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Abstract: In clinical practice, tissue adhesives have emerged as an alternative tool for wound treat-
ments due to their advantages in ease of use, rapid application, less pain, and minimal tissue damage.
Since most tissue adhesives are designed for internal use or wound treatments, the biodegradation of
adhesives is important. To endow tissue adhesives with biodegradability, in the past few decades,
various biodegradable polymers, either natural polymers (such as chitosan, hyaluronic acid, gelatin,
chondroitin sulfate, starch, sodium alginate, glucans, pectin, functional proteins, and peptides) or
synthetic polymers (such as poly(lactic acid), polyurethanes, polycaprolactone, and poly(lactic-co-
glycolic acid)), have been utilized to develop novel biodegradable tissue adhesives. Incorporated
biodegradable polymers are degraded in vivo with time under specific conditions, leading to the
destruction of the structure and the further degradation of tissue adhesives. In this review, we first
summarize the strategies of utilizing biodegradable polymers to develop tissue adhesives. Further-
more, we provide a symmetric overview of the biodegradable polymers used for tissue adhesives,
with a specific focus on the degradability and applications of these tissue adhesives. Additionally,
the challenges and perspectives of biodegradable polymer-based tissue adhesives are discussed. We
expect that this review can provide new inspirations for the design of novel biodegradable tissue
adhesives for biomedical applications.

Keywords: biodegradable polymers; tissue adhesives; natural polymers; synthetic polymers; wound
healing; tissue engineering

1. Introduction

Millions of people worldwide suffer from accidental or surgical wounds each year [1,2].
Clinically, surgical sutures, staples, clips, and skin closure strips are commonly used tools
to close open wounds [3-5]. Surgical sutures, staples, and clips close open wounds by
physically interlocking the injured tissue. Skin closure strips are like adhesive tapes
and can be used to approximate wound edges by adhering wound-surrounding tissue.
Although the closure procedures through these tools are considered the gold standard for
wound closure [6], each of these methods has its own drawbacks. For example, as the
first choice of wound closure, suturing requires time-consuming, professional operations
of medical workers and often causes secondary damage and microbial infections of the
treated tissues [7,8]. In addition, the pain produced during the suturing process also results
in the discomfort of patients [9]. Staples and clips close the wounds rapidly by a simple
“click” operation. However, scars are easily produced, and patients usually suffer from
more pain during the removal of the tools after wound healing [4]. Skin closure strips,
an alternative wound closure tool, show advantages in easy operation and less scars, but
they usually show low tensile strength and are not suitable for wounds in wet and hairy
environments [10]. In the last few decades, tissue adhesives have emerged as an attractive
tool in wound treatments. Different from traditional wound closure tools, the working
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principle of tissue adhesives in closing open wounds is bonding the injured tissues. To
achieve this, adhesives are required to adhere to the tissue surface and be able to hold
the two sides of injured tissues together. Therefore, generally, tissue adhesives should
show both strong interactions with tissues and cohesive strength. Tissue adhesives show
many advantages such as ease of use, rapid application, less pain, and minimal tissue
damage [11-14]. Currently, tissue adhesives have been widely applied in a variety of fields,
mainly including acute or infective wound treatments [15,16], hemorrhage control [17,18],
cell delivery [19], drug delivery [20], tissue repair [21,22], and tumor therapy [23,24]
(Figure 1). The rapid development of tissue adhesives provides a new and alternative
choice for medical workers in wound or disease treatment.
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Figure 1. Applications of tissue adhesives. Tissue adhesives have been widely used in various fields.

To better treat wounds and accelerate wound healing, tissue adhesives are usually
required to exhibit multiple properties. Apart from the basic tissue adhesiveness, generally,
tissue adhesives should possess biocompatibility [12,25,26], degradability [27,28], mechan-
ical compliance with underlying tissues [1,29], an appropriate swelling ratio [2,30,31],
storage stability [1,32], etc. In addition, for some applications, some specific features are
also required. For example, antibacterial properties are necessary for the treatment of
infective wounds [33]. Self-healing properties are often required for the stable closure of
dynamic wounds [34]. The on-demand degradation or dissolution property is important
for the care of burn wounds [35]. Among these properties, the degradation of tissue adhe-
sives is often necessary, especially for those used in vivo [2,27,28,36]. The degradation of
tissue adhesives can avoid the complicated and even injurious adhesive-removal process,
thereby benefiting wound healing. The degradability of tissue adhesives can be measured
in vitro and in vivo (Figure 2). In the in vitro degradation test, the tissue adhesives are put
into a solution that mimics the environment of a body, and in the in vivo test, the tissue
adhesives are directly implanted into the bodies. The changes in size and weight of the
tissue adhesives with time indicate the degradation results of the tissue adhesives.

Since the healing time of tissues is usually different due to the differences in tissue
types, wound types, and sizes, the ideal degradation time for tissue adhesives is commonly
different. Thus, it is hard to directly point out the ideal, specific degradation time for each
type of application. In an ideal circumstance, internally applied tissue adhesives should be
degraded with an appropriate speed that matches the wound-healing process [2,37]. The
slow degradation of tissue adhesives causes the delayed healing of wounds [11], and fast
degradation makes an adhesive lose its structure and functions before wound healing [4].
Therefore, the design of appropriate degradable tissue adhesives is of vital importance.
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Figure 2. The common methods used for the measurement of the degradation of tissue adhesives
in vitro (A) and in vivo (B).
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The most common way to develop degradable tissue adhesives is to utilize biodegrad-
able polymers, either natural or synthetic ones, as the basic building units [38,39]. Currently,
many biodegradable polymer-based tissue adhesives have been commercialized (Table 1).
The degradation of biodegradable polymers under specific conditions can lead to the de-
struction of the network structure and the final degradation of the tissue adhesives. Based
on this idea, a variety of degradable tissue adhesives have been developed in the past few
decades and have been widely used in various fields by virtue of their degradability as well
as other fascinating functions [40—42]. This review first summarizes the main strategies for
the development of tissue adhesives by utilizing biodegradable polymers. Furthermore, an
overview of natural or synthetic biodegradable polymer-based tissue adhesives is provided,
with a specific focus on the degradability and applications of these tissue adhesives. Since
a single component is usually difficult to form an adhesive and another polymer is often
necessary, the tissue adhesives formed by both natural and synthetic polymers are included
either in the natural or synthetic polymer parts and are not listed separately. The challenges
and perspectives of biodegradable polymer-based tissue adhesives are also discussed at
the end of this review.

Table 1. Representative biodegradable polymer-based commercial tissue adhesives [2,7].

