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Abstract: The design of new hemostatic materials to mitigate uncontrolled bleeding in emergencies
is challenging. Chitosan-based hemostatic hydrogels have frequently been used for hemostasis due
to their unique biocompatibility, tunable mechanical properties, injectability, and ease of handling.
Moreover, chitosan (CS) absorbs red blood cells and activates platelets to promote hemostasis.
Benefiting from these desired properties, the hemostatic application of CS hydrogels is attracting
ever-increasing research attention. This paper reviews the recent research progress of CS-based
hemostatic hydrogels and their advantageous characteristics compared to traditional hemostatic
materials. The effects of the hemostatic mechanism, effects of deacetylation degree, relative molecular
mass, and chemical modification on the hemostatic performance of CS hydrogels are summarized.
Meanwhile, some typical applications of CS hydrogels are introduced to provide references for the
preparation of efficient hemostatic hydrogels. Finally, the future perspectives of CS-based hemostatic
hydrogels are presented.

Keywords: hemostasis; chitosan; hydrogel; self-healing; chemical modification

1. Introduction

Uncontrolled bleeding caused by trauma can lead to various complications such as
hypothermia, decreased blood pressure, bacterial infection, and even shock [1,2]. If not
handled in time, it will cause a significant increase in morbidity and mortality [3]. Cardiac,
hepatic, and orthopedic surgical procedures are also associated with bleeding and adverse
side effects such as hypovolemic shock and hypothermic shock coagulopathy [4]. Therefore,
research on the fundamentals of hemostasis and development of effective hemostatic
materials have great significance to the saving of lives in emergencies.

Traditional hemostatic materials are usually bandages and gauze dressings, which
stop bleeding by direct compression [5,6]. They are easy to manufacture, inexpensive,
and reusable. However, in the presence of blood or tissue fluids, traditional hemostatic
materials are susceptible to bacterial infection [7]. In addition, the tearing of the dressing
may cause pain and prolonged wound healing time [8], which limit their further applica-
tions. Moreover, they are not able to adapt to the shapes of irregular, deep, and narrow
wounds. Topical hemostatic agents, adhesives, and sealants have been developed over
the past few decades and have shown a high potential for hemostasis in surgical and
emergencies [9-11]. Hemostatic agents are known to stop bleeding by augmenting the
blood clotting cascade, while adhesives hold various tissues and blood vessels together.
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Nevertheless, some disadvantages may limit the general applicability of these products.
For example, fibrinogen and thrombin-based fibrin sealants may fail to stop bleeding and
cause infection because they lack good adhesive properties and have a tendency to be
displaced during the washout of blood [12,13]. Although cyanoacrylates are powerful
hemostatic adhesives used to solve these problems, they can cause allergic reactions [14].
Furthermore, cyanoacrylates can produce heat rapidly during the curing process, and the
degradation products may be toxic and have adverse effects on humans. Therefore, the
development of safe, fast, and efficient hemostasis materials has become an in-demand
research topic.

Hydrogels are prepared from natural or synthetic polymers and have promising
applications in the field of hemostatic materials [15,16]. Different natural polymers and
their derivatives and synthetic polymers that can be processed into hydrogels are shown
in Table 1. Typical hydrogels have excellent injectability, which allows them to be easily
applied at target sites and fill irregularly shaped wounds through minimally invasive
procedures [17,18]. In the case of natural polysaccharides, which are frequently used as the
raw materials for the preparation of the hydrogels, their relevant characteristics, such as
abundant sources, biodegradation, good biocompatibility, and easy modification, ensure
the effective hemostasis and subsequent wound healing [19,20]. An ideal polymer hydrogel
for hemostasis is expected to have the following features [21,22]: (1) it should have a rapid
gelation rate to stop bleeding instantly and facilitate active wound healing; (2) in dynamic
and humid environments, the hemostatic hydrogel should have sufficient adhesion and
outstanding mechanical properties to seal the wound and avoid the migration of the
hemostatic hydrogel from the bleeding site; and (3) it should have good biocompatibility.
In addition, controllable swelling behaviors are necessary, since highly swollen hydrogels
may cause the compression of the surrounding tissue. As shown in Figure 1a, different
natural or synthetic polymers have been designed to prepare hemostatic hydrogels.
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Figure 1. (a) Properties and applications of hemostatic hydrogels prepared from different poly-
mers [23-28]. Copyright 2019, 2021 Elsevier. Copyright 2022 Taylor & Francis Group. Copyright 2019,
2021 American Chemical Society. (b) Chemical structure of CS.
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Chitosan (CS) can be made from chitin by a deacetylation reaction [29]. As shown in
Figure 1b, a large number of amino and hydroxyl groups on the CS macromolecular chain
provides different modification opportunities of acylation, esterification, carboxylation,
acidification, and other reactions [30,31]. With the rapid development of biomaterials
science, CS-based hemostatic hydrogels have shown great vitality owing to their good
hemostatic effect, biodegradability, antibacterial ability, and healing-promoting proper-
ties [32]. Several recent reviews have been published on hemostatic materials. For example,
Xia et al. [33] summarized the physiological coagulation process of CS and discussed the
advantages and disadvantages of CS hemostatic materials. In another study, Hu et al. [34]
reviewed the mechanisms of hemostasis and design principles of hemostatic materials for
coagulation disorders and briefly discussed the challenges and prospects of hemostatic
materials for coagulation disorders. Simpson et al. [35] reviewed the recent developments
in the field of materials for topical hemostatic agents and emergency medicine. How-
ever, a systematic summary of the hemostatic mechanism of CS hydrogels—together with
a state-of-the-art on the preparation of CS hydrogel and its application in hemostatic
materials—have not yet been reported. In this review, we describe the process and princi-
ples of hemostasis and summarize the development status, characteristics, and advantages
of CS hemostatic hydrogels. Using this foundation, the hemostatic mechanisms, prepara-
tion methods, and research progress of the use of CS hydrogels as hemostatic agents are
discussed. Finally, the prospective future development of CS-based hemostatic hydrogels
is presented.

Table 1. Advantages and disadvantages of common polymers as hemostatic hydrogels.

