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Uncontrolled hemorrhage results in various complications and is currently the leading cause of death in
the general population. Traditional hemostatic methods have drawbacks that may lead to ineffective
hemostasis and even the risk of secondary injury. Therefore, there is an urgent need for more effective
hemostatic techniques. Polymeric hemostatic materials, particularly hydrogels, are ideal due to their
biocompatibility, flexibility, absorption, and versatility. Functional hemostatic hydrogels can enhance
hemostasis by creating physical circumstances conducive to hemostasis or by directly interfering with
the physiological processes of hemostasis. The procoagulant principles include increasing the
concentration of localized hemostatic substances or establishing a physical barrier at the physical level
and intervention in blood cells or the coagulation cascade at the physiological level. Moreover,

Received 20th August 2023, synergistic hemostasis can combine these functions. However, some hydrogels are ineffective in

Accepted 4th January 2024 promoting hemostasis or have a limited application scope. These defects have impeded the
DOI: 10.1039/d3tb01900d advancement of hemostatic hydrogels. To provide inspiration and resources for new designs, this review

provides an overview of the procoagulant principles of hemostatic hydrogels. We also discuss the
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1. Introduction

The weight of blood constitutes 7-8% of a healthy adult’s body
weight and bleeding more than 20% of one’s total blood
volume at once might result in hemorrhagic shock, organ
failure, and even death. Accidental uncontrolled hemorrhage
is common in high-risk environments such as battlefields and
disasters." Furthermore, heart, liver, spine, and joint surgeries
may also result in significant blood loss. Therefore, hemor-
rhage management in the operating room is critical.> Hemor-
rhage is the leading cause of preventable deaths resulting from
trauma.® Uncontrolled bleeding caused by trauma accounts for
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challenges in developing effective hemostatic hydrogels and provide viewpoints.

approximately one-third of pre-hospital deaths, and it remains
the second leading cause of death among civilians aged 5-44.*
Moreover, on the first day of a traumatic accident, approxi-
mately 40% of patients die from bleeding.”® Prompt and
adequate hemostasis can significantly reduce mortality due to
trauma.” Conventional methods to stop bleeding include com-
pression, cautery, and surgery, and traditional hemostatic
materials, like hemostatic gauze and bandages, have been
extensively utilized.® However, gauze or bandages must be
removed entirely after hemostasis because they do not degrade,
which can lead to secondary damage, slower healing, and more
discomfort.” Recently, polymeric hemostatic materials have
provided viable solutions to clinical hemostatic issues. Contin-
uous research has been conducted on enhanced hemostatic
materials, including biodegradable hydrogels, sponges, and
powders. Hydrogels exhibit good adaptability to irregular
wounds."® However, some hydrogels are questioned because
of their poor biocompatibility or mechanical properties.'* In
addition, hydrogels can realize morphological transformation
with sponges, and are endowed with additional shape memory
ability."® The high water absorption and swelling properties of
sponges can endow them with great hemostatic potential,™
and the most common mechanism by which hemostatic
sponges promote coagulation is by absorbing water. In addi-
tion, some sponges can also interfere with the physiological
mechanism of hemostasis."*'® But hemostatic sponges are

This journal is © The Royal Society of Chemistry 2024
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easily infected by bacteria.'> Hemostatic powder can promote
hemostasis by absorbing water, sealing wounds, and loading
drugs to activate the coagulation cascade. It is worth noting
that some hemostatic powders can transform into hydrogels,
which improves the portability of hemostatic materials.'®™°
The advantages of powder include convenience, time efficiency,
diverse application methods, and suitability for large-area
wounds. However, hemostatic powder cannot be applied to
noncompressible torso hemostasis.*

Ideal hemostatic materials should (1) stop arterial and
venous bleeding in large vessels within 2 min; (2) require no
prior preparation; (3) be easy to use; (4) be lightweight and
durable; (5) be strong enough; (6) be safe; and (7) be
inexpensive.>' Polymeric materials, particularly hydrogels, have
shown great potential and garnered interest in hemostasis due
to their biocompatibility, flexibility, water absorption, porosity,
and multi-functionality.**~>* However, there are currently only a
few hemostatic hydrogels on the market (Table 1) and the
extensive data (randomized prospective clinical trials) support-
ing the efficacy of authorized hemostatic dressings has numer-
ous gaps. Moreover, unclear procoagulant mechanisms may
limit the further development of hemostatic hydrogels. For
example, patients with coagulopathy cannot be treated with
hydrogels that rely solely on the coagulation system to promote

hemostasis.>®*® Thus, this review investigates hydrogel
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procoagulant mechanisms. References and design ideas are
also offered.

The procoagulant principles of hydrogels will be reviewed in
terms of physical and physiological aspects. The former means
that through physical features like tissue adhesion,*” surface
charge,”® and water absorption,* hydrogels create an optimal
environment for hemostasis. Specific methods include concen-
trating hemostatic substances®* and creating physical barriers to
seal wounds.>® The latter means that hydrogel accelerates
hemostasis by intervening directly in its physiological processes.
Specific methods include intervening blood cells,*®*** adding
coagulation factors® and procoagulant substances,®* and pro-
viding additional attachment sites for blood cells.*> Based on
these cells, proteins, and factors mentioned above, functional
hydrogels can cater to different hemostatic needs. In addition,
numerous studies have been conducted to enhance hemostasis
by combining physical and physiological dimensions.**

This review sums up the principles of functional hemostatic
hydrogels that promote hemostasis along with the features,
functional groups, and other components necessary for hydro-
gels to achieve these principles. Based on the material require-
ments of the body’s coagulation system, we provide inspiration
and references for the design of functional hemostatic hydro-
gels. Furthermore, we discuss the shortcomings or gaps in the
current methods of hemostatic function hydrogels for promot-
ing coagulation. Finally, suggestions for possible future direc-
tions of functional hemostatic hydrogels are given.

2. Physical hemostasis

Hydrogels promote hemostasis by altering the physical forms
of the blood or tissue, referred to as physical hemostasis. The
physical forms mainly include localized hemostatic substances’
concentration, wound shapes, and the adhesion location of
procoagulant substances. Most hemostatic hydrogels have a
physical hemostasis function, and these studies highlight
properties like high swelling capacity,”” high tissue
adhesion,®® and vast surface area.>* Physical hemostasis does
not directly intervene in the hemostatic process but rather
prepares the way for primary hemostasis.
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Fig. 1 Application of microporous structured hydrogels based on hyaluronic acid and polyethene glycol in hemostasis. (a) SEM images of hydrogels.
(b) blood-clotting index of hydrogels. (c, e and f) The swelling ratio of hydrogels. (d) Application in the mouse liver injury model. Reprinted from ref. 15

with permission.2® Copyright 2023 American Chemical Society.

2.1. Increasing the concentration of localized hemostatic
substances

Increasing the concentration of localized hemostatic substances
can promote hemostasis by increasing the contact between
various hemostatic substances. By absorbing wound exudate,
hydrogels can increase hemostatic substances’ concentration. In
this review, the two main approaches for designing hydrogels for
this function will be discussed: incorporating a porous structure
and enhancing hydrophilicity.

2.1.1. Porous structure. The porous structure means that
the hydrogels have a sponge-like microphysical form through
sufficient cross-linking of the materials. Due to their high
porosity,*® hydrogels with porous microstructures have excellent
swelling capabilities. Like a sponge,*’ hydrogels concentrate
blood through capillary action due to their porous structure.
The number of raw materials composed of hydrogels with
porous structures is significant, including polysaccharides, pro-
teins, amino acids, and metals.***> Here, we present the hydro-
gels according to the main cross-linking components that
constitute the porous structure.

