7 ROYAL SOCIETY

Polymer
PP OF CHEMISTRY

Chemistry

View Article Online
View Journal | View Issue

REVIEW

A review of the properties and applications of
bioadhesive hydrogels

’ '.) Check for updates ‘

Cite this: Polym. Chem., 2021, 12,
3721 o~ . . _ .
Yingshuo Xiong, & Xiaoran Zhang, Xintao Ma, Wenqi Wang, Feiyan Yan,

Xiaohan Zhao, Xiaoxiao Chu,* Wenlong Xu (2 * and Changmei Sun*

Due to their outstanding properties, bioadhesive hydrogels have been extensively studied by researchers
in recent years. By designing the properties of bioadhesive hydrogels, they can be reasonably applied to
biomedicine. Therefore, this practicality has prompted the birth of many bioadhesive hydrogels with
excellent properties. In this review, by studying the progress in the field of bioadhesive hydrogels, we
summarized the properties of hydrogels in bioadhesion, including adhesion, biocompatibility, degradabil-
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ity and antibacterial properties. In addition, we also summarized the applications of bioadhesive hydrogels
in wound dressings, tissue repair, cell adhesion and wearable sensors. Finally, we summarized and out-
looked the research on bioadhesive hydrogels, hoping to provide a valuable reference for the progress in
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1. Introduction

Bioadhesion refers to the phenomenon of natural or synthetic
materials adhering to biological surfaces. It can also refer to
the use of bioadhesives to bond two surfaces together." The
current research on bioadhesion includes many aspects such
as cell adhesion,> mucosal adhesion,® and bioadhesives.*
Experiments have shown that a bioadhesive polymer should
have similar physical and chemical properties to the human
body, so that it will not produce any adverse reactions when in
contact with the human body.* Hydrogels contain a large
amount of water with a three-dimensional network
structure,””’ which has similar physical and biological pro-
perties to the extracellular matrix, and hence they can be con-
sidered as ideal bioadhesives.®® Bioadhesive hydrogels have
both bioadhesive properties and controllable polymer pro-
perties, so they are favored by many scientists.>'>'" Studies
have shown that although bioadhesion may cause biological
pollution problems, its beneficial effects are still dominant.™"?
The knowledge of adhesion was brought to bioadhesion by
Baier et al. in 1968."° Later, with the continuous study of the
factors affecting the surface properties of bioadhesion, the
adhesion mechanism,"* and the relationship between polymer
properties and the adhesion of hydrogels,®'® people had a
deeper understanding of bioadhesion. Many research groups
reviewed its applications in mucosal adhesion,'® bioadhe-
sives’” and other fields, and put forward many challenges.
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This points to a future research direction for people. At
present, bioadhesive hydrogels have been used in many fields
of biomedicine, such as implant scaffolds in the field of tissue
engineering,'® mucosal adhesives to extend the administration
site time,"® and bioadhesives instead of seam needles to
reduce infection.""

For bioadhesive hydrogels, understanding their adhesive
properties is the key. In recent decades, researchers have con-
ducted more detailed studies on their performance." At
present, the theoretical explanations of common biological
adhesion phenomena include electronic theory, adsorption
theory, diffusion theory, wetting theory, and fracture
theory.””*! Palacio and Bhushan pointed out that there are
many factors affecting adhesion, which can be divided into
surface morphological effects, chemical interactions, physio-
logical factors, and physical and mechanical effects.” In recent
years, with the research on natural biological adhesion mecha-
nisms (reversible dry adhesion, reversible wet adhesion and
permanent adhesion),> many bionic adhesion surfaces have
been designed, which are expected to solve problems such as
wet tissue adhesion.**”>® The polymer materials commonly
used to prepare bioadhesive hydrogels include natural
materials such as gelatin,>® pectin,”” and sodium alginate,*®
and synthetic materials such as polyacrylic acid®**>' and
sodium carboxymethyl cellulose.*” These materials themselves
or after modification often have excellent properties such as
biocompatibility, degradability, and antibacterial
properties.”®** By combining different materials, hydrogels
can be endowed with versatility to meet different
requirements.***® Generally speaking, an ideal bioadhesive
hydrogel should have excellent biocompatibility, that is it
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should not produce any adverse effects when in contact with
the human body.?” In addition, degradability and antibacterial
properties are also extremely important in some
applications.”*® For example, when used as a bioadhesive
instead of stitches, antibacterial properties can prevent inflam-
mation from occurring when in contact with cells or tissues,*®
and degradability can be effective to avoid problems such as
residue and infection of the adhesive after use.* Adhesive
hydrogels with these properties can not only play a role in
tissue repair and wound healing, but also promote cell pro-
liferation and the formation of specific cells to apply for cell
therapy.>'"*° In addition, bioadhesive hydrogels can also be
designed as wearable sensors for human movement
monitoring.***!

Studies have shown that the properties of bioadhesive
hydrogels can be designed according to their practical
applications.*>*! Therefore, it is necessary to conduct more
detailed studies on these properties in order to provide a
basis for the development and application of new bioadhesive
hydrogels. In this review, we mainly introduced the possible
properties of hydrogels used in bioadhesion, including
adhesion, biocompatibility, degradability and antibacterial
properties. In addition, we also summarized the research pro-
gress in bioadhesive hydrogels for wound dressing, tissue
repair, cell adhesion and wearable sensors. Finally, we sum-
marized and outlooked the research on bioadhesive
hydrogels.

2. Properties of bioadhesive
hydrogels
2.1. Adhesion properties

Tissue adhesives have attracted more and more attention in
tissue repair,** drug delivery,"® wound dressing®* and bioelec-
tronics,”> mainly because they have significant advantages
such as simple operation, effective sealing of air and body
fluid leakage, and no need for disassembly.*”> However, some
tissue adhesives have certain disadvantages, for example,
fibrin glues have weak adhesion to tissues,*® and cyanoacrylate
adhesives may cause cytotoxic reactions.”” On balance, hydro-
gels have great potential for bioadhesion due to their excellent
adhesion properties and biocompatibility. The following para-
graphs will introduce the mechanism of enhanced adhesion
between hydrogels and biological tissue.