Classification Materials Advantages Limitations References
Cheap and
cs easy production, renewable May produce [36-39]
resources, biocompatibility, allergic reactions o
degradability
Poor stability under
Low cost, biocompatibility, physiological
o Alginate low toxicity, adjustable conditions, low tissue [40,41]
05) gel properties adhesion, and poor
=N mechanical properties
o .
TD:; Excil)liirclf)ﬂ;z égg;:;tlon, Limited treatment for
E Hyaluronic acid biodegradability, inherent hem01.rrhage, poor [42-44]
< . . mechanical properties
Z swelling properties

Synthetic polymers

Biocompatibility,

biodegradability, mild to Limited treatment for

Gelatin moderate bleeding without hemorr}}age, p(?ss1ble [45-47]
S allergic reactions
suture fixation
High biocompatibility, Low adhesion
. biodegradability, properties in humid
Silk and adjustable and dynamic [45,48,49]
mechanical properties environments
High hydration capacity, High expansion ratio
biocompatibility, leading to compression
Polyethylene glycol (PEG) non-toxicity, high of nerves and limited [50-52]
structural flexibility shelf life
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2. Hemostatic Mechanism of CS Hydrogels
2.1. The Principle of Hemostasis

Hemostasis, as a complex physiological process, involves the cells, extracellular matrix
components, and signaling compounds [53]. It can be generally divided into the following
three processes: vasoconstriction or blockage, the formation of platelet blockage, and coag-
ulation or clotting [54]. When bleeding occurs, the blood vessels are ruptured and the body
releases thromboxane and epinephrine, which stimulate local and systemic vasoconstriction
and reduce the flow and loss of blood [55-57]. At the same time, once the blood comes
into contact with the collagen in the outer layer of the vascular membrane, the platelets
adhere to the collagen because of its adhesive properties [58]. Platelets release chemical
messengers (such as diphosphate (ADP) and thromboxane), thus increasing the number
of platelets to aggregate at the injury site and further enhancing the vasoconstriction [59].
As a result, a platelet plug is formed to physically prevent the blood from escaping the
vessel. After that, the blood clotting mechanism is activated through two main ways: the
endogenous coagulation pathway and the exogenous coagulation pathway [60].

The coagulation factors involved in hemostasis are indicated by Roman numerals. The
endogenous coagulation pathway plays a key role in the maintenance and consolidation
phase after the initiation of the coagulation process. The endogenous coagulation is initiated
by the activation of factor XII to produce Xlla after foreign body exposure, which in
turn activates XI to XIa. Then, XIa activates IXa in the presence of Ca?*, which forms a
complex with activated VIlla, PF3, and CaZ* to further activate X. The activated partial
thromboplastin reaction time is mainly used clinically to reflect the degree of the rapidity
of the endogenous coagulation pathway [61]. In the exogenous coagulation pathway, the
factors involved in coagulation are both internal plasma factors and external plasma tissue
factors. Injured tissue releases the tissue factor (TF, III) which binds to coagulation factor
FVII to form a complex. This complex is then activated by coagulation factor FXa, which
is converted to FVIla, resulting in the formation of the VlIla tissue factor complex and the
activation of factor X. Clinically, prothrombin reaction time is used to describe the rapidity
of exogenous clotting [62]. The hemostasis mechanism of hemostatic agents is divided
into three categories. The first one provides external hemostatic substances to increase the
concentration of clotting factors at the bleeding site. The second type is through hemostatic
agents, which aggregate clotting factors in the bleeding area. The third type is responsible
for directly sealing the wound surface using the strong adhesive force of the hemostatic
agents [63].

2.2. The Hemostatic Mechanism of CS

CS plays an important role in all processes of hemostasis. During hemostasis, CS
can induce the aggregation of platelets and plasma proteins to help the blood clotting
and vasoconstriction at the injured site [64-67]. Moreover, CS has been found to enhance
the function of polymorphonuclear leukocytes, macrophages, and fibroblasts [68]. In a
study, CS was found to promote the production of hyaluronic acid at the injury site, which
induced wound healing faster [69].

Attracting and gathering red blood cells is the first step in CS to stop bleeding. The
CS-acetic acid salt can cause red blood cells to adhere, aggregate, deform, and finally,
form a firm blood clot to block the bleeding point. Many hemostatic agents are ineffective
or limited in coagulopathies where coagulation is lost [34]. However, the hemostatic
mechanism of CS does not depend on the classical coagulation cascade, which makes
CS distinctly different from other hemostatic agents [70]. Wang et al. [67] compared the
hemostatic potential of CS and gauze. The CS-free gauze was not able to absorb blood
adequately. In contrast, CS dressings leave relatively little blood in the wound, meaning
that CS absorbs hemoglobin from the blood more effectively than gauze. In order to
determine the relative amount of blood that was not absorbed, a hemoglobin assay was
performed, which showed that the residual hemoglobin concentration of CS in saline is
significantly lower than that of gauze. Additionally, the hemostatic potential of dressings
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was assessed in a rat femoral artery hemorrhage model. The assessment of the hemostatic
abilities of the different materials was performed by measuring the time required to stop
the bleeding. Fourteen rats were randomly divided into two equal groups, one with a CS
dressing and the other without a CS dressing. The hemostatic time of gauze without a
CS dressing was 7.3 & 1.2 min (Figure 2i,ii,iii), and the hemostatic time of rats in the CS
dressing group was 5.4 £ 0.5 min (Figure 2iv,v,vi), indicating that the hemostatic effect of
CS was significantly better than that of the control group (p = 0.045). This is attributed to
the electrostatic interaction between CS and the erythrocytes that form an agglutination
network. In addition, CS can also bind to hemoglobin and change its microstructure to
form complexes through hydrogen interactions [71].

Figure 2. The hemostatic effect of the dressing with a rat femoral artery hemorrhage model. (i-iii) for
compression hemostasis; (iv-vi) for CS dressing hemostasis [67]. Copyright 2019 Creative Common.