Hyaluronic acid (HA) is a component of extracellular matrix
(ECM) and has high biocompatibility. Zhu et al.?® introduced
additional methoxy polyethylene glycol (mPEG) to create a
hemostatic synthetic polymer hydrogel to facilitate the control
of the structure and material composition of the hydrogel. The
results showed that the hydrogel had a porous microstructure
and absorbed 1235.27% of its weight of PBS when it reached
swelling equilibrium. Moreover, the hydrogel group had lower
blood-clotting index (BCI) values than the gauze group, and it
controlled hepatic bleeding in mice within 120 s. (Fig. 1) The
authors concluded that the porous structure induced by HA and

This journal is © The Royal Society of Chemistry 2024

mPEG led to the excellent absorption capacity of the hydrogel
and further promoted hemostasis by concentrating blood.
Chitosan, a polysaccharide derived from marine biological
extracts,*®*” is thought to create porous microstructures by
cross-linking. Bal-Ozturk et al.*® generated sponge-like nano-
structured hydrogels with interlinked pore structures by cross-
linking chitosan, alginic acid (AA), and the antimicrobial
component ZnO. Chitosan is assumed to be primarily respon-
sible for the pore structure. Notably, an acidic environment
induces mutual repulsion among the protonated amino groups
on chitosan, speeding up the hydrogel’s expansion. However,
ZnO induces increased intermolecular hydrogen bonding,*°
which compresses the chitosan chains and reduces the materi-
al’s porosity. Additionally, the increased electron bonding due to
ZnO reduces the hydrogel’s swelling capacity. Therefore, the
authors investigated the optimal content of ZnO for hemostasis.
The results of in vivo experiments showed that for the rabbit ear
peripheral capillary hemorrhage model, the hemostatic time in
the experimental group with the minimum amount of ZnO was
93 + 10.41 s, and the total blood loss was 263 + 168.62 mg.
Gelatin is an affordable, abundant, and immunogenic alter-
native to collagen. Additionally, it is frequently utilized to make
porous microstructures.’®>' However, uneven cross-linking can
result in fragility for gelatin-based hydrogels created through
covalent cross-linking. Physical entanglement enables natural
polymers to overcome this flaw. Zainab et al.** prepared a novel
hydrogel gelatin-TA (GelTA) using tannic acid (TA), a plant
polyphenol, and gelatin. It is believed that the porous micro-
structure is one of the causes of the high swelling performance.
At a TA concentration of 0.3 g ml ™, the porosity of the hydrogel
was 72.1 + 6.3%. Excessive TA concentration or an acidic

J. Mater. Chem. B, 2024,12,1706-1729 | 1709
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environment would reduce the porosity and affect water
absorption. Moreover, several research studies incorporated
nanoparticles with an anisotropic surface charge into the
gelatin mixture. For instance, LAPONITE®™ nano clays improve
mechanical characteristics by interacting electrostatically with
gelatin. The results showed that these hydrogels with a large
pore size exhibited good hemostatic efficiency.’**

Silk protein fibre is a cheap, biocompatible, natural protein.
Huang et al.>® utilized a cross-linking network of silk fibroin
and polyurethane to enhance the porous microstructures. The
results showed that the hydrogel’s water absorption was
increased up to 4.3 times the original value. However, the slow
nucleation rate prolonged the preparation time of SF-based
hydrogels. Bian et al.>® used biocompatible ethyl lauroyl argi-
nine hydrochloride (LAE) as a surfactant to trigger the gelation
of silk proteins. The hydrogel prepared by this method has a
hierarchical porous structure, which is believed to contribute to
enhanced fluid absorption, and subsequent experimental
results showed that this hydrogel absorbed up to 2,898% of
its weight of blood in 100 s and possessed good hemostatic
capacity.

v-Poly(glutamic acid) (y-PGA) is a natural homopolymer
based on mammalian abundant glutamic acid.”’””® Chen
et al>® made a hemostatic hydrogel containing y-PGA-DA,
which could absorb water. However, like other in situ cross-
linked hydrogels, the swelling capacity of y-PGA-DA was
affected by the concentration of the substance or the H,0,
level in the reaction environment. Furthermore, an excessive
cross-link density would reduce the swelling capacity by redu-
cing the hydrogel’s pore size. Then, SEM images also confirmed
this conclusion. In vivo experiments demonstrated that the
porous structure of y-PGA-DA accelerated hemostasis.

The swelling potential of cellulose is a result of its thick
reticulated structure. Chen et al.®® produced an innovative
hemostatic hydrogel by combining cellulose and pectin in an
ionic liquid. The liver hemorrhage model’s positive hemostatic
impact was due to its unique physical structure.

Chondroitin sulfate (CS) is a glycosaminoglycan commonly
sulfated in the ECM of human tissues. Zhang et al.°" synthesized
a hemostatic hydrogel from CS modified with 5-hydroxyt-
ryptamine (5-HT) and serotonin. Serotonin is a procoagulant
substance released from activated platelets. The results showed
that the hydrogel had an irregular porous structure. The equili-
brium swelling of the hydrogel was 68% in 12 h when the
polymer concentration was 2 wt%. The hydrogel stopped bleed-
ing the mouse liver hemorrhage model in about 30 s.

Arista is an absorbable hemostatic particle with a micro-
porous structure originating from inert plants, which has a
wide range of applications in the field of surgery.®” Inspired by
Arista, Cui et al.®® developed a new hydrogel with a swelling rate
higher than 2000% based on carboxy starch carboxylic starch.
In another study, the hydrogels formed by grafting acrylic acid
(AAc) and acrylamide (AAm) onto starch achieved swelling rates
of up to 18000%, as reported in the results.®*

Metal-organic gels (MOGs) are novel metal-organic materials
with porous microstructures. Inspired by MOGs, Yang et al.*

1710 | J Mater. Chem. B, 2024, 12,1706-1729
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created a multifunctional hydrogel with hemostatic properties by
combining Zn** and 4,5-imidazole dicarboxylic acid. The SEM
pictures revealed that this hydrogel has linked porous micro-
structures, which were believed to be responsible for swelling.
Unfortunately, the results of the swelling test were not included
in this study.

The hydrogel’s porous microstructure aids in fluid absorp-
tion to promote hemostasis. However, for hydrogels formed by
covalent bonding, excessive cross-linking or uneven microstruc-
ture distribution will reduce the porosity of the hydrogel, which
will further reduce the hemostatic substances’ concentration
ability.*® Second, the multifunctional hydrogels’ porosity may
be influenced by various materials. Thus, the appropriate ratio
of raw materials is also worth considering. Finally, it is crucial
to evaluate whether a significant increase in hemostatic sub-
stances’ concentration can lead to either wound dryness or
excessive blood loss.

2.1.2. High hydrophilicity. Hydrophilic surfaces have a
strong affinity for water molecules.®® Increased hydrophilicity
aids the hydrogel in concentrating blood, hence accelerating
hemostasis. Hydrophilic groups like amino,*® carboxyl,®” and
hydroxyl,®® or hydrophilic substances such as mesoporous
silica,®® mineral kaolin, aluminum silicate,”® and zeolite, can
be incorporated into hydrogel systems to enhance hydrophilicity.

Carboxyl is a common hydrophilic group. y-PGA has car-
boxyl groups in its side chain, allowing it to be grafted with
various functional groups.®”””* Moreover, y-PGA is suitable for
manufacturing hemostatic materials due to its hydrophilicity.
In a study on y-PGA and poly(lysine),*® the positively charged
amino in the system imparted good hydrophilicity to the
hydrogel, and this new hydrogel achieved excellent concen-
tration properties for hemostatic substances.

A superabsorbent polymer was synthesized by grafting a
hydrophilic carboxymethyl group and acrylic acid onto
chitosan.**”>7* The water absorption capacity of the modified
hydrogel was improved, and the swelling ratio of this hydrogel
in distilled water could exceed 900. Besides, a novel hydrogel
was synthesized from carboxymethyl chitosan and kappa-
carrageenan, a highly hydrophilic sulfated polysaccharide poly-
mer derived from seaweed,”"”> which is believed to promote
hemostasis by concentrating blood. However, swelling test
results for this hydrogel were not reported.”®

A commonly used component for enhancing hydrophilicity
is the hydroxyl group. Some hydrogels have been treated using
hydroxyl-rich compounds to increase their water absorption.
Luo et al.”’ synthesized a gelatin-based hemostatic hydrogel.
The hydrogel was modified using dopamine (DA), N-hydroxy
succinimide (NHS), and HA. HA is hygroscopic,”® DA possesses
a polyphenolic structure, and NHS is hydrophilic. The results
showed that the water contact angle of the hydrogels decreased
from the initial 102.5 4 3.5° to 61.2 + 2.6°, (Fig. 2) which proved
that the hydrogel achieved better hydrophilicity. Polar groups
like hydroxyl, carboxyl, and amino’® are thought to increase the
hydrogels’ hydrophilicity.

