
Engineered Hemostatic Biomaterials for Sealing Wounds
Hossein Montazerian, Elham Davoodi, Avijit Baidya, Sevana Baghdasarian, Einollah Sarikhani,
Claire Elsa Meyer, Reihaneh Haghniaz, Maryam Badv, Nasim Annabi,* Ali Khademhosseini,*
and Paul S. Weiss*

Cite This:https://doi.org/10.1021/acs.chemrev.1c01015 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT:Hemostatic biomaterials show great promise in wound control for the
treatment of uncontrolled bleeding associated with damaged tissues, traumatic wounds, and
surgical incisions. A surge of interest has been directed at boosting hemostatic properties of
bioactive materialsvia mechanisms triggering the coagulation cascade. A wide variety of
biocompatible and biodegradable materials has been applied to the design of hemostatic
platforms for rapid blood coagulation. Recent trends in the design of hemostatic agents
emphasize chemical conjugation of charged moieties to biomacromolecules, physical
incorporation of blood-coagulating agents in biomaterials systems, and superabsorbing
materials in either dry (foams) or wet (hydrogel) states. In addition, tough bioadhesives are
emerging for e� cient and physical sealing of incisions. In this Review, we highlight the
biomacromolecular design approaches adopted to develop hemostatic bioactive materials.
We discuss the mechanistic pathways of hemostasis along with the current standard
experimental procedures for characterization of the hemostasis e� cacy. Finally, we discuss
the potential for clinical translation of hemostatic technologies, future trends, and research
opportunities for the development of next-generation surgical materials with hemostatic properties for wound management.
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1. INTRODUCTION

Excessive bleeding and hemorrhaging present major challenges
to and burdens on the healthcare system.1 Many underlying
conditions cause bleeding-related morbidity and mortality. The
reported death rate associated with trauma is� 30Š40%.2 In
cardiac surgery as well as in percutaneous coronary inter-
ventions, 7% hemorrhaging has been reported.2 The mortality
rate in elective vascular patients is up to 20%.2 Current
techniques to treat surgical and trauma wounds, including
compression of open wounds with absorbable textiles, fail to
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stop heavy bleeding e� ciently.3 To prevent complications
associated with bleeding, current surgical toolboxes o� er
solutions for wound management based on hemostatic gauzes,
tissue adhesives, and sealants.4 Surgical materials promote blood
coagulation using hemostatic biomaterials that can also provide
adhesion to tissue surfaces.5 Apart from bleeding wounds,
hemostatic materials could provide improved treatment
strategies for vascular hemorrhagingviaendovascular emboliza-
tion, where blood vessels are� lled with a biomaterial to avoid
tissue rupture. The current standard coil embolization method
involves the insertion of a coil-shaped metal wire to induce
blood clotting, which is ine� cient in the case of patients
su� ering from coagulopathic diseases.6 It is of the utmost
importance to understand the hemostasis mechanisms and
suitable material platforms for the design of functional
hemostatic biomaterials.

Hemostasis can be achieved through di� erent mechanisms
including: (i) physical adhesion to the tissue, (ii) chemical (such
as electrostatic) interactions and bonding with coagulation
factors, and (iii) absorption of plasma. Physical sealing of
bleeding wounds with strong bioadhesives7 without the need to
trigger the coagulation cascade is one of the highly favored
approaches for hemostasis.8,9 Hemorrhage control using
bioadhesives may lower the risk of thrombus formation in
blood veins. However, most of the strongest bioadhesives are
made of synthetic polymers. Synthetic tissue adhesives, such as
cyanoacrylates, are prone to cytotoxicity and triggering immune
responses.10,11Other drawbacks and complications reported for
the cyanoacrylate-based adhesives involve exothermic polymer-
ization,12,13 which leads to tissue burn, high sti� ness14

(mismatching the soft skin or other tissue), and poor resistance
to dynamic deformation.15 Natural bioadhesives are less prone
to cytotoxicity and immune response. However, examples such
as� brinogen bioadhesives su� er from limited donor sources and
pose the risk of viral transmission.1,16

In addition to physical sealing, hemostatic properties can be
achieved by introducing hemostatic agents within the hydrogel
matrices to trigger the blood coagulation cascade and accelerate
blood clot formation.3 One example of this approach involves
adding charged functionalities and additives such as nanoclays
that trigger the coagulation cascade.17,18 Incorporation of such
hemostatic agents, however, raises the risk of release into the
vascular system, which can result in the uncontrolled formation
of blood clots in distant blood vessels.19Therefore, it is essential
to employ material design strategies to avoid unwanted
systematic release into the circulatory system.