The second step of CS hemostasis is the induction of platelet aggregation and activa-
tion [72,73]. After CS contacted the blood, the level of platelet activation markers (platelet
factor-4, B-thrombomodulin) increased, and the level of Ca®* in platelets was significantly
increased, which elevated the expression of glycoprotein IIb/Illa (glycoprotein Il b/Illa,
GP IIb/IIla) in the platelet membrane. For example, a sodium tripolyphosphate cross-
linked CS-based soft hemostatic hydrogel was synthesized by Patil et al. [74]. CS-based
hemostatic hydrogel dressing incorporates hemostasis agonists like aluminum chloride, an
aggregation enhancer, and silica nanoparticles, a contact activator. The sodium tripolyphos-
phate cross-linked CS-based soft hemostatic hydrogel showed enhanced aggregation in
platelets compared to SiNPs, AlCl3, or CS alone. As a positive control, cells treated with
SFLLRN peptide and ADP also showed platelet aggregation. In contrast, this phenomenon
did not occur in heparin-treated cells because heparin inhibited the thrombin-mediated
platelet aggregation.

Moreover, the physical properties of CS itself endow it with the property of excellent
non-specific membrane adhesion. CS can adhere to bleeding wounds and combine with
hemoglobin through hydrogen bonds, electrostatic interactions, and hydrophobic inter-
actions to form a CS/hemoglobin complex, resulting in changes in the microstructure of
hemoglobin and an increase in viscosity [75]. In addition, after stopping the bleeding, CS
forms an antibacterial layer over the bleeding site, which protects it from bacterial infection
and promotes wound healing [67].
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The hemostatic mechanism of CS derivatives is consistent with CS. For instance,
introducing quaternary ammonium groups increases the number of positively charged
centers of CS, therefore, the platelet aggregation is higher than in CS. Furthermore, it
has been found that platelet aggregation increases with the degree of substitution [76].
However, compared with CS, the incorporation of carboxymethyl CS did not further
promote red blood cell aggregation. Nevertheless, due to the enhanced hydrophilicity, the
above derivatives can be prepared into a highly absorbent hemostatic product to increase
the concentration of local coagulation factors, red blood cells, and platelets and promote the
coagulation process [77]. In addition, the introduction of succinyl groups to carboxymethyl
chitosan can also shorten the activation time of coagulation proteins. For example, a novel
n-succinyl CS (N-SuC) was prepared using an ionic gelation method, and its potential
wound healing was tested under in vitro and in vivo conditions. The prepared N-SuC NPs
films exhibited significant antibacterial activity against Escherichia coli and Staphylococcus
aureus with minimum inhibitory concentrations of 6 mg/mL and 8 mg/mL, respectively.
The biocompatibility and in vitro wound healing activity of N-SuC were investigated using
human dermal fibroblasts. It was shown that N-SuC significantly accelerated wound
healing by inducing a higher level of angiogenesis and granulation tissue formation [78].
Another interesting modification is related to phosphorylated CS, which can mimic the
hemostatic effect of the natural inorganic polymer polyphosphate. The interaction of
phosphorylated CS with charged biomaterials was investigated by Sperling et al. [79] The
phosphorylation of CS may improve the hemocompatibility of the CS surface, thereby
promoting more cations to interact with factor V and factor XI. Furthermore, CS is also
able to be modified by sulthydryl groups, which facilitate the adsorption of red blood
cells and platelets, increase the concentration of clotting factors at the bleeding site, and
accelerate the hemostasis [80]. As shown in Figure 3, using sulfhydryl-modified CS (CSS) as
an efficient peptide cross-linking agent (EPLM), Nie et al. [81] prepared a novel hemostatic
hydrogel capable of rapid cross-linking by introducing maleimide groups to hydrolyzed
lysine under mild conditions (Figure 3A-C). This hemostatic hydrogel allowed gelation to
occur rapidly within 15-215 s by modulating the CSS concentration, degree of substitution
of the maleimide group, and other factors (Figure 3D). Furthermore, the hydrogel had
four times the adhesive strength of commercial fibrin gels and was used as a hemostatic
adhesive. In addition, in experiments conducted to assess hemostatic performance, six
rats were used in each experimental group to measure blood loss with and without a
hydrogel at the bleeding site. The total blood loss in the untreated liver was approximately
106.7 £ 27 mg in 3 min (sulthydryl-modified CS group: 28.3 £ 5 mg), suggesting that
sulfhydryl-modified CS had a significant hemostatic effect (* p < 0.01). In order to assess
hemostatic performance, six rats were used in each experimental group to measure blood
loss with and without hydrogel at the bleeding site. The total blood loss in the untreated
liver was approximately 106.7 £ 27 mg in 3 min compared to 28.3 & 5 mg in the sulthydryl-
modified CS. Sulfhydryl-modified CS had a significant hemostatic effect (* p < 0.01).

Studies have shown that hemolysis is a major challenge to the preparation of hemo-
compatible hemostatic materials [82-85]. Therefore, the hemocompatibility of a hemostatic
material is evaluated by the degree of erythrocyte lysis and hemoglobin dissociation. In
general, residual and low molecular weight components of the material may react with
erythrocyte proteins, disrupt the integrity of erythrocytes, and lead to hemolysis [85].
Chen et al. [86] evaluated the hemolytic properties of the porous carboxymethyl CS-grafted
polyacrylic acid. The hemolysis ratio of the unmodified CS leaching solution was 3.1%,
while the hemolysis ratio of the modified CS leaching solution was 0.5%. These results
indicate that porous polymer is a promising hemostatic wound dressing.
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Figure 3. (A) Schematic diagram of CSS synthesis; (B) schematic diagram of EPLM synthesis; (C) in
situ hydrogel formation; (D) photographs of hydrogel formation [81]. Copyright: 2013 Elsevier.