Besides introducing hydrophilic functional groups, sub-
stances with excellent hydrophilicity have been extensively used

This journal is © The Royal Society of Chemistry 2024
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to improve the water absorption of hemostatic hydrogels.
Bovine serum albumin (BSA), a biocompatible natural protein,
has great hemostatic potential due to its hydrophilicity, but its
weak mechanical qualities restrict its applicability. Wang
et al.®® added the inorganic salt NaCl to BSA to facilitate the
gelation process by shielding the electrostatic repulsion
between BSA molecules, resulting in the better water-holding
capacity of the hydrogel. This BSA-based hydrogel’s equilibrium
swelling water content reached 76%. Hydroxyethyl cellulose
(HEC), a non-ionic natural cellulose ether, exhibits good hydro-
philic characteristics due to the presence of abundant hydroxyl
groups.®® Wang et al.®' introduced mesoporous silica (with a
porous structure and high specific surface area) based on
quaternized HEC® to synthesize the quaternized HEC/meso-
cellular silica foam (MCF) hydrogel sponge (QHM). The highest
swelling ratio of this material reached 7013.4 £+ 310.4%.

In a study examining hemostatic hydrogels focusing on
water absorption and mechanical properties,® the double bond
of polybutadiene is grafted with poly(acrylic acid) (PAA) through
free-radical polymerization to increase the water absorption
capacity of the hydrogel. The results indicate that glassy poly-
styrene imparts strength to the hydrogel, while polybutadiene
imparts rubbery ductility. This nanophase-separated structure
enables the hydrogel to swell an order of magnitude faster than
other hydrogels. Poly(ethylene glycol) (PEG) is a non-toxic, non-
immunogenic material widely used in tissue engineering
scaffolds.®®> Moreover, PEG is considered an excellent hemo-
static material due to its porous structure and hydrophilic
nature, which can absorb large amounts of water from serum.

Furthermore, the design of a 4-arm PEG hydrogel, based on
PEG, is a new research direction in recent years.** The 4-arm
PEG-based hydrogel achieved a swelling rate of up to 1790%.

This journal is © The Royal Society of Chemistry 2024

In vivo, experiments showed that bleeding from a 3 cm dia-
meter and 1 cm depth porcine skin laceration model could be
stopped within 30 s. One of the reasons for hemostasis
was thought to be the high swelling rate.®® Poly(vinyl alcohol)
(PVA) hydrogels have good hydrophilicity, biocompatibility,
and degradability®® and have been used to manufacture hemo-
static hydrogels due to their hydrophilicity.?”

The major components of kaolinite are mineral kaolinite
and aluminum silicate,”® and the well-known trauma dressing
QuikClot Combat Gauze (QCCG) contains kaolinite. Inspired by
QCCG, Tamer et al.®® cross-linked PVA with kaolin, and the
physical structure of the hydrogel was thought to improve the
poor absorption of QCCG for osmosis. The results showed that
this hydrogel absorbed 365 + 15% water after 1 h. Zeolite, an
aluminosilicate mineral with tunable hydrophilicity,®* can
rapidly concentrate blood from the site of injury. Besides, some
studies posit that because zeolite has coagulation factor V and
coagulation factor X on its surface, which are considered
precursors for the synthesis of thrombin, zeolite can accelerate
hemostasis by accelerating the physiological mechanism of
hemostasis.”® However, the exothermic reaction of zeolite in
use limits its application.”® Recently, the heat-release phenom-
enon that occurs when zeolite promotes hemostasis has been
solved.”” Fathi et al®® combined zeolite with chitosan and
alginate. The objective was to exploit chitosan’s biocompatibility
to compensate for zeolite’s drawbacks. At 1 h, the group without
zeolite absorbed more PBS solution than those with zeolite.
However, adding zeolite significantly increased the material’s
absorption capacity at 5 or 10 min, which was considered more
practical. Furthermore, the zeolite group could clot whole sheep
blood within 15 s, while the alginate group took 5.5 min, and the
chitosan-loaded alginate group took about 2 min.
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Hydrogels are modified to enhance their hydrophilicity,
facilitating their ability to increase hemostatic substances’
concentration and thus promoting hemostasis. However, some
studies suggest that the removal of hydrophilic hemostatic
dressings after achieving hemostasis may pose difficulties,
such as a risk of secondary injury like more bleeding.”*®
Besides, it remains to be studied whether excessive striving
for hydrophilicity can lead to excessive blood loss.

2.2. Establishing a physical barrier

Hydrogel promotes hemostasis by adhering or sealing bleeding
wounds, which is called the physical barrier of hemostasis.
Traditional emergency hemostatic modalities like electrocau-
tery can harm tissue.”® Moreover, traditional hemostatic meth-
ods have limited effectiveness on irregular or deep wounds.”” It
may be more beneficial to use hydrogels to overcome these
difficulties. Hydrogel adhesion to a bleeding wound is the most
common way to achieve it.”*°° Many materials improve
adhesion.?*'°12 Tigsue sealing requires the hydrogel to have
the ability to adapt to different shapes. This review will describe
these hydrogels according to tissue adhesion and tissue seal-
ing. More information on physical barriers can be found in
Table 2.

2.2.1. Tissue adhesion. Adhesion results from the inter-
action between tissue and hydrogels, and various studies have
improved the tissue adhesion of hydrogels by grafting func-
tional groups based on polysaccharide substrates or protein
substrates.*™'%> Hemostatic hydrogels with adhesive functions
can not only be applied to surface wounds but can also be used
in vivo, such as endoscopic nasal hemostasis or ulcerative
arterial bleeding. Not only this, some studies have pointed
out that hemostatic hydrogels also have broad application
prospects on the mucosal surface of the digestive tract.'**'°
Hydrogels adhere to wounds to stop bleeding. These hydrogels
are better for emergency hemostasis in ruptured arteries or
other fast bleeding.'®” Typically, adhesive hydrogels have high
mechanical strength and adhere to various material surfaces
(Fig. 3). This review presents existing studies based on the
functional groups that enhance the adhesion of tissues.

Hydrogels can achieve adhesion function by using the
phenolic moiety, which has a strong binding affinity for
nucleophiles in human tissues'®® and can form covalent con-
nections with amino and sulfhydryl groups in tissues. The
phenolic moiety is dispersed on polydopamine,*®® TA,'*° gallic
acid (GA).""* The number of phenolic groups on the molecular
backbone of TA is high.""* Increasing the TA proportion in the
hydrogel system can significantly improve tissue adhesion.'*?
For example, a TA-based hydrogel showed a maximum adhe-
sion strength of 68.2 kPa to porcine skin and a good hemostasis
effect in a liver hemostasis model with a blood loss of only
0.07 g."** To overcome the challenge of creating hydrogels from
pure polyphenolic chemicals, Shao et al.'*® produced a hemo-
static hydrogel using thioctic acid as a macromolecular spacer
and TA of phytic acid. Results from shear-tension experiments
show that this hydrogel can adhere to various material surfaces.
However, the oxidation of phenolic hydroxyl groups leads to
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reduced adhesion. Therefore, it is necessary to control the
phenolic hydroxyl group oxidation.”®

Hydrogel adhesion is improved by catechol, a benzene
derivative with two adjacent phenolic groups. Metal ions
bind with catechol, improving mechanical characteristics.
Wang et al."'® added Fe** to catechol-functionalized chitosan
(CCS) to induce catechol-Fe** chelation. This double cross-
linking mechanism increased the possibility of linking the
material with amino, thiol, and imidazole covalent groups.
The lap shear strength between the hydrogel and the porcine
skin was 18.1 kPa. Polyphenols can also create dynamic cova-
lent connections with boron (B**) and ferric ions (Fe**).""” Self-
polymerizing dopamine yields polydopamine (PDA).*'® Phenyl
boric acid engages in an electrostatic interaction with the amino
group on chitosan. A boronic ester bond links the catechol and
boronic acid groups.''® These two reasons together improve the
mechanical properties of the hydrogel.*” Based on these para-
meters, a chitosan-based hydrogel was created, exhibiting an
adhesion strength of 27.6 kPa to porcine skin'** and demon-
strating excellent hemostasis in a liver hemorrhage model.
Zhong et al.*' used catechol to modify the four-arm PEG with
many sulfhydryl groups, significantly improving wet tissue adhe-
sion and mechanical strength by inducing the Michael addition
reaction. Furthermore, in a study of CCS with PEG,'” the
hydrogels could withstand burst pressures over 120 mmHg.
Catechol and aldehyde groups are believed to work together to
provide excellent tissue adhesion.