Main Component Natural or Synthetic Trade Name
Chitosan Natural Polysaccharide HemCon
Bandage Pro
Alginate Natural Seal-V
Hyaluronic acid Natural Seprafilm Adhesion Barrier
. LifeSeal
Gelatin Natural GREF Biological Glue
Collagen Natural Angio-Seal
Tisseel
Evicel
Human fibrinogen Natural Hemaseel
Crosseal
VISTASEAL

CryoSeal Fibrin Sealant System
Polyurethane Synthetic MAR-CUTIS (Flix)
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2. General Design Strategies for Biodegradable Polymer-Based Tissue Adhesives

Generally, tissue adhesives are stored in a liquid state, and upon application at the
target tissue, the liquid tissue adhesives solidify through multiple types of crosslinking,
thereby bonding the biological tissues [17]. Adhesive performance is essential for tissue
adhesives. Many methods have been reported for measuring the adhesive performance of
a tissue adhesive such as the lap shear test, the 180° peel test, the tensile test, and the burst
pressure test (Figure 3).
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Figure 3. The common methods used for the measurement of the adhesive performance of tissue
adhesives. (A) Lap shear test; (B) 180° peel test; (C) tensile test; (D) burst pressure test.

To achieve stable tissue adhesion, both the interfacial adhesion and cohesive strength
of the tissue adhesives are important and should be considered in the design of tissue
adhesives [43,44]. If the interfacial adhesion capacity of a tissue adhesive is poor, the
bonded sample is prone to undergo interfacial failure [45]. And if the cohesive strength
is low, cohesive failure will occur (Figure 4) [46]. Over the past few decades, various
strategies for improving the interfacial adhesion or cohesive strength of biodegradable
polymer-based tissue adhesives were proposed. Commonly, interfacial adhesion can be
improved by enhancing the interactions between the adhesives and the biological tissues [2],
and cohesive strength can be improved by solidification that is physically or chemically
crosslinking induced [47].

Tissue

Tissue

Cohesive failure

Figure 4. Schematic representation of interfacial failure and cohesive failure.

2.1. Strategies for Improving Interfacial Adhesion

There are many functional groups originating from amino acid residues in biological
tissues that can be used for tissue adhesion (Figure 5A). The most commonly used functional
groups are primary amino, hydroxy, and sulfydryl groups [48]. These functional groups
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can form covalent linking with some specific groups, such as the aldehyde group, N-
hydroxysuccinimide (NHS) esters, isocyanates, catechol, cyanoacrylate, aryl azide, etc.
(Figure 5B) [49]. However, these groups are absent in common biodegradable polymers.
Therefore, introducing these groups through some modifications is often necessary for
improving interfacial adhesion. For example, Zhou and coworkers introduced the catechol
group into hyaluronic acid through a Schiff-base reaction between the amino groups of
dopamine and the aldehyde group of aldehyde-modified sodium hyaluronate. After
oxidized crosslinking, they found the maximal adhesive strength of the catechol-modified
hyaluronic acid adhesive reached about 90 kPa, which is much higher than commercial
fibrin glue [50].
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Figure 5. Interfacial adhesion. (A) Main groups in biological tissues for the design of tissue adhesives.
(B) The functional groups used for enhancing interfacial adhesion.

Apart from forming covalent linking, some noncovalent interactions were also em-
ployed to improve the interfacial adhesion. These noncovalent interactions include physical
mechanical interlocking, hydrogen bonding (H-bonding), electrostatic interactions, hy-
drophobic interactions, etc. Commonly, a single noncovalent interaction is not as strong as
covalent bonding. Nevertheless, the combination of noncovalent interactions as well as co-
valent bonding is an effective way develop tissue adhesives with a strong adhesive strength.

2.2. Strategies for Improving Cohesive Strength

Cohesive strength is another factor influencing the adhesive performance of tissue
adhesives. Over the past few decades, a variety of strategies have been proposed to
enhance the cohesive strength of tissue adhesives, mainly including in situ covalent reac-
tions, coordination crosslinking, physical crosslinking, and photo-induced crosslinking
(Figure 6) [51,52]. In situ covalent crosslinking is the most commonly used crosslinking
method. This crosslinking strategy utilizes classic organic reactions between the functional
groups in raw or modified biodegradable polymer chains to crosslink the biodegradable
polymers. The organic reactions mainly include a Schiff-base reaction (between amino and
aldehyde groups) [53], a Michael addition (between sulfydryl group and double bond) [54],
a reaction between NHS-ester/carboxyl and amino groups [1,55], or epoxy groups and
aminos [56], etc. Since some functional groups, such as amino and sulfydryl groups, already
exist or can be introduced in biodegradable polymers, in situ covalent crosslinking can be
easily carried out.

Coordination crosslinking typically occurs between functional groups (such as car-
boxyl and catechol) and metal ions [57]. Due to the dynamic nature of most coordinate
bonds, coordination-crosslinked tissue adhesives usually show self-healing properties [57].
In addition, according to the type of metal ions, the resultant tissue adhesive can exhibit
other desirable functions, such as antibacterial properties [58], conductivity [59], and the
ability to promote wound healing [60]. Noncovalent bond-mediated physical crosslink-
ing is also widely used in the solidification of tissue adhesives. The most used physical
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crosslinking among biodegradable polymers is based on metal coordination, H-bonding,
ionic bonding, and electrostatic interactions, etc. [48]. Noncovalent bond-mediated physical
crosslinking often occurs in mild conditions, and, therefore, this type of gelation is suitable
for loading cells or protein drugs [61].
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Figure 6. Solidification strategies of tissue adhesives. The strategies include classic covalent reactions,
coordination crosslinking, physical crosslinking, and photo-induced crosslinking.

By introducing polymerizable double bonds (methacrylamide or methacrylate) [62],
the biodegradable polymer can also be photo-crosslinked. This type of crosslinking can
be controlled by light intensity and the irradiation time [63]. In addition, some tissue
adhesives are crosslinked through a combination of multiple crosslinking strategies, such
as the combination of ionic and covalent crosslinking [63], Schiff base and coordination
crosslinking [15], and Schiff-base crosslinking and ionic crosslinking [64]. A multiply
crosslinked tissue adhesive can show the advantages of each crosslinking type, and due to
an increase in crosslinking density, the resultant tissue adhesive usually exhibits a better
cohesive strength than singly crosslinked adhesives [15,64].

3. Biodegradable Polymers for Tissue Adhesives

Both natural and synthetic biodegradable polymers can be used to develop tissue
adhesives. The typical advantages and drawbacks of natural or synthetic polymers are
summarized in Table 2. In the following, we will provide an overview of natural or
synthetic biodegradable polymer-based tissue adhesives, with the specific focus on the
degradability and applications of these tissue adhesives.

Table 2. Typical advantages and drawbacks of natural and synthetic polymers.

Polymers Advantages Drawbacks
High biocompatibility in Relatively weak
Natural polvmers most cases; mechanical properties;
poly Suitable biodegradability; Restricted sources;
Non-toxic degradation products. High production costs.
Low cost; Lack of biological cues;
Synthetic polymers Easy to produce massively; Relatively poor biodegradability

Adjustable mechanical properties. in most cases.