Fluid absorption is another driving factor to establish
hemostasis in wound control. As a traditional example, gauzes
are extensively used as wound dressings to treat bleeding
wounds due to their high absorptivity. The use of gauzes,
however, is limited to topical wounds, and in many cases, they
lead to unwanted adhesion to the wound site. Therefore, gauzes
are associated with delayed wound healing compared to their
hydrogel counterparts. Swellable hydrogels can absorb blood
plasma to concentrate blood clotting factors locally and to
trigger the coagulation process.20 Injectable hydrogels provide
versatile platforms for chemical functionalization and mechan-
ical tunability.21 However, the blood clotting time scale for dry
wound dressings is generally shorter than that for hydrogels.22,23

As a result, ongoing research seeks e� ective biomaterial design
strategies for bleeding management using injectable hydrogels
with particular attention to their wet tissue adhesive properties.

This Review provides insights into designing novel hemostatic
materials with a focus on the selection of materials, their
syntheses, and the mechanisms by which they trigger
coagulation (Figure 1). We include in-depth discussions of the

materials and methods used in hemostasis and in the
introduction of hemostatic properties into biomaterials. First,
we provide a brief overview of the natural coagulation cascade
and experimental methods related to the measurement of the
hemostatic properties. Then, we describe the materials and their
corresponding molecular mechanisms for blood coagulation.
We introduce the commercially available hemostatic agents
along with their limitations and discuss their hemostatic
applications in surgical settings. Finally, we describe the
challenges and opportunities ahead for further research in
hemostatic wound control.

2. FUNDAMENTALS OF HEMOSTASIS

2.1. Coagulation Cascade

Blood clot formation is a spontaneous and natural response of
the body during bleeding.24 This process starts with initial
hemostatic activation (primary hemostasis) where platelets
aggregate at the bleeding site to form a platelet plug.
Subsequently, as represented inFigure 2, coagulation factors
are released to augment blood clot adherence to the
subendothelial matrix (secondary hemostasis). At this stage,
both intrinsic and extrinsic coagulation pathways are collabo-
ratively activated to form the primary platelet plug. The extrinsic
pathway is triggered by exposure to tissue factors due to vascular
damages or trauma, where factor VII is� rst activated in the

Figure 1.The process of hemostatic biomaterial design. Natural and
synthetic macromolecular backbones have intrinsic hemostatic proper-
ties. They can also be functionalized with hemostatic agents/functional
groups (gray circles). Hemostatic properties can be establishedvia
active mechanisms, where chemical interactions and reactions with
blood components can trigger the coagulation cascade. Hemostasis can
also be achieved by physical adhesion and the sealing properties of
adhesive hydrogels as well as by body� uid uptake in hemostatic
absorbents, which concentrates blood components.
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presence of calcium ions.25 The intrinsic pathway is triggered
through the activation of factor XII due to surface damage
through negative charges present on the damaged tissue surface.
Both pathways follow a complex series of chemical activation of
the coagulation factors that eventually merge to activate factor X.
Finally, activated factor X cleaves prothrombin into thrombin,
which turns� brinogen into� brin and initiates� brin polymer-
ization at the injury site while calcium ions and factor XIII
precipitate to reinforce the platelet plug. Sometimes, this process
fails to stop the bleeding inpatients with regeneration
disabilities, e.g., due to the aging process26 and hemophilia,27

or infections, such as those reported in COVID-19 patients.28As
a result, an external agent is sometimes required to control the
bleeding and to aid the healing process.

2.2. Mechanisms of Action in Hemostatic Materials

Hemostatic materials actively in� uence either the initial or
secondary blood clotting process (active hemostasis), as shown
in Figure 1. Active hemostatic materials contribute to (i) the
coagulation cascade steps for the activation of platelets, (ii) the
activation of coagulation factors, and/or (iii) the aggregation of
platelets and red blood cells (RBCs). Hemostasis is mainly
achieved using physical and chemical interactions established
between the hemostatic material and these biomolecules.3

Physical hemostasis can be achieved by rapidly and securely
sealing o� the bleeding before clot formation occurs (passive
hemostasis).29

