeball),  

40 kPa (WC). 

[81] 

17 
Methacrylated 
Carrageenan 

1% Zinc oxide (ZnO)-
PDA NPs 

Adhesion: LS (ex 
vivo cow skin)  
Antimicrobial: E. 
coli and S. 
aureus (24 h)  
Biocompatibility
: mouse 
fibroblast L929 
(3 d), Full-
thickness rat 
skin defect (14 
d) 

Skin 

The antimicrobial 
component 
increased 
cohesive-adhesive 
characteristics 
without affecting 
cell viability. 
Adhesive strength, 
76 kPa. 

[84] 

18 
Chitosan (N-
carboxyethyl) 

4% Carbon nanotubes 
(CNTs), 0.2% 
moxifloxacin 

hydrochloride 

Adhesion: LS (ex 
vivo porcine 
skin) 
Antimicrobial: E. 
coli and S. 
aureus (in vitro 
photothermal, 

Skin 

Synergistic 
increase in the 
bioadhesion 
strength (8.5 kPa) 
and antimicrobial 
potency in-vitro 
and in-vivo.  

[55] 
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10 mins; disk 
diffusion, 10 d), 
S. aureus 
infected full-
thickness mouse 
skin wound (in 
vivo, 14 d) 
Biocompatibility
: mouse 
fibroblast L929 
(24 h) 

19 
PVA/4-
carboxyphenylboronic 
acid 

2% Chitosan-
Metronidazole 

Adhesion: LS (in 
vitro)  
Antimicrobial: P. 
gingivalis, F. 
nucleatum (in 
vitro, 24 h), rat 
P. gingivalis 
periodontitis 
model (in vivo) 
Biocompatibility
: Gingival 
fibroblast (72 h), 
rat periodontitis 
model (7 d) 

Periodonta
l 

In vitro and in vivo 
studies proved 
safety, 
biocompatibility, 
and antibacterial 
efficiency. 
Adhesive strength, 
12.5 kPa. 

[49] 

20 
Carbopol 940®, 
Carboxymethylcellulos
e  

0.05% Minocycline, 
0.00002% ZnO-loaded 

serum albumin NPs 

Adhesion: PP (ex 
vivo rat skin) 
Antimicrobial: S. 
oralis, P. 
gingivalis, S. 
sanguis, P. 
intemedia (in 
vitro), rat 
periodontitis 
model (in vivo) 
Biocompatibility
: Gingival cells 
(24 h), rat 
periodontitis 
model (2 w) 

Periodonta
l 

Added component 
synergistically 
increased 
antibacterial 
activity and tissue 
adhesion but 
slightly hampering 
cell viability. 
Adhesive strength, 
0.5 N/cm2. 

[98] 

21 
Chitosan + catechol-
functionalized HA 

0.25% Ag doped 
bioactive glass NPs 

Adhesion: LS (in 
vitro) 
Antimicrobial: S. 
aureus, E. coli 
(in vitro, 16 h) 
Biocompatibility
: not 
investigated 

Bone, 
periodonta

l 

Increased 
mechanical 
strength and 
antibacterial 
activity. Bone-like 
apatite layer 
formation after 
immersion in 
simulated body 
fluid. Adhesive 
strength, 448.61 
kPa. 

[121
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22 
Chitosan (with 
flurbiprofen) 

Triclosan loaded 
polycaprolactone NPs 

Adhesion: 
Detachment 
Test (DT) (ex 
vivo chicken 
pouch) 
Antimicrobial: S. 
aureus, E. coli 
(in vitro, 24 h), 
rat periodontitis 
model (in vivo, 7 
d) 
Biocompatibility
: rat 
periodontitis 
model (7 d) 

Periodonta
l 

Nanogel increased 
flurbiprofen and 
triclosan activity. 
Significant 
improvement in 
treatment 
outcome, in vivo. 
Adhesive strength, 
137.22 g (d=1 cm). 

[139
] 

23 Chitin−Fibrin 
4% Tigecycline loaded 

gelatin NPs 

Adhesion: LS (ex 
vivo porcine 
skin) and BP (ex 
vivo porcine 
small intestine) 
Antimicrobial: E. 
coli, MRSA (in 
vitro, 24 h) 
Biocompatibility
: Human 
umbilical vein 
endothelial cells 
(48 h), rat 
femoral artery 
injury and liver 
injury model for 
hemostasis 

Cardiac 

Femoral artery 
and liver injuries in 
rats showed 
shorter clotting 
time and less 
blood loss without 
compression. 
Adhesive strength; 
12.45 kPa (LS), 
170.25 mm Hg 
(BP; Ø:3 mm). 

[119
] 

24 Chitosan (Quaternized) 

2:3 (v/v) Curcumin 
loaded benzaldehyde-
terminated poloxamer 

407micelles 

Adhesion: LS (ex 
vivo porcine 
skin) 
Antimicrobial: E. 
coli, S. aureus 
(in vitro, 2 h) 
Biocompatibility
: mouse 
fibroblast L929 
(3 d), mice full-
thickness skin 
defect model 
(15 d) 

Skin 

Higher micelle 
ratios reduced cell 
viability and 
bioadhesion 
strength (6.1 kPa). 
Performed better 
than Tegaderm™ 
in full-thickness 
skin defect model. 

[50] 

25 
Gelatin (Tannic acid 
modified) 

0.075-0.1 g/mL AgNO3 

Adhesion: LS (in 
vitro) 
Antimicrobial: E. 
coli, S. aureus, C. 
albicans (in 
vitro, 24 h) 
Biocompatibility
: human-derived 

Porcine 
intestine 

Stronger 
adhesiveness than 
fibrin (52.8 kPa), 
and good 
cytocompatibility 
with bacterial 
inhibition. 

[140
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mesenchymal 
stem cells (7 d) 

26 Alginate & Hyaluronan 
2% Dopamine-based 

NPs 

Adhesion: 
Residence Time 
(RT) (ex vivo 
porcine 
intestine) 
Antimicrobial: E. 
coli, S. aureus 
(in vitro, 24 h) 
Biocompatibility
: primary dermal 
fibroblasts (in 
vitro, 72 h) 

Porcine 
intestine 

Enhanced 
bioadhesion on 
intestinal tissue 
(24 h) with strong 
antimicrobial 
activity. 
Cytotoxicity at 50 
ug/mL. 

[124
] 

27 

Hydroxypropyl 
methylcellulose, 
Poly(acrylic acid), 
Sodium alginate 

β- cyclodextrin 1% 
fluconazole inclusion 

Adhesion: RT (in 
vitro) 
Antimicrobial: S. 
aureus, E. coli, 
P. aeruginosa, C. 
albicans, C. 
glabrata, C. 
parapsilosis (in 
vitro, 24 h- 48 h) 
Biocompatibility
: Not 
investigated 

Vaginal 

Strong anti-fungal 
activity. Increased 
β- cyclodextrin 
content reduced 
residence time. 
Adhesive strength, 
72 mins. 

[83] 

28 Chitosan 
0.5% Chloramphenicol 

liposomes 

Adhesion: PP (ex 
vivo porcine 
skin) 
Antimicrobial: S. 
aureus, S. 
epidermidis (in 
vitro, 24 h) 
Biocompatibility
: Not 
investigated 

Skin 

8-13 g (area: 2.01 
cm2) of adhesive 
strength and 
assured a 
sustained drug 
release. 

[112
] 

29 
Gelatin / Poly(glycerol-
co-sebacate acrylate) 

1 mM ZnO NPs 

Adhesion: LS (in 
vitro gelatin and 
ex vivo porcine 
liver) 
Antimicrobial: E. 
coli (in vitro, 6 h) 
Biocompatibility
: Rat full 
thickness skin 
wound model (9 
d) 

Skin 

ZnO NP-based 
formulations led 
to better adhesion 
(5.3 N/m, ex vivo), 
antibacterial 
activity and wound 
closure than other 
NP-based 
formulations. 

[122
] 

30 Poly(sodium acrylate) 3% AgNPs 

Adhesion: LS (ex 
vivo porcine 
tissue) 
Antimicrobial: E. 
coli (in vitro, 24 
h) 

Skin 

~20 kPa of 
adhesive strength 
and significant 
antibacterial 
activity at very low 
loadings without 

[141
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Biocompatibility
: 3T3 mouse 
fibroblasts (24 
h) 

impeding 
biocompatibility. 

31 Chitosan 
25 µg/mL Moxifloxacin 

niosomes 

Adhesion: PP (ex 
vivo rat skin) 
Antimicrobial: S. 
aureus, P. 
aeruginosa (in 
vitro, 24 h) 
Biocompatibility
: Not 
investigated 

Skin 

Niosomal 
encapsulation 
enhanced anti-P. 
aeruginosa 
efficacy, while 
incorporation in 
chitosan gel was 
more important 
for anti-S. aureus 
activity. Adhesive 
strength, 2303 
dyn/cm2. 

[142
] 

32 2-octyl cyanoacrylate 0.001% AgNPs 

Adhesion: PP (ex 
vivo porcine 
eye) 
Antimicrobial: E. 
coli (in vitro, 24 
h) 
Biocompatibility
: Not 
investigated 

Ocular 

Infusing AgNPs 
imparted an 
antibacterial effect 
to the adhesive 
and augmented its 
breaking and 
adhesive strength 
(23 kPa) 
properties. 

[118
] 

33 Alginate/Pectin 1% Gentamicin sulfate 

Adhesion: PP (in 
vitro) 
Antimicrobial: S. 
aureus, P. 
aeruginosa (in 
vitro, 24 h) 
Biocompatibility
: Not 
investigated 

Skin 

In situ formed gels 
adhered to the 
wound bed with 
an adhesive 
strength of 9.5 
kPa. Burst release 
of the 
antimicrobial 
suitable to prevent 
infection 
spreading. 

[143
] 

34 Chitosan 
0.2% Gatifloxacin 

niosomes 

Adhesion: RT (in 
vitro) 
Antimicrobial: B. 
subtilis (in vitro, 
48 h) 
Biocompatibility
: Goat cornea 
(ex vivo, 12 h) 

Ocular 

Increased corneal 
retention of the 
drug. Adhesive 
strength, 176 
mins. 

[144
] 

35 
Chondroitin sulfate / 
HA based solid lipid NP  

0.0012% Ag 
sulfadiazine 

Adhesion: PP (in 
vitro) 
Antimicrobial: S. 
aureus, E. coli, S. 
pyogenes, P. 
aeruginosa (in 
vitro, 24 h) 
Biocompatibility
: Human dermal 

Skin 

Encapsulation of 
Ag sulfadiazine in 
solid lipid NPs 
protected 
fibroblasts against 
the cytotoxic 
effect of Ag 
sulfadiazine and 
did not impair the 

[145
] 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202300840 by U
niversity of C

alifornia - L
os A

nge, W
iley O

nline L
ibrary on [21/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

fibroblasts (in 
vitro, 24 h) 

association of 
platelet lysate. 
Adhesive strength, 
1500 mN (d=10 
mm). 

36 Chitosan 
0.05% Mupirocin 
loaded liposomes 

Adhesion: PP (ex 
vivo porcine 
skin) 
Antimicrobial: S. 
aureus, B. 
subtilis (in vitro, 
24 h) 
Biocompatibility
: Not 
investigated 

Skin 

Liposomes-in-
hydrogels 
provided 
prolonged release 
of incorporated 
mupirocin, which 
exhibited 
satisfactory 
antimicrobial 
activity. Adhesive 
strength, 0.6 kPa. 

[82] 

 

 

2.2.3 Bioadhesives with antimicrobial activity due to their inherent properties 

The use of inherently antimicrobial polymer matrices has gained major interest for the development 

of antimicrobial bioadhesives. One main approach to develop inherently antimicrobial bioadhesives 

is to use cationic polymers (Table 3) [146]. Cationic groups in bioadhesives electrostatically bind to 

phosphate groups in microbial cell membrane, and its hydrophobic components penetrate the lipid 

part of the membrane, leading to cytolysis [140,147].  

Among important cationic polymers is chitosan, which has largely been investigated for its 

antimicrobial effects [148]. A bioadhesive developed by Schiff base reaction of chitosan to oxidized 

konjac glucomannan was shown to have increased bioadhesiveness and antibacterial activity with 

increasing ratios of oxidized konjac glucomannan with no cytotoxicity [57]. Quaternized chitosan is 

preferred over native chitosan because of its broader antimicrobial spectrum [68]. Quaternized 

chitosan-g-polyaniline and benzaldehyde group functionalized PEG-co-poly(glycerol) utilizes Schiff 

base reaction accompanied by electrostatic interactions of positively charged groups of the hydrogel 

and negatively charged groups on mucus and cell membranes for achieving both adhesion and 

antibacterial activity [58]. It was also shown that chitin nano-whiskers can increase antimicrobial 

activity, stiffness and adhesion of carboxymethyl chitosan (CMCS) and dextran dialdehyde hydrogels 

[149]. An early example of an antimicrobial bioadhesive utilizing epsilon (ε)-polylysine is the 

hydrogel prepared by crosslinking of ε-poly-L-lysine to hydroxyphenyl propionic acid [150]. The high 

antimicrobial activity, bioadhesiveness and non-toxicity of this hydrogel encouraged further studies. 

In a recent example, catechol functionalized ε-polylysine and aldehyde group functionalized HA were 

used to develop a hydrogel, which formed under synergistic effect of the Schiff base reaction and 

enzyme catalytic reaction by H2O2/horseradish peroxidase [46]. Higher degree of substitution of 

catechol groups amplified positive charge density on the polymer network which, in turn, enhanced 

the antimicrobial efficacy of the bioadhesive hydrogel. In addition, higher density of −NH2, −CHO, 

and catechol groups on the hydrogel enabled stronger bioadhesion with increasing polymer 

concentrations [46].  
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Another promising approach is the immobilization of antimicrobial proteins to polymer networks. 

For example, lysozyme protein linked to 4-arm-PEG succinimidyl and it was shown to bring in 

effective antimicrobial activity without any adverse effect on cytocompatibility, cohesive or adhesive 

properties [151]. 

In addition to antimicrobial activity, chemical groups on polymers of inherently antimicrobial 

bioadhesives have crucial roles in attaining desirable cohesive and adhesive properties. When the 

same functional groups are used for improving more than one of these properties simultaneously, 

striking a balance between antimicrobial, cohesive and adhesive properties is very important. In a 

recent example, it was found that doubling the ratio of amine groups in a lysine-based peptide 

dendrimer used for crosslinking of oxidized CMC has greatly enhanced its antimicrobial activity and 

cohesive strength, while depleting aldehyde groups in the oxidized CMC led to a weaker bioadhesion 

[152]. 