Int. J. Mol. Sci. 2024, 25, 5249

7 of 26

3.1. Natural Polymers
3.1.1. Chitosan

Chitosan is a biodegradable, naturally occurring polymer with low toxicity and im-
munogenicity [65]. Currently, chitosan is mainly produced by the deacetylation of chitin
under alkaline conditions [66,67]. The structural units of chitosan contain a majority of
-NH; groups (Figure 7A). The abundance of -NH,; groups allows for chitosan to be easily
modified through reactions between amino and carboxyl groups or aldehyde [68,69]. There-
fore, chitosan and its derivatives are widely used biodegradable polymers in developing
biodegradable tissue adhesives.

A
HO
Chitosan Hyaluronic acid Chondroitin sulfate
ONa
I OH 0]
D on E[ (=0 mo F
o, 0, 0-7>0 0\~0 A o 0
HO—%n HO " OH  ud
0 C-ON.
i HO OH 'd a . OH OHOH n
Starch Sodium alginate Dextran

Figure 7. Chemical structures of some natural biodegradable polymers for tissue adhesives. (A) Chi-
tosan; (B) hyaluronic acid; (C) chondroitin; (D) starch; (E) sodium alginate; (F) dextran.

The repeated units of chitosan are connected to each other by a (3-1,4-glycosidic bond.
The degradation of chitosan is generated by the hydrolysis of this bond in the presence of
enzymes such as lysozyme, amylase, pepsin, and other chitosan enzymes in organisms.
After the hydrolysis, chitosan is converted to chito-oligosaccharides, which can enter
biological cells with the assistance of glucose transporter proteins [70]. With the help
of glucoamylase enzymes, the chito-oligosaccharides are further degraded and finally
converted to HO and CO,; through the metabolic systems of the organisms [71].

Due to the biodegradability of chitosan, usually, chitosan-based tissue adhesives are
also biodegradable. For example, Rao and coworkers developed a carboxymethyl chitosan-
polydopamine (FCMCS-PDA)-based hydrogel adhesive through a Schiff-base reaction
and hydrogen bonding, and they found that the FCMCS-PDA adhesive degraded slowly
in vitro. After 21 days of incubation in a phosphate buffer solution (PBS, pH = 7.4), a
weight loss of about ~8.4%-~12.8% was observed [72]. Adding an enzyme to the PBS
can significantly accelerate the degradation of chitosan-based tissue adhesives. Jin and
coworkers developed a chitosan-based adhesive through enzymatic crosslinking and found
that applying lysozyme to the adhesive (1 wt%) resulted in about 60% degradation after
21 days [73]. In addition, chitosan-based tissue adhesives are also found to be degradable
in vivo. Singh and coworkers prepared a quaternized and phosphorylated chitosan/tannic
acid-based hydrogel adhesive through physical crosslinking. After subcutaneously im-
planting the adhesive into the dorsal side of rats, the researchers found that only 64.0% of
the adhesive was residual on day 7, and the adhesive was fully degraded after 14 days [74].

By virtue of their biocompatibility and biodegradability, chitosan-based tissue adhesives
have been widely investigated and applied in wound closures and healing. For example,
Zhao and coworkers prepared an injectable chitosan-g-polyaniline (QCSP) /benzaldehyde
group functionalized poly(ethylene glycol)-co-poly(glycerol sebacate) (PEGS-FA) hydrogel
adhesive through a Schiff-base reaction. They found that the adhesive hydrogel exhib-
ited multiple attractive properties, mainly including tissue adhesiveness, a free radical-
scavenging capacity, a self-healing ability, antibacterial activity, and biocompatibility and
that it can significantly promote wound healing in vivo [75]. In addition, Chen and cowork-
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ers developed a chitosan/oxidized konjac glucomannan hydrogel adhesive by a Schiff-base
reaction. The hydrogel adhesive exhibited tissue adhesiveness, self-healing properties,
as well as biocompatibility and could promote wound healing after its application in a
full-thickness skin defect [76].

Another important application of chitosan-based tissue adhesives is hemorrhage
control. Due to its inherent cationic properties, chitosan can cause the aggregation of
negatively charged erythrocyte and platelets, which makes it suitable for hemostasis.
Liu and coworkers developed an injectable thermosensitive chitosan/glycerophosphate
hydrogel. It was also found that injection of the gel at the bleeding site of rat livers
completely stopped the bleeding within 2 min [77].

In addition, chitosan possesses an antibacterial ability, enabling them to work in
the treatment of infected wounds. At lower concentrations, protonated amino groups
on chitosan can interact with negatively charged microbial membranes, thereby alter-
ing the permeability and morphology of their membranes and leading to the death of
bacteria [66]. Cui and coworkers developed a quaternized chitosan (QCS)/dialdehyde
terminated polyethylene glycol (PEGDA) tissue adhesive by a Schiff-base reaction. The
QCS/PEGDA tissue adhesive exhibited a strong antibacterial ability and could promote
infected-wound healing. On day 9, the hydrogel-treated wound was almost healed, and the
area of the wound treated by erythromycin ointment (ERY) still remained about 20% [78].

A diabetic wound is usually difficult to heal. One important reason is that high blood
sugar leads to the excessive accumulation of reactive oxygen species (ROS) and a loss of the
inherent protective function of skin, producing the exudation of tissue fluids from wounds.
This provides conditions for the growth of pathogens and leads to wound infections [79].
Chitosan-based tissue adhesives with antimicrobial activity, therefore, can facilitate diabetic-
wound healing. Peng and coworkers developed a chitosan grafted-dihydrocaffeic acid
(CS-DA)/benzaldehyde-terminated Pluronic F127 (PF127-CHO)-based adhesive through a
Schiff-base reaction. The adhesive exhibited antibacterial abilities (killing ratios for S. aureus
(>80%) and E. coil (>40%)) and can promote the healing of diabetic wounds. After 14 days,
the diabetic wounds treated by the hydrogel were close to healing, while the wounds in the
control group (the Tegaderm membrane group) remained unclosed [80].

3.1.2. Hyaluronic Acid

Hyaluronic acid, a natural, non-sulfated glycosaminoglycan, is the main component
of the skin extracellular matrix (ECM) [81,82]. Linear hyaluronic acid is composed of
D-glucuronic acid and N-acetylglucosamine-based repeated units, which are linked by
a f3-1,3-glycosidic bond and a (3-1,4-glycosidic bond (Figure 7B) [83]. There are many
hydroxy and carboxyl groups in hyaluronic acid, endowing it with high hydrophilicity [84].
Additionally, the abundant groups also make it easy to introduce functional groups in
hyaluronic acid, which improves its tissue adhesiveness. For example, to enhance tissue
adhesion, aldehyde groups and catechol groups are often required to be introduced to
hyaluronic acid. Due to the existence of a hydroxy group, the aldehyde group can be easily
obtained by NalO4-mediated oxidation [85], and catechol groups can be introduced by a
coupling reaction between the amino of dopamine and carboxyl in hyaluronic acid [86].