2.1.1. Weak interactions. Stable bonds between the hydro-
gel and host biological tissue are necessary for bioadhesion.*®
Researchers have conducted a large number of experiments
and found that the introduction of weak interactions into the
hydrogel could enhance the bond strength, such as hydrogen
bonds,* van der Waals forces*> and dipole-dipole inter-
action.”> For example, the catechol group of the mussel
mimetic hydrogel, as a graftable active group, provides a valu-
able tool for stitch bonding with multiple adhesion
mechanisms.*>****° Villiou et al. designed a photodegradable
hydrogel used for cell embedding (Fig. 1A), which is capped
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with catechol groups to achieve tissue adhesion by forming
hydrogen bonds with biological tissues.’® Similarly, Shou et al.
prepared a catechol-hydroxybutyl chitosan (HBCS-C) hydrogel
(Fig. 1B), which could strongly adhere to the tissue surface
through multiple interactions between the catechol groups/
amino groups and the tissues.” In addition, the introduction
of electrostatic interactions can also enhance the bioadhesion
of the hydrogel and expand the application range of the
hydrogel.’>”? In the antibacterial zwitterionic polyelectrolyte
hydrogel adhesive mediated by electrostatic mismatch
(Fig. 1C), the zwitterionic part of the hydrogel network has a
strong dipole moment with -N'(R); and -SO;™, this can form
an electrostatic interaction with polar groups on the skin and
the hydrogel forms a lot of hydrogen bonds with skin tissue
which can strengthen the adhesion of the hydrogel and skin.**

2.1.2. Covalent bonds. In addition to the weak interactions,
hydrogels and active groups of biological tissues can form
various covalent bonds to achieve strong interaction between
the hydrogel and biological tissues.****>> Zhou et al. designed
a dopamine grafted hyaluronic acid hydrogel and the catechol
groups in the polymer chain (including the oxidized o-quinone
moiety) can form covalent bonds with nucleophiles (amines,
thiols, and hydroxyl groups) to form adhesion with biological
tissues (Fig. 2A)."> Ma et al. designed an in situ light-responsive
chitosan hydrogel based on imine cross-linking. After the
hydrogel is exposed to ultraviolet light, the o-nitrobenzene is
converted into o-nitrosobenzaldehyde groups (Fig. 2B), which
can be cross-linked with the amino groups on the tissue
surface to form a covalent bond to achieve tissue adhesion.**
In addition, a dynamic covalent bond (DCB) is a covalent bond
that can be reversibly broken and formed under certain con-
ditions.>® By introducing DCB into the polymer, traditional
covalent cross-linked polymer materials can be endowed by
repeated processing with self-healing, remodeling and recycl-
able characteristics.””*® A large number of studies have shown
that the mechanism of action of DCB on tissue adhesives is
mainly to bond two different polymers together through
dynamic covalent reactions to form a hydrogel network with
self-healing properties,®® and this hydrogel is widely used in
self-healing,>® wound closure,®® wound hemostasis,®" etc. Yan
et al. designed an injectable mussel adhesive-self-healing
hydrogel that utilizes DCBs such as C-N single bonds and C-N
double bonds (Fig. 2C) and has strong bioadhesion and excel-
lent hemostasis performance. Compared with traditional
covalent bond hydrogels, the hydrogels containing DCBs have
obvious self-repairing ability and good cell compatibility.>* As
a strong interaction force, covalent bonds show great advan-
tages when applied to hydrogel bioadhesion.

2.1.3. Topological adhesion. In order to achieve bioadhe-
sion, most hydrogels or adherends need to have specific active
groups. This method is only suitable for chemically designed
hydrogels or adherends that can be surface modified, which
may require stringent reaction conditions, time-consuming
pretreatment or the use of toxic reagents.®” However, physical
topological entanglement overcomes the difficulties, in which
the polymer chains can diffuse into the network, and the

This journal is © The Royal Society of Chemistry 2021
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Fig.1 Mechanism diagram of the biological adhesion of hydrogels through weak interactions. (A) Hydrogels form adhesion through hydrogen
bonds and hydrophobic interactions; Figure reproduced with permission from American Chemical Society.>® (B) Hydrogels form adhesion through
multiple weak interactions between catechol/amino groups and tissues; Figure reproduced with permission from American Chemical Society.>* (C)
Schematic diagram of —N*(R)s and —SOs~ on the hydrogel network. Figure reproduced with permission from American Chemical Society.*®

in situ formed polymer network stitches the hydrogel and bio-
logical tissues together.®>®® Therefore, topological adhesion
does not require special design on the polymer surface to
achieve the purpose of bioadhesion, and has good bioadhe-
sion performance.

2.1.4. Other ways to enhance adhesion. Researchers have
designed hydrogel polymers not only to enhance adhesion,
but also to increase the adhesion strength of the hydrogel to
the tissue by adding an “intermediate connecting layer”.*!
Michel et al. added a silica nanoparticle coating between the
hydrogel interface and the tissue surface, because the hydrogel
polymer chains and tissue biological macromolecules are
adsorbed on the hydrogel surface, thereby enhancing the
adhesion strength between the hydrogel and biological
tissue.®® The mechanical interlock between the hydrogel and
the surface of the biological tissue is also one of the adhesion
mechanisms. Karami et al. designed a polyethylene glycol
dimethacrylate (PEGDMA) hydrogel network, in which the cell-
ulose fibers are mechanically interlocked with the tissue, and
the interfacial adhesion is enhanced.*’

There are three main ways to enhance the adhesion
strength of bioadhesive hydrogels: weak interaction forces
(hydrogen bond, van der Waals force, etc.), covalent bonds and
topological adhesion. Besides, the addition of “intermediate
connectors” and mechanical interlock to the hydrogels can
also enhance the adhesion strength of biological tissues and

This journal is © The Royal Society of Chemistry 2021

hydrogels. The representative bonds of various bond types are
listed in Table 1. Although commonly used bioadhesive
materials have many advantages, they have problems such as
long curing time, weak bonding strength, and susceptibility to
infection and contamination.*>®® In contrast, hydrogels with
bioadhesive functions are a better choice in biomedicine.

2.2. Biocompatibility

In 2010, Kohane and Langer redefined biocompatibility as “an
expression of the benignity of the relation between a material
and its biological environment”.®® Studies have shown that
ideal  bioadhesive = materials  should have  good
biocompatibility.***’® That is, when biological materials
contact the human body, the host response and material
response must be maintained at acceptable levels, and the use
of these biological materials must be safe and effective.’”
Materials lacking biocompatibility have toxic effects on the
human body, and are prone to adverse biological reactions,
such as inflammation, immunological reaction and
immunotoxicity.**”*®7° In addition, the host immune system
may have a latent or innate immune response to the biological
material, which may prevent biological materials from per-
forming their functions. Therefore, the biocompatibility of the
materials used must be improved and evaluated.