Platelet adhesion/aggregation can be triggered through
di� erent material properties including hydrophobicity, crystal-

linity, and most commonly, surface charge and energy.1,30,31The
activation of platelets increases with negative charge density,
such as with urethanes and inorganic metal oxides having
negative charges on their surface (e.g., silica). As an example, the
negative charges of alginate biomolecules activate factor XII and
can potentially promote fast blood clotting.32 Cationic charges
also promote hemostatic activity (e.g., nonsterically hindered
tertiary amines)3 by adhering to platelets. For instance, positive
charges on chitosan (CS) macromolecules cause platelet
adhesion through charge interactions.33 The release of the
clotting factors is another means to achieve hemostasis. We note
that active hemostasis is susceptible to systemic thromboses or
emboli.30 The implementation of a passive mechanism of
coagulation through surface modi� cation with proteins and
platelets is more useful and e� cient for hemostatic applica-
tions.34 Chemical bonding with protein molecules participating
in the coagulation process can be used to bind platelets or RBCs
or to activate coagulation factors. For example, oxidization of
polysaccharides yields aldehyde groups; these aldehyde groups
can chemically bind to the free amino groups present on proteins
and cells in blood (leading to reactions such as Schi� base
formation) to trigger coagulation.35

Swelling of hydrogels can interfere with mechanical
adhesion.36,37 However, swelling can accelerate the formation
of the blood clot through the concentration of the RBCs and
blood coagulating factors as a result of blood plasma
absorption.38 Plasma absorption is also the basic mechanism
of action for mineral additives, such as silicates, alongside the
above-mentioned electrostaticcontributions. Conventional

Figure 2.Schematic representation of the complex blood coagulation cascade. Upon the formation of an injury to blood vessels, the coagulation
cascade is triggered by activation of the intrinsic and extrinsic pathways of coagulation. Damaged tissue exposes tissue factor to the blood that leads to
activation of factor VII and platelets. This process causes sequential activation of the other factors that eventually result in the polymerizationof � brin
initiated by the activated thrombin in the blood and� nally aggregation and adhesion of platelets at the site of injury. Reproduced with permission from
ref1. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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cotton gauzes trigger blood coagulation by wicking blood
plasma� uid due to their hydrophilic porous structure.39 Excess
blood absorption by medical gauzes, however, is associated with
signi� cant blood loss and morbidity, and therefore, hydro-
philicity and hydrophobicity (e.g., by introducing long alkyl
chains onto the textile surfaces39) must be balanced.
2.3. Experimental Approaches for the Characterization of
Hemostatic Materials

A diverse range of experimental methods has been used to
characterize di� erent aspects of the hemostatic properties in
biomaterials. These aspects include cytotoxicity studies,
hemostatic performance, physical characterizations (e.g.,
adhesion, swelling, mechanical, and rheological properties),
and studies to understand the hemostasis mechanism. As a part
of the cytotoxicity studies in addition to the standard live/dead
assays, hemocompatibility is one of the basic assessments
wherein the percentage of hemolysis is quanti� ed. In this test, a
diluted suspension of RBCs is exposed to the biomaterial, and
following an incubation period, absorbance values (optical
density, OD) are measured using a plate reader. When saline and
Triton X-100 solutions are used as the negative and positive
controls, respectively, the hemolysis percentage can be
calculated usingeq 1:40

=
Š

Š
hemolysis

OD OD

OD OD
sample negative

positive negative (1)

A wide variety of testing procedures has been implemented to
assess hemostatic properties from which suitable methodologies
are selected on the basis of the targeted form and application of
hemostatic materials. Blood clotting assays can be used to
quantify the time required for blood clot formation and to
provide information on the hemostatic mechanisms. Blood
clotting time is measured as the time when the blood and
hemostatic material do not� ow if both are tilted or� ipped in the
vial.41 Real-time monitoring of blood clot formation is feasible
by performing rheological measurements under oscillatory
modes42 as well as measuring the changes in the electrical
conductivity of the blood.43 One way to perform blood clotting
assays is to expose the hemostatic biomaterial to a fresh whole
blood source (which can be drawn from either human or animal
sources) for a predetermined period to hemolyze the free
erythrocytes. The hemostatic e� ect of the material can be
measured by the absorbance of hemoglobin at a wavelength of
540 nm.44,45 A second approach is related to the ability of the
material to induce thrombus by placing the biomaterial into well
plates and adding the whole blood on top.46 Then, at certain
time increments, the blood is diluted and its absorbance is
measured at 540 nm. The blood clotting index (BCI) is de� ned
to describe the hemostasis e� ect according to47