2.3. Effect of CS Deacetylation Degree and Relative Molecular Weight on Hemostasis

The hemostatic effect of CS is affected by the degree of deacetylation, relative molecular
weight, and chemical modifications. With a decrease in deacetylation, the coagulation
effect tends to increase [87]. In a representative work, Hu et al. [88] investigated the
effects of different degrees of deacetylation on the clotting time of rabbit blood in vitro. The
time it took to coagulate rabbit blood was 537 £ 10 s for the less deacetylated CS and
1035 + 15 s for the more deacetylated CS (p < 0.05). Some studies reported that CS with
deacetylation <80% is conducive to the formation of a network space structure [89,90].
After the low-deacetylation CS contacts the blood, the cationic molecules are more likely
to combine with the negatively charged red blood cells, which improves the coagulation
efficiency. CS with high deacetylation has more amino groups which form hydrogen
bonds with intramolecular hydroxyl groups, resulting in a lower conductivity than CS with
low deacetylation [89]. Meanwhile, deacetylation may also cause a difference in solution
viscosity, and the viscosity of the low-deacetylation CS solution is higher than that of the
high-deacetylation one [91]. Other studies further refined the protonation degree of CS:
high deacetylation CS can be fully protonated, and a high protonation degree can inhibit
the activation of platelets and the related coagulation factors. Low deacetylation CS has
fewer amino groups; the protonation degree was lower than that of high-deacetylation
CS after reacting with the same amount of acid. Therefore, low-deacetylation CS has a
relatively suitable degree of protonation, which is beneficial to blood cell coagulation [92].

Moreover, the relative molecular weight also affects the coagulation-promoting effect
of CS. Hattori et al. [87] investigated the effects of relative molecular weights on blood
aggregation using 10 different CS species (including oligomers). The highest aggregation of
erythrocytes and platelets was observed for CS at a relative molecular mass of about 8.6 kDa
and a degree of deacetylation of about 85%. In contrast, CS with a high molecular weight
(247 kDa) inhibited the aggregation of erythrocytes and platelets. The results indicate
that the aggregation of CS is dependent on the interaction of positively charged CS with
negatively charged erythrocytes, platelets, and plasma proteins. The proper balance of
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positive charges of CS with negative charges of blood cells and certain proteins is important.
Therefore, an appropriate amount of positively charged amines is essential to stop bleeding.

2.4. Effects of Chemical Modifications on Hemostasis

CS can react with many functional groups to graft or cross-link. In addition, amino
groups can undergo alkylation, and quaternization, and react with aldehydes and ketones.
Moreover, after introducing hydrophobic or hydrophilic groups into the polymer backbone,
the stability of CS can be improved [93].

2.4.1. N-alkyl Modification

N-alkyl modification is a typical way to introduce hydrophobic groups to the CS
backbone. The hydrophobic alkyl side groups can be non-covalently inserted into the
erythrocyte membrane, which significantly increases the degree of aggregation of red
blood cells [94]. In addition, a certain degree of alkyl substitution and length of carbon
chain on the substituent (usually between several to a dozen carbons) can significantly
accelerate blood coagulation and enhance cell adhesion and hemostasis. Based on this
criterion, after comparison with N-alkyl CS with different carbon chain lengths, it was
found that N-octadecyl CS has a short whole-blood agglutination time and excellent
hemostatic properties [95]. In another study, the experimental rats were directly injected
with the hydrophobic alkyl-modified CS at the injury site, and clots were successfully
formed. After 6 weeks, there was no morbidity or death, and the tissue adhesion was
minimal [96]. Hydrophobically modified CS gauze was prepared by reacting CS with
N-decanal (Schiff base reaction). The lyophilized hydrophobic alkyl-modified CS was
used in a porcine arterial transection model to control bleeding from a fatal arterial injury.
The results showed that the total blood loss in the hydrophobic alkyl-modified CS gauze
treatment group (4.7 mL/kg) was lower than that in the control group (13.4 mL/kg).
Additionally, hydrophobic alkyl-modified CS mixed with sodium citrate rapidly converted
the human blood into an elastic gel. Its gelling ability was similar to that of fibrin-based
sealants [97].

2.4.2. Carboxyl Modification

Carboxyl modification is another typical route to adding hydrophilic groups to the CS
backbone. Carboxymethyl CS (CMCS) has antibacterial, hemostasis, and healing effects,
and shows an enhanced histocompatibility compared to CS. Controlling the appropriate
degree of carboxymethyl substitution can increase the hydrophilicity of CS. In addition,
the CMCS hydrogel helps to locally absorb the excess water and enrich the procoagulant
substances in the blood, which significantly reduces the coagulation time in vitro and
in vivo [98]. For instance, Wang et al. [99] prepared a novel hemostatic hydrogel by reacting
the carboxyl group in CMCS with the amino group of poly(lysine). The hydrogel showed
good mechanical and swelling properties with an elastic modulus of up to 4000 Pa s. In
the in vitro coagulation assay, the weight of two blood samples changed from 4.0 gt0 3.9 g
(experimental group) and 3.1 g (control group), suggesting that the hydrogel can promote
blood clotting in wounds.

2.4.3. Hydroxybutyl Modification

Hydroxybutyl CS can be prepared by reacting hydroxybutyl with the C-6 hydroxyl
and C-2 amino groups of CS. Hydroxybutyl CS is soluble in water and is temperature
sensitive. In a study, Wang and co-workers prepared catechol-hydroxybutyl CS (HBCS-C)
hydrogels as potential hemostatic material. As shown in Figure 4a, HBCS-C hydrogels were
prepared by grafting hydroxybutyl and catechol groups onto the CS backbone. HBCS-C
hydrogels displayed excellent thermosensitive properties and exhibited good liquid gel
properties at different temperatures by changing the hydrophilic-hydrophobic interactions
and hydrogen bonding. Moreover, the hydrogel showed good adhesion properties, and
therefore, it can strongly adhere to the tissue surface through the interaction of catechol
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groups and the amino groups of tissues. In order to investigate the in vivo hemostatic
effect of the HBCS-C hydrogel, a rat liver hemorrhage model was constructed. The results
showed that the bleeding was stopped within 30 s after injection of HBCS-C hydrogel, while
the untreated wound site was still bleeding at 120 s. After the termination of the bleeding,
the blood loss was 30.7 + 11.4 mg in the HBCS-C hydrogel group and 106.5 & 21.6 mg
in the negative control group [100]. The hemostatic effect of the HBCS-C hydrogel was
significantly better than that of the control group (¥, p < 0.05; **, p < 0.01).
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Figure 4. (a) Schematic diagram of the preparation, temperature-sensitive sol—gel transition, injection,
and adhesion of HBCS-C hydrogel towards the mice liver [100]. Copyright 2020 American Chemical
Society. (b) SCS-GAMA hydrogels were cut in half (one part unloaded and the other part loaded with
Rhodamine-B) at 2 and 6 h to diffuse and self-heal, and the self-healing properties of SCS-GAMA
hydrogels were confirmed by lifting the hydrogels with forceps with extruded hydrogels through a
syringe [101]. Copyright 2020 American Chemical Society.
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2.4.4. Succinic Anhydride Modification