In recent years, hydrogels as a good biocompatible material
have been widely used in the field of bioadhesion.'®”%”* In

Polym. Chem., 2021,12, 3721-3739 | 3723
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Fig. 2 The mechanism diagram of the biological adhesion of the hydrogel through covalent bonds. (A) Schematic illustration of a potential mecha-
nism of the bioadhesion. Figure reproduced with permission from American Chemical Society.*? (B) Schematic illustration of the liquid bandage: the
NB-CMC/CMC photoresponsive hydrogel as a first-aid tissue adhesive. Figure reproduced with permission from Wiley.** (C) Schematic illustration of
the mussel-inspired PLGA/ALG-CHO-catechol adhesive injectable hydrogels.>*

the past, people commonly used hydrogel adhesives including
cyanoacrylate adhesives,”” fibrin glue,”® and gelatin-resorcinol-
formaldehyde adhesives,”* which can bond well with the bio-
logical tissues. However, their cytotoxicity and the risk of viral
infection limit their application in clinical medicine.*””
Therefore, many materials with good biocompatibility have
been developed, such as chitosan,”®”” cellulose,”® hyaluronic
acid,”” alginate,”® silk fibroin,”® and polyethylene glycol
(PEG).®*° These materials do not easily cause inflammation and
immune response due to their non-immune, non-antigenic
and protein rejection properties. These materials do not easily
cause inflammation, but may cause problems such as reduced
functionality during processing.'® In order to realize the long-
term coexistence of the bioadhesive hydrogel and tissues,
many researchers also modified the surface of raw materials to
improve their biological functions.*® Common modification
methods include graft polymerization,®' %3
coupling,®*® plasma treatment,®” and electrostatic spinning
technology.®® For example, experiments show that using a
Schiff base reaction in situ cross-linking oxidized hydroxyethyl
starch (O-HES) and modified carboxymethyl chitosan
(M-CMCS) can avoid the use of potentially toxic initiators and
form a better biocompatible hydrogel (Fig. 3A).%° Using electro-
spun fiber technology to blend calcium phosphate nano-
particles (CaPs) with gelatin-methacryloyl (GelMA), a hybrid
hydrogel fiber with good biocompatibility can be constructed

covalent
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(Fig. 3B).” Atmospheric pressure plasma jet (APP]) can locally
activate the polymer surface to make it moderately hydrophilic
to achieve the best biocompatibility (Fig. 3C).”* These results
show that the modified material exhibits higher biocompatibil-
ity compared with the unmodified surface and is able to better
integrate with the biological tissues. In addition, scientists
have also developed biomimetic strategies, such as mussels
(Fig. 3D) and gecko-inspired hydrogel adhesives based on
different skeleton polymers.>*°>°® These nature-inspired
adhesives have higher biocompatibility in the human body
and are expected to eliminate potential immune responses.*
Of course, research on the biocompatibility of bioadhesive
hydrogels is far from enough, there are many other biomaterial
combinations waiting to be explored. In the future, people
should create more materials that can control inflammation
and immune response to reduce patient rejection and protect
people’s lives.

In order to ensure that the bioadhesive hydrogel does not
have any toxicity when in contact with the human body and
reduce the possibility of immune response and rejection when
the host is in contact with biological materials, it is necessary
to conduct a biocompatibility assessment.* At present, a series
of biocompatibility evaluation methods are mainly used
including in vivo animal experiments®® and in vitro cytotoxicity
tests, such as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay,®" cell counting kit-8 (CCK-8)

This journal is © The Royal Society of Chemistry 2021
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Table 1 Typical chemical bond types and structures of bioadhesive hydrogels that play a bonding role

Bond types Representative bonds Ref.
Static covalent bonds P\K F§\ HO OH 42,49, 54 and 55
N N
OH OH
H,N \c\
I| "R
HT OH T oH
Ry R,
Carbon-nitrogen bond Carbon-sulfur bond Amide bond
Dynamic covalent bonds P\K R4 42, 54-57, 59 and 66
N
(0]
HN
AN
// N
HC
O ’
R, R
Imine bond Acylhydrazone bond
Hydrogen bond OH R, OH 42 and 47
HO
Ry
0 4 o
0 OH
HO \ .,
Ry ¥ Of
HO OH NH 2
I OH
OH ° -
0 Rz / o JA
OH R,
- 07 Yon
HOo 2
o Amine and hydroxyl Hydroxyl and
Carboxylic acid and
hydroxyl
hydroxyl
Other noncovalent interactions R4 47, 54, 63 and 67

-1 interaction

\

R2—N+\ R

11 058

Hydrophobic interaction

assay,”  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay,” Alamar
Blue® assay,” live/dead® viability/cytotoxicity kit assay,’
blood compatibility test (hemolysis test** and coagulation
test®®), etc. But these methods are not perfect at present and
the main reason is that the in vitro and in vivo experiments
using animals as models cannot truly simulate the application
of biological materials in the human body.'® In addition, the

This journal is © The Royal Society of Chemistry 2021

Dipole-Dipole
interaction

risks of mutagenicity and carcinogenesis cannot be detected
through early clinical experiments, and long-term research
and investigation is needed.”

In summary, it can be seen that many efforts have been
made to improve the biocompatibility of bioadhesive hydro-
gels, but there are many factors affecting biocompatibility, and
there are still many uncertainties in the mechanism and con-
ditions of hydrogel biocompatibility. We should invest more
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Fig. 3 Some examples of methods to improve biocompatibility. (A) In situ cross-linking of O-HES and M-CMCS; Figure reproduced with permission
from American Chemical Society.®® (B) Preparation of biocompatible hybrid hydrogel fibers by electrospinning technology; Figure reproduced with
permission from Elsevier.°° (C) APPJ technology activates polymer surfaces; Figure reproduced with permission from American Chemical Society.®*
(D) Imitation mussel adhesion. Figure reproduced with permission from Elsevier.?®

time to understand biocompatibility so that it can be better
used in the field of bioadhesion.