As a component of the ECM, hyaluronic acid is also biodegradable, and its degradation
in vivo is mainly through a hyaluronidase (HYALs)-mediated degradation by breaking the
3-1,4 glycosidic bond [84,87]. HYALs include HYAL-1 and HYAL-2. Typically, HYAL-2
breaks hyaluronic acid into fragments with a molecular weight of 20 kDa. The fragments
with a relatively small molecular weight are internalized by cells and are further degraded
by HYAL-1 in the lysosome [88]. In addition, hyaluronic acid also undergoes reactive
oxygen species (ROS)-mediated oxidized degradation [89]. During the occurrence of some
tissue wounds and inflammation, large amounts of ROS produced in the body degrades
hyaluronic acid. ROS-mediated degradation occurs also by breaking the (3-1,3 glycosidic
bond [90].
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Due to the biodegradability of hyaluronic acid, hyaluronic acid-based tissue adhe-
sives also show good biodegradability. Hao and coworkers synthesized a poly(butynyl
phospholane)-random-poly(ethylethylene phosphate)/hyaluronic acid adhesive through a
thiol-yne “click” reaction and found that this tissue adhesive can be gradually degraded
after HYAL treatment. After 34 days, the weight loss reached 91.2% £ 6.6% [91]. The
concentration of HYALs is also found to influence the degradation of hyaluronic acid-
based tissue adhesives. For example, Gwon and coworkers prepared a Si-based nickel
oxide nanoflower (Si@NiO)-incorporated, visible-light-crosslinked hyaluronic acid tissue
adhesive (5i@NiO/HA) and demonstrated that the degradation rate of this Si@NiO/HA
adhesive was measured to be 1.2%, 1.4%, 1.5%, and 2.2% when placed in solutions con-
taining 10, 50, 100, and 500 IU/mL of HYALs, respectively. Additionally, the sensitivity of
tissue adhesives to HYALs is another factor influencing degradation. The control adhesive
without Si@NiO (HA adhesive) was completely degraded within 12 days, whereas the
degradation ratio of the Si@NiO/HA adhesive was less than 25%. The slow degradation
was mainly because the incorporation of Si@NiO into the adhesive affected the sensitivity
of the SI@NiO/HA adhesive to HYALs [92].

Due to the existence of HYALSs in vivo, hyaluronic acid-based tissue adhesives are
also degradable in vivo even without the addition of HYALs. Zhang and coworkers
developed a cyclic o-nitrobenzyl-modified hyaluronic acid (HA-CNB) tissue adhesive by
photo-crosslinking. They found that the HA-CNB adhesive completely vanished within
2 days after implanting it into oral mucosal defects of pigs [93]. The in vivo degradation of
hyaluronic acid-based tissue adhesives was also verified by Weiss’s group. They developed
an in situ-formed hyaluronic acid (Si-HA) hydrogel adhesive and found that the low
silanized HA adhesive completely degraded within 21 days after it was injected into the
backs of mice [94].

Due to their biodegradability and biocompatibility, hyaluronic acid-based tissue ad-
hesives have been widely used in various biomedical fields. The most basic application
of hyaluronic acid-based tissue adhesives is wound closure and hemostasis [8,95]. These
applications require hyaluronic acid-based tissue adhesives to exhibit a strong adhesive per-
formance. To improve the adhesive performance of hyaluronic acid-based adhesives, many
functional groups which benefit adhesion are introduced. For example, Wei and coworkers
introduced an aldehyde group into hyaluronic acid by oxidation and developed a quat-
ernized carboxymethyl chitosan (QCMCS)/oxidized hyaluronic acid (HA-CHO)-based
adhesive by Schiff-base crosslinking. The introduction of the aldehyde group improved the
tissue adhesion properties of the adhesive, benefiting the treatment of skin wounds [96].

Another important application of hyaluronic acid-based tissue adhesives is drug or
cell delivery. Drug delivery is a common application of almost all hydrogels [97]. By the
controlled release of specific drugs through a hyaluronic acid hydrogel, the target disease
can be better treated. Compared with drug delivery, cell delivery is more difficult because
the carrier material may be incompatible with cells [98]. It is difficult to promote cell
proliferation, migration, and differentiation [99]. However, cell delivery is quite important
and can be applied to tissue engineering, such as cartilage regeneration, corneal repair,
and tendon healing [100]. Due to the presence of cell surface receptors, such as, RHAMM,
ICAM-1, and CD44 [101], hyaluronic acid is suitable for cell delivery. For example, Shin and
coworkers prepared hyaluronic acid-catechol (HA-CA) hydrogels by oxidative crosslinking.
They found that the HA-CA hydrogels can be used as a good carrier of human adipose-
derived stem cells (hADSCs) and human hepatocytes (hHEPs), showing promise in minimal
cell therapy [102].

As hyaluronic acid is the main component of the ECM and can be used for stem cell
culture, hyaluronic acid-based tissue adhesives can also promote tissue regeneration [103].
Chen and coworkers prepared an aldehyde- and methacrylate-modified hyaluronic acid
tissue adhesive (AHAMA). In vitro cell culture experiments showed that the AHAMA
hydrogel could promote the proliferation of bone marrow stem cells. The implantation of
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the AHAMA hydrogel in a rat cartilage defect model could effectively promote cartilage
tissue regeneration [104].

By the incorporation of other functional nanomaterials, hyaluronic acid-based tissue
adhesives can exhibit many desirable properties and, therefore, are suitable for some
specific applications. For example, the incorporation of zinc oxide (ZnO) nanoparticles
into a hyaluronic acid-based hydrogel adhesive can promote the antibacterial ability of the
adhesive [105], and the incorporation of Ti;Cp, MXene nanosheets benefits the proliferation
of human umbilical vein endothelial cells, endowing the adhesive with the ability of
promoting diabetic-wound healing [106].

3.1.3. Gelatin

Gelatin is the product of the partial hydrolysis of collagen in connective tissues such as
animal skin, bones, and muscle membranes [107]. Due to the different hydrolysis processes of
collagen, the physicochemical properties of gelatin are different, which makes gelatin exhibit
different structures and relative molecular weights [108]. Gelatin contains abundant amino
and carboxyl groups. These groups are reactive and can be used to introduce adhesive groups
such as phenol [109] and catechol [110,111] to enhance tissue adhesion or crosslinking-related
groups such as methacrylamide [112,113] and methacrylate [114] to facilitate the curing of
gelatin-based adhesives. As a proteinaceous natural polymer, gelatin is biodegradable [115],
and its degradation in vivo is mainly caused by matrix metalloproteinases (MMPs) produced
by fibroblasts, macrophages, neutrophils, etc. [116,117].