Besides catechol, substances containing catechol structures
can also enhance adhesion. The bioactive substance 3,4-
dihydroxy-l-phenylalanine (DOPA) with catechol found in mus-
sel secretions is a good choice for improving adhesion.'** Xie
et al.'** grafted DOPA onto gelatin methacryloyl, which signifi-
cantly improved the adhesion of the hydrogel to the surface of
various wet tissues (e.g., porcine skin, heart, and lungs). The
in vivo experiments showed that the hydrogel facilitated rapid
wound closure. Moreover, Yan et al.'>®> modified poly(r-glutamic
acid) with DOPA to improve the mechanical properties of hydro-
gels. The results showed that the adhesion strength was 28.3 +
3.1 kPa. Hydrogel can be a physical barrier to stop bleeding due to
its increased catechol content, improving wet tissue adhesion. To
address the limitation of poor tissue adhesion of pure HA hydro-
gels, grafting DOPA is a common approach,'”*'*” and the mod-
ified hydrogels have a good barrier effect on arterial, venous, and
irregular wound bleeding.

Adhesive hydrogels can quickly create Schiff base bonds
with tissue amino groups.’?® Dodecyl aldehyde is a substance
commonly used to enhance adhesion. Moreover, after modifi-
cation with this substance, the hydrophobic aliphatic side
chains of the hydrogel can insert into the cell membranes of
porcine skin,"* a process known as hydrophobic interactions.
Hydrophobic and aldehyde groups promoted adhesion,**® for
example, in a study with a chitosan-based hydrogel. The results
showed a maximum adhesion strength of 20.43 + 0.71 kPa."*"
Besides chitosan, aldehyde groups are also used to enhance the
adhesion of HA-based hydrogels."** Furthermore, in a study of
oxidized carboxy-methyl cellulose (OCMC) and ECM, OCMC

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Adhesion performance of the hydrogel. (a) Schematic of hydrogel adhesion verified by lap shear and 180° peeling tests. (b) SEM images of
hydrogel-adhered porcine arterial tissue (scale bar: 100 pm). (c) Photograph of a hydrogel undergoing a bursting pressure test (scale bar: 2 cm).
(d) Photographs of hydrogels adhering to a variety of surfaces. Reprinted from ref. 88 with permission.X®” Copyright 2021 Wiley.

could form imine bonds with the intrinsic amines of ECM, and
the number of aldehyde groups in the hydrogel backbone was
considered critical for adhesion properties.”*® This OCMC-
based hydrogel exhibited a maximum adhesion strength of
185 £ 10 kPa and a burst pressure of 14.58 + 0.32 kPa.

Hydroxyl groups can interact chemically with amino groups
or amide bonds in tissues and enhance the adhesion of
hydrogels.”® The hydroxyl groups in starch, cellulose, and HA
are abundant. Two phenolic acids that are abundant in nature
are protocatechuic acid (PA) and glyoxylic acid (GA), with GA
having one more hydroxyl group than PA in its structure.***
In one study, GA and PA were grafted onto gelatin to form
two hydrogels: GEG (GA-engineered gelatin) and PEG (PA-
engineered gelatin)."*> The adhesion strengths of the two
hydrogels were 35.1 and 28.3 kPa, respectively. Specifically,
the additional hydroxyl groups promoted the formation of
more Schiff bases between gelatin and histone proteins, which
could be the reason for improved adhesion.

Urea groups can promote hydrogen bond formation and
thus enhance the hydrogels’ tissue adhesion. Zhang et al.'*®
synthesized IEM-Gln using r-glutamine and 2-isocyanate ethyl
methacrylate (IEM). Ordered hydrogen bonds are formed in
the presence of urea groups. Acrylamide (AM) and IEM-GIn
undergo polymerization through various hydrogen bonds,
resulting in the formation of a new polymer hydrogel. The
results show that this hydrogel adheres to numerous material
surfaces, with an average adhesion strength of 6.7 kPa to pig
skin. Multiple hydrogen bonds and electrostatic interactions
contribute to good adhesion. This hydrogel also promoted
hemostasis in a rat liver damage model with 91 mg blood loss
by acting as a physical barrier (Fig. 4).

Hydrogels can enhance tissue adhesion by grafting a variety
of functional groups. However, these functional groups must
remain stable to prevent any performance failures. Moreover,

This journal is © The Royal Society of Chemistry 2024

there is a need to explore whether super adhesion makes the
removal of hydrogels difficult. Finally, hydrogels that achieve a
physical barrier function by adhering to tissue should have
enhanced mechanical properties.

2.2.2. Tissue sealing. Conventional hemostatic hydrogels
face difficulty in completely covering irregular wounds, resulting
in inadequate hemostasis."®” Tissue sealing intends to fill or
plug bleeding wounds with hydrogels to promote hemostasis. In
recent years, tissue-sealing hydrogels have been rapidly devel-
oped to address the hemostasis needs of irregularly shaped and
deep wounds."*® Some swellable hydrogels can fill wounds and
impede blood flow by expanding.*® Besides, some hydrogels
usually take the form of in situ synthesis or injection to adapt to
the shape of the wound."*® This review will present the existing
studies based on the application of hydrogels in tissue sealing.

Swellable hydrogels can fill the wound to block blood flow.
One study added flaxseed gum to a cellulose system to synthe-
size a cellulose/flaxseed gum composite hydrogel with over
200% moisture expansion.’®® Another study synthesized pec-
tin/cellulose hydrogels. In vivo, experiments demonstrated the
outstanding hemostatic properties of the two hydrogels dis-
cussed above. It was believed that the creation of a physical barrier
contributed to the promotion of hemostasis. Furthermore, starch
has several applications in hemostasis. Zeinab et al.'*' synthe-
sized a hydrogel with high swelling properties by grafting AAc and
AAm on starch. The in vivo experiments showed that this hydrogel
swells rapidly and blocks blood flow in the rat femoral artery by
forming aggregates.

In situ formed hydrogels have the inherent advantage of
acting as a physical barrier. However, they exhibit limitations in
terms of mechanical strength and suitability for emergency use.
Yu et al.'*? intended to improve these defects by applying more
hydrogen bonds. The hydrogel stopped bleeding within 8 s in a
liver bleeding model, reducing bleeding by 92.56%. Additionally,

J. Mater. Chem. B, 2024,12,1706-1729 | 1715
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aldehyde hydroxyethyl starch (AHES) and amino carboxymethyl ~with hemostatic function through a Schiff base reaction. The
chitosan (ACC) combined to form an in situ AHES/ACC hydrogel in vivo hemostatic experiment exhibited that the AHES/ACC
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Fig. 5 Hydrogel promotes hemostasis by sealing wounds. (a) Schematic diagram of hydrogel sealing a bleeding wound. (b) Photograph of the injectable
hydrogel. (c) and (d) Schematic diagram of the injectable hydrogel applied to hemostasis in a liver injury model and comparison of blood loss. Reprinted
from ref. 126 with permission.**> Copyright 2021 American Chemical Society.
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hydrogel formed a physical barrier on the wound through its
three-dimensional network structure. This in situ hemostatic
mechanism controls bleeding and blood loss effectively.'**
Luo et al.**° also created an in situ formed HA/gelatin hydrogel.
Burst pressure testing results determined the hermeticity of the
hydrogel, and the burst pressure was measured to be 24.71 +
11.58 kPa. Moreover, the blood loss in the rat liver hemorrhage
model using the HA/G hydrogel was 120.4 £+ 149.5 mg, approxi-
mately 50% less than the negative control group.