The development of bioadhesives made of physical double polymer networks has gained interest 

recently because it allows novel augmentation strategies to be implemented. As an example of these 

antimicrobial bioadhesive is the  catechol–Fe3+ coordination-crosslinked bioadhesive which utilizes 

Fe3+ in its structure to have its photothermally-induced antimicrobial activity [153]. It was 

demonstrated that NIR irradiation induced a highly effective antimicrobial activity in vitro or in vivo 

[154]. 

In addition to enhancing the biocompatibility of antimicrobial bioadhesives [61,62], enzymatic 

crosslinking was also shown to be useful in developing hydrogels that inhibit the growth of S. aureus, 

such outcome was demonstrated with transglutaminase factor XIII crosslinked chitosan hydrogel 

[61]. Increased concentrations of transglutaminase used for crosslinking of tannic acid-conjugated 

gelatin resulted in quicker formation of hydrogels that had an antibacterial activity, which was as 

good as that of Cefradine [62]. An enhanced antibacterial activity and adhesive properties of an 

injectable dopamine modified GelMA hydrogel were obtained, resulting from residual catalysis of 

H2O2 with horse-radish peroxidase (HRP) (double crosslinked using ultraviolet (UV) light and HRP-

catalyzed reaction) [155].  

While materials having high-density cationic groups are bactericidal, they have significantly less or 

no toxic effect on animal cells, mostly due to the difference between prokaryotic and eukaryotic 

cells. Unlike typical animal cells, bacterial cell membrane is the focal point in the establishment and 

maintenance of proton motive force (bacterial energy metabolism) and many other vital functions, 

which occur in the mitochondria in eukaryotic cells [156,157].  

Overall, antimicrobial polymers were extensively studied for the development of antimicrobial 

bioadhesives. In the forefront, chitosan-based polymers were employed by several crosslinking 

schemes with other synthetic or natural polymers to develop antimicrobial bioadhesives having 

strong antimicrobial activity, versatile mechanical properties and minimal or no toxicity. There are 

no bioadhesives with antimicrobial properties due to their inherent polymeric structure in the clinic 

yet, however the number of in vivo studies has greatly increased, showing potential for clinical 

translation. 
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Table 3. Bioadhesives with antimicrobial properties due to their inherent properties. 

N
o
. 

Polymeric 
matrix 

Experiment 
Tiss
ue 

Main 
outco

me 

R
e
f. 

1 

Oxidized 
dextran, 
carboxym
ethyl 
chitosan, 
γ-
polygluta
mic acid 

Adhesion: Burst Pressure (BP) and Lap Shear (LS) (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: L929 fibroblast cells (5 d), Mice subcutaneous 
implantation (56 d) 

Ski
n 

Doubl
e-
barrel 
applie
d 
bioadh
esive 
fully 
degrad
ed in 
56 
days 
after 
some 
inflam
mation
. 
Achiev
ed 238 
mm Hg 
of 
burst 
pressu
re, 
double 
that of 
human 
systoli
c 
blood 
pressu
re. 

[1
5
8] 

2 

Catechol-
modified 
oxidized 
hyaluroni
c acid 
(HA), ε-
poly-L-
lysine, 
Fe3+ 

Adhesion: LS (ex vivo porcine skin), BP (ex vivo porcine skin, lung and 
stomach), dynamic wound adhesion (in vivo rat neck wound model) 
Antimicrobial: E. coli, S. aureus, MRSA, P. aeruginosa, V. parahaemolyticus, 
and V. vulnificus (in vitro photothermal, 10 mins) 
Biocompatibility: 3T3 fibroblast cells (3 d), rat V. vulnificus and P. 
aeruginosa infected full-thickness skin wound model (14 d) 

Ski
n, 

Lun
g, 

Sto
ma
ch 

Develo
ped 
specifi
cally 
for 
sea-
water 
immer
sed 
wound
s, 
enable
d 
epithel
ial 
thickn
ess 
and 

[7
3] 
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collage
n 
deposi
tion 
far 
better 
than 
some 
comm
ercial 
produc
ts in 
infecte
d 
animal 
experi
ments. 
Adhesi
ve 
strengt
h; 78 
kPa 
(LS; 
under 
sea-
water)
, 50 
kPa 
(BP, 
skin), 
~6 
times 
better 
than 
cyanoa
crylate
-based 
comm
ercial 
produc
t. 

3 

3,4-
dihydroxy
-L-
phenylala
nine -
modified 
gelatin 

Adhesion: BP (in vitro collagen sheet), WC (ex vivo porcine lung)  
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: C2C12 murine myoblasts cell (5 d), mice subcutaneous 
implantation (4 w) 

Lun
g, 

Bla
dde

r 

The 
modifi
cation 
of 
gelatin 
increas
ed 
interm
olecula
r 
interac
tions 
to 
yield a 
bioadh

[1
5
9] 
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esive 
with a 
higher 
cohesi
ve and 
adhesi
ve 
strengt
h. 
Effecti
ve 
sealing 
of lung 
perfor
ation 
with a 
burst 
pressu
re of 8 
kPa, 
approx
imatel
y 4 
times 
better 
than 
many 
comm
ercial 
sealan
ts. 

4 

Gelatin, 
tannic 
acid 
quinone, 
borax 

Adhesion: LS and BP (ex vivo porcine skin)  

Antimicrobial: E. coli, S. aureus and methicillin-resistant S. aureus (MRSA) 
(in vitro photothermal, 10 mins), rat subcutaneous infection model (1 d), 
rat MRSA infected full-thickness defect model (14 d) 
Biocompatibility: L929 fibroblast cells (7 d), rat subcutaneous injection (21 
d), rat full-thickness skin wound model (14 d) 

Ski
n 

Tannic 
acid 
quinon
e 
provid
ed 
extensi
ve 
tunabil
ity and 
multipl
e 
functio
nalities 
in 
additio
n to 
intrinsi
c 
photot
hermal 
antiba
cterial 
activit
y 

[1
5
4] 
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withou
t 
compr
omise 
in 
bioco
mpatib
ility. 
Higher 
tannic 
acid 
quinon
e 
conten
t led to 
higher 
adhesi
ve 
strengt
h up to 
96 kPa 
(LS) 
and 51 
kPa 
(BP). 

5 

Acrylic 
acid-N-
acryloyl 
glycinami
de 

Adhesion: LS (ex vivo porcine skin, muscle, kidney, heart, intestine) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: L929 fibroblast cells (1 d), rat skin incision wound model 
(7 d) 

Ski
n, 

Mu
scle

, 
Kid
ney

, 
Hea
rt, 

Inte
stin

e 

Condu
cted 
Monte 
Carlo 
simula
tions 
sugges
ted 
nonlin
ear 
depen
dence 
of 
rate-
sensiti
ve 
interfa
cial 
adhesi
on on 
extern
al 
loadin
g. 
Adhesi
ve 
strengt
h; 12 
to 70 
kPa 
(skin), 

[1
6
0] 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202300840 by U
niversity of C

alifornia - L
os A

nge, W
iley O

nline L
ibrary on [21/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

22.7 
kPa 
(muscl
e), 
27.3 
kPa 
(kidne
y), 27 
kPa 
(heart)
, 11.4 
kPa 
(intesti
ne). 

6 

Arginine 
derivative 
monomer
, ionic 
liquid 
imidazoliu
m salt 
derivative 
monomer
, acrylic 
acid 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: L929 fibroblast cells (1 d) 

Ski
n 

Among 
many 
functio
nal 
proper
ties, 
the 
hydrog
el 
demon
strated 
high 
transp
arency
, ultra-
stretch
ability 
and 
elastici
ty in 
additio
n to 
good 
bioco
mpatib
ility 
and 
adhesi
on in 
water 
(~35 
kPa). 
These 
proper
ties 
were 
further 
enhan
ced 
when 
metal 
ions 

[1
6
1] 
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were 
added 
into 
formul
ation. 

7 

De novo 
designed 
protein, 
Salmon 
sperm 
DNA, 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro disk diffusion, 16 h; minimum 
inhibitory concentration, 18 h) 
Biocompatibility: L929 fibroblast cells (3 d), rat skin linear wound model (10 
d) 

Ski
n 

Coacer
vate-
based 
glues 
showe
d 
excelle
nt 
bioco
mpatib
ility 
and 
good 
bioadh
esion 
(34 
kPa) 
and 
very 
low 
minim
um 
inhibit
ory 
conce
ntratio
n 
owing 
to the 
arginin
e rich 
structu
re. 

[1
6
2] 

8 

2-
hydroxyb
enzoic 
acid or 3-
hydroxyb
enzoic 
acid or 4-
hydroxyb
enzoic 
acid and 
chitosan 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: L929 fibroblast cells (4 d), rat skin incision wound model 
(7 d) 

Ski
n 

Compo
sition 
incorp
orating 
3-
hydrox
ybenz
oic 
acid 
demon
strated 
higher 
adhesi
ve 
strengt
h than 
the 

[1
6
3] 
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other 
phenol
ic 
acids. 
Extend
ed 
electri
cal 
stimul
ation 
decrea
sed 
adhesi
ve 
strengt
h, 
howev
er 
higher 
tempe
rature
s (up 
to 
45oC) 
immen
sely 
increas
ed ex 
vivo 
adhesi
ve 
strengt
h of 
the 
injecta
ble 
bioglu
e (110 
kPa).  

9 

Tannic 
acid–
thioctic 
acid–
phytic 
acid 

Adhesion: LS (ex vivo porcine skin) and BP (ex vivo porcine intestine) 
Antimicrobial: E. coli, S. aureus (in vitro, 12 h), MRSA infected mice burn 
wound model (in vivo, 3 d) 
Biocompatibility: L929 fibroblast cells (3 d) 

Ski
n 

Tannic 
acid 
incorp
oratio
n 
increas
ed 
antimi
crobial 
activit
y and 
hemos
tatic 
ability 
in vivo. 
Low 
adhesi

[1
6
4] 
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ve 
strengt
h (2 
kPa, 
LS; 4 
kPa 
BP). 

1
0 

4-arm- 
polyethyl
ene glycol 
(PEG)-
CHO/ 
Polyethyl
enimine(P
EI) 

Adhesion: LS and BP (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 12 h), S. aureus infected mice full-
thickness skin defect model (in vivo, 3 d) 
Biocompatibility: L929 fibroblast cells (24 h) 

Ski
n 

Stiffer 
gels 
were 
obtain
ed by 
increas
ed 
ratio 
of PEI, 
which 
showe
d burst 
pressu
res 
above 
normal 
arteria
l blood 
pressu
re 
(~170 
mm 
Hg). 
Strong 
antiba
cterial 
activit
y in 
vivo. 
Adhesi
ve 
strengt
h, ~12 
kPa 
(LS) 

[1
6
5] 

1
1 

Polydopa
mine-
polyacryla
mide-
Mg2+ 

Adhesion: Probe Pull (PP) (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro photothermal, 10 mins; S. aureus 
infected rat full-thickness skin defect model (in vivo, 14 d)  
Biocompatibility: NIH/3T3 and L929 fibroblast cells (2 d), rat full-thickness 
skin wound model (14 d) 

Ski
n 

Mild 
adhesi
on 
strengt
h (3.69 
kPa). 
Mg2+ 
contrib
uted 
to cell 
migrati
on and 
prolife

[1
6
6] 
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ration 
in 
vitro. 
In vivo 
photot
hermal 
inducti
on of 
Mg2+ 
for 
antimi
crobial 
activit
y was 
not as 
effecti
ve as it 
was 
demon
strated 
in 
vitro. 

1
2 

Dopamine 
modified 
methacryl
ate 
gelatin 

Adhesion: LS and BP (in vitro sausage skin membrane), WC (ex vivo porcine 
skin), rat intestine sealing (in vivo) 
Antimicrobial: E. coli, S. aureus (in vitro, 12-48 h)  
Biocompatibility: L929 fibroblast and C3H cells (5 d), rat subcutaneous 
implantation (56 d), rat full-thickness skin wound model (21 d) 

Ski
n, 

Inte
stin

e 

Strong 
tissue-
adhesi
on, 
antiba
cterial 
activit
y and 
injecta
bility. 
Epider
mal 
growt
h 
factor 
loaded 
hydrog
el 
showe
d 
signific
ant 
wound 
healin
g with 
neovas
culariz
ation 
and 
skin 
appen
dage 
format
ion. 

[1
5
5] 
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Adhesi
ve 
strengt
h; 
558.55 
kPa 
(LS), 
244.13 
mm Hg 
(BP), 
134.25 
(WC). 

1
3 

Chitosan, 
acrylamid
e, 
polyacryli
c acid 

Adhesion: LS (in vitro porcine tissues; fat, muscle, heart and skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 6 h)  
Biocompatibility: L929 fibroblast cells (3 d) 

Adi
pos

e 

Bioadh
esive 
extend
ed 54 
times 
the 
origina
l 
length 
and 
showe
d fast 
and 
long-
lasting 
adhesi
on to 
adipos
e 
surfac
es 
under 
water 
(2-5 
kPa).  

[1
6
7] 

1
4 

Chitosan, 
aldehyde-
4-arm 
PEG, 
amino-4-
arm PEG 

Adhesion: PP (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 6-24 h)  
Biocompatibility: L929 fibroblast cells (5 d) 

Ski
n 

Robust 
tensile 
strengt
h (300 
kPa) 
and 
ductilit
y 
(1000
%). 
Promis
ing for 
use in 
dynam
ic 
tissues
. 

[1
6
8] 
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1
5 

Arginine-
modified 
chitosan-
oligosacc
haride 
and [2-
(methacry
loyloxy) 
ethyl] 
dimethyl-
(3-
sulfoprop
yl) 
ammoniu
m 
hydroxide 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h)  
Biocompatibility: NIH 3T3 cells (3 d), rat full-thickness skin injury model (9 
d) 

Ski
n 

Low 
swellin
g 
proper
ties 
and 
good 
safety. 
Up-
regulat
ed 
VEGF 
expres
sion 
and 
acceler
ated 
angiog
enesis 
in vivo. 
Adhesi
ve 
strengt
h, 35 
kPa. 

[1
6
9] 

1
6 

Acrylamid
e and 
chitosan 

Adhesion: Peeling Test (PT) (ex vivo porcine liver, skin, heart), BP (ex vivo 
porcine cardiac tissue) 
Antimicrobial: S. aureus, P. aeruginosa (in vitro, 30 mins)  
Biocompatibility: immortalized human vocal fold fibroblast cells (24 h) 

Live
r, 

Ski
n, 

Hea
rt 

Promis
e as a 
cardiac 
patch. 
Enable
d 
strain-
sensin
g for 
health 
monit
oring 
with 
orthog
onally 
tunabl
e 
electri
cal and 
mecha
nical 
proper
ties. 
Adhesi
ve 
strengt
h; 83 
J/m2 

(liver), 
164 
J/m2 

[1
7
0] 
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(skin), 
298 
J/m2 
(heart)
, ~327 
mm Hg 
(BP) 

1
7 

Chitosan-
hydrocinn
amic acid 
and 
oxidized 
dextran 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h), infection test after skin burn 
injury model (in vivo)  
Biocompatibility: L929 fibroblast cells (3 d), rat round full-thickness 
cutaneous defect (21 d), mice full-thickness burn injury model (21 d) 

Ski
n 

Dual-
crossli
nked 
bioadh
esive 
exhibit
ed 
robust 
antiba
cterial 
activit
y and 
enable
d 
higher 
type I 
collage
n 
deposi
tion in 
deep 
dermal 
burn 
injury 
model 
in rats. 
Adhesi
ve 
strengt
h, ~35 
kPa. 