Gelatin-based tissue adhesives are also found to be biodegradable. Xu and coworkers
prepared a genipin-crosslinked gelatin/chitosan hydrogel adhesive. They found that
the gelatin/chitosan hydrogel adhesive can be degraded in a PBS solution and that the
addition of collagenase significantly accelerated this degradation [118]. Since gelation-based
tissue adhesives are usually multicomponent, their degradation is also influenced by other
incorporated polymers. For example, Yang and coworkers synthesized a tissue adhesive
based on catechol-modified gelatin, Fe**, and a synthetic polymer that was susceptible to
degradation under alkaline conditions [110]. Influenced by the synthetic polymer, they
found that the multicomponent adhesive degraded rapidly under alkaline conditions
(pH = 9) rather than a physiological environment (pH = 7.4). In in vivo environments,
gelatin-based tissue adhesives can also be degraded due to the existence of MMPs in vivo.
For example, Wang and coworkers synthesized an injectable gelatin-based tissue adhesive
(QCN@Gel-Zr) by coordination crosslinking. After 7 days of a subcutaneous injection of
the adhesive, most of the adhesive was found to be degraded [119].

Gelatin-based adhesives have been applied in various biomedical fields, such as
hemorrhage control [120], tumor therapy [121], wound treatments [122], and a controlled
drug release [123]. Additionally, gelatin-based adhesives were also found to be able to
stimulate cell growth, thus promoting tissue regeneration [124]. For example, Sharifi and
coworkers designed a gelatin-glycidyl methacrylate adhesive (GELGYM) for corneal tissue
regeneration. After 48 h of incubation in the GELGYM adhesive, corneal fibroblasts (HCFs),
corneal endothelial cells (HCEns), human corneal epithelial cells (HCEps), and mixed
neuroblastoma cells (NDCs) all maintained nearly 100% activity and underwent spreading,
migration, and proliferation. In addition, the GELGYM adhesive can close corneal defects
and withstand pressures of up to 200 mmHg, which allows for the adhesive to better adhere
to corneal defects and promote corneal tissue regeneration [114].

3.1.4. Chondroitin Sulfate

Chondroitin sulfate, with the repeat unit of 3-1,3-linked N-acetyl galactosamine
and (3-1,4-linked glucuronic acid, is an important component of the cartilaginous ECM
(Figure 7C) [125,126]. As a natural polymer, chondroitin sulfate can be enzymatically de-
graded in vivo. In the presence of chondroitinase ABC (ChABC), the chondroitin is first
degraded to oligosaccharides by breaking the (3-1,4-glycosidic bond between disaccharide
repeating units [127]. The resultant oligosaccharides then enter cells in the presence of
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glucose transporter proteins and are finally catabolized by glucoamylase [128]. In addition,
chondroitin can also be degraded by HYALs, which catalytically degrade chondroitin
sulfate [129].

Due to the biodegradability of chondroitin sulfate, chondroitin sulfate-based tissue ad-
hesives are also found to be degradable. Shin and coworkers developed a catechol-modified
chondroitin (CS-CA) tissue adhesive and showed that the hydrogel can be degraded in vitro
in the presence of chondroitinase that was produced from human intestinal anaerobic bacte-
ria. In addition, they found that the degradation rate was influenced by the concentrations
of catechol groups. The CS-CA tissue adhesive, with excessive catechol groups, showed a
dense gel network, which limited the cleavage sites on the main chain by chondroitinase
and finally resulted in a slower degradation rate [126]. The degradation of chondroitin-
based tissue adhesives was also verified by Bryant’s group, who developed a mesenchymal
stem cell (MSC)-loaded tissue adhesive with matrix metalloproteinase 7 (MMP?7)-sensitive
compounds as crosslinkers. As MSCs differentiate into chondrocytes, the matrix metallo-
proteinase was expressed. The in vitro degradation results show that the enzyme degraded
the crosslinker, leading to the sustained degradation of the hydrogel adhesive [130].

Since chondroitin sulfate is the component of the cartilaginous ECM, apart from
wound treatments [131], chondroitin sulfate-based tissue adhesives are also widely applied
in promoting cartilage regeneration [132]. For example, Han and coworkers prepared a
polydopamine-chondroitin sulfate-polyacrylamide (PDA-CS-PAM) tissue adhesive and
implanted it into the defect of a cartilage. The polydopamine and chondroitin sulfate
components in the hydrogel synergistically regulate cell behaviors and induce cartilage
regeneration, offering a potential growth-factor-free solution for cartilage repair [133].

3.1.5. Starch

Starch is one of the most abundant biodegradable natural polymers and a polysaccha-
ride found in plants [134]. It is composed of many repeating monosaccharides linked by
o-1,4-glycosidic or «-1,6-glycosidic bonds (Figure 7D). Starch is classified into amylose and
amylopectin. Amylose is an unbranched helical structure, which results in low water solu-
bility. Amylopectin has a branched structure, whose main chain consists of glucose residues
linked by «-1,4-glycosidic bonds, and the branched chain is linked by «-1,6-glycosidic
bonds [135]. It has been reported that heating starch in water is a process in which starch
granules absorb water, swell, break down their structure, and form a gel [136]. Compared
to other biodegradable polymers, starch is abundant and cost-effective. Thus, starch-based
hydrogel adhesives are widely used in various biological applications [137].

Starch is degradable in the body mainly by the amylase enzyme [138]. The amylase
enzyme is widely distributed in the saliva and pancreas. The amylase enzyme in human
body fluids is mainly the x-amylase secreted by pancreas and salivary glands, which is
the most important enzyme for hydrolyzing carbohydrates in the human body [139]. -
amylase is an endonuclease, which could degrade both amylose and amylopectin [140]. It
unconditionally cleaves the o-1,4-glycosidic bond and is ineffective on the «-1.6-glycosidic
bond. When amylose starch is degraded, the end product is mainly glucose, and when
amylopectin is degraded, the end product includes a-dextrin. The glucose produced by
degradation provides essential energy for the body [141].

Starch-based hydrogel adhesives can be degraded in an environment containing o-
amylase [17]. In an environment without enzymes, the hydrolysis of crosslinked bonds
can also lead to the degradation of starch-based hydrogel adhesives. For example, Dong
and coworkers synthesized a starch-based hydrogel by a Michael-type “thiol-ene” ad-
dition reaction between dithiol-functionalized poly(ethylene glycol) (PEG-SH) and acyl-
modified sulfobetaine-derived starch (SB-ST-A). Due to the hydrolysis of ester that formed
in the crosslinking process, they found that the weight of the hydrogel decreased dra-
matically after 9 days in PBS (pH = 7.4), and after 21 days, the hydrogel was completely
degraded [142]. In addition, starch-based hydrogels could also be degraded in vivo. Ye
and coworkers developed a starch-based physical hydrogel by the self-assembly of a starch-
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graft-poly(sulfobetaine methacrylate) (ST-g-PSBMA) through electrostatic interactions.
After one week of subcutaneous implantation, the dimensions of the hydrogels gradually
decreased, and after 4 weeks of implantation, the hydrogels were apparently degraded to
fragments [143].