Injectable hydrogels are more adaptable to irregular
wounds, and the four-armed PEG has better mechanical
strength than linear PEG."** Huang et al.">" produced a hydro-
gel utilizing benzaldehyde-terminated four-arm poly(ethylene
glycol) grafted with carboxymethyl chitosan. This hydrogel was
believed to be synthesized and sealed at the wound site. In the
hemostasis test, the hydrogels flowed into the wound and could
seal it with a hemostasis time of 120 + 10 s and a blood loss of
0.29 £ 0.11 g. The wound’s movement may lead to the tearing
of the hemostatic dressing. A hemostatic injectable hydrogel
was synthesized using N-carboxyethyl chitosan and oxidized
sodium alginate. This hydrogel can self-heal due to the for-
mation of Schiff base bonds by the abundant amino and
aldehyde groups. In the rat hepatic hemorrhage model, the
hydrogel was significantly successful at stopping bleeding, and
the bleeding volume was approximately one-third that of the
control group (Fig. 5). The physical barrier effect was respon-
sible for the exceptional hemostatic effect.'*>

Hydrogels can block blood flow by sealing a wound, which
requires the hydrogel to be swellable or flowable. Notably,
in situ-formed hydrogels are more difficult to manipulate dur-
ing the application,'*® which may not meet the requirements
for emergency hemostasis. Furthermore, it is yet to be investi-
gated whether hydrogels that fill the tissue by swelling can
cause wound damage or discomfort. Finally, a hemostatic
hydrogel with self-healing qualities helps reduce dressing tears
caused by transportation or activity, making it more appropri-
ate for use in emergencies.

3. Physiological hemostasis

The hemostatic process was roughly divided into three stages:
vasoconstriction, primary, and secondary hemostasis.'*” When
a blood vessel ruptures, mediators such as endothelin and
platelet-derived thromboxane A2 (TXA2)'*®'*° and the neuro-
genic reflex mechanisms of the blood vessels themselves,
induce myogenic contraction of the blood vessel wall, resulting
in a reduction in the local blood flow rate and bleeding volume.
The primary hemostasis occurs in the first 3 to 7 min after vessel
rupture,' producing platelet thrombi.’*" Tissue factors (TF)
released from the damaged vessel may also initiate secondary
hemostasis; thus, secondary and primary hemostasis may start
simultaneously.'**'>®  Principal components of secondary
hemostasis include the successive activation of coagulation
factors, production of thrombin, and conversion of fibrinogen to
fibrin.*>* A fibrin clot reinforces the platelet thrombus formed
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during primary hemostasis.
protease with coagulation activity. It is an essential component
of the hemostasis system.'”® Fibrin develops from insoluble
fibrin monomers. The latter is produced when thrombin con-
verts soluble fibrinogen into fibrin.'>®

The physiological process of hemostasis involves interac-
tions between various extracellular ligands, soluble proteins,
platelet receptors, coagulation factors, and fibrin.">”**° Hydro-
gels that can activate the hemostatic system directly have been
designed based on these substances. Reducing the elapsed
time for the aggregation of coagulation substances is the core
problem that hemostatic materials must solve. The complex
mechanism of the coagulation physiological process and
numerous hemostatic substances provide numerous targets
for hydrogels to promote hemostasis. Therefore, there are many
types of hydrogel materials with this function.'®*** This
review classifies the available hydrogel hemostatic interven-
tions into the following categories: the intervention of platelets,
RBCs, and the initiation of the intrinsic pathway.

3.1. Intervention with platelets

Primary hemostasis relies on platelets. After vascular rupture,
exposed subcutaneous collagen adheres to and activates some
platelets via the large transmembrane protein integrin on the
platelet surface."®>'®* Moreover, the damaged vascular
endothelium exposes a soluble plasma glycoprotein, von Will-
ebrand factor,'®>'®® which can lead to a small amount of
platelet adhesion.”®” The plasma membrane in the region near
the binding site responds to the shear forces of blood flow,
leading to the activation of these platelets.'®'%®1%° Activated
platelets extend many pseudopodia and release the contents of
internal granules, mainly 5-HT, intrinsic adenosine diphosphate
(ADP), and TXA2."7°7'”> The above vasoactive chemicals activate
other platelets, which repeat the same process to increase
platelet aggregation. Finally, platelets generate a thrombus at
the vascular injury site to complete primary hemostasis.

Direct intervention in the physiological state of platelets can
promote hemostasis more quickly and directly. It is a method
by which hydrogel intervenes in primary hemostasis. Hydrogels
are designed to attract and activate platelets through surface
charge, increased platelet adhesion sites, and the provision of
bioactive substances. This review classifies platelet-interfering
hydrogels based on electrostatic interactions, attachment site
provision, and the addition of bioactive substances.

3.1.1. Electrostatic interactions. Platelets possess a nega-
tive surface charge. The positive surface charge can attract and
activate platelets in the hydrogel. This method is efficient and
practical.

Amino groups are commonly positively charged groups.
There is an electrostatic interaction between the negative charge
on the surface of the blood cells and the positive surface charge of
the hemostatic material. Liu et al.'” introduced aminated silver
nanoparticles to a gelatin system, and the hydrogel’s hemostatic
properties were enhanced by the protonated amino group.
The amino group on the backbone of chitosan is among
the fundamental reasons for its inherent hemostatic ability."”*
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Fig. 6 Application of poly(glutamic acid), poly(lysine), and calcium ion-based multifunctional PGA-PLL-Ca composite hydrogels in hemostasis.
(a) Photograph of the hydrogel after adding 100 pl of whole blood dropwise and adding 20 ml of deionized water dropwise and incubating for
5 minutes. (b) SEM images of hydrogels after absorption of whole blood. (c) and (d) Blood loss and clotting time in rat liver injury models. (e) and (g) SEM
images of erythrocytes and platelets attached to the hydrogel surface. (f) SEM images of lyophilized PGA-PLL hydrogels with different cross-linker
concentrations. (h) Platelet adhesion quantification. Reprinted from ref. 52 with permission.®® Copyright 2021 Wiley.

Zheng et al."” proposed a hydrogel containing quaternary ammo-

nium chitosan that reduced blood loss by 80% in a liver injury
model. SEM images showed aggregated platelets on the hydrogel’s
surface. In another study on chitosan, in vitro experiments
measured a minimum BCI of 82.19 + 1.19%. This hydrogel was
thought to have better hemostatic properties. However, the results
of in vivo experiments were not reported.'”®

Synthetic silica nanoplatelets exhibit a favorable charge distribu-
tion with positive charge at the surface edges and negative charge at
the top and bottom."”” Combining gelatin with this nanomaterial,
Gaharwar et al.'’® produced a hydrogel. Platelet aggregation was
observed on the surface of the hybrid hydrogel, which was not
observed on gelatin alone. Electrostatic or hydrophobic interactions
have been proposed to explain this phenomenon."” In vivo, hemos-
tasis tests showed that this hydrogel significantly reduced bleeding.
Moreover, LAPONITE® (LP), a common nano silicate, has been
widely used to boost physiological hemostasis. For example, in a
study of polyglutamic acid, a moderate amount of LP could reduce
blood loss from 872 to 88 mg in a rat liver hemorrhage model,
significantly improving the hemostatic performance.'®

The positively charged surface of certain antimicrobial pep-
tides (AMPs) confers antibacterial action. Additionally, they
increase platelet adhesion. Atefyekta et al.'®' synthesized a
hydrogel using AMPs and performed an in vitro coagulation
test using whole human blood. Results showed that AMPs
induced significant platelet agglutination.

Substances with a positive surface charge are frequently
employed to stimulate the physiological changes in platelets.
This is a frequent and efficient method.

1718 | J Mater. Chem. B, 2024, 12,1706-1729

3.1.2. Provision of attachment sites. During hemostasis,
platelets act by sticking to the wound site. Hydrogels can
increase hemostasis by providing additional attachment sites for
platelets at the wound site, thus facilitating the production of
hemostatic plugs. Various studies aim to realize this function
through network structure, membrane receptors, or interaction,'®>
This review describes these studies regarding hydrogels providing
sites for platelet adhesion.