=
A
B

BCI
(2)

whereAandBare the absorbance of the blood after exposure to
the sample and the citrated blood at 540 nm, respectively. The
lower the BCI, the higher is the blood coagulation activity.
Platelet adhesion can be demonstrated to show a hemostatic
e� ect by exposing the hemostatic material to the extracted
platelets from whole blood for a speci� ed period. After that, the
platelet-treated samples are washed, and the adhered platelets
are subsequently lysed using Triton X-100.44Collected platelets
are then seeded to measure their lactate dehydrogenase activity
at 450 nm. Platelet adhesion has also been characterized by

scanning electron microscopy (SEM) studies with the platelets
adhered to the hydrogel material.47 Initially, the material is
treated with the platelets extracted from the whole blood and
cultured on the surface of the materials in an incubator. Later,
the treated surfaces are washed to remove the nonadherent cells,
and then, the released lactate dehydrogenase (LDH) is
measured. Finally, the cells can be� xed for SEM imaging and
visualization purposes. Protein absorption is another assay of the
thrombotic property and can be measured through a batch
contact method.48This assay also gives valuable information on
the degree of the intrinsic thrombosis and hemocompatibility of
the materials.49 Samples are normally soaked in phosphate-
bu� ered saline (PBS), allowing them to swell; then, they are
soaked in a bovine serum albumin (BSA) solution.48

Subsequently, the supernatants are analyzed using the
absorbance at 280 nm to measure the residual BSA in the
solution. The absorbed protein is calculated usingeq 3:48

=
ŠC C

w
Vadsorbed BSA 0 a

(3)

wherew is the weight of swollen hydrogels,C0 andCa are the
BSA concentrations before and after adsorption, respectively,
andV is the volume of the BSA solution. Higher antithrombic
e� ects are associated with lower BSA absorption values that
correspond to greater BCI and lower levels of hemolysis.50 The
amount of generated thrombin44 as well as the� brinogen
adhesion is also measurable using the enzyme-linked immuno-
sorbent assay (ELISA) method. For the former, thrombin
generation is stopped using a sodium citrate solution after the
sample is immersed in whole blood for a speci� ed period. For
the latter, the samples are placed in horseradish peroxidase
(HRP)-conjugated goat antihuman� brinogen to undergo an
enzymatic reaction. Then, a stop solution is used at speci� c time
points, ceasing the reaction; absorbance at 450 nm (OD)
measures the human� brinogen (Hfg) fromeq 4:47

= × + ×Š Šadsorbed Hfg 4.154 10 OD 4.404 103 5
(4)

Care should be taken when choosing time point-basedin vitro
models as the lag time due to sampling processes may cause
inconsistent blood exposure times when running multiple
samples together. Furthermore, donor to donor variation of
blood sources used forin vitrostudies can be a major source of
error leading to nonrobust results, which should be carefully
addressed in experimental procedures. In general, the diversity
of the hemostatic tests and the lack of standardized methods
have made it di� cult to compare di� erent studies in the
literature.

Similarly,in vivotests can be implemented for testing and
understanding materials’ hemostatic behavior. The bleeding
experiment is a popular approach where the amount of blood is
collected after making an incision (into, e.g., the liver or an
artery), followed by treatment with the hemostatic material.51

The evaluation of hemostatic propertiesin vivois mostly limited
to tissue incision models. Further expansion of the hemostatic
characterizations on the animal disease models52 with hemo-
stasis disabilities such as diabetes is required to elucidate the
hemostatic function under abnormal conditions.

Various physical characterizations have been implemented to
quantify other aspects of the hemostatic properties. For instance,
swelling tests in the presence of water/blood media can
elucidate the contributions of absorption toward the hemostatic
behavior of the materials. Various adhesion tests can be de� ned
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to evaluate the capacity of the biomaterials to seal open wounds.
Furthermore, mechanical and rheological tests are essential to
ensure su� cient cohesion and matching with the target tissue.

3. HEMOSTATIC MATERIALS AND REAGENTS

As described above, the physical and chemical properties of the
materials can be modi� ed to add hemostatic properties to the
materials. Although some hydrogels intrinsically encourage
blood coagulation on the basis of the chemistry of the
constituent molecules, additives can also be used to tune their
interactions with blood. To introduce such interactions, natural
hemostats and synthetic materials have been engineered using
di� erent methods and processed through various fabrication
procedures to shape them in speci� c forms. In general,
hemostatic materials can be found in the form of injectable
hydrogels, wound dressing patches, or particles.53 Injectable
hydrogels are based onin situ cross-linking of prepolymer
solutions upon application to the wound site,54 which enable
� lling complex-shaped voids, full coverage of wounds, and
integration with minimally invasive surgeries.53 Hydrogel beads
also have shown the capacity for injectability55 and demon-
strated the potential for hemostatic applications.41,56,57 Fast
gelation of injectable hydrogels is of great importance to seal the

bleeding area physically.58Š61Wound dressings can be designed
in the form of wet hydrogels,62 dry patches,63 and particles.64,65