With good biocompatibility and biodegradability, starch-based tissue adhesives have
been widely studied and applied in hemostasis. For example, Mao and coworkers devel-
oped a starch-based adhesive hydrogel (GPAH) by ionic crosslinking. They evaluated the
hemostatic and wound-sealing performance of the gel using a rat femoral artery injury
model. It was found that the bleeding mass (2.4 & 1.3 g), after sealing with the GPAH hy-
drogel, was significantly lower than that of the group sealed by gauze (6.3 + 1.5 g), and no
serious inflammatory reaction occurred [144]. Another application of starch-based hydrogel
adhesives is cell delivery. Zhuang and coworkers developed a 3D-printed nanocompos-
ite starch-based tissue adhesive that provides attachment points for cells to promote cell
growth. They utilized the hydrogel adhesive to culture mouse embryo fibroblast (NIH
3T3) cells and found that the cultured cells showed excellent attachment and migration
properties and a faster proliferation rate [145].

3.1.6. Sodium Alginate

Sodium alginate is a natural polymer derived from brown algae. Its polymer chain
consists of 3-D-mannuronic acid and «-L-guluronic acid, which are linked by the 1,4-
glycosidic bond (Figure 7E) [146]. Sodium alginate contains large amounts of -COO- and
thus exhibits polyanionic behavior in an aqueous solution [147]. Therefore, sodium alginate
can gel with most divalent cations. The most commonly studied divalent cation is Ca*,
because Ca?* is non-toxic and is able to induce gelation rapidly in mild environments [148].

Sodium alginate-based hydrogel adhesives are also degradable. Their degradation
can be controlled by the degree of oxidation of sodium alginate. For example, Gao and
coworkers prepared oxidized sodium alginate hydrogels by Ca?*-mediated crosslinking.
They found that the degradation rates of the hydrogels were different when their degree of
oxidation varied. The in vitro degradation results show that the weight loss of the hydrogel
with a 30% degree of oxidation was 80.27%, while the weight loss of the hydrogel with a
10% degree of oxidation was 73.00% in 180 min [149].

Similar to other polysaccharide-based tissue adhesives, sodium alginate-based tissue
adhesives are also widely applied in wound closures and healing [150,151] and tissue
repair [152,153] and have obtained desirable results. As an anionic polysaccharide, sodium
alginate-based tissue adhesives can be used to achieve controlled drug release. In an acidic
medium, the -COO™ of sodium alginate is converted to -COOH, which decreases the degree
of ionization. The hydrophilicity of sodium alginate decreases, and the molecular chain
contracts. As the pH increases, the carboxyl group dissociates continuously. Therefore, the
hydrophilicity of sodium alginate increases, and the molecular chain stretches [154]. Based
on this principle, sodium alginate-based tissue adhesives achieve the controlled release
of drugs in different pHs. For example, Wu and coworkers developed a carboxymethyl
chitosan/sodium alginate hydrogel adhesive for the controlled release of lidocaine (LID)
drugs. Due to the different swelling ratios of hydrogel adhesives in different pHs, it was
found that the released drug was more at pH = 7.4 than at pH = 1.2 [155].

3.1.7. Dextran

Dextran is a polysaccharide that consists of dextrose as a monosaccharide, with a
repeated dextrose unit linked by glycosidic bonds (Figure 7F) [156]. Dextran has been
widely found in nature. The structure of dextran varies, as the conditions for generating
dextran are different [157]. Dextran is biodegradable and can be degraded to dextrose with
a small molecular weight by the 3-glucanase enzyme that cleaves the glycosidic bonds
between the dextrose units [158]. These small molecules of dextrose are decomposed into
CO; and H,O through the body’s metabolic system, which provides energy for the body.
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Dextran-based tissue adhesives are degradable both in vitro and in vivo [159,160]. This
degradation was found to be dependent on the polymer content and the composition of
dextran-based tissue adhesives. For example, Yang and coworkers developed a poly(lysine-
cysteine) (EPL-SH)/oxidized dextran (ODex) hydrogel adhesive by a Schiff-base reaction.
The in vitro degradation results show that the degradation rate increases with the decrease
in the polymeric content. The hydrogels with 10 wt% and 15 wt% polymeric contents
were completely degraded after 14 h and 20 h, respectively, while the degradation of
the hydrogel with an 8 wt% polymer content was completed in 9 h [161]. In addition,
Zhao and coworkers developed a photo-curable gelatin methacrylamide/oxidized dextran
hydrogel adhesive. An in vitro degradation experiment showed that the time required
for the complete degradation of this hydrogel increased as the mass content of gelatin
methacrylamide and oxidized dextran increased. The difference in degradation was mainly
due to different crosslinking densities [162].

Commonly, dextran-based tissue adhesives are widely applied in drug deliveries [163,164],
tissue repair [165,166], and bioprinting [167,168]. By combining other functional polymers,
dextran-based adhesives can obtain new functions. For example, Zhu and coworkers
combined choline-phosphoryl-functionalized chitosan and oxidized dextran and developed
a chitosan/dextran hydrogel adhesive by a Schiff-base reaction. They found that the
hydrogel adhesive can promote the aggregation of erythrocyte, showing its potential
application in wound hemostasis [169]. In addition, Wu and coworkers combined DP7
peptide, ceftazidime, and oxidized dextran and obtained a ceftazidime-loaded DP7-Odex
hydrogel adhesive by a Schiff-base reaction. Due to the synergistic effect of the DP7
peptide and ceftazidime in antibiotic properties, the ceftazidime-loaded DP7-Odex adhesive
exhibited antimicrobial properties and can promote wound repair [170].

3.1.8. Pectin

Pectin is a heteropolysaccharide widely found in plant cell walls, which mainly consists
of a-1, 4 D-galacturonic acid units [171,172]. Pectin is relatively stable in acidic solutions
than in alkaline solutions and can be divided into high ester pectin and low ester pectin
based on the degree of pectin esterification. High ester pectin forms a non-reversible gel
in the range of a soluble sugar content of >60% and pH = 2.6-3.4. Low ester pectin is
unaffected by sugar and acid, because a part of methyl ester is transformed into primary
amide. However, it requires divalent ions such as Ca?* and Mg?* to form a gel [173].

Pectin is a biodegradable, non-toxic natural polymer that can be used as a tissue
adhesive. Although pectinase, which is required for pectin degradation, does not exist in
the human body, some reports have shown that some pectin-based tissue adhesives are
degradable in vivo [174]. Nowadays, the mechanism of degradation or clearance of pectin
in vivo is still unclear. To facilitate a better degradation of pectin-based hydrogel adhesives,
degradable crosslinkers can be introduced to crosslink the tissue adhesive. Pereira and
coworkers utilized a biscysteine matrix-metalloproteinase (MMP)-cleavable peptide as
the crosslinker and formed a pectin-based hydrogel by a photo-click reaction [175]. They
found that the prepared pectin hydrogel was degraded in the presence of collagenase
(type II). Since collagenase is present in vivo, the results indicate that the MMP-cleavable
peptide-crosslinked pectin-based hydrogel has potential in degradation in vivo.