[1
7
1] 

1
8 

3-(3,4-
dihydroxy
phenyl) 
propionic 
acid-
modified 
chitosan 
and 
hydroxyb
enzaldehy
de-
terminate
d (sebacic 
acid-
terminate
d PEG) 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: L929 fibroblast cells (3 d) 

Ski
n 

Good 
mecha
nical, 
self-
healin
g and 
antiba
cterial 
proper
ties 
and 
strong 
adhesi
on to 
porcin
e 
skin(68

[1
7
2] 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202300840 by U
niversity of C

alifornia - L
os A

nge, W
iley O

nline L
ibrary on [21/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

.5 
kPa). 

1
9 

Gallic acid 
grafted 
chitosan 
and 
oxidized 
Bletilla 
striata 
polysacch
aride, 
ferric iron 
(Fe3+) 
chloride 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: S. aureus (in vitro, 12 h), S. aureus infected rat skin wound 
model (15 d) 
Biocompatibility: L929 fibroblast cells (3 d), rat whole-cortical incision 
model (15 d) 

Ski
n 

Increas
ed 
ratios 
of 
gallic 
acid 
grafte
d 
chitosa
n in 
the 
formul
ation 
resulte
d in 
hydrog
els 
with 
less 
swellin
g and 
higher 
adhesi
ve-
cohesi
ve 
strengt
h. The 
photot
hermal 
effect 
enable
d 
acceler
ating 
gelatio
n, 
degrad
ation 
on-
deman
d, and 
rapid 
steriliz
ation. 
Adhesi
ve 
strengt
h, 30 
kPa. 

[1
7
3] 
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2
0 

Catechol-
modified 
oxidized 
HA, 
amino-
gelatin, 
Fe3+ 
chloride 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 3 h) 
Biocompatibility: L929 fibroblast cells (3 d), mice deep second-degree burn 
model (15 d) 

Ski
n 

The 
ratio 
of 
aldehy
de to 
amine 
groups 
in the 
hydrog
el 
affecte
d 
multipl
e 
proper
ties. 
The 
hydrog
el with 
the 
ratio 
of 1 
exhibit
ed 
shorte
r burn 
healin
g time 
and 
acceler
ated 
recons
tructio
n of 
skin 
structu
re 
compa
red to 
a 
comm
ercial 
dressin
g. 
Adhesi
ve 
strengt
h, 20 
kPa. 

[1
7
4] 

2
1 

Poly(vinyl 
alcohol) 
(PVA), 
borax, silk 
fibroin 
and 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: S. aureus (in vitro, 24 h) 
Biocompatibility: Mouse fibroblast cells (7 d) 

Ski
n 

Enable
d 
strain-
sensin
g at 
>650% 
strain 

[1
7
5] 
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tannic 
acid 

to 
monit
or 
strain 
move
ments 
of 
finger 
joints, 
wrist 
joints, 
knee 
joints 
in 
additio
n to 
smiling
, facial 
bulgin
g and 
calmin
g. 
Adhesi
ve 
strengt
h, 1.7 
kPa. 

2
2 

Dodecane 
grafted 
quaterniz
ed 
chitosan, 
ketone 
group 
functional
ized PVA  

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus, methicillin-resistant S. aureus (MRSA), P. 
aeruginosa (in vitro, 7 d), mice MRSA and E. coli infected full-thickness 
cutaneous wound model (in vivo, 14 d) 
Biocompatibility: L929 fibroblast cells (7 d) 

Ski
n 

Upreg
ulated 
growt
h 
factors 
and 
allevia
ted 
inflam
mation 
and 
promo
te 
angiog
enesis, 
collage
n 
deposi
tion in 
vivo 
while 
effecti
vely 
control
ling 
infecti
ons. 
Adhesi
ve 

[1
7
6] 
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strengt
h, 40 
kPa. 

2
3 

Catechol-
conjugate
d gelatin, 
a 
quaternar
y 
ammoniu
m 
cations-
functional
ized 
copolyme
r, Fe3+ 
chloride 

Adhesion: LS and BP (ex vivo porcine skin) 
Antimicrobial: S. aureus (in vitro, 24 h) 
Biocompatibility: Mouse fibroblast cells (7 d) 

Ski
n 

Incorp
oratio
n of 
the 
synthe
sized 
copoly
mer 
into 
the 
formul
ation 
has 
simult
aneou
sly 
increas
ed 
antimi
crobial 
activit
y and 
adhesi
ve 
perfor
mance 
(LS:4 
kPa, 
BP:2 
kPa) 
with 
accept
able 
cytoco
mpatib
ility. 

[8
6] 

2
4 

Allyl 
cellulose 
and 3,4-
dihydroxy
phenylala
nine 
(DOPA)-
cation 
copolyme
r 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 12 h)  
Biocompatibility: NIH-3T3 fibroblast cells (3 d), rat full-thickness skin wound 
model (15 d) 

Ski
n 

Strong 
hemos
tatic 
activit
y and 
superi
or 
therap
eutic 
effects 
than 
Tegad
erm™. 
Adhesi
ve 

[1
7
7] 
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strengt
h, 25.6 
kPa. 

2
5 

Transglut
aminase 
Factor XIII 
cross-
linkable 
chitosan 

Adhesion: PP (ex vivo bovine articular cartilage) 
Antimicrobial: S. aureus (in vitro, 12 h)  
Biocompatibility: Bovine articular chondrocytes (72 h) 

Car
tila
ge 

Bioco
mpatib
le. 
Enhan
ced 
cell 
prolife
ration. 
Antimi
crobial 
activit
y and 
adhesi
ve 
perfor
mance 
>10 
folds 
better 
than 
fibrin 
glue 
(130 
kPa). 

[6
1] 

2
6 

ε-
Polylysine
/gallic 
acid-
collagen 

Adhesion: LS (ex vivo porcine skin), in vivo assessment 
Antimicrobial: E.coli, S. aureus (in vitro, 24 h)  
Biocompatibility: L929 mouse fibroblast cells (5 d), mouse full-thickness 
skin defect model (14 d) 

Ski
n 

Gallic 
acid 
and ε-
polylys
ine 
individ
ually 
showe
d 
higher 
antiba
cterial 
activit
y as 
compa
red to 
the 
hydrog
el in 
which 
they 
co-
existed
. In 
situ 
sodiu
m 
period

[6
0] 
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ate 
oxidati
on 
increas
ed the 
mecha
nical 
strengt
h. 
Adhesi
ve 
strengt
h, 60 
kPa. 

2
7 

Tannic 
acid–
thioctic 
acid 

Adhesion: In vivo assessment on human skin 
Antimicrobial: E. coli, P. denticola (in vitro, 24 h), mice burn wound MRSA 
infection model (in vivo, 3 d) 
Biocompatibility: Rat skin incision model (7 d), IL-1β expression assay (in 
vivo, 3 d) 

Ski
n 

Incorp
oratio
n of 
tannic 
acid in 
the 
formul
ation 
grante
d the 
hydrog
el its 
antimi
crobial 
activit
y in 
vitro. 
Far 
better 
than 
gelatin 
in 
mice 
skin 
incisio
n. 
Hydro
gel 
could 
stay 
adhere
d to 
human 
skin 
under 
tap 
water. 

[1
7
8] 

2
8 

Quaterniz
ed 
chitosan/ 
protocate

Adhesion: LS (ex vivo porcine skin), WC (in vivo rat, 21 d) 
Antimicrobial: E. coli, S. aureus (in vitro; 2 h for surface contact test, 10 
mins for photothermal test), mice subcutaneous MRSA infection model (24 
h) 

Ski
n 

The 
formul
ation 
with 

[5
6] 
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chualdehy
de- Fe3+ 

Biocompatibility: L929 mouse fibroblast cells (3 d), mice S. aureus infected 
full-thickness skin wound model (21 d) 

the 
ratio 
of 10:1 
(amino 
groups 
to 
aldehy
de 
groups 
in the 
hydrog
el 
system
) 
exhibit
ed 
good 
mecha
nical 
strengt
h and 
stabilit
y, self- 
healin
g 
capacit
y, 
bioco
mpatib
ility, 
high 
antiba
cterial 
efficie
ncy 
and 
excelle
nt 
adhesi
veness 
(40 
kPa, 
LS; 
~1400 
kPa, 
WC). 

2
9 

PEG-
Lysozyme
-Borax 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus, MRSA infection model (in vivo, 3 d) 
Biocompatibility: C2C12 cells, L929 mouse fibroblast cells (5 d); rat dorsal 
subcutaneous pocket (7 d) 

Ski
n 

The 
hydrog
el with 
10 
mg/mL 
borax 
could 
seal 
transm
ural 

[8
7] 
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left 
ventric
ular 
wall 
defect 
and 
gastric 
perfor
ation 
in 
additio
n to 
preven
ting 
bacteri
al 
infecti
on and 
promo
ting 
wound 
repair. 
Adhesi
ve 
strengt
h, ~20 
kPa. 

3
0 

Transglut
aminase 
crosslinke
d tannic 
acid 
modified 
gelatin 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. epidermidis (in vitro, 2 h) 
Biocompatibility: 3T3 mouse fibroblast cells (3 d), mouse skin wound model 
(10 d) 

Ski
n 

The 
GTT-3 
formul
ation 
acceler
ated 
hemos
tasis, 
wound 
bondin
g, and 
healin
g in 
vivo. 
Adhesi
ve 
strengt
h, 8.5 
kPa. 

[6
2] 

3
1 

Polygluta
mic acid-
polylysine 

Adhesion: In vivo qualitative assessment on rats 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: L929 mouse fibroblast cells (5 d), rat full-thickness defect 
(20 d) 

Ski
n 

Strong 
in vivo 
adhesi
on and 
antiba
cterial 
activit
y in 
vitro. 

[8
8] 
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Liver 
hemor
rhage 
model 
also 
showe
d that 
the 
hydrog
el 
could 
preven
t blood 
loss 
consid
erably. 

3
2 

PEG 
diacrylate 
/ 
poly(allyla
mine 
hydrochlo
ride) 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: S. aureus (in vitro,12 h) 
Biocompatibility: Fibroblast cells (24 h) 

Ski
n 

Compa
red to 
cyanoa
crylate 
adhesi
ve 
better 
cytoco
mpatib
ility 
and 
antimi
crobial 
activit
y were 
shown
, but 
less 
adhesi
ve 
strengt
h ex 
vivo 
(136 
kPa). 

[1
7
9] 

3
3 

Modified 
HA, ε-
polylysine 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h), S. aureus infected rat skin 
wound model (14 d) 
Biocompatibility: L929 mouse fibroblast cells (5 d), rat full thickness 
cutaneous wound models (14 d) 

Ski
n 

Forme
d in 
situ in 
second
s and 
firmly 
adhere
d to 
the 
wound
. 
Promo
ted 
wound 

[4
6] 
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healin
g 
becaus
e of its 
HA 
conten
t. 
Adhesi
ve 
strengt
h, 71.2 
kPa. 

3
4 

Poly(glyce
rol 
sebacate)
-co-PEG-
g-
catechol / 
ureido-
pyrimidin
one 
modified 
gelatin 

Adhesion: LS (ex vivo porcine skin), WC (in vivo rat) 
Antimicrobial: E. coli, S. aureus (in vitro, 10 mins for NIR), mice 
subcutaneous MRSA infection model (20 mins) 
Biocompatibility: L929 mouse fibroblast cells (24 h), mice full-thickness skin 
defect model (15 d) 

Ski
n 

Near-
infrare
d 
irradia
tion 
showe
d 
highly 
antimi
crobial 
effect 
in vitro 
and in 
vivo. 
Could 
quickly 
seal 
bleedi
ng and 
achiev
e 70% 
tensile 
strengt
h of 
skin in 
14 
days. 
Adhesi
ve 
strengt
h; 5.03 
kPa 
(LS), 
20% 
better 
than 
suture
d skin 
(WC, 
after 
healin
g). 

[1
5
3] 
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3
5 

Catechol- 
modified 
methacryl
oyl 
chitosan / 
methacryl
oyl 
chitosan 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: Ampicillin-resistant E. coli, moxifloxacin-resistant K. oxytoca, 
ampicillin-resistant S. aureus (in vitro, 4 h), mice full-thickness cutaneous S. 
aureus infection model (in vivo, 15 d) 
Biocompatibility: Mouse embryonic fibroblast (NIH/3T3) cells (5 d), mice 
dorsal subcutaneous injection (96 h) 

Ski
n 

The 
hydrog
el with 
quinon
e and 
amino 
groups 
could 
promo
te 
healin
g of 
bacteri
a 
infecte
d 
wound
, 
exhibit
ing a 
substa
ntial 
adhesi
ve 
strengt
h (18.1 
kPa) 
and 
good 
hemos
tatic 
perfor
mance
. 

[1
8
0] 

3
6 

Oxidized 
carboxym
ethyl 
cellulose/
PEG-
lysine 
dendrime
r 

Adhesion: LS & Wound Closure (WC) (ex vivo porcine skin), BP (ex vivo 
porcine jugular vein) 
Antimicrobial: E. coli, S. aureus (in vitro, 12 h) 
Biocompatibility: Mouse NIH 3T3 fibroblast cells (3 d), full thickness rat 
dorsum incision model (14 d) 

Ski
n 

Increas
ed 
peptid
e 
dendri
mer in 
the 
compo
sition 
drastic
ally 
improv
ed 
adhesi
ve 
strengt
h and 
antimi
crobial 
activit
y. 
Hemos

[1
5
2] 
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tatic 
activit
y 
signific
antly 
higher 
than 
Coseal
TM. 
Adhesi
ve 
strengt
h, 185 
kPa 
(LS); 
14.58 
kPa 
(BP); 
42.58 
kPa 
(WC). 

3
7 

PEG-
block-
poly(prop
ylene 
glycol)-
block-PEG 
/ 
dopamine 
/ 
magnesiu
m oxide 
(MgO) 

Adhesion: LS (in vitro) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: Human-derived mesenchymal stem cells (24 h), full 
thickness rat dorsum incision model (28 d) 

Ski
n 

Adhesi
ve 
strengt
h six 
times 
higher 
than 
fibrin 
glue 
(127 
kPa). 
Good 
cytoco
mpatib
ility. 