Hemostasis in wet hydrogels is mostly based on chemical
interactions with blood plasma, whereas dry patches, in the form
of membranes,66 microneedle arrays,67,68 electrospun mats,69

textiles,70 sponges,71 and cryogels,72 as well as aerogels,73 can
promote hemostasis through both plasma absorption and
interactions with blood plasma components similar to
hemostatic particles. Solutions of hemostatic particles can be
sprayed for easier application on the wound site.5 In the
following sections, di� erent chemical approaches and fabrica-
tion procedures implemented to develop hemostatic materials
are discussed.
3.1. Natural Hemostatic Materials

Natural polymers can be classi� ed into polysaccharide-based
and protein- or peptide-based materials among which� brinogen
has received particular attention. Next, recent advances in
designing natural hemostatic materials are reviewed.

3.1.1. Proteins and Peptides. Peptide and protein
molecules consist of amino acid units with di� erent combina-
tions of electrostatic charges and hydrophobicity, enabling their
physical entanglements74 and chemical interactions75 with
platelets and blood cells for hemostasis. For instance,� -sheet

Figure 3.Examples of hemostatic material designs based on natural polypeptides. (A) Schematic representation of the molecular assembly for keratin/
catechin nanoparticles (KE-NPs) incorporated within a cellulose matrix (i.e., KEC hydrogels). (B) Illustration of blood clot formation in (i) blank
control and (ii) cellulose hydrogel with (iii) 0.5, (iv) 1, and (v) 1.5 wt % keratin content. Reproduced with permission from ref87. Copyright 2018,
Royal Society of Chemistry. (C) The synthesis process of a tissue adhesive based on carboxylated bovine serum albumin (BSA) and citrate acid (BCA)
conjugated with dopamine (referred to as“BCD” hydrogels). (D) Representation of the gelation behavior of the BCD with the addition of Fe3+ and
OHŠ ions. (E) Rat liver bleeding model for the wounds treated with and without BCD hydrogels. Reproduced with permission from ref91. Copyright
2017, Elsevier. EDC, 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide; NHS,N-hydroxysuccinimide.
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amphiphilic peptides designed with various net charges showed
that positively charged peptides could immediately coagulate
platelet-poor plasma (PPP), whereas those of negatively charged
peptides retarded the coagulation process.75 One example of a
peptide-based hemostatic material is RADA16-I, an ionic
nanopeptide, comprising an alternating hydrophobic and
hydrophilic amino acid sequence with both positively and
negatively charged residues.76,77 The RADA16-I forms a
hydrogel with a structured nano� brous architecture under
physiological conditions, which can entrap blood cellsin situand
stop bleeding.74 The application of such nanopeptides for the
prevention of bleeding from parenchyma wounds has been
demonstrated in liver, spinal cord, brain, and femoral artery
models.78 The hemostatic behavior of RADA16-I has also been
studied for the ilium rabbit bone defect model. The advantages
of using RADA16-I as compared with bone wax76are as follows:
(i) RADA 16-I allows osteoblast penetration and (ii) the
concentrated RADA 16-I possesses higher biocompatibility due
to its hydrophilicity. In addition, (RADA)4 is another type of
self-assembling peptides with biocompatibility, neutral net
charge density (implying hemocompatibility), and injectability.
The complete hemostasis time for (RADA)4 was� 15 s under
severe hemorrhagic conditions without any auxiliary hemostatic
agents.78Longer (RADA)4 � bers resulted in larger values of the
storage modulus, leading to the more e� cient control of
bleeding.79 The hemostatic properties of (RADA)4 have been
attributed to the formation of high surface area nano� bers,
leading to strong interactions with plasma proteins.80 The
potential of short peptides for hemostatic applications was
evaluated by a set of pseudoproteins on the basis of poly(ester
amide) (PEA) conjugated with three di� erent cationic short
peptides, namely, RGDK, RRRFK, and RRRFRGDK.81 The
peptide RRRFRGDK conjugated to the hydrogel was
demonstrated to promote hemostatic and antibacterial proper-
ties as well. An extracellular matrix (ECM)-like backbone (i.e.,
poly(L-lysine) (PLL) glycopolypeptide) was modi� ed with
catechol and glucose groups and cross-linked using two di� erent
cross-linking agents, namely, FeCl3 (coordinated cross-linking)
and a horseradish peroxidase (H2O2/HRP) catalytic system
(covalent cross-linking).82 The results suggest superior
hemostatic performance by each cross-linking system (� 6%
blood loss) compared to that of� brin glue; the wounds treated
by the developed hydrogels were fully regenerated with hair
follicles within 14 days. The hemostatic performance was found
to be signi� cantly correlated to micropore size; larger pore sizes
(16Š18� m) were associated with faster hemostasis. In another
study, a PLL backbone was cross-linked with poly(ethylene
glycol) diglycidyl ether (EPPE) in a mild ring-opening
reaction.83 The extraordinarily high swelling ratio of 6300%
resulted in signi� cantly enhanced hemostatic properties
compared to that of commercial gelatin spongesin vivo(rat
tail amputation model).