Similar to other biodegradable polymer-based tissue adhesives, pectin-based adhe-
sives can be applied in hemostasis [176] and tissue repair [177]. In addition, pectin-based
adhesives also show applications in cell and drug loading. Mehrali and coworkers de-
veloped a pectin methacrylate/thiolated gelatin hydrogel adhesive (PEMA) through UV-
induced crosslinking and a Michael addition reaction [178]. They demonstrated that human
mesenehymal stem cells (hMSCs) cultured in the hydrogel showed about 50% confluency
and about a 90% survival rate after 14 days of incubation. Additionally, Bostanci and
coworkers developed a methacrylated gelatin/methacrylated pectin hydrogel adhesive
by UV crosslinking and used this adhesive to load antibacterial curcumin [179]. Due to
the high solubility of curcumin and the higher swelling ratio of the hydrogel in a basic



Int. J. Mol. Sci. 2024, 25, 5249

14 of 26

condition, the hydrogel adhesive released curcumin faster in the media at pH = 7.4 than at
pH =5.0. As the pH of skin with chronic wounds is between 6-8, the adhesive hydrogel
showed promise in the treatment of chronic wounds.

3.1.9. Fibrin Sealants

Fibrin glue is the most common fibrinogen-based protein tissue adhesive, which has
been commercialized and used in clinics. Fibrin glue is composed of fibrinogen, thrombin,
factor VIII, and calcium ions. It mimics the clotting process by activating fibrinogen through
thrombin. Thrombin cleaves the fibrinogen polypeptide to form fibrin monomers, which
then form fibrin polymers through hydrogen bonding. Factor VIII activated by thrombin
further catalyzes the formation of crosslinks among the fibrin polymers [2]. Calcium
ions are involved in all processes. Since most of the components of fibrin glue are found
in living organisms, fibrin glue is biodegradable [2]. However, fibrin glue has the risk
of transmitting blood disease, and its adhesive strength to biological tissue is low [2].
In addition to simulating blood coagulation processes, fibrinogen can also be modified
to fabricate novel fibrinogen-based tissue adhesives. For example, Simaan-Yameen and
coworkers modified fibrinogen with methacrylic anhydride and developed a methacrylated
fibrinogen (FibMA) hydrogel adhesive by light-activated free-radical polymerization. The
FibMA hydrogel was found to be degraded both in vitro and in vivo. Due to the biological
attributes of fibrinogen, the FibMA hydrogel can be used as a scaffold for cells, showing
great potential in tissue healing and regeneration [180].

In addition, some other protein-incorporated tissue adhesives have also been devel-
oped in recent years. These proteins contain phase-transferring lysozyme (PTL), TGF-f31-
affinity peptide. Due to the desirable functions of these proteins, such as the function of the
generation of phase transitions and the ability of TGF-31 enrichment, these tissue adhesives
are applied in multi-functional dressings [181] and cartilage tissue regeneration [182].

3.2. Synthetic Polymers
3.2.1. Poly(lactic acid)

Poly(lactic acid) is a renewable, aliphatic synthetic polyester polymer (Figure 8A), which
is produced from lactic acid through condensation polymerization (direct or azeotropic
dehydration) or ring-opening polymerization [183]. Since lactic acid has D-type and L-type
isomers, poly(lactic acid) is divided into three types: poly-L-lactic acid (PLLA), poly-D-lactic
acid (PDLA), and poly-D, L-lactic acid (PDLLA) [184]. Poly(lactic acid) is biodegradable,
and its degradation is mainly through hydrolysis, enzymatic degradation, and photodegra-
dation. The hydrolytic degradation of poly(lactic acid) proceeds via random cleavage of the
ester bond, which releases oligomers and monomers [185]. Enzymatic degradation occurs
in the presence of poly(lactic acid)-degrading enzymes, such as proteases and lipases. For
example, the activated carbonyl group in proteinase K can react with the ester group of
poly(lactic acid), resulting in the cleavage of the ester bond [186]. Photodegradation is
initiated by photoionization, which can break the poly(lactic acid) chains.

SR e

Poly(lactic acid) Polycaprolactone

"

Poly(lactic-co-glycolic acid)

Figure 8. Chemical structure of some biodegradable polymers for tissue adhesives. (A) poly(lactic
acid); (B) polycaprolactone; (C) poly(lactic-co-glycolic acid).
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The degradation of poly(lactic acid) is affected by pH due to the different cleavage
modes under different pHs. Under acidic conditions, the mode of degradation is a chain-
end cleavage, whereas under alkaline conditions, the degradation takes place by random
ester cleavages [187]. Poly(lactic acid)-based hydrogel adhesives were found to be degraded
faster under alkaline conditions. Jang and coworkers utilized fluorescence changes to
confirm the fast degradation under alkaline conditions. They synthesized a hydrogel
microcarrier based on the diacrylate copolymer of poly(lactic acid) and polyethylene glycol,
which can be photo-crosslinked by UV irradiation. The results of an in vitro degradation
show that the degradation of the hydrogel produced less fluorescence changes at pH =5
than at pH = 7.4, indicating that the hydrogel degrades faster in pH = 7.4 than pH = 5 [188].

Based on the good biodegradability and histocompatibility of poly(lactic acid),
poly(lactic acid)-based hydrogel adhesives have been applied in three-dimensional biore-
sorbable scaffolds [189], the prevention of post-operative abdominal adhesions [190], and
biomimetic coatings [191]. In addition, recent results also show that poly(lactic acid)-based
hydrogel adhesives can be used for a controlled drug release. For example, Grindy and
coworkers developed a polyethylene glycol- poly(lactic acid) hydrogel system for a sus-
tained drug release. They found that altering the ratio of the hydrophilic polyethylene
glycol to a hydrophobic poly(lactic acid) in the hydrogel, or crosslinking the polyethylene
glycol and poly(lactic acid) chains, could modulate the kinetics of drug release to maximize
the therapeutic effect of the drug [192].

3.2.2. Polyurethanes

Polyurethane (PU) is characterized by the presence of urethane bonds and can be easily
synthesized by addition reactions between alcohols and isocyanates [193]. Due to its high
chemical inertness, chemical stability, flexibility, and environmental stability, polyurethane
has been applied in the fields of adhesives, biomedicine, and tissue engineering [194].
Polyurethane can be enzymatically degraded or hydrolyzed. The enzymes that have been
identified to degrade polyurethane are of microbial origin but also come from mammalian
cells, such as porcine pancreatic lipase, or from plants, such as papain from papaya [195].