CS and succinic anhydride dissolved in pyridine form a solid CS-succinic acid ester
(CSS) derivative. The CSS-based hemostatic agent has obvious hemostatic efficacy and
safety in the rat model of liver trauma and has potential clinical application value in the treat-
ment of severe internal bleeding by intravenous administration [102]. Pandit et al. [101]
synthesized the multialdehyde modified gum arabic (GAMA), which was further used as a
non-toxic cross-linking agent to develop biocompatible succinic anhydride modified CS
(SCS)-based injectable hydrogels. In this study, GAMA and SCS aqueous solutions were
mixed at 37 °C to obtain hydrogels by Schiff base reaction. In the absence of any external
stimuli, the self-healing ability of SCS-GAMA hydrogel was examined (Figure 4b). The
SCS-GAMA hydrogel was cut into halves and the first half was loaded with Rhodamine-
B and the other half was left untreated. After 2 h, the dye gradually diffused into the
untreated hydrogel, and after 6 h, the two hydrogels were fused into a single one. The
SCS-GAMA hydrogel was loaded into a syringe and then extruded through an 18-gauge
needle, which showed that the SCS-GAMA has adequate injectability. In another study,
Xu et al. [103] prepared a multifunctional hydrogel with antibacterial, hemostatic, and
slow-release activities by the chemical cross-linking of silk fibroin (SF) with CS, using
N-hydroxysuccinimide as a cross-linking agent. The presence of silk fibroin improved the
original porosity, water absorption, and hemostatic ability of CS dressing. The characteriza-
tion results showed that the CS/SF hydrogel was characterized by a higher swelling ratio
under acidic conditions and an excellent compressive mechanical property (50-130 kPa)
because of the three-dimensional network structure. In addition, CS/SF hydrogel showed
excellent antibacterial and hemostatic properties and was not toxic to human skin cells,
showing great potential as wound dressings.

2.4.5. Other Modifications

The primary amino groups of CS can be chemically modified by pyrogallol. This
functional modification is beneficial in the improvement of wet adhesion, facilitating
biological interface adhesion and improving hemostatic function [104]. The specific reason
for this is that CS is bound to the tissue surface by electrostatic interactions of amine
groups and hydrogen bonding interactions of hydroxyl groups. In addition, the partially
deprotonated pyrogallol functional group can convert into a reactive aldehyde group under
physiological conditions to further react with thiol and the amine groups of biological
tissues and platelets [105]. Sanandiya et al. [106] synthesized a chitosan—gallic acid (CS-GA)
derivative using a simple chemical modification based on the self-healing of the cysticercus.
As shown in Figure 5a, gallic acid was added to the CS backbone to introduce the pyrogallol
moieties by carbodiimide coupling reaction. In order to evaluate the tissue adhesive
properties of a derivative, an in vitro single-lap shear adhesion assay was carried out under
wet conditions and using porcine skin as the tissue substrate. The results showed that the
pyrogallol moiety on the CS backbone significantly increased the solubility (50 mg/mL)
and adhesion (53 kPa) properties at the physiological pH. Moreover, scanning electron
microscopy showed good adhesion of CS-GA to platelets with a lower coagulation index
than CS and the gauze. On the other hand, carbodiimide-guided coupling reactions lead to
the formation of CS iodoacetamide derivatives, in which the iodoacetyl side group increases
the hydrophobicity, and the presence of iodine improves its covalent cross-linking with
proteins in plasma and blood cells. Shen et al. [107] studied the effect of the iodoacetamide
substitution degree on the hemostasis of CS. The difference in the separation ratio of the
citrate blood supernatant of different membranes was observed. The mean erythrocyte
sedimentation ratio of a blank citrate blood sample was 33.7 min, while all other CS-based
membranes resulted in a significant reduction in the erythrocyte sedimentation ratio to
about half of that of the blank. Thus, the introduction of a higher iodine content may
increase the cross-linking of protein with CS. CS can be modified by many substances,
and this gives CS the ability to adapt to various application situations. For example, the
hydrophobic and hydrophilic properties of CS could be enhanced by alkyl modification
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and carboxyl modification, respectively, and the wet adhesion of CS could be enhanced by
succinic anhydride modification. Other specific chemical modifications which can impart
different properties to CS can be found in Table 2.

Table 2. Construction of hemostatic hydrogels and their properties by combining different materials

with CS.
Materials Advantages References
Superior mechanical performance and stability, strong
Catechol-functionalized CS adhesiveness, excellent hemostatic property, and injectable [108]
and thermosensitive properties
N-alkyl-functionalized CS Hydrophobic prope'rtles, exce:.llent hemostasis property and [95-97]
high adhesion strength
; . . Good mechanical properties, swelling properties,
Carboxyl-functionalized CS antibacterial, hemostatic and pro-healing properties [98,99]
Hydroxybutyl-functionalized CS Thermosensitive properties, high adhesion strength and [100]
hemostatic property
Non-toxicity, hemostatic properties, and good mechanical [101-103]

Succinic anhydride-functionalized CS

and swelling properties

Non-toxicity, excellent hemostatic property, and hemostatic [81]

Thiol-functionalized CS and high adhesion strength
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Figure 5. (a) Schematic diagram of the structure of tunicate and synthesis process of CS-GA [106].
Copyright 2020 Elsevier. (b) The preparation process of the CS—genipin hydrogel [109]. Copyright:
2019 American Chemical Society.
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3. Preparation of CS Hydrogel and Its Application as Hemostatic Materials
3.1. Preparation Methods of CS Hydrogel

CS hydrogels have excellent biodegradability, self-healing, swelling, and mechanical
properties. These properties are partially related to the preparation methods [110], and can
be exploited in wound dressings, drug release carriers, artificial skin, biosensors, etc.

3.1.1. Chemical Cross-Linking

Chemically cross-linked hydrogels are primarily formed by the reaction of polymer
functional groups with cross-linking agents. Cross-linking agents are compounds with
two or more reactive functional groups that can cross-link with other polymers. The
most commonly used cross-linking agents for the preparation of CS-based hydrogels are
glutaraldehyde, formaldehyde, ethylene glycol diglycidyl acid, and genipin [111].