Keratins are another class of natural proteins that are
hemostatic biomaterials.84 Keratin can induce hemostasisvia
increasing� bril lateral assembly and decreasing plasma clotting
lag times.85 Kerateine nanoparticles (a type of keratin obtained
from human hair through reductive conditions) reduced
bleeding compared to kerateine extracts in liver wound and
tail amputation models.86 These nanoparticles form high
viscosity gels on the wound area, whereas keratin-based
hydrogels possess poor mechanical and rheological properties.
To address this limitation, keratin-based materials were
synthesized in combination with reinforcing components, as

shown inFigure 3A.87KeratinŠcatechin nanoparticles with� 40
nm diameters were integrated into a cellulose-based hydrogel to
improve adhesion and hemostatic properties for fast blood clot
formation (Figure 3B). The hemostatic e� ect originated from
the e� ects of keratin, which activated thrombin and platelet
aggregation. Complete cessation of bleeding was observed
within 2 min in thein vivoliver puncture models. The hemostatic
capacity of keratin, along with its wound healing properties, was
strengthened by conjugating insulin moieties using 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDC)/N-hydroxysuc-
cinimide (NHS) chemistry.88 Insulin is known to trigger cell
migration and accelerates re-epithelializationvia enhanced
angiogenesis.89 The insulin-conjugated keratin formed a gel
when added to water through the formation of hydrophobic
interactions and disul� de and hydrogen bonds.In vivoliver
bleeding models showed signi� cant decreases in clotting time
for the insulin-conjugated keratin compared to keratin.

The hemostatic capacity of decellularized ECM as a
biocompatible hemostatic agent has been explored.90 Decellu-
larized ECM-based hydrogel with a swelling ratio of� 90Š95%
was prepared using EDC cross-linkers. Hemostasis time in rat
tail and artery models was reduced to� 120 s (controls with no
cross-linking showed� 350 s clotting times). Hemostatic
properties were attributed to high absorption and a large
amount of collagen in the decellularized ECM, leading to
thrombin formation and platelet activation. In a recent study,
BSA was used as a backbone to develop a mussel-inspired
hemostatic adhesive hydrogel (Figure 3C).91 First, to augment
the carboxyl sites needed to graft dopamine (DA) onto the BSA
backbone, citrate acid was used to convert primary amine groups
to carboxyl moieties. This process blocked the primary amines
to avoid self-cross-linking during the EDC/NHS-induced
conjugation of DA to BSA. Finally, hydrogels were cross-linked
by adding Fe3+ ions and subsequently OHŠ ions through the
catecholŠcatechol interactions (Figure 3D). The rheological
behavior showed a 20Š30 min time-to-plateau until full gelation
was obtained, which represents a favorable curing time for
practical surgical conditions. Although it provides weak bonding
initially, it allows the surgeon to adjust the tissue properly before
the full curing time. The potential applicability of the hydrogel to
act as an adhesive hemostatic material was demonstrated by 10-
fold improvement in adhesive strength compared to� brin glue.
In vivoexperiments using the liver bleeding model showed that
blood loss in the models treated with the hemostatic material
was reduced to 4% of that of the control models (Figure 3E).

3.1.1.1. Silk Fibroin.Silk� broin (SF) derived fromBombyx
moriis a heavy protein connected through disul� de bonds. Due
to their biocompatibility and minimal in� ammatory responses,
SF-based hemostats have attracted much attention.92 The SF
hydrogels can be physically cross-linked as they transition to
their secondary structures, i.e., hydrophobic� -sheet formation
viapH, temperature, and solvent composition.93The formation
of such secondary structures is associated with stronger cross-
linking and adhesion as well as low aqueous swelling, making SF
a good candidate for internal wound control.94A powder-based
low molecular weight SF hemostat processed by hydrolysis of SF
at 50 °C signi� cantly promoted blood clottingin vitro.95

Composites of SF with cellulose covalently cross-linked in urea
and NaOH solutions were developed and followed by a pH
neutralization process using a CO2 gas injection process (to
aggregate cellulose chainsvia hydrogen bonding).96 The
obtained hydrogel was characterized with low hemolysis and
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proposed for hemostatic applications as per the signi� cant drop
(� 75%) in blood loss in mouse liver bleeding models.