[1
3
0] 

3
8 

Chitosan-
snail 
mucus 

Adhesion: PP (tested by rheometer, ex vivo) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: African green monkey kidney cells (48 h) 

Ski
n 

The 
snail 
mucus 
conten
t in the 
hydrog
el 
formul
ation 
increas
ed 
antiba
cterial 
activit
y, 
cytoco
mpatib
ility 
but 

[1
8
1] 
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hampe
red 
adhesi
ve 
perfor
mance
. 
Adhesi
ve 
strengt
h, 16 N 
(d=2.5 
cm). 

3
9 

Carboxym
ethyl 
chitosan / 
dextran 
dialdehyd
e 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 18 h) 
Biocompatibility: Rat subcutaneous implantation (37 d), rat liver injury 
model (14 d) 

Ski
n 

Chitin 
nano-
whiske
r 
conten
t in the 
hydrog
el 
enhan
ced 
the 
adhesi
ve 
perfor
mance 
ex 
vivo. 
Less 
hemos
tatic 
activit
y than 
Vetbo
nd™, 
but 
yielde
d 
better 
collage
n 
deposi
tion 
and 
less 
inflam
mation 
in 
histolo
gical 
assays. 
Adhesi
ve 
strengt

[1
4
9] 
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h, 
33.21 
kPa. 

4
0 

Hydropho
bically 
modified 
chitosan / 
oxidized 
dextran 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: S. aureus, P. aeruginosa (in vitro, 2 h) 
Biocompatibility: NIH-3T3 fibroblast cells (5 d), rat full- 
thickness infected skin defect model (15 d) 

Ski
n 

Increas
ing 
oxidize
d 
dextra
n 
conten
t in the 
hydrog
el 
increas
ed 
adhesi
ve 
perfor
mance 
and 
cell 
viabilit
y in 
vitro. 
Hydro
phobic
ally 
modifi
ed 
chitosa
n 
increas
ed the 
adhesi
on by 
~2 fold 
(8.9 
kPa) as 
compa
red to 
native 
chitosa
n. 

[1
8
2] 

4
1 

Quaterniz
ed 
chitosan-
Matrigel-
polyacryla
mide 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: A. niger, C. albicans, E. coli, S. aureus, S. epidermidis (in vitro, 
24 h) 
Biocompatibility: L929 mouse fibroblast cells (2 d), Rat full-thickness skin 
defect model (15 d) 

Ski
n 

Matrig
el 
incorp
orated 
hydrog
el 
perfor
med 
signific
antly 
better 
cytoco

[6
8] 
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mpatib
ility 
and 
wound 
closur
e as 
compa
red to 
formul
ations 
having 
no 
Matrig
el. 
Adhesi
ve 
strengt
h, 1.3 
kPa. 

4
2 

Gelatin 
methacryl
oyl/antimi
crobial 
peptide 
Tet213 
(AMP)  

Adhesion: LS (in vitro), BP (ex vivo porcine intestine), WC (ex vivo porcine 
mandible) 
Antimicrobial: P. gingivalis (72 h) 
Biocompatibility: Bone marrow mouse stromal cells (W-20-17) (5 d), mouse 
calvarial bone defect model (42 d) 

Ski
n 

Antimi
crobial 
peptid
e 
incorp
oratio
n did 
not 
have a 
signific
ant 
effect 
on the 
adhesi
ve 
strengt
h., 
~1.7-
fold 
better 
adhesi
on to 
porcin
e skin 
as 
compa
red to 
Coseal
TM. 
Good 
antiba
cterial 
activit
y. 
Adhesi
ve 
strengt

[1
8
3] 
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h; 65 
kPa 
(LS), 
34.6 
(BP), 
55.3 
(WC). 

4
3 

Chitosan-
based 

Adhesion: In vivo assessment on Drosophila sp. 
Antimicrobial: A. hydrophila, C. albicans, E. coli, M. gypseum, K. pneumonia, 
S. aureus, S. boydii, T. mentagrophytes, P. aeruginosa (in vitro, 18-24 h for 
bacteria, 2-3 d for fungi) 
Biocompatibility: Not investigated 

Abd
om
en 
of 

Dro
sop
hila 
sp. 

Crossli
nker 
conce
ntratio
n has a 
signific
ant 
effect 
on 
adhesi
ve 
strengt
h (14 
kPa), 
swellin
g and 
rheolo
gical 
proper
ties. 
High 
activit
y on C. 
albica
ns, E. 
coli, 
M. 
gypseu
m, K. 
pneum
onia, 
S. 
aureus
, but 
no 
effect 
on 
other 
tested 
specie
s. 

[1
8
4] 

4
4 

PEG-
lysozyme 

Adhesion: BP (ex vivo pig abdominal aorta veins) WC (in vivo rabbit 
tracheal, femoral artery and transmural left ventricular wall defect models) 
Antimicrobial: E. coli, S. aureus (in vitro, 6 h), rat MRSA infected dorsal 
wound model (3 d) 
Biocompatibility: C2C12 murine myoblast cells and L929 mouse fibroblast 
cells (7 d), rat dorsal subcutaneous pocket (14 d) 

Inte
rnal 
bod

y 
tiss
ues 
(he

Adhesi
ve 
strengt
h, 200 
mm Hg 
(BP). 
WC-

[1
5
1] 
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art, 
trac
hea

, 
vei
n, 

arte
ry 

etc.
) 

trache
a: No 
gas 
bubble
s were 
found 
to 
blow 
out 
from 
the 
wound 
site. 
WC-
femor
al 
artery: 
No 
blood 
flow 
was 
observ
ed. 
WC-
heart 
ventric
ular 
wall:  
Echoca
rdiogr
aphy 
measu
remen
ts 
showe
d 
compa
rable 
results 
to 
those 
measu
red on 
normal 
heart 

4
5 

Chitosan-
konjac 
glucoman
nan 

Adhesion: LS (ex vivo skin tissue) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: L929 mouse fibroblast cells (3 d), rabbit full-thickness skin 
defect model (16 d) 

Ski
n 

Higher 
konjac 
gluco
manna
n ratio 
in the 
hydrog
el 
formul
ations 
increas

[5
7] 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202300840 by U
niversity of C

alifornia - L
os A

nge, W
iley O

nline L
ibrary on [21/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

ed 
adhesi
ve 
strengt
h (~3 
kPa), 
and 
antiba
cterial 
activit
y 
against 
Gram-
bacteri
a, 
Cytoco
mpatib
le. 

4
6 

N-(2-
hydroxypr
opyl)-3-
trimethyl
ammoniu
m 
chitosan 
chloride 
& 
polydextr
an 
aldehyde 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, vancomycin-resistant E. faecium, β-lactam- resistant 
K. pneumoniae, S. aureus, MRSA, P. aeruginosa (in vitro, 24 h), In vivo mice 
cecum ligation and puncture model of sepsis prevention 
Biocompatibility: Hemo-compatibility assay in vitro, mice subcutaneous 
injection (7 d), rat full-thickness defect model (20 d),  

Ski
n 

Inactiv
ated 
both 
drug-
sensiti
ve and 
drug-
resista
nt 
bacteri
a. 
Good 
hemoc
ompati
bility 
with 
human 
erythr
ocytes. 
No 
signific
ant 
inflam
mation
. 
Adhesi
ve 
strengt
h, 7.4 
kPa. 

[1
8
5] 

4
7 

Quaterniz
ed 
chitosan-
g-
polyanilin
e & 
Benzalde

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 18-24 h) 
Biocompatibility: L929 mouse fibroblast cells (24 h), mice full-thickness skin 
defect model (15 d) 

Ski
n 

Higher 
PEG-
co-
poly(gl
ycerol 
sebaca
te) 

[5
8] 
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hyde 
group 
functional
ized PEG-
co-
poly(glyce
rol 
sebacate) 

conten
t 
increas
ed 
adhesi
ve 
strengt
h 
consid
erably 
(4.9 
kPa) 
withou
t 
affecti
ng 
antimi
crobial 
activit
y or 
cytoco
mpatib
ility. 

4
8 

A citrate-
based 
bioadhesi
ve based 
on 
copper-
catalyzed 
azide-
alkyne 
cycloaddit
ion 

Adhesion: LS (in vitro) 
Antimicrobial: C. albicans, E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: Human-derived mesenchymal stem cells (24 h) 

-  

The 
applica
tion of 
click 
chemis
try 
freed 
additio
nal 
catech
ol 
groups 
that 
may 
contrib
ute to 
adhesi
on in a 
greate
r 
extent 
instea
d of 
mainly 
partici
pating 
in 
polym
er 
crossli
nking, 
which 
led to 

[1
3
1] 
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the 
design 
of 
bioadh
esives 
with 
vastly 
improv
ed wet 
adhesi
on 
strengt
h 
(223.1
1 kPa) 
to 
biosurf
aces.  

4
9 

ε-
polylysine 
and 3,4-
hydroxyp
henylprop
ionic acid 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: L929 mouse fibroblasts (3 d), mice subcutaneous S. 
aureus injection model (7 d) 

Ski
n 

Excelle
nt 
cytoco
mpatib
ility 
and 
increas
ed 
adhesi
ve 
strengt
h (35 
kPa) 
with 
increas
ing 
H2O2 
conten
t.  

[1
5
0] 

5
0 

ε-poly-L-
lysine and 
γ-
poly(gluta
mic acid) 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: L929 mouse fibroblast cells (3 d), rat skin incision model 
(14 d) 

Ski
n 

Good 
cytoco
mpatib
ility. 
Degra
dation 
might 
have 
had an 
effect 
on the 
slower 
healin
g time 
in vivo. 
Adhesi
ve 
strengt

[1
8
6] 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202300840 by U
niversity of C

alifornia - L
os A

nge, W
iley O

nline L
ibrary on [21/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

h, 30 
kPa. 

5
1 

Citrate-
based 
mussel- 
inspired 
bioadhesi
ve 

Adhesion: LS (in vitro) 
Antimicrobial: C. albicans, E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: Human-derived mesenchymal stem cells (24 h) 

-  

Anti-
bacteri
al and 
anti-
fungal 
activiti
es. 
Could 
reach 
up to 
16 
times 
higher 
adhesi
ve 
strengt
h 
(168.1
5 kPa) 
compa
red to 
fibrin 
glue. 

[1
8
7] 

5
2 

Lactic acid 
(photocur
able) 

Adhesion: LS (in vitro) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: Human fibroblast cells (72 h) 

-  

Biodeg
radabl
e, 
bioco
mpatib
le and 
photoc
urable 
with 
antimi
crobial 
activit
y. 
Adhesi
ve 
strengt
h, 33.3 
N/cm2. 

[1
8
8] 

5
3 

S-triazine-
based 
epoxy 

Adhesion: LS (tested on wood) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h) 
Biocompatibility: Liver and heart cells of rats, in vivo skin sensitization 

-  

Antiba
cterial 
activit
y 
against 
S. 
aureus
. 
Cytoco
mpatib
le. 

[1
8
9] 
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Adhesi
ve 
strengt
h, 
2507 
MPa 
(on 
wood). 

5
4 

Polydextr
an 
aldehyde-
PEI 

Adhesion: LS (ex vivo porcine skin) 
Antimicrobial: E. coli, S. aureus (in vitro, 24 h), mice S. pyogenes infection 
model (3 d), mice cecal ligation and puncture model 
Biocompatibility: Hemo-compatibility assay in vitro, Mice subcutaneous 
injection (7 d) 

Ski
n 

The 
optima
l 
adhesi
ve 
prepar
ed 
from 
2.5 
wt% 
oxidize
d 
dextra
n and 
6.9 
wt% 
polyet
hyleni
mine 
had 
potent 
antiba
cterial 
activit
y, 
good 
mecha
nical 
proper
ties, 
and 
minim
ally 
hemol
ytic. 
Adhesi
ve 
strengt
h, 2.76 
kPa. 

[8
9] 
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Properties of antimicrobial bioadhesives and their characterization  

To enable clinical translation, bioadhesive properties should be defined using chemical, physical and 

biological characterization methods. In the following sections, methods used in the characterization 

of antimicrobial bioadhesives, properties being characterized, and illustrative example results will be 

discussed. 

3.1 Chemical properties and their characterization 

3.1.1 Composition 

For chemical characterization of antimicrobial bioadhesives, methods such as Fourier-transform 

infrared spectroscopy (FTIR), Raman spectroscopy, X-ray diffraction (XRD), nuclear magnetic 

resonance (NMR), UV–visible (UV-Vis) spectrophotometry, X-ray photoelectron spectroscopy (XPS) 

have been used. 

To identify and compare various components in bioadhesives based on their vibrational patterns of 

different atomic groups present in their structure, FTIR is used [190]. For example, the presence of 

aldehyde groups on benzaldehyde-terminated poloxamer 407, which were used to form imine bonds 

between carboxyethyl chitosan during bioadhesive hydrogel formation was confirmed using FTIR 

[55] Likewise, the disappearance of a PEGDA monomer-related peak in the FTIR spectrum confirmed 

the formation of covalent bond during the crosslinking of PEG diacrylate with chitosan (and thiolated 

chitosan) [69]. To characterize molecular bond vibrations, Raman spectroscopy has also been used, 

e.g. the confirmation of the formation of coordination bonds between protocatechualdehyde and 

ferric iron (used for crosslinking of quaternized chitosan) [56]. 

For investigating the amorphous and crystalline state of the material, XRD studies are used. For 

example, the disappearance of certain peaks on the XRD spectrum demonstrated that the anti-

fungal drug tioconazole (in chitosan-hydroxypropyl methylcellulose films) was in amorphous state, 

as opposed to the crystalline state of the pure drug [110]. Moreover, reduced crystallinity in certain 

regions of the material resulting from mixing polymers that have different characteristics (e.g. 

incorporation of chitosan into CMC hydrogel) was also detectable using XRD [191]. 

The identification and quantification of organic compounds and biological macromolecules can be 

performed via UV-vis spectrophotometry [192], such as it was demonstrated for the analysis of 

aldehyde content of oxidized pectin coatings on the chitosan membranes achieved by reacting the 

aldehyde compound with 2,4-dinitrophenylhydrazine [106]. The determination of the aldehyde 

content was important to optimize the concentration of oxidized pectin that was used for the 

coating of chitosan membranes to improve their adhesion. 

Revealing chemical structures of bioadhesives is also possible by NMR, a powerful method used to 

investigate the presence, abundance and position of atoms (such as 1H and 13C) [193]. For example, 

3-(4-hydroxyphenyl) propionic acid modification of glycol chitosan was verified by the appearance of 

additional peaks on the 1H NMR spectrum [111]. The degree of photo-crosslinking between MeTro 

and GelMA was also determined by analyzing areas under specific 1H NMR peaks [63].  