The Schiff Base Reaction

The Schiff reaction is a chemical reaction involving a dy-namic covalent imine bond
formation via the crosslinking of amine groups and aldehyde groups [112]. Taking into
consideration that human tissues have a large number of amino groups, the aldehydes or
ketones reaction further facilitates the binding of hydrogels with biological tissues. In a re-
cent study, Chen et al. [113] prepared a composite hydrogel of tetra-arm-end benzaldehyde
polyethylene glycol and dodecyl-modified CS, and loaded the hydrogel with the vascular
growth factor. The DCS and tetra-armed telobenzaldehyde PEG solutions were mixed at
room temperature to obtain transparent hydrogel. The hydrogel exhibited injectability and
high adhesion, which can repair vascular hemorrhage and liver hemorrhage. In addition,
chronic wound healing in an infected total skin defect model showed that the modified CS
hydrogel significantly enhanced the formation of blood vessels and granulation tissue, and
promoted wound healing.

In a recent study, Song et al. [114] prepared a CS-based hydrogel (DCS-PEGSH) with
multilevel pore structures. The 3-(3,4dihydroxyphenyl)propionic acid-modified CS (DCS)
was cross-linked with p-hydroxybenzaldehyde-modified PEG sebacate (PEGSH). The
fabricated hydrogel with multilevel pore structures has good cytocompatibility, proper
stretchability (~780%), and blood absorption levels (1300% =+ 50%). The adhesion proper-
ties of the materials were tested by cutting DCS/PEGSH hydrogels as shown in Figure 6a.
DCS/PEGSH showed strong adhesion to various substrates including rubber gloves, hu-
man skin, plastic tubes, and pig skin. It was observed that when the hydrogel was attached
to the knuckles, it could move freely without falling off (Figure 6b). Meanwhile, in the
absence of an additional adhesive, the adhesive strength of the hydrogels (Figure 6c) was
sufficient to adhere to fingers with rubber gloves with a recoverable strain of 300%. In the
case of pigskin experiments, the shear strength of two pigskins joined by the hydrogel was
used to evaluate its adhesion and reproducibility (Figure 6d). The reproducible adhesive
performance ensured that it adhered firmly to the bleeding wound without peeling off in
both static and dynamic wet environments. In hemostasis experiments, mice lost nearly
90% less blood from the liver compared to controls. Moreover, the prepared hydrogel
had a shorter clotting time (50 s) and a lower clotting index (41) compared to commercial
CS sponges, which has a higher clotting time (288 s) and longer clotting index (65). In a
representative study, Liu et al. [115] prepared a novel injectable hemostatic hydrogel based
on a Schiff base reaction. They first prepared aminocarboxymethyl CS (ACC) by grafting
ethylenediamine onto carboxymethyl CS. The AHES/ACC hydrogel was fabricated by the
Schiff base reaction between the aldehyde group of aldehyde hydroxyethyl starch (AHES)
and the amino group of ACC. The designed AHES/ACC hydrogel exhibited good adhesion
properties and can be used for hemostasis.
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Figure 6. Adhesive performance of DCS/PEGSH composite hydrogel. (a) Schematic diagram of
hydrogel adhesion and stretching. (b) Adhesion of hydrogel on different deformation joints. (c) At
300% recoverable strain, the hydrogel can adhere directly to the rubber glove without additional
tape. (d) The rubber glove shows peeling hysteresis and no residue during peeling [114]. Copyright:
2021 Elsevier.

Glutaraldehyde Reaction

Glutaraldehyde can be cross-linked with CS. Thus, this chemical cross-linker has been
extensively used to prepare CS hydrogels for biomedical applications. Masood et al. [116]
reported a novel CS/PEG/AgNOs-based hydrogel by cross-linking CS with glutaraldehyde
and being loaded with nano-silver to accelerate wound healing. PEG and CS solution
were used to reduce silver nitrate and silver nanoparticles (AgNDPs). The prepolymer was
then cross-linked with glutaraldehyde to form the hydrogel. The results showed that the
hydrogel has a higher porosity and better swelling than the CS-PEG hydrogel. Moreover, it
can slowly and permanently release AgNPs, which have excellent properties as an efficient
bactericide and antioxidant. Risbud et al. [117] prepared polyvinylpyrrolidone/3-CS semi-
interpenetrating network hydrogels using glutaraldehyde as the cross-linking agent. The
swelling kinetic behavior showed that the amount of glutaraldehyde cross-linking agent
had an important effect on the swelling kinetics of the semi-interpenetrating network. The
melting temperature of the hydrogels gradually increased with the increase in cross-linking
groups. In a blood compatibility study, there was no significant change in whole-blood
viscosity, plasma viscosity, and red blood cell hardness, compared with the blank control
group, demonstrating that the hydrogel has good biocompatibility.

Other Chemical Reactions

Genipin can be used as a cross-linking agent. Under acidic and neutral conditions, it
reacts spontaneously with primary amines from the polymer chain. It can also cross-link
with CS and other polysaccharides to make artificial bones, wound dressings, etc. Since the
aldehyde group is toxic for cells and causes severe inflammation in the human body, the
low toxicity of genipin makes it a preferred cross-linker for CS hydrogel preparation. As
shown in Figure 5b, Heimbuck et al. [109] used low molecular-weight CS (15 kDa) and high
molecular-weight CS (50-190 kDa) to synthesize CS hydrogels, by mixing the CS solutions
with genipin. Then, the precursor solution was heated uniformly in an oven at 50 °C for
24 h to ensure hydrogel formation. The non-cross-linked control CS films were synthesized
in the same way in the absence of genipin. Further results showed that the CS—genipin
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hydrogels were able to neutralize the pH of the environment while absorbing 230% of
the aqueous solution. The bacterial activity studies showed that the hydrogel was able to
inhibit approximately 70% of bacterial growth while maintaining its biocompatibility on
fibroblasts and keratinocytes in vitro. In addition, the CS—genipin hydrogel has a good
hemostatic effect and can promote wound healing.