2.3. Degradability

Degradability is a basic requirement for tissue adhesives, and
permanent adhesion may cause infection, secondary damage
after surgery, and thrombosis problems,”>®” and degradable
hydrogels have the potential to solve these problems. When
applied to the clinic, the degradation products should be
biocompatible,”®*® noncytotoxic,'® and can be excreted
through the respiratory system or secretory system. According
to different sources of degradable hydrogels, it can be divided
into natural degradable hydrogels and synthetic degradable
hydrogels.

Natural degradable hydrogels can be composed of chito-
san,'®" hyaluronic acid,'®* gelatin'® and so on. Chitosan is a
polysaccharide composed of glucosamine as the basic unit
(Fig. 4A). It has a structure of polyamino and polyhydroxyl
groups, and can form hydrogen bonds with groups such as
amino groups on the surface of tissue to produce adhesion.®’
Chitosan can be triggered by heat or pH to produce gelation,
and is degraded by lysozyme and chitosanase in the body."'**
The degradable adhesive hydrogel based on chitosan has great
application value in the field of biomedicine.>® Hyaluronic
acid is a disaccharide unit glycosaminoglycan composed of
p-glucuronic acid and N-acetylglucosamine (Fig. 4B), which
can form hydrogels by thermal response,'® enzymatic cross-
linking,'® Schiff base reaction'®” and Michael addition."*®
Hyaluronic acid is biocompatible, and can be broken down
into small molecules of sugars and amino acids in the
body.'®® Therefore, hyaluronic acid hydrogels can be widely
used as tissue adhesives in the field of biomedical and tissue

3726 | Polym. Chem., 2021,12, 3721-3739

engineering drug/gene delivery systems.*>'*> Gelatin, as a

macromolecular hydrophilic colloid, is a protein obtained by
partial hydrolysis of collagen, and has good biodegradability
and biocompatibility. Crosslinked gelatin can be rapidly hydro-
lyzed by protease K.'”’ Therefore, gelatin-based degradable
adhesive hydrogels are a promising tissue adhesive that can be
widely used as a biological material for a variety of drugs and
medical applications.'"°

However, the natural degradable hydrogels formed in this
way lack sufficient mechanical properties and require long
degradation time,'®> which affect their application as bioma-
terials. Compared with natural degradable polymers, synthetic
degradable polymers not only have outstanding mechanical
properties, but also have a controllable degradation
rate.'*%'"H12 Generally, ester bonds,** disulfide bonds’® or
enzymatically degradable structures''® are introduced into the
hydrogel network to synthesize degradable polymers, and the
decomposition of these structures endows the hydrogel
degradability. PEG is widely used in the field of biomedicine
because of its good biocompatibility, but its chain is difficult
to degrade in vivo.'™ In the preparation process, PEG can be
modified into macromolecules with ester bonds (Fig. 4C), and
then cross-linked to form a degradable hydrogel. As shown in
Fig. 4D, the four-arm PEG is terminally modified with glutaric
acid and dopamine.®® PEG and glutaric acid are connected by
an ester bond, and the breakage of the ester bond leads to
degradation of the hydrogel. Dopamine contains catechol
groups, which can be oxidized to form highly active quinones
with intermolecular cross-linking ability. Quinones can react
with functional groups on the surface of biological tissues
(-NH, and -SH) to produce adhesion properties. In addition,
disulfide bonds can be introduced into the gel network by

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Chemical structure of (A) chitosan, (B) hyaluronic acid, and (C) ester bond modified PEG; (D) Schematic of applying a PEG-based degradable
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means of cross-linking agents®® or grafting.'"” The presence of
cysteine containing sulfhydryl groups in the human body can
break the disulfide bonds and cause hydrogel degradation. In
addition, enzymatically degradable structures such as amino
acids"'® or polypeptides'® are added to the hydrogel network
to make the hydrogel network have biodegradable properties.
The hydrogel formed in this way can not only control the rate
of degradation,"*® but also the degraded product has low cyto-
toxicity and has potential applications in the field of tissue
adhesives.

2.4. Antibacterial property

Bioadhesive hydrogels have many applications in drug
delivery,""” " tissue  repair,*"**"**  and = wound
dressing.®>'**'** Therefore, bioadhesive hydrogels need to have
antibacterial properties to solve wound infection problems.
However, most of the bioadhesive hydrogels do not possess anti-
bacterial properties.'**'*® Generally, antibacterial agents such as
antibiotics,'**'*® metal ions or oxides,"*”"** antimicrobial pep-
tides (AMP)"**'** and quaternary ammonium compounds'?® are
added to improve their antibacterial properties.

The introduction of antibiotics is a common method to
prevent bacterial infections. Antibiotics can enter bacterial
cells and bind to specific targets to disrupt protein syn-
thesis.”®" Therefore, antibiotics are generally introduced into

This journal is © The Royal Society of Chemistry 2021

the drug-loaded bioadhesive hydrogels and can be released
sustainably to achieve long-acting therapeutic effects. This per-
formance renders the adhesive hydrogel with antibiotics to
have excellent effects on bacterial infections in heart
surgery'** and ophthalmology treatments,"** respectively. In
addition, adhesives with targeting effects can accurately
deliver drugs to infected wounds and achieve precise treat-
ment. An adhesive hydrogel embedded with cephalexin has a
targeting effect and can treat infectious cellulitis.'*® Metal ions
including Ag"™ and Zn®>" are well-known antibacterial
drugs,'?”"?*"* which have been widely used in wound treat-
ment. Metal ions can interact with the bacterial cell membrane
and penetrate the cell wall to cause the loss of bacterial
protein and DNA, leading to bacterial cell death.'>*"*
Adhesive hydrogels with antibacterial active metal nano-
particles can be applied to wound dressing.'?” Because most
of the metal ions are cytotoxic, rare earth ions with lower geno-
toxicity such as terbium ions (Tb*") are added to the adhesive
hydrogel, which can be used to treat chronic wound infections
(Fig. 5A)."" The introduction of other antibacterial agents in
bioadhesive hydrogels, such as quaternary ammonium com-
pounds, peptides and phenols, can also prevent infection. The
introduction of quaternized chitosan (QCS) (Fig. 5B)** and
phenols (Fig. 5C)"*® renders the adhesive hydrogel able to
promote wound healing. For example, chitosan can form QCS
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with a quaternary ammonium salt group (QAS) and inactivate
bacteria through electrostatic interactions.”®” The introduction
of peptides™® and truffle acid (UA)"*® can make the adhesive
hydrogel play a role in preventing postoperative infection.