To analyze surface elemental composition of bioadhesives, XPS has been used [194]. Information on 

surface polarity and charge helps to understand adhesion mechanisms. Analysis of the chemical 

structure and crosslinking mechanism can also be performed using XPS. For example, the 
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disappearance of thiophenol peak in XPS was ascribed to the crosslinking between tannic acid–

thioctic acid in bioadhesive hydrogel made from tannic acid and thioctic acid [178]. It is also 

important to analyze the electrical activity of materials, as electrical stimulation can enhance wound 

healing [195]. The development of hydrogels with conductive properties has been recently explored 

[196], and their use as bioadhesives needs further characterization.  

  

3.1.2 Degradation 

Biodegradable bioadhesives are suitable for application in the treatment of internal organs, so that 

no removal procedure is needed. [197]. Therefore, methods to characterize their biodegradation are 

discussed in this section.   

  

Degradation of bioadhesives can be characterized in vitro or in vivo. In vitro characterization usually 

involves the immersion of the biomaterial in solutions that resemble target tissue environments 

[198,199]. Although straightforward, gravimetric measurement of bioadhesive degradation may 

yield misrepresented data for certain bioadhesives that adsorb dissolved ions in degradation 

medium [200,201]. In such cases, degradation may also be evaluated using, e.g. spectroscopy [202]. 

Although providing valuable information, results obtained by in vitro characterization methods are 

insufficient to represent their actual performance in the body and therefore, in vivo experiments are 

required [203], by subcutaneous implantation [204,205], or application in target tissues using 

specific models such as full-thickness skin defect [169] or diabetic wound model [136]. 

Depending on polymers and the way they are crosslinked, stronger cohesive forces keep 

bioadhesives together to prolong their degradation and vice versa [206]. For example, laser 

activated antibacterial loaded silk fibroin sealant completely degraded after 10 days of implantation 

in rat skin wounds (Figure 3A-I) [103], whereas slow degradation in vitro was observed with an 

antimicrobial peptide loaded MeTro and GelMA bioadhesive (Figure 3A-II) [63]. It was also found 

that acidic pH increases the degradation, e.g. of quaternized chitosan and aldehyde-modified 

poloxamer 407 hydrogel [50], because of the rapid hydrolysis of imine bonds (Schiff bases) in acidic 

environment [207]. Slow degradation of bioadhesives has been also shown with the incorporation of 

NPs added to the bioadhesive (Figure 3B) [119], and with having cellulose in the structure of the 

bioadhesive (Figure 3C) [177].  

Controlled degradation is an important property of stimuli-responsive biomaterials [208,209]. For 

example, quaternized chitosan and protocatechualdehyde-Fe3+ combined with a pH-responsive 

coordination (catechol−Fe3+) enabled an on-demand low pH-triggered dissolution [56]. Dodecane-

grafted quaternized chitosan and ketone group functionalized PVA bioadhesive was also shown to 

dissolve on-demand upon exposure to glycine solution [176]. Glycine could alter the equilibrium of 

enamine bond formation between the constituent polymer chains in favor of Schiff base formation 

between amino groups on glycine and ketone groups on the functionalized PVA [176]. 
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Figure 3. Degradation of bioadhesives in vitro and in vivo. (A) Antimicrobial drug loaded 

bioadhesives. (i) Persistence of silk fibroin-indocyanine green (S-ICG) laser-activated sealant (LASE) 

films in incisional wounds (1), and their fluorescence images (2). (ii) In vitro degradation of 

methacryloyl-substituted recombinant human tropoelastin/gelatin methacryloyl (MeTro/GelMA) 

and MeTro/ GelMA with antimicrobial peptide Tet213 (AMP) (0.1% w/v AMP) hydrogels at 15% w/v 

total polymer concentration and 70/30 MeTro/GelMA ratio. No significant difference in degradation 

properties of hydrogels with and without AMP (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). (iii) 

In vivo biodegradation of MeTro/GelMA-AMP hydrogels. (B) Bioadhesives with antimicrobial 

properties dependent on their nano-scale components. Degradation pattern of fibrin, chitin-fibrin 

(CH-FB), and tigecycline loaded gelatin nanoparticle (NP) loaded CH-FB (tGNPsCH-FB) gel. Significant 

difference between fibrin and CH-FB; fibrin and tGNPsCH-FB gel (***, p<0.001). (C) Bioadhesives 

with antimicrobial properties due to their inherent properties. In vivo biodegradation of a 

cellulose/DOPA-cation copolymer double-network adhesive hydrogel (AC/PDM2.5) in rats. Excised 

hydrogel implants (first row) and the hydrogel appearance (second row). Scale bar: 500 μm. 

Reproduced with permission. Ai[103] Copyright 2021, The Royal Society of Chemistry. Aii[63] Copyright 

2017, C[177] Copyright 2021, Elsevier Ltd. B[119] Copyright 2018, American Chemical Society. 

3.1.3 Drug release kinetics 

Release of compounds having distinct electromagnetic spectral properties is usually studied by 

spectrophotometry methods. However, a plethora of different analysis methods can also be 

employed. For compounds with poor spectral properties, the amount of released compound can be 

analyzed via chromatography (with a suitable eluate detector) [36,91,102] or chemical derivatization 

of released compounds may enable the use of spectrophotometric measurement [210]. Colorimetric 
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methods to detect metal ions [91], fluorescent tagging of proteins [106], activity of antimicrobial 

enzymes [114] have also been employed to determine release from bioadhesives. However, special 

equipment should be used when polymeric degradation products of bioadhesives interfere with the 

analysis of released drugs [93,211]. The use of dialysis bags [211] or Franz diffusion cells [93] 

provides a barrier between the drug release media and the bioadhesive, allowing the transfer of 

released drugs while preventing the passage of bioadhesive degradation products into the release 

media. In addition, many studies that evaluated drug release from bioadhesives report the use of 

phosphate buffered saline as release medium, however areas of application or wound types may 

vary greatly (e.g. pH, composition) and this can have significant effect on drug release [102]. 

Therefore, medium used should resemble in vivo conditions as much as possible. 

It was shown that low pH can enhance antimicrobial release by increased solubility of drugs and 

degradation of bioadhesives (Figure 4A) [106] which can have application in the treatment of some 

types of infected wounds. Factors that affect drug release from bioadhesives include also the 

fabrication method, such as it was demonstrated with surface dendronization of chitosan films 

(Figure 4B) [78]. Drug release depends also on polymer-drug interactions. For example, curcumin 

release from sodium CMC-based bioadhesive was significantly faster as compared to chitosan-based 

bioadhesive (Figure 4C) [105].  

The use of nanocarriers also influence drug release kinetics [212], as it was demonstrated with 

decreased drug release following the encapsulation of tigecycline in gelatin NPs that were 

embedded in chitin-fibrin hydrogel [119]. Similar observations were also made with metronidazole-

loaded chitosan (Figure 4D) [49], and L-glutamic loaded PDA-modified ZnO NPs [84]. Slow drug 

release property of bioadhesives will be useful for controlled and sustained release of antimicrobials, 

where prolonged release is required. 

To be effective, antimicrobial agents loaded in bioadhesives should reach their microbial minimum 

inhibitory concentration in the vicinity of the bioadhesives, keeping that concentration steady 

throughout the treatment time [213]. Alternatively, the antimicrobial bioadhesives may have burst 

release to reach minimum bactericidal concentration to cleanse pathogenic bacteria at the initial 

stage of treatment [214].  To demonstrate this, appropriate drug release characterization methods 

should be employed. 
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Figure 4. Antimicrobial drug release profiles from bioadhesives. (A) Cumulative release of 

fluorescent carboxytetramethylrhodamine (TAMRA) tagged GKIIKLKASLKLL (GL13K) peptide (TAMRA-

GL13K) in a pH-dependent manner from chitosan nanofiber membranes incubated in 0.1 M sodium 

acetate buffers of different pH. (B) In vitro ciprofloxacin release from dendronized chitosan-

ciprofloxacin (ChW-CIP; empty symbols) and native chitosan-ciprofloxacin (Ch-CIP; filled symbols) 

films using Franz cells filled with pH 5.8 buffer solution as receptor media. (C) Ex vivo dermal delivery 

of curcumin from sodium carboxymethylcellulose (F1), hydroxypropylmethylcellulose (F2), chitosan 

(F3), and carbopol (F4), in excised rat skin at 37oC. (D) Release of metronidazole (MTZ) from chitosan 

microcapsules (CS@MTZ) embedded in poly(vinyl alcohol) (PVA@CS@MTZ) or MTZ loaded 

(PVA@MTZ) hydrogels in PBS at pH 7.4 (not labeled) or pH 5.0 at 37oC. Reproduced with permission. 

B[78] Copyright 2017, C[105] Copyright 2021, Elsevier Ltd. A[106] Copyright 2020, D[49] Copyright 2019, 

American Chemical Society. 

3.2 Physical properties and their characterization  

3.2.1 Microstructure, swelling and rheology 

Microscopic examination of bioadhesives is needed to correlate their microstructure with their 

mechanical and biological properties. Techniques such as scanning electron microscopy (SEM) [215], 

cryo-SEM [216], confocal laser scanning microscopy [79], atomic force microscopy [217] and 

transmission electron microscopy (especially for nanocomposite bioadhesives) [218] have been used 
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for studying the microstructure of bioadhesives. Each technique of these has its advantages and 

limitations. 

Different crosslinking schemes or constituent polymer ratios can change the porous nature of 

bioadhesives. For example, double crosslinking can lead to the formation of a denser structures with 

less porosity as compared to the single network-photocrosslinking [69]. Porosity directly affects the 

rate of mass transfer through hydrogels and this, eventually, may significantly affect bioadhesive 

swelling, degradation, drug release, stiffness and cytocompatibility. 

Swelling is an important property to investigate as bioadhesives can absorb water and increase in 

size, which in turn may exert pressure on adjacent blood vessels and nerves. Swelling may also 

disrupt adhesion itself [219]. Swelling is investigated in a similar way as degradation, where dried 

bioadhesives are immersed in solutions that resemble in vivo conditions.  

Rheological properties of antimicrobial bioadhesives are evaluated to find out how altering polymer, 

antimicrobial drug or nano-component compositions affect mechanical properties [220]. Rheological 

characterization enables the evaluation of bioadhesives across varying shear rates, degrees of strain, 

temperatures, frequencies and durations [138]. There are several commonly employed rheology 

characterization methods [221–223], such as strain sweep, which is used to study bioadhesive 

viscosity across varying strain. It is usually conducted to determine linear viscoelastic region of the 

material prior to other rheology tests [224]. Frequency, temperature and time sweeps are used to 

determine bioadhesive storage and loss moduli with respect to varying frequency, temperature and 

time, respectively [225]. Data obtained from these tests provide information on the structural 

stability, gelation time, shear-thinning behavior and self-healing properties of the tested bioadhesive 

[127,226]. 

In these methods, a rotational rheometer is used and a small amount of a test sample (swollen) is 

placed between plates with various geometries (e.g. parallel plate or a cone-plate), a small 

amplitude torsional oscillation is applied to the sample, and the mechanical response of the 

bioadhesive is recorded [227]. In order to obtain accurate data, good contact and grip between the 

plates and sample is important. While certain degree of compression is inevitable to achieve this, 

excessive compressive strains can yield significant deviations in results [228]. Another important 

consideration is to prevent unintended changes (e.g. evaporation, ongoing crosslinking etc.) in 

samples during rheology tests. 

 

3.2.2 Tensile properties  

Tensile properties include elastic modulus (i.e. stiffness or Young’s modulus or tensile modulus), 

extensibility and tensile strength [63]. Tensile properties of bioadhesives are characterized by 

subjecting them to uniaxial tensile forces. While tensile strength is defined as the maximum 

stress (negative pressure) a bioadhesive can withstand before rupturing [229], extensibility is the 

elongation at the rupture point (maximum strain) [230]. Tensile modulus, on the other hand, is the 

rate at which stress increases elastically per unit of strain [231]. Certain prerequisites are 

necessary to obtain accurate data, such as sample shape, dimension ratios, testing device 

holder grip, and the use of standardized tests protocols, e.g. ASTM D882, which provide 

guidelines for accurate analysis and enable reproducibility [232]. 
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An ideal bioadhesive should have tensile properties close to those of target tissue [68]. Tensile 

properties of bioadhesives are affected by the polymer concentration in their structure, crosslinking 

degree (Figure 5A-I) [69] and the ratio of constituent polymers, which in turn influence the number 

of chemical bonds per unit volume that can impact tensile strength and stiffness of the bioadhesive. 

In vivo examination of a laser-activated indocyanine green containing silk fibroin antimicrobial 

sealant, was carried out using full-thickness incisional wound model in mice [103]. Tensile strength 

of the wound three days later was ~75 kPa, which is higher than those treated with sutures (Figure 

5A-II). Inclusion of CNTs (Figure 5B-I) [55], certain micelles were also found to increase the tensile 

strength of chitosan-based hydrogels (Figure 5B-II) [50]. Although increasing nano- or micro- 

components can lead to higher tensile strength, these components may negatively affect the 

adhesive strength and cytocompatibility. Furthermore, the relationship between the nano-scale 

component concentration and the tensile strength is not always directly proportional as these 

components may enhance the cohesive forces in the matrix only within a certain concentration 

range (Figure 5B-III) [84].  