3.1.1.2. Gelatin Derivatives.Gelatin derivates have shown
hemostasis through rapid and strong physical sealing of the
bleeding in the artery and heart.29 Gelatin o� ers promising
biodegradability and cell adhesive properties and has been used
in di� erent forms in hemostatic applications. Erythropoiesis is
augmented by gelatin molecules, which lead to increased
concentrations of RBC and platelets.44,97 Gelatin sponges are
currently available commercially (e.g., Gelfoam, P� zer) and are
approved to stop bleeding from surgical wounds. Recently
developed gelatin nano� ber sponges fabricatedvia electro-
spinning were proposed for arterial injuries due to their superior
hemostatic capabilities compared to conventional medical
gauzes and gelatin hemostatic sponges.98 Blood clots form due
to gelatin’s ability to activate platelets and to trigger
coagulation.99,100 Many studies have focused on gelatin to
strengthen its hemostatic e� ects and bioadhesion. For instance,
chemically cross-linked gelatinvia EDC/NHS coupling in

combination with other macromolecules, such as hyaluronic
acid (HA), have been characterized and used as hemostatic
biomaterials.9 Gelation of gelatin (reported to take� 90 s) was
reduced to� 60 s with the addition of HA. Gelatin-based hybrid
hydrogels have been demonstrated in multiple examples. In a
recent study, gelatin grafted with DA (GT-DA) was mixed with a
chitosan-based polymer matrix and incorporated with polydop-
amine (PDA)-coated carbon nanotubes (CNT-PDA) to
develop multifunctional hemostatic hydrogels with adhesive,
conductive, and antioxidant properties.101 Antimicrobial prop-
erties were introduced to the hydrogel by the addition of
doxycycline. The hydrogel system was cross-linked using the
hydrogen peroxide/horseradish peroxidase (H2O2/HRP) cata-
lytic system. The catechol content in the hydrogel improved
tissue adhesion, which enables e� ective sealing of the wound
area. In another example, gelatin was modi� ed with 3-carboxy-
phenylboronic acid and cross-linked with poly(vinyl alcohol)
(PVA).102The hydrogels were encapsulated with vancomycin-
conjugated silver nanoclusters as well as nimesulide-loaded

Figure 4.Gelatin-based materials used for adhesive hemostatic hydrogels. (A) Chemical structure and two-step cross-linking mechanism of the sealant
developed on the basis of gelatin methacryloyl (GelMA) andN-(2-aminoethyl)Š4-(4-(hydroxymethyl)Š2-methoxy-5-nitrosophenoxy) butanamide
(NB) conjugated to the hyaluronic acid (HA-NB). (B) The experimental setup for the measurement of adhesion strength. (C) The results of the burst
pressure test con� rm the adhesion strength beyond normal arterial blood pressure. Reprinted with permission from ref29. Copyright 2019 Springer
Nature. LAP, lithium phenyl-2,4,6-trimethylbenzoylphosphinate.
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micelles to impart antibacterial and anti-in� ammatory proper-
ties to the hydrogel for diabetic wound treatment. Experiments
demonstrated considerable improvement in hemostatic proper-
ties (almost an order of magnitude lower blood lossin vivo)
compared to blank controls. Gelatin-based cryogels were
developedvia cryopolymerization of DA-modi� ed gelatin in
the presence of NaIO4 followed by freeze-drying.103The cross-
linked network of gelatin-DA cryogels was characterized with
injectability, shape-memory properties, near-infrared (NIR)-
responsive photothermal activity, and antibacterial properties.
In addition, blood cells and platelets could be activated more
e� ectively compared to the commercial wound dressings as
demonstrated in the porcine subclavian artery and vein incision
models.

The strong adhesion o� ered by gelatin methacryloyl
(GelMA) alongside its mechanical strength make it a strong
candidate for physical hemostasisin vivo.29 The GelMA
hydrogels were used in combination with aN-(2-amino-
ethyl)Š4-(4-(hydroxymethyl)Š2-methoxy-5-nitrosophenoxy)
butanamide (NB) conjugated to the HA (HA-NB) matrix to
reinforce and to promote adhesion in hemostatic hydrogels to
stop bleeding rapidly, as shown inFigure 4. The NB-
functionalized HA enabled on-demand generation of aldehyde
groups upon irradiation with UV light, facilitating Schi� base
formation with nucleophiles present on the tissue surface for
better adhesion strength. Strong adhesion led to hemostatic