In summary, the introduction of the above-mentioned anti-
bacterial agents can endow the adhesive hydrogel with antibac-
terial properties, but the use of antibiotics can lead to bacterial
resistance,'°
Improvements can be made by designing innovative antibac-
terial hydrogel wound dressing systems, such as making pro-
grammable antibacterial hydrogels or designing a wound dres-
sing integrated with smart electronics, which are expected to
provide early infection diagnosis through real-time monitoring
and on-demand treatment.

and metal ions are usually cytotoxic.'*®

3. Applications of the bioadhesive
hydrogel
3.1. Wound dressing

Due to the shortcomings of poor air permeability and inability
to promote wound healing, traditional wound dressings (such as
gauze, cotton pads and synthetic fibers) have always had various
problems.""" A wound dressing hydrogel can provide a moist
environment for the wound, absorb tissue exudate and possesses
good biocompatibility and adhesion. It is considered to be a new
type of wound dressing with practical prospects.®**?114?

When the human body encounters trauma, the bleeding
should be stopped first, otherwise it will cause shock or even
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death due to excessive blood loss. However, uncontrollable
bleeding is a major problem during surgery and after major
trauma. The bioadhesive hydrogel that can quickly polymerize
at the wound, reducing blood loss from the wound (Fig. 6A)."*?
While reducing blood loss, blood clotting factors and platelets
need to accumulate in the wound to stop bleeding. Due to
their unique adhesion and absorption characteristics, hydro-
gels have been extensively studied in hemostasis.'** The hydro-
gel with a porous structure has a very good effect on hemosta-
sis, because the dense porous hydrogel can absorb the water
in the serum, and it is easy to locally concentrate the clotting
factors, red blood cells and platelets,"*> which can make the
blood clot faster. Meanwhile, the bioadhesive function of the
hydrogel can prevent the wound from cracking again and effec-
tively accelerate the hemostasis of the wound."*°

The ability to promote wound healing is one of the charac-
teristics of hydrogels as a wound dressing (Fig. 6B).®” Stable
adhesion to the wound is the prerequisite for the hydrogel to
promote wound healing. For this purpose, people have been
inspired by many adhesive organisms in nature and have pre-
pared a series of hydrogel adhesives."**"*® When the hydrogel
adheres to the wound, some of its own characteristics can
promote wound healing. For example, due to the network
structure and water binding capacity of the hydrogel, it can
promote the exchange of oxygen and nutrients, and provide a
humid environment for the migration of epidermal cells,"*®
and the drugs and cytokines in the hydrogel can promote
wound healing. In addition, biocompatible hydrogels can also
provide a good foundation for bioadhesion. For example, gly-
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Fig. 6 (A) Hydrogels can significantly reduce wound blood loss. Figure reproduced with permission from Elsevier.*** (B) Hydrogels can play an
active role in all stages of wound healing. Figure reproduced with permission from Wiley.®” (C) Hydrogels can inhibit the proliferation of Escherichia
coli and Staphylococcus aureus. Figure reproduced with permission from American Chemical Society.®® (D) When the hydrogel is applied to the
elbow, the experimenter can freely bend the elbow without any resistance. Figure reproduced with permission from Elsevier.**

coproteins play a vital role in the extracellular matrix and can
promote wound healing.'*® Inspired by this, researchers have
developed a hydrogel with a chemical composition similar to
natural glycoprotein molecules.”**' The good biocompatibil-
ity makes this hydrogel effectively promote wound healing.

Skin wounds are very susceptible to bacterial infections,
which not only hinder wound healing, but also lead to sys-
temic complications.'> This requires wound dressings to
protect the wound from bacterial infections. Bioadhesive
hydrogels with antibacterial properties have great advantages
in wound healing. Hydrogels can promote the gas exchange
between the wound and the outside world, and inhibit the
reproduction of anaerobic bacteria in the wound.'**™'**
Antibacterial hydrogels can inhibit the growth of a variety of
bacteria (such as Escherichia coli, Staphylococcus aureus, etc.)
and provide a sterile environment for wound healing
(Fig. 6C)."*® In addition, due to the biocompatibility of the
antibacterial hydrogel, it can only kill bacteria without cyto-
toxicity."*' When the antibacterial hydrogel is used for bioad-
hesion, it can provide an antibacterial barrier to protect the
wound from bacterial infection,?® thereby achieving a better
wound healing effect.

Wounds on stretchable parts of the body often result in
delayed healing and poor healing due to frequent exercise.
However, the mechanics of ordinary wound dressings is not
suitable for wounds, and they show poor curative effect and
short life span when used. When a hydrogel with appropriate
mechanical strength is applied to bioadhesion, it can promote

This journal is © The Royal Society of Chemistry 2021

wound healing in stretchable parts of the body (ankle, elbow,
knee, wrist, etc.), avoiding the problem of poor wound healing
caused by stretching (Fig. 6D).** After the wound has healed
abnormally, it is easy to form scars and continues to affect
human activities.">” The hydrogel with proper mechanical
strength can keep the wound in a natural state and avoid scars
after healing.'*® The mechanical strength of the hydrogel is
the guarantee for its use as a wound dressing. Therefore, it is
necessary for the hydrogel to have suitable mechanical
strength®>'®® to have better practicability in terms of
bioadhesion.

In summary, hydrogels have great advantages as wound
dressings, and they also have broad practical prospects. The
development of hydrogels with excellent properties can effec-
tively promote the development of biomedicine. However,
ordinary hydrogels cannot be used as wound dressings due to
the complicated process, long polymerization time, and weak
mechanical strength. These problems of hydrogels can be
improved by preparing multi-network hydrogels and adding
cross-linking agents. However, due to various problems such
as difficult to design schemes and uncontrollable conditions
in the experiment, it is still challenging to develop suitable
hydrogels as wound dressings.

3.2. Tissue repair

The traditional suturing or stapling method used in tissue
repair will not only cause secondary injury, but also face the
problem of stitch removal.'®® There are risks of bleeding,
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foreign body invasion and bacterial infection in the wound
after surgery. As a material with good biocompatibility and
degradability,’® hydrogels can be applied to tissue repair by
adjusting the adhesion properties.