Hydrogels with high porosity can facilitate platelet adhe-
sion. The scanning electron microscopy images (SEMs) of these
hydrogels show porous microstructures and numerous platelet
adhesion sites (Fig. 6). Since most hydrogels inherently possess
a networked structure, numerous materials can provide platelet
adhesion sites. For instance, gelatin-based hydrogels have been
developed to increase surface porosity and homogeneity with
smaller hole sizes, resulting in superior platelet adhesion.**
Moreover, chitosan is utilized more frequently due to its
inherent porosity.’®>*®* The morphological characterization
of these hydrogels is confirmed by SEM images. Zhang
et al.'® synthesized a hydrogel using sericin, chitosan, and
PVA as the backbone, and TEM images showed a perforated
structure on the surface of the hydrogel. The in vitro coagula-
tion experiments showed that the blood co-incubated with this
hydrogel had the lowest absorbance, indicating the best coa-
gulation properties of the material. Numerous aggregated
activated platelets were visible on the hydrogel surface in
SEM images. Furthermore, molecular cross-linking agents, like
cysteamine-modified chitosan, can improve the three-dimen-
sional structure of the hydrogel.'®

This journal is © The Royal Society of Chemistry 2024
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Receptors on the platelet cell membrane or membrane sur-
face can also anchor platelets. In a study involving a cell
adhesive peptide conjugate (Pept-1),'%> hemostasis was accel-
erated through the binding of platelet surface a8bb3 receptors
to RGD moieties on Pept-1. Chen et al.'®® also attached blood
cells by complexing carboxyl groups with Fe** in the blood cells.
In vitro, coagulation assays revealed low BCI values, and scan-
ning electron micrographs revealed that this hydrogel had a
strong ability to adsorb blood cells.

Hydrogels are also capable of attaching and reacting with
platelets. For instance, undecanal-modified chitosan, a hydro-
phobically modified chitosan, has hydrophobic fatty side
chains that bind to the hydrophobic interior of platelets,
generating a robust hemagglutination reaction.'”* Chen
et al.'® also prepared hemostatic hydrogels using similar logic,
and dodecyl-modified chitosan contributed to an excellent
anchoring effect on platelets.

Hydrogels can offer a greater surface area, receptors, and
interactions to support platelet attachment compared to
wounds. Further research is needed to determine whether
thrombus loosening and further bleeding occur upon the
removal of platelet-loaded hemostatic hydrogels.

3.1.3. Addition of bioactive substances. Nearly all physio-
logical hemostasis processes include platelet physiological
changes, and the high density of membrane surface receptors
makes it possible for several bioactive compounds to target
platelets.'>**%”"'”" Hemostatic hydrogels that directly incorpo-
rate bioactive substances capable of acting on platelets have
emerged recently.

Keratin, a natural structural protein, possesses intrinsic
hemostatic properties, and keratin is believed to mediate
platelet adhesion through integrins and has found wide appli-
cation in the field of functional hemostatic hydrogels."*®'* In
a study involving keratin-based hydrogels, the in vitro hemo-
static time of the hydrogels was reduced to 12 min compared to
15 min in the control group. The in vivo experimental results
showed a 56.8 and 60.7% reduction in blood loss in the
experimental group at 30 and 120 s, respectively. The authors
attribute this to keratin’s inherent characteristics.**® Moreover,
Burnett et al®® synthesized a hemostatic keratin hydrogel.
Notably, the active portion of integrins was partially blocked
by antibodies, which significantly decreased the platelet
adsorption capacity of the hydrogels, providing further evi-
dence of integrin-mediated platelet adhesion. However, keratin
can be used not only as a substrate but also as an additive
product to promote hemostasis. Sun et al'®' incorporated
keratin into fibrin-based hydrogels. The hemostasis effect of
the hydrogel was twice that of fibrin.

ECM, composed of collagen, glycoproteins, and glycosami-
noglycan, is a biologically active substance capable of directly
activating platelets.’®> Ventura et al.'®® prepared ECM hydro-
gels by a lyophilization method. The highest ECM group had
the lowest BCI and maximum platelet adhesion. The authors
determined that this substance may be the finest gelatin
substrate. Human-like collagen (HLC), derived from collagen,
is a material with excellent biocompatibility and low

This journal is © The Royal Society of Chemistry 2024
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immunogenicity."®* In one study, chemically modified HLC
was added to an HA-based hydrogel. The results of the hemos-
tasis test showed that the hydrogel effectively stopped acute
hemorrhage in the liver, reducing the amount of bleeding from
approximately 750 to 15 mg.'*®

Platelet-dense granules contain natural platelet-activating
ADP. Liu et al'™* created a hydrogel using ADP, HA, and
chitosan. ADP-modified HA activated platelets through
P2Y12 receptors. In particular, the experimental group with
added ADP showed the best coagulation effect on platelet-rich
plasma (PRP).

There are numerous activation mechanisms for platelets,
and most bioactive chemicals that promote physiological
changes in platelets are endogenous. Platelet particles contain
numerous platelet-activating substances that can be used in
hemostatic hydrogels.

3.2. Intervention with RBCs

As the most abundant blood cells, RBCs do not play a signifi-
cant role in the traditional physiology of hemostasis. However,
there is growing body of evidence that RBCs play a role in
hemostasis and thrombosis.'®® Hematocrit and blood flow
conditions are physical manifestations of the procoagulant
effect of RBCs, and a low hematocrit may result in reduced
significant thrombosis."®” Moreover, RBCs are associated with
many cells or molecules that perform hemostatic functions. For
example, RBCs adhere on the endothelium of the vessel wall
under certain conditions,'®® direct cellular contact of RBCs
with platelets and promotion of thrombosis,’*® a fibrin-
related aggregation of RBCs,***°! and the regulation of formed
clots and thrombi in vivo by RBCs.>*> More detailed mechan-
isms have been revealed in the following reviews.?>%*2%
Hydrogels interfere with red blood cells in three ways:
electrostatic interactions,”® including bioactive chemicals,
and supplying attachment sites.>*> We have listed some studies
that can interfere with red blood cells in a table (Table 3).

3.3. Intervention with the coagulation cascade

The coagulation cascade reaction is the main element of
secondary hemostasis in the coagulation mechanism, and this
reaction is a critical event in the massive production of throm-
bin (Fig. 7). Hydrogels can interfere with the physiological
processes of the coagulation cascade by affecting the levels of
coagulation factors or other substances in the wound environ-
ment. The number of hemostatic hydrogels able to intervene in
the coagulation cascade has expanded steadily in recent years.
These investigations have heavily relied on the precise chemi-
cals loaded for their intended purpose. This review describes
these hydrogels according to three perspectives: initiation of
the intrinsic pathway,?°® addition of coagulation factors, and
addition of bioactive substances.

3.3.1. Initiation with the intrinsic pathway. The coagula-
tion cascade is an autocatalytic reaction between coagulation
factors. The specific process automatically activates more post-
cascade factors by activating pre-cascade factors. The coagula-
tion cascade is currently separated into intrinsic and extrinsic
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Table 3 Hydrogels that promote hemostasis by interfering with red blood cells
Verification
Materials Mechanisms Functional substance Methods Ref.
Silk fibroin/chitosan Electrostatic interaction The amino groups of chitosan BCI 256
Catechol-modified oxidized hyaluronic acid/ami- Electrostatic interaction The amino group in aminated gelatin — 257
nated gelatin/Fe**
N-Citraconyl-chitosan/acrylates/arginine Electrostatic interaction Chitosan/arginine — 258
Chitosan/gelatin/polyvinyl alcohol Electrostatic interaction Chitosan BCI 259
Gelatin/dextran/ethylenediamine Electrostatic interaction Ethylenediamine BCI/SEM 260
3-Carboxy-phenylboronic acid/gelatin/poly(vinyl — Electrostatic interaction 3-Carboxy-phenylboronic acid BCI/SEM 261
alcohol)
Sodium alginate/hemoglobin/carbon quantum dots Addition of bioactive substances Sodium Iginate/hemoglobin BCI/SEM 34
Hydroxybutyl chitosan/chitosan/dopamine Addition of bioactive substances Dopamine SEM 262
Dopamine/modified poly(l-glutamate) Addition of bioactive substances Dopamine Red blood cell 263
attachment/BCI
Porcine acellular dermal matrix Addition of bioactive substances Extracellular matrix BCI 264
Gelatin methacrylate/adenine acrylate/CuCl, Addition of bioactive substances Gelatin — 265
Carboxymethyl cellulose/dopamine Provision of attachment sites Dopamine BCI/SEM 186
Four-armed benzaldehyde-terminated poly- Provision of attachment sites Dodecyl-modified chitosan — 187
ethylene glycol/dodecyl-modified chitosan/vas-
cular endothelial growth factor
Short peptide RG-5/halloysite nano-tubes/Algi-  Provision of attachment sites Halloysite nano-tubes — 266
nate/gelatin
Poly(vinyl formal) Provision of attachment sites Poly(vinyl formal) — 267
Catechol derivatives/gelatin derivatives/ureido-  Provision of attachment sites Ureido-pyrimidinone BCI 268

pyrimidinone

(BCI: blood-clotting index; SEM: scanning electron microscope)