3.1.2. Physical Cross-Linking

Physically cross-linked hydrogels are formed by physical entanglements through
hydrogen bonding, hydrophobic association or electrostatic interactions. Physically cross-
linked hydrogels are reversible and can be transformed back to a solution state when
external conditions changed. Moreover, due to the presence of reversible physical cross-
linking bonds, physically cross-linked hydrogels often have self-healing properties. Physi-
cal cross-linking can avoid the toxicity of chemical cross-linking agents. However, the main
disadvantages of physically cross-linked hydrogels are their poor mechanical properties
and the difficulties in controlling their pore sizes [118]. Hydrophobic interaction is an
important method to prepare physically cross-linked hydrogels. Polymers with hydropho-
bic regions can be cross-linked in an aqueous environment by thermal gelation, and the
hydrophobic segments are grafted after polymerization or directly synthesized into block
copolymers [119,120]. Geng et al. [121] prepared cellulose nanofiber/CS (CNF/CS) and
acrylamide-co-acrylic acid (PAM-AA) hydrogels by polyelectrolyte complexation. The
electrolyte complexation cross-linking by Fe>* showed excellent mechanical properties.
The average strength and elongation at the break of the PAM-AA /CNF/CS hydrogels
were 11 MPa and 480%, respectively. Fan et al. [122] prepared CS/gelatin/polyvinyl al-
cohol (PVA) hydrogels using the y-ray irradiation method. The tensile strength of the
CS/Gel/PVA hydrogel was improved compared to the Gel/PVA hydrogel. The highest
tensile strength reached 2.2 MPa. In coagulation assay experiments, all hydrogels showed
good coagulation effects. The antithrombotic activity was determined by a relevant pa-
rameter called the coagulation index (BCI). In general, the lower the BCI, the better the
coagulation effect of the material. When the mass ratio of CS/Gel was 1:1, the 5 min BCI
reached 0.032. The hydrogel also exhibited good sensitivity, swelling ability and water
evaporation rate. Therefore, the hydrogel has a promising application in wound dressing.
Chemical cross-linking is an irreversible reaction, and the degree of cross-linking is stronger
compared to physical cross-linking. Biocompatible cross-linking agents with better biocom-
patibility have greater potential to be used for CS cross-linking. Physical cross-linking is
reversible, and its unique self-healing and injectable properties open up new application
prospects for CS.

3.2. Application of CS Hydrogel as Hemostatic Materials

CS-based hydrogel has a good biocompatibility and can absorb wound exudate, avoid
secondary wound infection, induce rapid wound healing, and prevent scarring. In addition,
CS-based hydrogels can be loaded with bioactive substances (drugs, antigens, antibodies,
growth factors, stem cells, etc.) and is slowly released at the wound site [123]; therefore,
the CS-based hydrogel is a good candidate to be a hemostatic agent.

3.2.1. Prerequisites as Hemostatic Hydrogels

A CS-based hemostatic hydrogel can be injected into the body and fill an irregu-
larly shaped defect area with minimal surgical trauma [124]. Self-healing hydrogels are
hydrogels that can recover their structure and function after physical damage, either au-
tonomously or under external stimuli [125]. These hydrogels can reduce the sudden release
of drugs and prolong the lifespan of the hydrogel. For example, Geng et al. [126] designed
a CMCS-based injectable and sprayable hydrogel by mixing CMCS, tannic acid (TA), and
1,4-benzene boronic acid (BDBA). The CMCS-TA-BDBA hydrogel showed a porous mor-
phology, good biocompatibility, and self-healing properties. Due to the presence of BDBA,
the hydrogel can be formed within 10 s. As shown in Figure 7a, the CMCS-TA-BDBA
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hydrogel has excellent hemostatic properties. By injecting the CMCS-TA-BDBA hydrogel
into the bleeding site, the total bleeding volume was 55 £ 19 mg compared to 180 & 20
and 240 £ 35 mg for the gauze-treated and blank control groups, respectively. The bleed-
ing volume was reduced by 77% in CMCS-TA-BDBA hydrogel treatment relative to the
blank control group. As shown in Figure 7b, hydrogel pieces stained in different colors
can pass through a 26 G needle without being blocked and gradually heal into a whole
block, indicating that the hydrogel has efficient self-healing properties. Therefore, this
new injectable and aerosolized hydrogel has good application prospects in the fields of
hemostasis and wound dressing. Similarly, by reacting TA-modified CS with oxidized
hyaluronic acid (OHA), Liu et al. [112] prepared a composite CS hydrogel with hemostatic,
adhesive, anti-inflammatory, and slow degradation properties. The CS/TA-OHA hydrogel
exhibited good self-healing properties due to the presence of dynamic reversible covalent
bonds and reversible hydrogen bonds. As shown in Figure 7c, the two parts of the cut
hydrogel self-healed within 2 min of when they made contact with each other. The adhesion
of the CS/TA-OHA hydrogel to the organs and tissues of rats is depicted in Figure 7d. An
in vivo hemostasis test was performed in the rat liver injury model, and when the liver was
cut and started to bleed, the hydrogel was injected into the wound to stop the bleeding.
The amount of blood loss after hydrogel treatment was greatly reduced compared to the
untreated control group. Further studies confirmed that the hydrogel had a good adhesive
effect, and it was able to close the wound and prevent bacterial infection.
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Figure 7. (a) Hydrogel covalent cross-linking principle, hydrogel-platelet interaction, comparison
graph of wound bleeding after 180 s with and without adding hydrogel. (*** p < 0.001) (b) Injectable
self-supporting sprayable CMCS-TA-BDBA hydrogels prepared using a double syringe [126]. Copy-
right 2020 American Chemical Society. (c) Self-healing and injectable properties. (d) Photographs
of CS/TA-OHA adhering to organs and tissues of rats, and the amount of bleeding in rats under
different treatments (* p < 0.05; *** p < 0.001.) [112]. Copyright 2022 American Chemical Society.