The bioadhesive hydrogel shows unique advantages in car-
tilage, oral and corneal repair, and treatment of myocardial
infarction.”®"'®"*® Hydrogels are especially widely used in car-
tilage tissue repair. Catecholamines, especially polydopamine,
have strong and durable surface adhesion. Phenolic com-
ponents produced by plants, such as caffeic acid, have more
advantages than dopamine. For example, a nanoclay-organic
hydrogel bone sealant (NoBS) with excellent adhesion pro-
perties was assembled by phytochemical-grafted chitosan
(PGC) and nanosilicates (NCs) through interactions of catechol
groups in phytochemicals, which can promote bone regener-
ation.””! Smoothened agonist (SAG) is a model drug, which
can evaluate NoBS’ drug delivery system. The strong and
durable surface adhesion of the catechol group renders NoBS
with good adhesion ability, but a growth factor of SAG was
needed in this process to activate hedgehog signaling and
osteogenesis, thereby promoting bone regeneration (Fig. 7A).
The addition of activating substances makes the tissue repair
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process more complicated. The emergence of the polydopa-
mine-chondroitin sulfate-polyacrylamide hydrogel (PDA-CS-
PAM) has solved this problem.'®* Chondroitin sulfate (CS) is
the main component of body tissues. However, the natural CS
hydrogel is limited in cartilage regeneration due to its poor
mechanical properties and short duration in the body. In
addition, due to its negative charge and lack of adhesion
motifs, CS shows weak affinity to some cells. With the help of
abundant active catechol groups on PDA, the PDA-CS complex
is formed through the self-assembly of PDA and CS. The PDA-
CS complex is uniformly incorporated into the elastic hydrogel
network, endowing the hydrogel with good cell affinity and
tissue adhesion properties, and promoting cell adhesion and
tissue integration. This hydrogel creates a growth factor-free
bionic microenvironment for cartilage cell growth and carti-
lage regeneration, and provides inspiration for the develop-
ment of growth factor-free biomaterials for cartilage repair
(Fig. 7B). Compared with single hydrogels, blended hydrogels
have more development prospects. Agarose and silk fibroin
blended hydrogels well prove this point of view.'*° AG hydro-
gels have certain mechanical strength in cartilage repair, but
their cell adhesion and cell proliferation abilities are weak,
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Fig. 7 (A) Schematic diagram of NoBS. Figure reproduced with permission from Wiley.*?* (B) Schematic diagram of PDA—CS—PAM. Figure reproduced
with permission from American Chemical Society.'®* (C) Schematic diagram of the Janus hydrogel formed by immersing one side of a carboxyl-contain-

ing self-adhesive hydrogel in a polycation solution and complexing with the gradient polyelectrolyte. Figure reproduced with permission from Wiley.
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while SF from mulberry (Bombyx mori) and non-mulberry
(Antheraea assamensis) has better cell adhesion abilities. The
arginine-glycine-aspartic acid (RGD) is an integrin binding
site that facilitates cell attachment, and the adhesion of SF is
derived from the RGD tripeptide structure of Antheraea assa-
mensis. When the cartilage tissue is repaired, the two hydro-
gels are combined to obtain a blended hydrogel with good
mechanical strength and adhesion properties. Combining
different hydrogels through physical and chemical interactions
to prepare blended hydrogels has great development prospects
in cartilage tissue repair.

The adhesion of hydrogels in the oral cavity,"®> cornea'®®
and treatment of myocardial infarction®>'®” is gradually becom-
ing common. In recent years, people have used dental implants
to replace missing teeth, which has increased the number of
people suffering from peri-implant diseases (PIDs).
Antimicrobial peptide hydrogels (GelAMP) improve the treat-
ment of PIDs.'®> GelAMP is prepared by mixing cationic AMP
and photocrosslinkable gelatin methacryl hydrogels, which can
strongly adhere to hard and soft oral surfaces for the treatment
of skin diffusion. This strong adhesive hydrogel is cured by
dental light to prevent infection and promote bone healing. In
corneal tissue repair, the hydrogel used for repair is required to
have high adhesion, cohesion and regeneration. In order to
meet the demand, a highly biocompatible and transparent
bioadhesive for corneal reconstruction was designed.'®® This
bioadhesive hydrogel uses GelCORE for corneal regeneration,
and can effectively seal corneal defects and induce matrix regen-
eration. In addition, the modification of the adhesive can main-
tain proper biodegradability and high cell compatibility in vitro.
Apart from this, GelCORE’s in situ photopolymerization allows
the hydrogel to bioadhere according to the geometry required
by the defect. These advantages render GelCORE as a promising
corneal repair bioadhesive. The application of hydrogel in myo-
cardial infarction has solved many difficult problems. Fullerol
nanoparticles are introduced into alginate to prepare a bioadhe-
sive hydrogel, which serves as a cell delivery vehicle to solve the
problems during cardiac repair.’®® This kind of hydrogel com-
bines with stem cells to render it easy for reactive oxygen
species to attach to the surface of fullerene nanoparticles,
thereby increasing the retention and survival rate of implanted
stem cells, and promoting the adhesion of stem cells to the
extracellular matrix of heart tissue. The stem cells attached to
the hydrogel can fully develop their differentiation potential
and promote the recovery of cardiac function.

Although hydrogel adhesives are useful for tissue repair,
they may cause trouble, for example, there are still many
difficulties in adhering to human wet tissues. Thus, research-
ers have developed a variety of bioadhesive hydrogels for
bonding wet tissues.’®>'7°'7* The hydrogel is usually modi-
fied with adhesive groups and optimized network structures to
enhance tissue repair in a wet environment. For example, the
catechol-modified hyaluronic acid-catechol (HA-CA) hydrogel
can adhere to the surface of various types of materials includ-
ing wet tissue.'”” This hydrogel can be applied to minimally
invasive cell therapy. In addition, the hydrogel prepared based
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on the reaction of thiourea-catechol shows great potential in
wet adhesion,’”®'* and gelation enables the formation of
interfacial covalent bonds between the stretchable hydrogel
and the tissue surface, which can significantly enhance inter-
facial adhesion. This hydrogel shows great potential in pro-
moting the healing of gastric ulcers in pigs. There is also a
mussel-like hydrogel obtained by controlling the dimerization
of catechol, which also shows strong adhesion to wet biologi-
cal tissues, and provides a way for us to solve underwater
adhesion.””" In addition, most adhesives can not only adhere
postoperative wounds together, but also the other normal
tissues nearby the wound. Cui et al. proposed a Janus hydrogel
with a unique adhesion mechanism to solve this problem.'®’
On one hand, the polycation solution and the catechol group
in the mussel foot proteins (mfps) with opposite charges can
induce phase separation to reduce the interface energy of the
mfps, thereby removing water to achieve wet adhesion. On the
other hand, one side (top side) of the carboxyl polymer hydro-
gel is immersed in a polycation solution to neutralize the car-
boxyl group, losing its adhesion property, while the other side
(bottom side) maintains the adhesion property (Fig. 7C).
Therefore, the Janus hydrogel adhesive can be fabricated with
different adhesion strength of the two sides, which can
achieve desired tissue adhesion. There is no doubt that this
double-sided hydrogel has great development prospects.