Tensile properties of bioadhesives made from polymers with inherent antimicrobial activity are 

influenced by crosslinking (Figure 5C-I) [177]. For example, it was found that by increasing DOPA-

cation copolymer, physical crosslinking of the hydrogel was enhanced, and resulted in the formation 

of bioadhesives with less stiffness and more extensibility. Tensile test examination showed that 

stiffness is associated with having a highly organized and compact chemical structure. For example, 

higher dendrimer concentration in the structure was associated with increased crosslinking density, 

higher tensile modulus and lower extensibility (Figure 5C-II) [152]. On the other hand, bioadhesives 

with non-covalent bonds in their polymeric matrix have higher extensibility (Figure 5C-III) [68]. 
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Figure 5. Tensile properties of antimicrobial bioadhesives. (A) Antimicrobial drug loaded 

bioadhesives. (i) Tensile stress-strain curves of double network hydrogels based on poly(ethylene 

glycol) diacrylate (PEGDA) and chitosan (CS) or thiolated chitosan (TCS).  (ii) Efficacy of silk fibroin-

indocyanine green (S-ICG) laser-activated sealant (LASE) based sealing of full-thickness skin wounds 

in mice. (1) Images of 0.75 cm incisions closed with three interrupted VicrylPlus sutures or 20 s laser 

closure with S-ICG (0.67 mg) LASE. (2) Tensile strength of incised murine skin three days following 

laser closure with S-ICG (0.67 mg) LASE or approximation with VicrylPlus sutures. Significant 

difference (* p < 0.05). (B) Bioadhesives with antimicrobial properties dependent on their nano-scale 

components. (i) Tensile strength of hydrogels of N-carboxyethyl chitosan (CEC) and benzaldehyde-

terminated poloxamer 407(PF) hydrogels having various carbon nanotube (CNT) content. Significant 

difference (*P < 0.05, **P < 0.01). (ii) Increasing the concentration of benzaldehyde-terminated 

poloxamer 407 micelles increases tensile strength, stiffness and extensibility of quaternized chitosan 

(QCS/PF) hydrogels, which is related to aldehyde:amine ratios (0.8-1.3). (iii) Ultimate tensile strength 

of methacrylated -carrageenan / polydopamine (PD) modified zinc oxide (ZnO) nanoparticles 

hydrogels having different ZnO contents. Significant difference (*: P<0.05). (C) Bioadhesives with 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202300840 by U
niversity of C

alifornia - L
os A

nge, W
iley O

nline L
ibrary on [21/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

antimicrobial properties due to their inherent properties. (i) Tensile stress of allyl cellulose/3,4-

dihydroxyphenylalanine-cation copolymer (AC/PDM) double-network hydrogels. AC/PDM1.3 is 

composed of 4.5% allyl cellulose, 1.3% PDM. AC/PDM2.5 contains 4.5% allyl cellulose, 2.5% PDM. AC 

is composed of 4.5% allyl cellulose only. (ii) Higher concentration of the dendrimer generation 3 (G3) 

lysine and PEG (OCMC/G3KP) in oxidized carboxymethyl cellulose increased its tensile strength. (iii) 

Increasing non-covalent bonding in quaternized chitosan-Matrigel-polyacrylamide (QCS-M-PAM) 

hydrogel increases its extensibility (tensile strain). Reproduced with permission. Ai[69] Copyright 

2019, Bi[55] Copyright 2020, Biii[84] Copyright 2020, Bii[50] Copyright 2018, Ci[177] Copyright 2021, Ciii[68] 

Copyright 2019, Elsevier Ltd. Aii[103] Copyright 2021, The Royal Society of Chemistry. Cii[152] Copyright 

2019, American Chemical Society. 

3.2.3 Adhesive properties   

Although adhesive strength can be determined using different methods, the most commonly used 

ones are lap-shear, burst-pressure and wound closure tests (Figure 6A). Naturally stretching tissues 

such as skin, gut and lung can exert shear forces on bioadhesives, and therefore lap-shear test can 

be a suitable test to evaluate the performance of bioadhesives [34]. In ex vivo lap-shear test, 

bioadhesives are sandwiched between overlapping tissue pieces and force is applied to samples in a 

way similar to that used in standard tensile testing (Figure 6A-I). Burst-pressure test (Figure 6A-II) is 

used to determine the capability of bioadhesives to seal a punctured hollow organ or a tissue, 

through which air or liquid is pumped under certain pressure [233]. The pressure at which a 

bioadhesive cannot sustain anymore is called burst-pressure, and it is useful for evaluating 

bioadhesives used for the heart, lung, trachea, arteries and intestine [34]. Wound closure tests 

(Figure 6A-III) are similar to the standard tensile test, except that a bioadhesive keeps two tissue 

samples together until maximum stress is reached  [34]. It shows the effectiveness of a bioadhesive 

to keep the edges of a wound together, while it is exposed to tensile stress. 

Both the maximum shear stress and burst pressure can be influenced by the polymer  concentration 

in bioadhesives (Figure 6B) [63]. Furthermore, characterizations revealed that the incorporation of 

an antimicrobial peptide to bioadhesives does not interfere with adhesive performance. Other 

studies showed that significantly higher shear stress can be achieved by using double-network 

crosslinking as compared to single crosslinking [69,106].Increased adhesive strength was also 

attributed to higher surface polarity, hydrophilicity and intermolecular hydrogen bonding capability 

of oxidized pectin used to coat chitosan nanofiber membrane [106]. 

Tests have shown that adhesive properties of bioadhesives are affected by the incorporation of 

nano-scale components. For example, adding CNTs [55] and PDA ZnO NPs [84] were found to 

increase the adhesive strength of bioadhesives (Figure 6C-I) It was also found that chitosan 

microcapsules added to PVA hydrogel could facilitate its wet adhesion [49]. The hydrophobic nature 

of the microcapsules expelled water molecules at the interface to allow better interaction at the 

bioadhesive-tissue interface. Certain compositions may perform well using one type of adhesion 

testing, but not with the other, demonstrating the importance of using multiple characterization 

tests for determining overall adhesive performance. For example, although fibrin gel demonstrated 

higher shear stress as compared to gelatin NP incorporating chitin-fibrin bioadhesive, the latter 

performed better in burst pressure testing (Figure 6C-II) [119].  
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Tissue adhesion depends largely on the density of the functional groups in the bioadhesive that can 

form chemical bonds with tissues, and this is especially important for bioadhesives with inherent 

antimicrobial activity. For example, increased concentrations of 4-arm-PEG allowed more amide 

bond formation at the tissue-hydrogel interface and lead to increased burst pressure proportionally 

[151]. In a bioadhesive formed of oxidized CMC and lysine-PEG dendrimer, higher adhesive strength 

was seen when the aldehyde groups of oxidized CMC were less consumed by the amine groups of 

the dendrimer during bioadhesive preparation [152]. Having more aldehyde groups to interact with 

the tissue lead to better adhesion, e.g. compositions having an aldehyde:amine ratio of 1:1 

performed significantly better than those having the ratio of 1:2 (Figure 6D). A higher adhesive 

strength was also achieved with the use of catechol-Fe3+ chelation concurrently with 

photocrosslinking as compared to bioadhesives having only photocrosslinking or chelation [180]. 

Another bioadhesive based on dual-dynamic-bond crosslinking of quaternized chitosan and Fe3+-

protocatechualdehyde demonstrated better adhesion when the ratio of Fe3+-protocatechualdehyde 

was increased [56]. The oxidation of gallic acid with sodium periodate in gallol-functionalized 

collagen was also found to increase wet adhesive strength [60]. Stronger adhesion was attributed to 

the formation of quinone groups as a result of the oxidation, which produce strong chemical 

interactions such as Schiff base and Michael addition. 
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Figure 6. Adhesion strength of antimicrobial bioadhesives. (A) Schematic representation of 

commonly used adhesion tests. (B) Antimicrobial drug loaded bioadhesives. Incorporation of the 

antimicrobial peptide Tet213 (AMP) in methacryloyl-substituted recombinant human 

tropoelastin/gelatin methacryloyl (MeTro/GelMA; 70/30) hydrogel did not interfere with its shear 

strength (i), burst pressure (ii), and adhesion strength (iii) at 20% and 15% polymer concentrations 

with and without AMP compared to commercial adhesives (EvicelTM and CosealTM). Significant 

difference (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n=5). (C) Bioadhesives with 

antimicrobial properties dependent on their nano-scale components.  (i) Adhesive strength of 

methacrylated -carrageenan hydrogels containing 1 wt% (K-1Z/P) or no (K-0Z/P) polydopamine 
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modified zinc oxide nanoparticles compared to two commercial bioadhesives. Significant difference 

(*: p < 0.05). (ii) Incorporation of tigecycline loaded gelatin NPs (tGNPsCH-FB) in chitin-fibrin (CH-FB) 

gels does not adversely affect shear strength (1) but decreases burst pressure (2). Adhesion strength 

of CH and FB gels are also shown for comparison. Insignificant difference (**, p < 0.01) (1), significant 

difference (**, p < 0.01) (2).  (D) Bioadhesives with antimicrobial properties due to their inherent 

properties. In oxidized carboxymethyl cellulose/generation 3 (G3) lysine peptide dendrimer and 

poly(ethylene glycol) (OCMC/G3KP) hydrogel, aldehyde:amine ratio of 1:1 performed better than 

other compositions of the same concentration in lap shear test using porcine skin (i), burst pressure 

test using porcine jugular vein (ii), and wound closure test using porcine skin (iii). CosealTM served as 

the control. Significant difference (*p < 0.05, **p < 0.01, and n = 5). Reproduced with permission. 

Bi[63] Copyright 2017, Bii[63] Copyright 2017, Biii[63] Copyright 2017, Ci[84] Copyright 2020, Elsevier Ltd. 

Cii[119] Copyright 2018, A[152] Copyright 2019, D[152] Copyright 2019, American Chemical Society. 

3.3 Biological properties and their characterization  

3.3.1 Cytocompatibility  

Although L-929 and NIH/3T3 fibroblast cell lines are commonly used for studying cytocompatibility 

[234], the application of tissue specific cell lines are also necessary for the demonstration of specific 

biocompatibility of certain bioadhesives. Cytocompatibility of bioadhesives can be assayed by 

seeding cells directly on bioadhesives, or indirectly by exposing them to bioadhesive-extract 

solutions [235]. Cytocompatibility is usually measured in terms of cell viability, cellular metabolic 

activity and morphology [236]. Cell viability can be characterized using live-dead assays (green-

fluorescence with calcein acetoxymethyl ester indicates intracellular esterase activity while red-

fluorescence with ethidium homodimer-1 indicates the disintegration of cell membrane) [237]. 

These methods showed, e.g. that some antimicrobial peptides have better cytocompatibility (Figure 

7A-I, II) [106]. Metabolic activity can be assayed by using agents such as tetrazolium salts or 

resazurin that are metabolized by live-cells to produce detectable colored or fluorescent compounds 

[238]. Enzymatic activity assay can also be used to detect cell death because it is related to the 

disintegration of cell membrane. For example, lactate dehydrogenase (LDH) assay is a frequently 

employed method to detect cell death  [234], as LDH is released when cell membrane disintegrates.  

Cytotoxicity tests showed that the incorporation of nano-scale components in bioadhesives may 

adversely affect cytocompatibility [239]. For example, higher Ag NP concentrations in silk fibroin-

tannic acid hydrogel bioadhesive led to increased cytotoxicity [47]. Although ZnO NPs were reported 

to have a similar cytotoxicity [240], coating of ZnO NPs with PDA was shown to enhance cell survival 

rate [84]. While the incorporation of CNTs in N-carboxyethyl chitosan (-CHO/-NH2=1.0) did not 

adversely affect cytocompatibility (Figure 7B-I) [55], adding benzaldehyde-terminated poloxamer 

407 micelles to quaternized chitosan (-CHO/-NH2=1.3) increased cell death (Figure 7B-II) [50]. 

Despite good mechanical and antimicrobial properties, the inherently antimicrobial adhesive, γ-(2,3-

epoxypropoxy)propyltriethoxysilane modified tannic acid, was found to be cytotoxic due to its epoxy 

functional groups [178]. In contrast, another inherently antimicrobial bioadhesive, gallol-

functionalized collagen was found to enhance cell viability (Figure 7C-I, II) [60]. Imitating the 

structure of ECM in the design of bioadhesives may lead to improved cytocompatibility, such it was 

observed with a bioadhesive made of oxidized CMC and lysine dendrimer [152].   
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Figure 7. Cytocompatibility of antimicrobial bioadhesives. (A) Antimicrobial drug loaded 

bioadhesives. (i) In vitro 3D cell encapsulation in methacryloyl-substituted recombinant human 

tropoelastin/gelatin methacryloyl (MeTro/GelMA) and MeTro/GelMA-antimicrobial peptide Tet213 
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(0.1% (w/v) AMP) hydrogels using fibroblasts. Quantification of viability (1) and metabolic activity (2) 

of cells encapsulated in MeTro/GelMA and MeTro/GelMA-AMP hydrogels. MeTro/GelMA 30/70 

hydrogels at 10% (w/v) total polymer concentration were used for 3D fibroblast encapsulation. 

Significant difference (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, n=3) (2). (3) Live/dead 

and Actin/DAPI images of fibroblasts encapsulated in MeTro/GelMA-AMP hydrogels (scale bar=200 

mm). (ii) Triple immunofluorescent staining of keratinocytes adhered to surface modified chitosan 

nanofiber membranes that were loaded with either D-GL13K peptide (D-GL13K_CS) or chlorhexidine 

(CHX_CS) after 3 days of culture. Green = actin, red = cytokeratin 14, blue = nuclei, scale bar = 75 μm. 

(B) Bioadhesives with antimicrobial properties dependent on their nano-scale components. (i) 

Fibroblast viability on N-carboxyethyl chitosan (CEC) and benzaldehyde-terminated poloxamer 407 

(PF) with varying carbon nanotube (CNT) content (CEC/PF/CNT) hydrogels for 24 h. (ii) Cell viability 

on benzaldehyde-terminated poloxamer 407micelles/quaternized chitosan (QCS/PF) hydrogels with 

varying aldehyde to amine ratios, and tissue culture polystyrene (TCP). Scale bar: 200 μm. Significant 

difference (*p < 0.05). (C) Bioadhesives with antimicrobial properties due to their inherent 

properties. Cytotoxicity evaluation of ε-polylysine/gallic acid/collagen (EPL)/GA1/4-COL (3:1). 1/4 in 

EPL/GA1/4 stands for the molar ratio of amino group in EPL to carboxyl group in GA and (3:1) stands 

for the molar ratio of (EPL)/GA1/4 to COL carboxyl group.  (i) Fibroblast viability using CCK-8 assay. (ii) 

Cytoskeleton staining images by confocal laser scanning microscopy after 48 h of culture. Red: 

Phalloidin (F-actin), blue: DAPI (nucleus). Reproduced with permission. Ai[63] Copyright 2017, Bi[55] 

Copyright 2020, Bii[50] Copyright 2018, Ci[60]  Copyright 2020, Cii[60] Copyright 2020, Elsevier Ltd. Aii[106] 

Copyright 2020, American Chemical Society. 

3.3.2 In vivo biocompatibility 

In order to have an idea on the actual performance of bioadhesives in vivo, animal experiments are 

performed for assessing general biocompatibility, e.g. by subcutaneous implantation or using 

specific tissue models. To assess wound healing, bioadhesives are tested in animals, where full-

thickness skin defects are created, and bioadhesives are applied and compared to conventional 

methods or commercially available products (Figure 8A) [50,241]. At different stages of wound 

healing, tissue samples are examined histologically to evaluate epithelialization, wound closure and 

remodeling [242]. In addition, immunostaining can be used for the detection of specific markers, 

such as the cluster of differentiation (CD) 68 for macrophages and CD206 for type 2 (M2) 

macrophages [243]. Analysis can also be conducted at the molecular level by extracting RNA or 

protein content, to investigate up- or downregulation of certain genes or protein using methods 

such as reverse transcription polymerase chain reaction and western blot, respectively [244]. 
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Figure 8. In vivo evaluation of antimicrobial bioadhesives. (A) Full-thickness skin wounds in mice 

that were treated with either commercial film dressing (Tegaderm™) or curcumin loaded 

benzaldehyde-terminated poloxamer 407 micelles/quaternized chitosan hydrogel with an aldehyde 

to amine ratio of 1.0 (Cur-QCS/PF1.0) (i). Histological evaluation of wound regeneration (blood 

vessels: yellow arrows, hair follicles: green arrows, boundary of epithelium and dermis: blue lines, 

completed epithelium: yellow hexagram). The orange star indicates complete healing. Scale bar: 100 

μm (ii). Reproduced with permission. A[50] Copyright 2018, Elsevier Ltd. 