Endothelium

Fig. 7 The coagulation cascade. The intrinsic pathway begins with FXlla (F refers to factor, a refers to activated), and then FXI is activated; then FIX is
activated, and FVllla activates FX along with FIXa, and the latter two reactions require the involvement of calcium ions. The extrinsic pathway begins with
the formation of a complex between FVII and tissue factor (TF); then FIX and FX are activated by the complex, and FIXa binds to FVllla and activates FX,
leading to the convergence of the intrinsic and extrinsic pathways. FXa can form a prothrombinase complex with FVa in the presence of calcium ions, and

eventually fibrin is formed.
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pathways.**” Blood is the source of all coagulation factors in the
intrinsic pathway.>°® It is typically triggered by contact between
negatively charged surfaces or collagen and blood.**® Coagula-
tion factor FXII (a serine protease produced in the liver)*'® is
activated to FXIIa (F refers to factor, a refers to activated) upon
binding to the surface of a foreign body, which then triggers a
subsequent cascade reaction. The extrinsic pathway is initiated
by external TF.>"* These two reactions converge when thrombin
is formed.”"” Thrombin then catalyzes the generation of fibrin
from fibrinogen, increasing the platelet thrombus’s stability.
Physiological mechanisms of the intrinsic pathway have
inspired several recent studies on hemostasis.

Substances of biological origin can activate intrinsic path-
ways via FXIIL. Silk proteins were thought to be capable of
initiating the endogenous coagulation pathway by activating
FXIL>" Bai et al.'® combined TA with silk protein, and this
hydrogel can stop the bleeding in a rat liver hemorrhage model
with a blood loss of only 35.2 + 8.6 mg. HLC is also similar to
collagen, an artificial substance synthesized from human col-
lagen cDNA fragments.>'* Shang et al.>'®> synthesized a hemo-
static hydrogel using HLC and investigated the HLC effect on
the initiation of the coagulation cascade. The kit measured the
amount of FXII, and the results showed that the FXII secretion
was significantly increased in the liver wounds of the hemor-
rhage model in the experimental group. This hydrogel design
strategy is thought to promote hemostasis by increasing FXII.

Some studies have also initiated intrinsic pathways through
some negatively charged substances. Kappa carrageenan was
used as a coating for the starch/cellulose nanofiber system, and
the results of in vitro coagulation experiments showed that this
strategy achieved lower BCI values. The authors concluded that
the negative charge on the hydrogel surface promoted the FXII
activation, further enhancing the hydrogel’s coagulation function.
Nonetheless, a more conclusive investigation of the source of the
negative charge on the hydrogel surface must be conducted.*'®
Besides, synthetic silicate nanoplatelets have also been used to
initiate coagulation cascades due to their negatively charged
surfaces."*®*'” Gaharwar et al.'’® used gelatin as a substrate to
piggyback synthetic silicate nanoplatelets. The results of in vitro
coagulation experiments showed that the clotting time of this
hydrogel was reduced by up to 77% compared to the control
group. Furthermore, mesocellular silica was also used in the study
due to its similar properties.®">*® Notably, the FXII-mediated
coagulation cascade is not triggered at low MCF concentrations.
Besides, kaolin (the main component is aluminum silicate) can
also initiate the coagulation reaction by activating FXII and has
been used to make hemostatic hydrogels.>*®*°

Hydrogels can promote hemostasis by activating the intrin-
sic pathway of the coagulation cascade through FXII. However,
some studies only intervene in the coagulation cascade and do
not activate platelets. The coagulation cascade is a series of
protein hydrolysis reactions on the activated platelets’
surface.””® It must be determined whether hydrogels that
merely intervene in the coagulation cascade will result in
insufficiently activated platelets, diminishing their ability to
promote hemostasis.

This journal is © The Royal Society of Chemistry 2024
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3.3.2. Addition of the coagulation factor. The coagulation
factor is a general term for more than ten species of substances
directly involved in coagulation. The coagulation cascade aims to
produce thrombin and promote fibrin formation. Facilitating
the accelerated synthesis of thrombin at a faster rate has been a
difficulty for hemostasis materials. By skipping some earlier
steps in the coagulation cascade, the direct injection of coagula-
tion factors may allow the reaction to proceed more quickly.
Hydrogels can promote hemostasis by releasing coagulation
factors, accelerating the coagulation cascade. Ca®* (FIV) is an
essential component of the prothrombinase complex®*® and is
vital in the coagulation cascade and plays a significant role in the
coagulation cascade. Adding Ca®" to hydrogel systems is rela-
tively easy. Currently, the most common coagulation factor used
in functional hemostatic hydrogels is Ca**.**'

In research on hemostatic hydrogels with added CacCl,, the
absorbance of the hydrogels in the experimental group
increased and then declined with increasing Ca** concen-
tration, indicating that the hydrogels’ hemostatic capacity
increased and then reduced.®® The authors concluded that
the reason for this phenomenon is that the formation of blood
clots increases with increasing Ca®>" concentration, which hin-
ders the Ca®>' release within the system. Therefore, hydrogels
with this hemostatic function must be used with attention to
uniform Ca** release. Cheng et al.>**> added nanoscale Ca (OH),
to carboxymethyl chitosan, a sodium alginate-based system
formed through ion cross-linking, aiming to solve the contra-
diction between the stable preservation and rapid release of
Ca”". The results show that Ca(OH), formed under alkaline
conditions can stably store more Ca®". The authors concluded
that the acidic blood flowing from the wound further promoted
the rapid release of Ca®>" from Ca(OH),.

Current methods of hydrogel intervention in the coagulation
cascade must be significantly improved. The coagulation cas-
cade is a complicated reaction involving dozens of
components*** and offers various hydrogel intervention sites.
However, current studies are limited to initiating the reaction
or adding a single coagulation factor, which may be limited by
technical conditions. It should be noted that more than just
relying on Ca*" alone may be required to accelerate the coagu-
lation cascade. The addition of more clotting factors may be a
more efficient approach.

3.3.3. Addition of bioactive substances. Some hydrogels
are designed to accelerate hemostasis by adding bioactive
substances that promote the coagulation cascade. Most bioac-
tive substances are associated with cells that secrete coagula-
tion substances during the coagulation process, such as
poly(phosphate) (PolyP), DNA, or some amino acid chains.
Among them, PolyP has recently attracted increasing attention.