The application of the bioadhesive hydrogel overcomes the
shortcomings of traditional sutures, which solves many pro-
blems in tissue repair. However, in the development process,
hydrogels also show some shortcomings. In terms of postopera-
tive anti-adhesion and non-flat complex geometric shape tissue
repair,'”> hydrogels still have great potential for development.

3.3. Cell adhesion

In recent years, the research of hydrogels in the field of cell
adhesion has attracted extensive attention because hydrogels
have strong adhesive properties with degradability, and cells can
adhere to the hydrogel for proliferation and diffusion."”’® Now
hydrogels have become important adhesives for cell adhesion."””

The regulation of cell adhesion strength is helpful for
medical treatment, so it is very important in the application of
cell adhesion. Researchers are committed to regulate the
strength of cell adhesion by physical or chemical methods, such
as electrostatic interaction and forming chemical bonds.'”®'7°
For example, Ming et al. designed a hydrogel with positive
charges by the addition of a photosensitive cationic monomer,
which could form electrostatic interaction with the surface of
the protein to enhance the cell adhesion strength (Fig. 8A)."7%
Xu et al. fabricated an injectable polypeptide hydrogel, which
can provide a scaffold simulating extracellular matrix for organ-
isms by dynamically regulating cell adhesion.'”® The cell
adhesive RGD binds to the hydrogel network through a di-
sulfide bond, which can form stable adhesion between the cells
and the hydrogel."”® In addition to weak interactions and
chemical bonds, the hydrophilicity or hydrophobicity can also
regulate the cell adhesion strength. Ajiro et al. designed double
network (DN) hydrogels, which were prepared using secondary

Polym. Chem., 2021,12, 3721-3739 | 3731


https://doi.org/10.1039/d1py00282a

Published on 17 Mee 2021. Downloaded on 30.01.26 19:26:15.

Review

Cyborganic Carriers
W E Level One
{ : Natural stimul from inanimate materal

View Article Online

Polymer Chemistry

Inside the body

Hydrogel

PVPHydroE’l pl<pH=72 PVPHyerS’l
AL

IPVP Hydroge! pr< pH 7.2 | PVP Hydroge!

non-adhesive

i % il * =

'OH S el @ N
f\r\l ﬂevovme chain

O ——0O Naro-clectronic

9say  9eu-0sav

R
R B

Fig. 8 (A) The phototriggered charge changes to combine electrostatic adsorption, and ultimately achieves controlled cell adhesion by protein gui-
dance. Figure reproduced with permission from Wiley.*® (B) Schematic diagram of the ability of the composite and nanoengineered biomaterials to

induce stem cell bone regeneration in natural and factor-free environments. Figure reproduced with permission from American Chemical Society.

185

(C) The wounds treated with sundew-derived and sundew-inspired adhesive hydrogels have a higher rehabilitation rate than the untreated groups.

Figure reproduced with permission from American Chemical Society.?

N-vinylacetamide (NVA) in PNVA gels (NVA/NVA DN)."*® During
the secondary polymerization of the hydrogel, the external
contact surface is more hydrophilic due to the second glass
contact effect, which increases the adhesion between the hydro-
gel and cells. Therefore, the cell adhesion strength can be regu-
lated by changing the surface characteristics and internal cross-
linking density of the gel.'®°

One of the most common application fields of cell adhesion
is to promote cell proliferation.'®" Because the unique network
structure of hydrogels is similar to the environment in the
human body, it is conducive to promote cell
proliferation.'®>'®*  Moreover, it can cause cell adherent
growth in hydrogels and accelerate the cell growth rate, thus
effectively promoting the healing of wounds and tissue regen-
eration. For example, notch is a substance that can regulate
the proliferation of cardiomyocytes, which can be combined
with hydrogels to promote cell proliferation,'®* and accelerates
the healing rate of cardiac wounds during surgery.'®> Cell
adhesion can also promote the formation of specific cells,
especially in the treatment of cartilage, spinal cord and other
specific cell formation and regeneration (Fig. 8B).'®> The
unique 3D network structure of hydrogels provides a suitable
environment for cell adhesion and differentiation at the
injured site.'®® Hydrogels play an important role in biological
adhesion because of their ability to proliferate cells and

3732 | Polym. Chem., 2021,12, 3721-3739

promote specific cell formation, which can be used for cell
therapy. For example, Sun et al. prepared a sundew-inspired
adhesive hydrogel, in which sundew is a drug that contains
wound healing factors. The hydrogel is a complex network
composed of nanofibers and nanoparticles and contains a
high water content and has strong adhesion properties. The
wound healing factors can be transferred through cell
adhesion, so the sundew-inspired adhesive hydrogels realize
the function of hydrogels for cell therapy (Fig. 8C).”> Thus,
differentiation and attachment of fibroblast-like cells can be
promoted. In addition, cell adhesion can also be used in heart
disease to achieve cell therapy.'®” Phelps et al. prepared a
maleimide crosslinked polyethylene glycol (PEG-MAL) hydro-
gel, which could deliver therapeutic proteins to the postinfarct
cardiac extracellular matrix proteins to provide sites for cell
adhesion and affect cellular behavior. The results show that
the hydrogel has the property of improving cell adhesion and
maintains high cell survival rate function."®® The cell therapy
of the PEG-MAL hydrogel in heart repair surgery was realized.