The degradation of polyurethane-based hydrogels is mainly through the hydrolysis of
the ester group of polyurethane. Reducing the hydrophilicity or increasing the crosslinking
density of polyurethane-based hydrogels can lower the degradation rate. For example, Feng
and coworkers synthesized a hydrophobic curcumin-composited polyurethane hydrogel
(PU-CUR). An in vitro degradation experiment showed that the incorporation of curcumin
reduced the degradation rate due to the reduction in the hydrophilicity and the increase
in the crosslinking density of the hydrogels [196]. In addition, the hydrogel containing
polyurethane was also shown to be degradable in vivo. Wang and coworkers mixed a
fluorescent polyurethane emulsion containing tetraphenyl ethylene with oxidized dextran
to form a polyurethane-based hydrogel by a dynamic acylhydrazone bond. They showed
that the remaining weight of the hydrogel was only about 20% of the initial weight after
96 h of subcutaneous implantation [197]. Similar to other biodegradable polymers, PU-
based adhesives are mainly applied in hemostasis [198], wound healing [199], cell and drug
delivery [200-202], and tissue regeneration [203].

3.3. Others

Polycaprolactone is a polymer prepared via the ring opening polymerization of e-
caprolactone monomers (Figure 8B) [204]. In an aqueous medium or in vivo, polycaprolac-
tone is degraded mainly by hydrolysis. When polycaprolactone comes into contact with
water, it undergoes hydrolysis, and the ester group is broken, which results in the decompo-
sition of the polymer [205]. Polycaprolactone has excellent biocompatibility and biodegrad-
ability. Therefore, polycaprolactone-based tissue adhesives are also biodegradable and can
be used in many biomedical fields, such as cell delivery [206], drug delivery [207], and
tissue regeneration [208].
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Poly(lactic-co-glycolic acid) is a biodegradable polymer formed by the random poly-
merization of a lactic acid monomer and hydroxyacetic acid (Figure 8C) [209-211]. Breaking
the cyclic ester group can lead to the degradation of poly(lactic-co-glycolic acid), and the
degradation products are lactic acid and hydroxyacetic acid, which are also by-products
of human metabolism [210]. The degradation rate of poly(lactic-co-glycolic acid) can be
adjusted by controlling the ratio of lactic acid and hydroxyacetic acid. On the one hand, if
the lactic acid content exceeds 30%, the synthesized poly(lactic-co-glycolic acid) tends to be
amorphous and is degraded slowly. On the other hand, when the glycolic acid proportion
increases, the hydrophilicity of the polymer increases, which accelerates the degradation.
In addition, pH also influences the degradation. Poly(lactic-co-glycolic acid) degrades
faster under alkaline conditions, because oligomeric units of poly(lactic-co-glycolic acid)
have higher solubility under alkaline conditions [212]. With their biocompatibility and
degradability, poly(lactic-co-glycolic acid)-incorporated hydrogel adhesives are applied in
wound dressings [213], cartilage defect repair [214], and burn-wound healing [215].

4. Challenges and Perspectives of Biodegradable Polymer-Based Tissue Adhesives

Biodegradable polymers, either natural or synthetic ones, are degradable under spe-
cific conditions. However, their degradation performances in vivo are usually differ-
ent. Some natural polymers, such as hyaluronic acid, gelatin, starch, and chondroitin
sulfate, degrade well under in vivo conditions due to the presence of related enzymes
in vivo [84,116,129,138]. Synthetic biodegradable polymers such as poly(lactic acid) and
polycaprolactone, which degrade through hydrolysis, can also be slowly degraded in the
body [185,205]. However, for sodium alginate and pectin, there is an absence of enzymes
that can degrade them in vivo. Therefore, the in vivo degradation of these polymers is
difficult, and when these polymers are used to design tissue adhesives, other biodegradable
polymers are usually required [174].

Rationally choosing biodegradable polymers for specific applications is essential. Due
to the different inherent characteristics, some polymers are more promising in specific areas
of application. For example, due to its cationic properties, chitosan can cause the aggrega-
tion of erythrocyte and platelets, making it more suitable for hemostasis [216]. Hyaluronic
acid is a main component of the ECM, and, therefore, hyaluronic acid is more promising
for cell delivery than other polymers [82,124]. As a component of the cartilaginous ECM,
chondroitin sulfate is promising in promoting cartilage regeneration [132].

Although tissue adhesives exhibit attractive properties and are promising in numerous
biomedical fields, there are still some challenges for current biodegradable polymer-based
tissue adhesives. First, the design of tissue adhesives with a degradation rate matching the
rate of wound healing is quite challenging. Commonly, the slow degradation of tissue ad-
hesives causes the delayed healing of wounds, and fast degradation makes adhesives lose
their structure and functions in an untimely fashion. Therefore, tissue adhesives with a suit-
able degradation rate which matches the wound healing rate are highly desired. However,
the degradation rate of biodegradable polymer-based tissue adhesives is hard to precisely
control. The molecular weight and hydrophilicity of biodegradable polymers [217], the
crosslinking density of tissue adhesives [2], and the microenvironment of injury tissues [11]
are all found to influence the degradation. Therefore, future studies should focus on com-
prehensively considering these factors, rather than merely using biodegradable polymers
to form degradable tissue adhesives.

Secondly, a detailed characterization of the degradation of biodegradable polymer-
based tissue adhesives in vivo is difficult. Currently, the characterization of the degradation
of tissue adhesives is mainly dependent on the direct observation of size changes through
naked eyes [118,119] or through the detection of the fluorescent intensity of fluorescence-
labeled tissue adhesives [218]. These methods can only roughly estimate the degradation
of tissue adhesives. Some valuable molecule-level changes of biodegradable polymers
and tissue adhesives in vivo are difficult to directly detect. More efforts can be made in
developing advanced detection technologies for degradation in vivo.
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In addition, commonly, in vitro degradation experiments can provide a reference for
the degradation fate of the implanted material in vivo. However, in vivo environments, this
is more complicated. Due to different degradation conditions in vitro and in vivo, in vitro
degradation experiments can hardly accurately predict the degradation properties of the
material in vivo. For example, it has been reported that an in situ-forming hyaluronic acid
hydrogel fully degraded in 3 days in vitro, but it required 21 days to degrade the same tissue
adhesive in vivo [94]. The large difference between the degradation behaviors in vitro and
in vivo is also a challenge for investigating the degradation behavior of tissue adhesives.

5. Conclusions

Tissue adhesives have emerged as a promising alternative tool in wound treatments
due to their advantages in ease of use, rapid application, less pain, and minimal tissue
damage. To endow tissue adhesives with degradability, a variety of biodegradable poly-
mers have been utilized to develop tissue adhesives. These biodegradable polymers can be
divided into natural polymers, such as chitosan, hyaluronic acid, gelatin, chondroitin sul-
fate, starch, sodium alginate, glucans, pectin, and functional proteins, as well as synthetic
polymers, such as poly (lactic acid), polyurethanes, polycaprolactone, and poly(lactic-
co-glycolic acid). In this review, we summarized the strategies for developing tissue
adhesives by utilizing biodegradable polymers. Further, we provided an overview of every
type of biodegradable polymer-based tissue adhesive, with a focus on their degradation
behaviors and specific applications. The challenges and perspectives of biodegradable
polymer-constructed tissue adhesives were also discussed. We expect that a deeper un-
derstanding biodegradable polymer-based tissue adhesives could further accelerate the
clinical transformation of the various kinds of tissue adhesives.
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