Molecules 2023, 28, 1473

16 of 23

The combination of self-healing properties and hemostatic properties can be used in
scenarios such as trauma hemostasis, tissue adhesion, and bone repair [127]. Tang et al. [128]
used the double cross-linking of MgO-catechol and Schiff basic bonds to form hydrogels.
MgO was added to catechol-modified CS (CHI-C) and oxidized dextran (ODeXx) to prepare
biofunctional hydrogels (CCOD-MgO) for full-thickness skin wound repair. CCOD-MgO
hydrogel exhibited high tissue adhesion, good self-repair, hemostatic function, and a low
swelling ratio. Statistical measurements of the burn trauma area showed that the CCOD-
MgO group was more efficient than the others in repairing tissue trauma. Furthermore, the
in vitro antibacterial properties of CCOD-MgO were superior to CHI-C/ODex hydrogel
because of the synergistic effect of CS and MgO. Feng et al. [129] designed a hemostatic CS
and graphene oxide (GO) hydrogel with injectable, self-healing, and adhesive properties,
by heating a mixture of CS and GO. The dynamic reversible non-covalent bonds between
CS and GO conferred the abilities of injectability and self-healing to the hydrogels. Addi-
tionally, the mechanical and rheological properties of the hydrogel can be controlled by
varying the amount of GO. In vivo experiments in a rat liver hemorrhage model and a total
skin defect model confirmed that the CSGO hydrogel has good hemostatic and wound
healing abilities. In another study, Zhang et al. [120] prepared the CS/GO hydrogel by
mixing CS and GO in an alkaline solution. The results of the mechanical property tests
showed that the CS/GO hydrogel has an excellent tensile strength (5.4 MPa). In addition,
the CS/GO hydrogel was characterized by a pH-driven shape memory effect. Due to
the pH change, the physical cross-linking through hydrophobic interactions underwent a
reversible transformation and exhibited the characteristics of the shape memory effect.

3.2.2. CS-Based Hemostatic Hydrogels

CS hemostatic adhesives have gained widespread attention as wound dressing ad-
hesives due to their ease of handling, non-invasive bonding, immediate sealing, and
hemostatic effect [130]. Therefore, CS bioadhesives can be widely used in biomedical
fields such as drug delivery, wound dressing, hemostasis and sutureless surgery [131]. For
instance, Bao et al. [132] designed a liquid-infused microstructured bioadhesive (LIMBs)
formed from a macroporous, tough CS dry gel infused with a functional fluid. The CS
dry gel rapidly absorbed interfacial fluids and can promote blood clotting. As shown in
Figure 8a, the dry hydrogels were prepared by a combination of covalently cross-linked
polyacrylamide and physically cross-linked CS and were freeze-dried. Afterwards, the
freeze-dried dry gels were partially infused with binder functional fluids, including CS
and hydroxyl-succinimide fluids, to facilitate the formation of amide bonds with the tissue.
Their synergistic effect allows this hemostatic adhesive to produce tough adhesion prop-
erties in human and porcine tissues as well as on various material surfaces, to meet the
adhesion needs. The hemostasis and biocompatibility of LIMBs were significantly higher
in rats and pigs compared to other commercial products. Furthermore, histological sections
showed no evidence of active or chronic inflammation or allergic eosinophil response
(Figure 8b), indicating that LIMB possesses good biocompatibility as a bio-adhesive and
hemostatic sealant.

Recently, Jung et al. [133] designed in situ formed CS/PEG hydrogels with high me-
chanical properties and adhesion using the enzymatic cross-linking reaction of horseradish
peroxidase. The resulting hydrogels displayed good hemostatic ability and were highly
biocompatible in vivo, which is comparable to commercially available fibrin gels. The tissue
adhesive strength of the CS/PEG hydrogel was evaluated using a modified pull-shear
test. Under the same compression test conditions as for CS/PEG hydrogels, all hydrogels
showed enhanced adhesion to fibrin glue, with 3-13 times the strength of fibrin glue. The
same trend was shown in the compressive tests, with higher compressive strength and
toughness than fibrin glue being found. The CS/PEG hydrogels have not only controllable
and adjustable properties, but also tissue adhesion properties, which make them potentially
promising for biomedical applications.
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Figure 8. (a) Structure of LIMB, diagram of adherent blood and absorption of interfacial fluid.
(b) Diagram of repair of mouse skin after burns, 0, 7, 14, and 21 days [132]. Copyright 2022.

4. Conclusions and Future Perspectives

With the development of science, a wide variety of hemostatic materials have emerged
due to the necessity of efficient and safe repair of wounds caused in battlefields, surgical
procedures, and traffic accidents. Depending on the wound type, these hemostatic materials
also have different applications. For example, bleeding from external wounds caused by
sharp objects, traffic accidents, battlefields, etc., can be stopped using gauze, bandages, and
tourniquets. There has been a tremendous level of development and commercialization
in various types of hemostatic agents in modern medicine. However, in situations of bat-
tlefields and surgical bleeding, these hemostatic materials confront many obstacles which
may prevent wounds from healing. Despite sustained advances in the use of hemostatic
agents in modern medicine, many obstacles limit their successful use in the treatment of
uncontrolled bleeding. Therefore, the development of fast, efficient, easy-to-handle, and
multifunctional hemostatic materials is of great significance and highly demanded.

Hydrogels can be prepared using natural or synthetic polymers and have promising
applications in the field of hemostatic materials. CS-based hydrogels are highly favored
because of their low cost, use of renewable resources, good biocompatibility, high efficiency,
and rapid hemostasis due to their abundant amino groups. Moreover, they can adsorb
red blood cells and plasma proteins through electrostatic interactions to promote platelet
adhesion and achieve rapid hemostasis. In addition, CS can stimulate collagen deposition
and self-assembly near the wound. CS derivatives obtained by the modification of CS confer
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additional functions to CS while enhancing the hemostasis. In addition, CS-based hydrogels
can be loaded not only with bioactive substances such as growth factors and antibiotics but
also with stem cells as wound dressings for the treatment of larger skin defects. However,
these hydrogels also have poor mechanical properties and it is difficult to control the gelling
time. Therefore, the preparation of mechanically durable CS hemostatic hydrogels with
controllable gelation behaviors constitutes a priority of future research. Moreover, the
combination of homeostasis and other functionalities may also promote the development of
CS-based hemostatic hydrogels [134,135]. In summary, we believe that CS-based hydrogels
will revolutionize the choice of hemostatic materials in surgical and other emergency
occasions and improve the treatment quality of patients with uncontrolled bleeding.
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