There are no doubt hydrogels play an important role in the
application of cell adhesion, however, it is undeniable that
hydrogels used for cell adhesion still have some unavoidable
problems, for example, cell adhesion still needs to be
improved with poor bone conductivity.'*>'°® Therefore, rele-
vant research still needs to be explored.
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3.4. Wearable sensor

Wearable sensors play a vital role in personalized healthcare,
clinical diagnosis and physical monitoring.*>"** Strain sensors
composed of metal and semiconductor films exhibit brittle-
ness and rigidity, low stretchability and high modulus, and
therefore cannot seamlessly adhere to the tissue surface of the
human body."**'?* In order to solve this problem, biopolymer-
based hydrogels have been developed as sustainable building
blocks for wearable sensors because of their high stretchabil-
ity, high strain sensitivity, adhesion and autonomous self-
repair capabilities."” However, most sensors require
additional tape or bandages to attach to the skin or clothing,
which makes the sensor unable to detect weak signals and
greatly hinders the application in wearable devices.'*?
Therefore, strong and long-lasting adhesion on the skin
surface is essential for many hydrogel-based wearable
sensors. *'%”

Hydrogel wearable sensors can exhibit adhesion perform-
ance to the skin surface by designing an appropriate interface
interaction. Weak interactions such as electrostatic interaction,
hydrophobic interaction, and hydrogen bonds can be applied
for the adhesion of hydrogel wearable sensors.*>'%%!%
Similarly, the adhesion properties can also be achieved
through the synergistic effect of a variety of weak
interactions.*"?>°*2°! In addition to weak interactions, the
covalent interaction between the hydrogel and the skin surface
can also make it sticky, for example, a mussel-like wearable
sensor can provide better adhesion performance through
covalent interaction with the skin surface.>**>**

The hydrogel wearable sensor can be attached to the skin to
monitor various human movements and tiny physiological
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signals in real time, so it needs to have excellent
sensitivity.>*>?°® The introduction of conductive polymers
such as graphene and MXene into the hydrogel can increase
the conductivity of the wearable sensor and further improve
the sensitivity.”*”?°® With the increase of using time and fre-
quency, the adhesion ability of the wearable hydrogel sensor
may gradually decrease, and the response signal may also
gradually disappear. Therefore, it is urgent to improve the per-
formance of the hydrogel wearable sensor.>*® Some hydrogel
sensors based on catechol groups generally show more excel-
lent adhesion performance. Due to the dynamic redox balance
between catechol groups and quinones, the hydrogel wearable
sensors have reversible adhesion properties (Fig. 9A).>"
Adding nanomaterials with redox activity to the hydrogel con-
taining a large amount of catechol groups can also endow the
hydrogel wearable sensor reversible adhesion performance
(Fig. 9B)." This excellent adhesion performance greatly
improves the application market of wearable sensors. The self-
adhesive properties of hydrogel sensors are often ineffective
for damp, greasy and sweaty human skin. Sweating hinders
the interaction between the hydrogel and the interface, build-
ing a strong adhesion system in oil and water is a problem that
hydrogel sensors need to solve at present. Silk fibroin is a bio-
logically sustainable and biodegradable material, it is usually
used to construct bioadhesive hydrogels. In the presence of
water, silk fibroin has a Young’s modulus similar to that of
skin.?*>?'® The silk fibroin-based hydrogel wearable sensor
can maintain excellent adhesion performance even in the case
of sweating, and can perform dynamic physiological tests.*"*
Besides, inspired by the structure of DNA, some nucleobase-
based hydrogels exhibit adhesion properties in various sol-
vents, even in the case of strenuous exercise and sweating, it
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the hydrogel; (b) the reversible adhesion cycle of the hydrogel on the substrate. Figure reproduced with permission from Elsevier.'*° (C) Hydrogel
wearable sensor with adhesion performance in a cold environment: (a) preparation of the wearable sensor hydrogel. (b) Hydrogel performance at
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Elsevier.?*
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can maintain strong adhesion performance and detect subtle
physiological signals accurately.>’> However, in a cold environ-
ment, the adhesion and toughness of hydrogels may
disappear.”"**'* To solve this defect, nucleobase pairs can be
introduced into the hydrogel, even in the harsh temperature
environment of —20 °C to 80 °C, the hydrogel has excellent
adhesion and stability, and can be effectively attached to the
wet skin of the human body and used to monitor various
human movements including talking, nodding and bending
various joints, which improves the applicability of the wearable
sensor in harsh environments (Fig. 9C).>"*

Polymer hydrogels can exhibit great extensibility and diver-
sified functions and adhesive performance is an important
condition for hydrogel wearable sensors. Hydrogels need to
have good adhesion to biological tissues, and sensors with
excellent adhesion properties can not only extend the service
life, but also can withstand extreme conditions of use.
Therefore, the development of conductive hydrogels with
tissue adhesion is of special significance, and the development
of hydrogel sensors with excellent adhesion properties is an
important step in expanding its applicable fields.

4. Conclusions

Bioadhesion undoubtedly plays an important role in the field
of biomedicine. In recent years, hydrogels have been developed
rapidly in bioadhesion because of their excellent properties,
including adhesion, biocompatibility, degradability and anti-
bacterial properties. The adjustable adhesion strength of the
hydrogel allows it to act on multiple parts of the body as
needed, and the biocompatibility of the hydrogel prevents it
from having adverse effects on the body, which hopefully leads
to the further development of hydrogels in biomedicine. The
degradable hydrogel can be removed from the wound as
needed, and the degradation process is simple, which provides
a new idea for the post-treatment of the wound. The antibac-
terial properties of the hydrogel can protect wounds from bac-
terial infections and provide a good channel for solving the
problem of bacterial resistance. Therefore, bioadhesive hydro-
gels have broad application prospects in biomedicine. When
hydrogels are used as wound dressings, their appropriate
mechanical strength can be applied to stretchable parts of the
body and can accelerate wound hemostasis and promote
wound healing. In the field of tissue repair, hydrogels can
effectively close wounds by virtue of their excellent adhesion,
thereby promoting tissue regeneration. In terms of cell
adhesion, hydrogels can adjust the adhesion strength of cells
and promote the formation of specific cells to use for cell
therapy. As a wearable sensor, hydrogels can effectively trans-
mit and detect physiological signals generated by the body.
This article summarizes the properties of hydrogels and their
applications in the field of bioadhesion, which can provide
inspiration for the design of hydrogels and support the devel-
opment of hydrogels in bioadhesion.
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