3.3.3 Antimicrobial activity 

The antimicrobial activity of bioadhesives can be assessed quantitatively using methods [245], such 

as the measurement of microbial growth inhibition zones by incubating microorganisms with 

bioadhesives on agar plates [246], or using liquid media obtained after the exposure of 

microorganisms to bioadhesives (Figure 9) [245]. For example, inhibition zones on agar plates were 

used to demonstrate that PDA coating of ZnO led to reduction in its antimicrobial activity against E. 

coli and S. aureus (Figure 9B-I) [84]. Counting E. coli and S. aureus colony forming units 

demonstrated the antimicrobial activity of the nanoscale structures such as benzaldehyde-

terminated poloxamer 407 micelles and quaternized chitosan [50]. This method has also enabled the 

demonstration of increased antibacterial activity with increasing protocatechualdehyde-Fe3+ 

complex concentration in dynamically crosslinked quaternized chitosan and protocatechualdehyde-

Fe3+ complex [56]. Both inhibition zone and colony counting methods were used to assess the 

effectiveness of photothermally-activated CNT containing bioadhesive against S. aureus (Figure 9B-

II) [55,247]. Measurement of optical density obtained from bacteria grown with bioadhesive 

powders demonstrated that bacterial activity was dependent on the concentration of silver nitrate 

(AgNO3) in silk fibroin-tannic acid hydrogel bioadhesives [47]. Other methods involve the use of 
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colorimetric growth indicator compounds, e.g. tetrazolium salts, and fluorescent staining to 

demonstrate live and dead bacteria [245].  

SEM is also employed to examine morphological changes in bacteria after exposure to antimicrobials 

[248,249]. For example, SEM examination of E. coli and S. aureus showed changes in bacteria shape 

after their death due to dopamine-modified ε-polylysine (EPL-DOPA), as opposed to normal 

morphology of live bacteria (Figure 9C-I) [46,60]. 

  

For in vivo testing of antimicrobial activity, wound infection models, where pathogenic 

microorganisms are inoculated into wounds are used for the evaluation of antimicrobial 

bioadhesives [250]. For example, in vivo tests demonstrated the antimicrobial effectiveness of laser-

activated vancomycin containing sealant in treating MRSA infected murine full-thickness skin 

wounds (Figure 9A-II) [103] and of CNT-incorporating bioadhesives in treating S. aureus infected full-

thickness murine skin wounds (Figure 9B-I)[55,247] Furthermore, in vivo evaluation of MRSA 

infected  wounds in a mice demonstrated the antimicrobial effectiveness of bioadhesives based on 

γ-(2,3-epoxypropoxy)propyltriethoxysilane modified tannic acid (Figure 9C-IV) [251]. 
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Figure 9. Antimicrobial activity of antimicrobial bioadhesives. (A) Antimicrobial drug loaded 

bioadhesives. (i) Inhibition areas of S. aureus (left) and P. aeruginosa (right) growth by: a) chitosan 

films (ChP), b) chitosan-weisocyanate ciprofloxacin (ChW-CIP) and c) chitosan – ciprofloxacin (Ch-CIP) 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202300840 by U
niversity of C

alifornia - L
os A

nge, W
iley O

nline L
ibrary on [21/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

films (7 mm diameter). (ii) MRSA inoculated skin incisions in mice treated either with vancomycin 

(Vanc) loaded silk fibroin-indocyanine green (S-ICG) laser-activated sealant (LASE) (S-ICG0.67mg 

Vanc50µg LASE) films or VicrylPlus antibacterial sutures (1). (2) MRSA CFU g−1 in closed skin 1 h or 7 d 

post-inoculation. (B) Bioadhesives with antimicrobial properties dependent on their nano-scale 

components. Photothermally induced antibacterial activity of N-carboxyethyl chitosan (CEC) and 

benzaldehyde-terminated poloxamer 407 (PF) hydrogels having varying CNT content (i). In vivo 

survival ratios of S. aureus tested with either CEC/PF/CNT2, non-CNT containing CEC/PF 

(CEC/PF/CNT0), moxifloxacin (Mox)-CEC/PF/CNT2, NIR activated CEC/PF/CNT2 (NIR-CEC/PF/CNT2), 

only NIR irradiation or control (no treatment) (ii). (iii) Bacterial inhibition zones by either 

methacrylated -carrageenan(K) containing 1 wt% polydopamine modified zinc oxide nanoparticles 

(Z/P) (K-1Z/P), no Z/P (K-0Z/P) or 1 wt% glutamic acid containing K-1Z/P (K-1Z/P+1L). (C)  

Bioadhesives with antimicrobial properties due to their inherent properties. (i) Morphology of E. coli 

(1-3) and S. aureus (4-6) after being treated with either (1, 4) normal saline (positive control), (2, 5) 

dopamine-modified ε-polylysine (EPL-DOPA), or (3, 6) 75% v/v ethanol (negative control). (ii) 

Antimicrobial activity of 8% w/v oxidized dextran/10% w/v epsilon-poly(lysine) (OD/EPL-3) hydrogels 

against various bacteria and fungus as compared to agar tissue culture polystyrene (TCPS). (iii) 

Surface antibacterial properties of adhesive hydrogels based on poly(N-

isopropylacrylamide)(PNIPAm), quaternized chitosan-graft-𝜷-cyclodextrin (QCS-CD), acrylated 

adenine (AA) with different concentrations (0.5 to 1.5 mg/mL) of polypyrrole nanotubes (PPY) 

challenged with 104 CFU of MRSA for 2 h (1). (2) Antibacterial activity of adhesive hydrogel, 

photothermally induced for 10 min with near-infrared irradiation, on MRSA infected mice full-

thickness skin wound (n≥4). Significant difference (*, at p < 0.05 and ** p<0.01). (iv) S. aureus 

infected mice skin wounds treated by either γ-(2,3-epoxypropoxy)propyltriethoxysilane (KH561) or 

tannic acid (TA) (TA561) modified KH561 (1). Bacterial colonies obtained from these wounds (2), and 

quantification of surviving bacteria in the wound (3). Significant difference (*, at p < 0.05, and #, at p 

< 0.1). Reproduced with permission. Ai[78] Copyright 2017, Bi[55] Copyright 2020, Bii[55] Copyright 

2020, Biii[84] Copyright 2020, Elsevier Ltd. Aii[103] Copyright 2021, Cii[252] Copyright 2020, Civ[251] 

Copyright 2021, The Royal Society of Chemistry. Ci[46] Copyright 2020, American Chemical Society. 

Ciii[90] Copyright 2022, Wiley-VCH GmbH. 

4. Applications of antimicrobial bioadhesives  

Bioadhesives can be applied as prefabricated (already-crosslinked) gels or by in situ curing. 

Prefabricated bioadhesives have already-established polymeric mesh and they are simply used as-is. 

However, since their material properties are predetermined, they can only be conveniently used in 

specific conditions that already conform to wound site. In situ curing, on the other hand, provides 

the versatility to customize various properties of bioadhesives for different clinical scenarios. 

Depending on the mechanism of gelation, in situ cured bioadhesives can be applied [211] or 

delivered by double-barrel syringe injection [152]. Although enabling the alteration of mechanical 

properties of bioadhesives by adjusting the duration of light exposure, light curing is limited by light 

intensity and wavelengths that can be used without cytotoxicity [253] Double-barrel syringe 

application depends on two included components that, either chemically or physically (or both) form 

a gel upon mixing. In order to achieve suitable material properties and proper sealing of wounds, 

specially designed double-barrel syringes which would allow sufficient and fast gelation while 

granting user the capability to change the ratios of components is required. In addition, 

antimicrobial bioadhesives with thermoresponsive properties were recently investigated as they can 
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form gels with higher viscosities at body temperature [254]. Clinical application of antimicrobial 

bioadhesives can significantly vary depending on the nature and location of target organ. For 

instance, properties of bioadhesives used to seal an acid leaking organ, e.g. stomach, will have 

different requirements from that used for the treatment of a bleeding organ such as liver. Similarly, 

while non-biodegradable bioadhesives can be conveniently used on external organs such as skin or 

eye, biodegradable bioadhesives may better be used for the treatment of internal organs. Therefore, 

application details of antimicrobial bioadhesives on external and internal organs will be discussed in 

the following sections. 

4.1 External organs  

In this section we discuss the use of multifunctional antimicrobial bioadhesives for treatment of 

external organs such as the skin, eye and oral cavity.  

4.1.1 Clinical studies 

There are some antimicrobial bioadhesives, which are commercially available such as the acrylate 

based Dermabond PrineoTM and BeneHold™ but the harmful degradation products of acrylate may 

limit their clinical applications [255]. Another commercially available product is ColActive® Plus Ag, 

which is composed of collagen, sodium alginate, carboxylmethylcellulose and it employs Ag ions for 

its antimicrobial activity. In addition, other commercially available bioadhesives employ 

chlorhexidine as the antimicrobial component; however, cytotoxic effects of chlorhexidine raise 

concern and limit its wider applications [256]. 

There are several clinical studies that focus on the use antimicrobial bioadhesives on external 

organs. For example, a randomized clinical trial of propolis extract (for antibacterial effect) delivering 

adhesive used for the buccal delivery in 24 patients having oral recurrent aphthous ulcer showed 

adherence for 2 to 4 hours [257]. Five patients had complete healing in the first five days while 

seven patients had complete healing in 5 to 10 days. An Ag foam dressing with silicone adhesive 

tested in infected diabetic foot ulcer of 21 patients resulted in a significant decrease in the number 

of bacteria in the wounds, including MRSA [258]. Wollina scores improved from a mean score of 3.9 

to 6.1 over six weeks. A phase III clinical trial on the use of commercialized ionic Ag integrated 

sodium CMC fiber-based bioadhesive in 230 patients having knee or hip arthroplasty was recently 

completed but no results were published so far [259]. 

In an interesting study, guar gum and hydroxyethylcellulose buccoadhesive gel loaded with probiotic 

S. dentisani was tested for its clinical efficacy in limiting cariogenic microorganisms [260]. Its 

application in 59 patients has significantly (P < 0.05) decreased dental plaques as compared to 

placebo. This indicates that the use of probiotic microorganisms in bioadhesives can be useful for 

developing healthier oral microbiota and preventing tooth decay. 

4.1.2 Experimental studies and summary 

There are many experimental studies on the application of antimicrobial bioadhesives on external 

organs (Table 1-3). Important new examples that employ innovative approaches include the use of 

laser activated vancomycin loaded indocyanine embedded silk fibroin sealant that was applied for 

the treatment of skin wounds in mice (Figure 10A) [103]. Treated wounds attained a tensile strength 

of 80 kPa after three days.   
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Many ocular injuries that affect millions of people around the world are treated by suturing. The use 

of antibacterial bioadhesives will enable more effective treatment of eye injuries. Therefore, a 

ciprofloxacin-loaded nanomicelle incorporating bioadhesive hydrogel was developed, and cured 

using visible light applied for four minutes [81]. Using this method, the need for frequent eye drops 

could be eliminated (Figure 10B). Ex vivo experiments using infected pig corneal defect model 

showed that the bioadhesive could adhere to the stromal bed, and histological examination showed 

that all three layers of corneal epithelium layers intact, indicating limited bacterial activity due to the 

effect of ciprofloxacin. 

In another study, a bioadhesive made from oxidized CMC and PEG-lysine dendrimer was delivered to 

experimental full thickness skin wounds in rats using a double-barrel syringe [152]. It led complete 

wound closure in two weeks with the formation of hair, while wounds treated with sutures and a 

PEG-based commercial surgical sealant, hair regrowth was not seen. 

Tested in vitro, double-barrel deliverable tannic acid modified gelatin that was crosslinked using 

AgNO3 indicated that leachable contents at x10 dilution was associated with 90% mesenchymal stem 

cell viability [140]. In addition to strong antibacterial activity, it also provided a shear strength of up 

to four times that of fibrin glue.  

Complete healing of experimental S. aureus infected murine full-thickness cutaneous wounds was 

achieved in 12 days, using double-barrel syringe deliverable and double-crosslinkable catechol-

modified methacryloyl chitosan and ferric chloride bioadhesive [180]. Healing was 30% faster than 

that seen in the control group (wounds treated with phosphate buffered saline). 

Versatility in terms of preparation of bioadhesives is also important as it enables the application of 

bioadhesives in different clinical scenarios. For example, a bioadhesive based on dopamine and 

methacrylic acid modified carboxymethyl chitosan (CMCS-MA-DD) and 3-aminophenylboronic acid 

conjugated sodium alginate (ADA-PBA) was prepared either by light-curing or non-light-curing 

mechanisms was investigated [261]. Resulting products had similar biocompatibility, antimicrobial 

activity and comparable mechanical properties. It was shown that the double crosslinked 

bioadhesive could tightly attach to porcine skin (Figure 10C). 

To treat implant-related periodontal disease, antimicrobial peptide incorporating GelMA was 

developed to adhere to gingiva and dental implants or bone [183]. The material led to 78% reduction 

in P. gingivalis colony-forming units in vitro, and 2.6 times more new bone formation in mice 

calvarial bone defects, as compared to untreated group at 42 days postoperatively. 

In summary, some antimicrobial bioadhesives used for external organs are commercially available 

[262]. However, they suffer from limitations [263] and therefore, others being developed, some of 

which reached clinical trial III [259]. Clinical studies also showed that the use of new antimicrobial 

bioadhesives has significantly reduced the frequency of complications related to infection in 

aphthous ulcers [258]. Others are still in preclinical animal studies [180] and more in experimented 

in vitro studies using different bacteria and cells [140]. Some of these had mechanical and 

biocompatibility properties better than commercially available products [152]. More clinical studies 

are expected in future. 
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Figure 10. Application of bioadhesives with antimicrobial properties on external organs. (A) A silk–

gold nanorod LASE is placed within the wound bed and allowed to dissolve into a paste (1), LASE fills 

the wound (2), wound margins are gently pressed together while the incision line is irradiated with 

near-infrared (NIR) laser (3 and 4), wound sealed (5), and it withstands disruption (6). (B) Application 

of ciprofloxacin-loaded nanomicelle incorporating bioadhesive hydrogel on corneal injury. OCT 

imaging showing GelCORE + MCs bioadhesive filled the defect and adhered to the stromal bed (C) 

SEM images of the adhesive interface between double crosslinked CMCS-MA-DD/ADA-PBA 

bioadhesive and pig skin. Scale bar = 200 μm. Reproduced with permission. A[103] Copyright 2021, 

B[81] Copyright 2020, The Royal Society of Chemistry. Reproduced under the terms of the CC BY-NC-

ND 4.0 license. C[261] Copyright 2022, The Authors. 