PolyP is a macromolecule composed of repeating phosphate
units.>***2> Human platelets contain this bioactive substance,
and PolyP is associated with FXI activation. The polymerization
degree also influences the physiological effects of PolyP.>?¢>2®
PolyP can be added by coupling to a hydrogel backbone without
a substrate. Chen et al.**® combined polyP with poly(aspartic
hydrazide) (PAH) to form a novel hydrogel that reduced blood
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Fig. 8 Quaternized hydroxyethyl cellulose and mesocellular silica foam-based hydrogels for hemostasis. (a) Schematic diagram of a hydrogel that
promotes hemostasis by concentrating blood, attracting red blood cells and platelets and activating coagulation factor FXII. (b) Schematic diagram of
hydrogel attracting red blood cells and platelets. (c) Hemostatic behavior of hydrogels in a rabbit liver injury model. (d) Hemostasis time and blood loss in
rabbit liver injury models, blood clotting indexes (BCI) of various hydrogels in vitro experiments. Reprinted from ref. 67 with permission.8* Copyright 2019

American Chemical Society.

loss in rabbit ear arteries by 71.2% and hemostasis time by
68.6%. A hydrogel loaded with PolyP was synthesized,**° and
the results of in vivo testing showed a 69.96% reduction in
hemostasis and a 74.79% reduction in hemostasis time in the
treated group. Moreover, in a study on HA-based hemostatic
hydrogels,”*! the PolyP introduction increased the clotting rate,
an indicator of clot mechanical strength, by 1.5-fold. The
authors concluded that PolyP accelerates fibrin clot formation.
The fibrin clot is among the end products of the coagulation
cascade and is indirect evidence of the physiological effects of
PolyP. Cao et al.>®* synthesized a PolyP/TA hydrogel, and the
BCI values of all the hydrogels in the experimental group
containing PolyP were less than 20%. Blood loss in the experi-
mental group’s mouse hepatic hemorrhage model was just 10%
of the blank groups. The above results demonstrated the
procoagulant properties of PolyP.

DNA is also used in hydrogels to promote hemostasis. For
example, TA was used as a substrate, and DNA was added to
synthesize a hemostatic hydrogel.'** The in vivo hemostasis test
showed that this hydrogel could stop bleeding in the mouse
liver in approximately 53 s, while the blank group required
about 133 s. However, a fully DNA-based hydrogel lacked
procoagulant action, indicating that the idea that DNA pro-
motes hemostasis requires further exploration.>*

In recent years, several new materials have evolved, includ-
ing short peptides. Some short peptides have hemostatic
action. For example, the ideal amphipathic peptide (IAP), a
combination of leucine and lysine residues, has been used to
prepare functional hemostatic hydrogels. Charbonneau et al.>**
synthesized a novel hydrogel using IAP and quantified FIX, FX,
and thrombin using ELISA kits. Specifically, IAP promoted the
activity of these essential molecules in the coagulation cascade.
The in vivo results showed that this hydrogel was effective in
hemostasis in various hemorrhage models. A modified chito-
san backbone was used to carry I3QGK, an ultrashort peptide
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with hemostatic activity, to form a hydrogel.'®* Interestingly,

the hydrogel could cause a rapid loss of fresh whole blood
fluidity when the concentration of I3QGK was maintained
above at least 5.03 mg ml~ ', demonstrating the extreme pro-
coagulant ability of the hydrogel.

As a cascade reaction, the coagulation cascade comprises
multiple components and is simple to initiate. The addition of
bioactive chemicals makes hydrogels a prospective option for
interfering with the coagulation cascade.

4. Synergistic hemostasis

The effect of promoting hemostasis by a single procoagulant
mechanism may be limited. In recent years, some high-level
studies have promoted hemostasis in physical and physiologi-
cal ways, which is a better solution.?"'%233236

Hydrogels can have several procoagulant characteristics and
induce hemostasis through a synergistic action. Typically, these
hemostatic hydrogels exhibit significant swelling or tissue
adherence. Besides, they can also interfere with blood cells
and coagulation cascades. (Fig. 8) For example, in a hemostatic
study, a hydrogel with synergistic hemostatic function can
increase hemostatic substances’ concentration, adsorb, and
activate platelets, attract RBCs, and activate coagulation factor
FXII, which all contribute to the excellent hemostatic effect. In
addition, we have listed some studies (Table 4). It is worth
mentioning that promoting hemostasis by exerting synergistic
effects may be the future development direction of hemostatic
hydrogels.

5. Conclusion and outlooks

Stopping uncontrollable bleeding is challenging in high-risk
environments like battlefields, disasters, and operating rooms.

This journal is © The Royal Society of Chemistry 2024
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The mouse liver trauma model; the mouse liver incision 143.9 £ 60.3 mg (liver trauma); 207 £+ 19.3 mg 38

The rat tail amputation model; the ovine liver laceration reduced by 12 minutes on average (ovine liver)
model; the mouse-tail amputation model

model; the rat-tail amputation model; the rat-liver injury 60 + 11 s (tail)
model

model
The mouse-tail amputation model; the mice-liver injury

model

Concentration of blood; intervention with blood cells; inter- The rat-tail amputation model; the rabbit-liver lethal

vention with coagulation cascade

The rat-tail amputation model

Animal models
defect model
model

Concentration of blood; intervention with blood cells; inter- The mice-liver trauma model; the mice-tail amputation

Concentration; physical barrier; intervention with blood cells; The rabbit-ear artery model; the rabbit-liver bleeding
vention with coagulation cascade

Physical barrier; provide attachment sites; intervention with The mouse liver hemorrhage model
intervention with coagulation cascade

RBCs; intervention with coagulation cascade
Concentration of blood; physical barrier; Intervention with ~ The rat liver puncture model

Physical barrier; intervention with blood cells
Intervention with palates; physical barrier

Concentration of blood; physical barrier

Procoagulant mechanisms

platelets

Table 4 Hydrogels that promote hemostasis through synergistic action

Bletilla striata
polysaccharide
Cellulose
Gelatin
Polyacrylamide
Polyethylene

glycol
Chitosan

Materials
Chitosan
Alginate
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0.037 mg (liver); greatly decreased blood loss 273

compared to the blank group (1.08 g)

41.1 £ 15.2 mg

The mouse hemorrhaging liver model; the mouse heart

bleeding model

Physical barrier; intervention with RBCs

Poly(ethylene

glycol)

274

The mouse liver bleeding model

Physical barrier; concentration of blood

Poly(ethylene

glycol)
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Traditional means of hemostasis are difficult to meet the need for
hemostasis due to several drawbacks. Therefore, there is a need to
develop materials that promote hemostasis. Recently, polymeric
materials, particularly hydrogels, have shown great potential for
hemostasis. However, commercially available hemostatic hydro-
gels are insufficient in stopping bleeding quickly and have a
limited range of application. Therefore, these materials cannot
satisfy emergency situations’ hemostatic needs and unique groups’
needs. Numerous functional hemostatic hydrogels capable of
promoting hemostasis through several procoagulant processes
have been produced by researchers. This review describes several
procoagulant mechanisms of hydrogels: First, hydrogels can
change the physical forms of the blood or tissue near the wound
to create conditions for hemostasis. The physical forms include
hemostatic substances’ concentration, wound shapes, and the
adhesion location of procoagulant substances. To achieve these
functions, hydrogels with a porous structure, hydrophilicity, swel-
ling, mobility, or tissue adhesion are required. Second, hydrogels
can directly promote hemostasis by intervening in the physiologi-
cal mechanisms of hemostasis. RBCs, platelets, and the coagula-
tion cascade are crucial for the physiological processes of
hemostasis. Achieving these functions requires hydrogels with
surface charge, large surface area, or the ability to load multiple
bioactive substances. Finally, hydrogels can exert physical and
physiological procoagulant functions through synergistic effects.
In conclusion, the existing hydrogels are comprehensive in their
procoagulant mechanisms and exhibit excellent hemostatic ability.

However, there are still areas for improvement in the design
and development of hemostatic hydrogels. First, the high
increase in hemostatic substances’ concentration may result
in wound drying or excessive blood loss, rendering the hydrogel
inappropriate for use in young children with low blood volume.
It is crucial to select a more effective physiological procoagulant
mechanism to develop a hydrogel. Second, some hydrogels are
difficult to remove, leading to secondary injury or bleeding.
Therefore, selecting more appropriate interactions between
tissue and hydrogel is necessary when enhancing tissue adhe-
sion. Third, some hydrogels compress the wound causing
discomfort, so it is necessary to improve the shape adaptability
of the hydrogel. Fourth, hydrogels that solely intervene in the
physiological process of hemostasis may face challenges in
stopping bleeding in coagulation-problem patients success-
fully. Therefore, synergistic hemostasis may represent the
future of hemostatic hydrogel development.

In conclusion, elucidating the procoagulant mechanism
may provide ideas for improving functional hemostatic hydro-
gels. Furthermore, more interventions in the physiological
process of hemostasis may provide additional opportunities
for the development of functional hemostatic hydrogels.
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