4.2 Internal organs 

In this section we discuss the use of multifunctional antimicrobial bioadhesives used for the 

treatment of internal organs that include solid organs, hollow organs and tubular structures. 

4.2.1 Solid organs  

Injury to solid organs such as liver, spleen, and kidneys can lead to substantial morbidity and 

mortality [264]. Proper management of these injuries, which includes the prevention of 

postoperative infection represents a critical issue to reduce morbidity and mortality. One strategy to 

achieve this is by employing antimicrobial bioadhesives.  

4.2.1.1 Clinical studies  

No commercially available antimicrobial bioadhesive products for use in the treatment of solid 

organs are currently available. Although there has been a significant improvement in antimicrobial 

bioadhesives, there is only one clinical study that investigated a gelatin-resorcinol formaldehyde-

glutaraldehyde-based glue, which showed effective sealing of pulmonary air leakage in 62 patients, 
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except when the lung wound was deep [265]. This warrants further development of more efficient 

antimicrobial bioadhesives that can be applied for the treatment of solid organs. More clinical 

studies should then be expected. 

4.2.1.2 Experimental studies and summary 

Hemostatic ability was tested in a rat liver injury model (Figure 11A) [119]. Bioadhesiveness led to 

hemostasis after 130 seconds following the application of tigecycline loaded chitin-fibrin (tGNPsCH-

FB) bioadhesive as compared to control group (no treatment,180 seconds). Furthermore, blood loss 

was four times less as compared to sham control group. Similarly, faster hemostasis (30 seconds), 

which resulted in less blood loss as compared to control (no treatment) group (bleeding stopped 

after 120 seconds) was demonstrated in experimental liver injury in rats treated with catechol-

hydroxybutyl chitosan injectable bioadhesive (Figure 11B)  [266]. 

In summary, no antimicrobial bioadhesive designed for specific treatment of solid organs is 

commercially available so far. There is only one clinical study on the use of antimicrobial 

bioadhesives for the treatment of solid organs [265]. Experimental solid organ injury studies showed 

a robust hemostatic effect of tested bioadhesives in addition to their strong antimicrobial activity 

against common pathogens [266]. In vivo sealing efficacy and biocompatibility of many bioadhesives 

showed promising results that lay basis to proceed to clinical translation.  
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Figure 11. Application of antimicrobial bioadhesives for the treatment of solid organs. (A) 

Application of tigecycline containing gelatin nanoparticle loaded chitin-fibrin (tGNPsCH-FB) 

bioadhesive hydrogel to a liver injury in a rat (i). Graph showing hemostasis time from liver injury 

following the application of fibrin, chitin, CH-FB, and tGNPsCH-FB gels (ii). Significant difference (*, p 

< 0.05; ***, p < 0.001). (B) Application of catechol-hydroxybutyl chitosan (HBCS-C) thermoresponsive 

adhesive hydrogel precursor to the wound, which gelled after 30 seconds and firmly adhered to the 

wound created in rat liver. Reproduced with permission A[119] Copyright 2018, B[266] Copyright 2020, 

American Chemical Society. 

 

4.2.2 Hollow organs and structures 

Wounds or perforations of tubular tissues such as blood vessels, esophagus, trachea and hollow 

organs such as heart, uterus, stomach, colon, gall bladder may result in life-threatening conditions 

[267–269] and thus, necessitate intervention [270]. Therefore, the use of antimicrobial bioadhesives 

enables minimally invasive treatment that can reduce morbidity and mortality. 
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4.2.2.1 Clinical studies and summary 

There are currently no commercially available antibacterial bioadhesives that can be used for the 

treatment of tubular structures and hollow organs. Despite promising experimental results, there is 

only one clinical study on the use of antimicrobial bioadhesives for the treatment of hollow 

structures. This trial involved 996 patients, who had surgical site infection following cardiac surgery, 

and they were treated either with gentamycin sulfate loaded collagen bioadhesive or cyanoacrylate-

based sealant [271]. A reduction in the incidence of sternal surgical site infection was seen with both 

of these bioadhesives.  

4.2.2.2 Experimental studies 

The use of tigecycline loaded gelatin NP incorporating chitin-fibrin bioadhesive for the treatment of 

experimental femoral arterial injury in rats led to faster hemostasis (154 seconds) and lower blood 

loss (29 mg) as compared to fibrin glue (208 seconds and 100 mg) (Figure 12A) [119]. In another 

study, PEG-lysozyme/borax bioadhesive enabled the closure of experimental transmural left 

ventricular wall defect in rabbits, stopped bleeding within seconds and showed normal heart 

function as demonstrated using echocardiography three weeks later (Figure 12B) [87]. Tested in 

experimental gastric perforation in rats, histological evaluation two weeks postoperatively showed 

complete healing of mucosa and submucosa, and significantly less inflammation as compared to 

sutures [87]. Another PEG-lysozyme bioadhesive injected to experimental tracheal defect in rabbits, 

was shown to completely stop gas leakage one day postoperatively, while gas leak continued in 

sham control group (Figure 12C) [151]. 

In summary, there is so far only one randomized controlled clinical study, which demonstrated the 

effectiveness of gentamycin sulfate loaded collagen based bioadhesive. Experimental in vivo studies 

demonstrated the effectiveness of antimicrobial bioadhesives in sealing hollow structures such as 

arteries, trachea and heart. The use of these bioadhesives enabled a fast recovery of normal heart 

function.  
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Figure 12. Application of antimicrobial bioadhesives for the treatment of hollow organs and 

structures. (A) Application of tigecycline containing gelatin nanoparticle loaded chitin-fibrin 
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(tGNPsCH-FB) gel to rat femoral artery injury (i). Graph showing hemostasis time after the 

application of fibrin, chitin, chitin-fibrin (CH-FB), and tGNPsCH-FB gels (ii). Significant difference (**, 

p < 0.01; ***, p < 0.001). (B) Application of poly(ethylene glycol)-lysozyme/borax hydrogel to seal a 

ventricular defect in a rabbit, ex vivo. The mixed gelling solution was sprayed evenly on the 

myocardium and solidified instantly sealing the wound even with gushing water. (C) Application of 

poly(ethylene glycol)-lysozyme hydrogel to seal experimental tracheal defects in rabbits. Defected 

trachea was exposed (1), Bioadhesive applied to the traumatic trachea (2), which sealed the wound 

completely (yellow circle) (3). Computed tomography scans of traumatic tracheal injury treated with 

poly(ethylene glycol)-lysozyme bioadhesive (4) as compared to non-treated control (5). Several black 

dots appear outside of the trachea in the control group indicate subcutaneous emphysema (white 

arrows). No significant emphysema was seen in the treated group. Reproduced with permission. 

A[119] Copyright 2018, American Chemical Society. B[87] Copyright 2021, C[151] 2019, Elsevier Ltd. 

5. Current challenges and future outlook 

The number of studies on antimicrobial bioadhesives is increasing exponentially. Although many 

advances are made in the development of antimicrobial bioadhesives, there are still major 

challenges that face their fabrication, evaluation and translation to the clinic.  

5.1 Current challenges 

There are different challenges related to bioadhesive design and synthesis. For example, mussel-

inspired chemistry-based designs that enable on-demand detachment of bioadhesive from the 

wound when complications develop, are needed [56,176]. Also, self-healing and injectability of 

bioadhesives based on imine bond formations usually result in weak tensile strength, which limits 

their use in the support tissues that undergo stretching, bending or twisting [272]. Bioadhesives so 

far have employed chemistries that enable concurrent tuning of adhesive and cohesive 

characteristics [118,168,183]. This can be advantageous, but it is difficult to tune these two 

properties by modifying only a single variable (mostly polymer concentration or degree of 

crosslinking). 

As regards antimicrobial activity, trade-offs with biocompatibility still exist, as many antimicrobial 

bioadhesives employ antimicrobial drugs that have side effects, such as cytotoxicity and the 

emergence of resistant strains, which is a major concern [273]. In case of inherently antimicrobial 

polymers [274], their constituent antimicrobial polymer chains are immobilized by various chemical 

crosslinking reactions, and their antimicrobial activity is mostly contact-dependent [275], which may 

limit their clinical antimicrobial efficiency, as their effect is limited to their close vicinity, and can 

have no effect on near-by tissues which may harbor microbes. 

There are also challenges related to bioadhesive characterization. For example, most of the current 

studies demonstrate ex vivo adhesion by applying a single stress cycle after the preparation of 

bioadhesives, which is insufficient to portray in vivo tissue-adhesive performance. Therefore, there is 

a need to analyze the persistence of tissue-adhesion over time and over repeated stress cycles (T-

peel test or 90o test) in order to better simulate in vivo conditions. There is also a need to assess 

wound healing, antimicrobial activity and hemostatic properties of these bioadhesives in larger 

animals. 
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As far as clinical applications are concerned, there are various challenges. For example, soft tissues 

possessing different properties often necessitate the use of bioadhesives with relevant 

characteristics and functions, which imposes a challenge over the translation of results for different 

clinical indications. For instance, mechanical requirements for a cardiac tissue adhesive will differ 

from those of a hepatic tissue adhesive. Rheological properties of the material prior to gelation, 

gelation time and gelation chemistry are also critical considerations for the application of 

bioadhesives in different organs [276]. Therefore, the tendency to develop a single type of 

antimicrobial tissue adhesive for multiple clinical indications and different tissues constitute an 

obstacle in their effective clinical utilization since different clinical operations and interventions 

usually require specific compositions and equipment [277]. 

Although certain designs enable immense multi-functionality, complex preparation stages still pose a 

challenge for their scale-up production of antimicrobial bioadhesives [278,279]. Therefore, it is 

important to develop simple yet functional and convenient technologies for large-scale production. 

Another challenge in the way of antimicrobial bioadhesives before gaining wider clinical use is the 

stringent approval requirements of regulatory bodies such as FDA. The fact, some of biomaterials 

that are designed to remain in body for long periods of time can be classified as Class III (high-risk 

medical device) by the FDA and thus, extensive preclinical and clinical evidence on safety and 

efficacy are requested [280]. Despite the innovative experimental research and development of 

novel bioadhesives with antimicrobial properties, the risk of failure in the journey toward regulatory 

approval steers many companies towards building upon already-approved compositions, mostly 

based on fibrin or cyanoacrylate, regardless of their shortcomings [34]. Overall, safety, efficacy, 

usability, cost and regulatory approval are required for any antimicrobial bioadhesive to reach 

commercialization (Figure 13) [281]. 

5.2 Future outlook 

Future bioadhesives may employ novel chemistries that enable a modular approach for the fine 

adjustment of material adhesive and cohesive characteristics separately. This would facilitate 

successful application of bioadhesives in challenging situations such as the treatment of wounds of 

the lung and the heart, where bioadhesives must seal wounds and demonstrate flexibility to 

dissipate the tensile stress occurring due to tissue and organ motion. Recently, an innovative 

method employed electrical current to induce reversible adhesion to various tissues such as aorta, 

cornea, lung, and cartilage [282]. The application of a 10 volts of direct current to cationic gel 

(quaternized dimethyl aminoethyl methacrylate) used for the treatment of bovine aorta led to an 

adhesion strength of ~20 kPa, which is a promising result for pursuing future studies. 

Future antimicrobial drug-loaded bioadhesives can be designed to release their loads 

spatiotemporally following exposure to bacteria [283]. This will enable the use of lower antimicrobial 

drug concentrations for inhibiting bacterial growth and having less side effects. However, keeping 

antimicrobial drugs above their minimum inhibitory concentration is important for a reliable 

treatment. Apart from spatiotemporal release of antimicrobial agents, nano-structures that convert 

light energy into heat have been used to deactivate microorganisms [128,153]. Future clinical studies 

on these antimicrobial bioadhesives will help better understand their safety and efficacy. 

Methods to assess mechanical properties of bioadhesives in the future can be designed to provide 

more insights into their performance over longer periods of time. Investigating whether a 
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biodegradable bioadhesive can keep its adhesiveness, stiffness and flexibility above the required 

level, as degradation gradually proceeds would enable better clinical applications. In future, more 

clinical studies for validating experimental efficacy and safety are expected to emerge. Feedback 

obtained from clinical trials will enable better defining shortcomings and steering focus on important 

material properties.   

Various technologies and capabilities will also be integrated into novel bioadhesives, e.g. 

bioadhesives may integrate sensors to detect any possible infection [9,284], have controlled release 

that depends on stimuli-responsive materials [14,208,209], and have self-healing capability 

[285,286]. In addition, the integration of electronics and communication technology will allow 

control, which can be achieved remotely [287]. Communicated data about the wound can be relayed 

to a computer, care providers and cloud systems as a part of the internet of things [288,289]. 

Therefore, intelligent bioadhesives with antimicrobial properties are just by the horizon. 

 

Figure 13. Milestones in the development of antimicrobial bioadhesives. 

6. Conclusion 

Bioadhesives with antimicrobial properties have to be biocompatible, enable effective adhesion to 

tissues for time optimally needed for wound healing and are effective against common infective 

microbes. Bioadhesives depend on interactions at the molecular level e.g. reversible and non-

reversible, electrostatic and hydrophobic interactions. To achieve antimicrobial activity, main 

strategies are based on direct loading of antimicrobial drugs, on nano-/micro-scale components or 

on inherently antimicrobial properties have been developed so far. Their adhesiveness performance 

and antimicrobial activity have been demonstrated in different in vitro and in vivo studies using small 

animals. There are, however, only a few clinical studies. Some challenges related to achieving 

optimal balance in antimicrobial activity, cytocompatibility and mechanical properties still exist. For 

successful scale-up production and translation to the clinic, multidisciplinary approach, continued 

investment and sustained funding are required. Future new designs are expected to showcase novel 

approaches in developing antimicrobial bioadhesives for specific applications. The advent of 

antimicrobial bioadhesives will not only enable a better wound management by mechanosensory 

and stimuli-responsive functions that enable real-time monitoring of the healing process of dynamic 

tissues but it may also allow new and minimally invasive therapy. In the development of 

bioadhesives, inspirations from nature have already paved the way for many innovative designs.  
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The research on bioadhesives is gaining new heights with the 

incorporation of innovative antimicrobial activity mechanisms. Strategies 

to achieve antimicrobial activity without compromise from biocompatibility, 

adhesion and cohesion are being devised. Unique approaches in the 

application of these bioadhesives and methods to reveal their elusive 

properties are diversifying. Bioadhesives are coming one step closer to 

replace many traditional surgical devices in clinics. 
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