sealants with the ability to resist 250 mmHg blood pressurein
vitro(Figure 4B,C) and seal cardiac wounds with up to� 6 mm
diameter and carotid arteries with� 4Š5 mm long incisions.
Hemostatic capabilities of GelMA can be enhancedvia snake
venom extract additives.104A visible light cross-linkable GelMA
hydrogel containing snake venom extracted fromBothrops atrox
led to activation of platelets and thereby reduced the clotting
time to� 45 s (from� 5Š6 min controls with no treatment). The
snake venom extracts did not a� ect the adhesive strength of the
hydrogels. In addition, successful wound-sealing performance
was reported in abdominal aorta as well as liver injury models. In
another study, GelMA hydrogels were supplemented with
tannic acid (TA), gallic acid (GA)-modi� ed silver nanoparticles
(AgNPs), and polyphosphate to develop thermoresponsive
hemostatic hydrogels with photothermal antimicrobial proper-
ties.105Apart from the excellent hemostatic properties due to the
charge interactions (phosphate groups), methicillin-resistant
Staphylococcus aureus(MRSA) andE. colicould be removed by
� 98% and� 96%, respectively,in vitro. A similar study
investigated the addition of TA to the pristine gelatin for
potential hemostatic applications and skin wound healing due to
the pH-sensitive release of TA promoting antioxidant and
antibacterial as well as anti-in� ammatory properties at the
wound site.106

3.1.1.3. Fibrinogen.Fibrin-based sealants have been used for
more than two decades, as they can mimic the� nal stages of the

Figure 5.Synthesis and hemostatic characterization of the hydrogel composites based on chitin (CH)/� brin (FB) networks and tigecycline-loaded
gelatin nanoparticles (tGNPs). (A) Synthetic route for preparing the tigecycline-loaded gelatin nanoparticles (tGNP). (B) Representation of theCH/
FB nanocomposite processing procedure. (C) Final mixing of chitin gel and tGNP resulting in the� nal hydrogel solution ready for application as a
hemostatic biomaterial. (D) Representation of coagulated blood for di� erent samples. (E) Coagulation time and (F) hemolysis results for hydrogels
with di� erent components. Reprinted from ref119. Copyright 2018 American Chemical Society.
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blood coagulation process. It has been used for hemostasis in
many di� erent surgical settings, including neurogenic,107

cardiac,108 thoracic,109 reconstructive,110 and plastic sur-
geries.111 Previously,� brin sealants were based on animal
anti� brinolytic proteins, such as bovine aprotinin, and have been
associated with anaphylactic reactions.112Next-generation� brin
sealants were designed with concentrated clot-activating
proteins or so-called biological active components (BACs)

consisting of human� brinogen and� -thrombin.113 Here,
plasminogen contents were eliminated through chromato-
graphic separations. Plasminogen removal helped to remove
the anti� brinolytic agents, i.e., aprotinin or tranexamic acid,
which are known to be neurotoxic.114 A mixture of� brinogen
and thrombin, a composite material used as a sealant material,
led to the formation of stable clotsviacovalent cross-linking of
� brin meshes.115 Di� erent brands of commercial� brin-based

Figure 6.Examples of polysaccharide-based hemostats. (A) Schematic of the hydrogels based on amino-functionalized silver (Ag) nanoparticles and
the cross-linking of the modules in combination with cellulose nano� brils (CNF) and gelatin (G). APTES, (3-aminopropyl)triethoxysilane. (B)In
vitrohemostatic test results in terms of (i) hemoglobin absorbance, (ii) number of adhered platelets, and (iii) thrombin generation studiedviathe
thrombinŠantithrombin complex. Reproduced with permission from ref97. Copyright 2018, Elsevier. (C) Chemical synthesis of the hemostatic
sponge hydrogels based onquaternized hydroxyethyl cellulose (HEC) embedded in a copolymer based on 2-(methacryloyloxy)-
ethyltrimethylammonium chloride (MATMA) and poly(ethylene glycol) diacrylate (PEGDA) and (D) mechanisms of action triggering the
coagulation cascade in quaternized hydroxyethyl cellulose/mesocellular silica foam (MCF) hydrogel sponges (QHM). Reprinted from ref126.
Copyright 2019 American Chemical Society. (E) Hemostatic mechanism and properties of the chitosan/konjac glucomannan subtract (CKS) and
CKS-thrombin-occupied microporous starch particle (TOMSP) hydrogels, respectively. (F) Results of (i) erythrocyte aggregation, (ii) platelet
adhesion, and (iii) clotting time measurementsin vitro. (G) Analysis of� uorescent staining for CKS-TOMSP. Erythrocytes were stained with mouse
anti-IL12B monoclonal antibodies and goat antimouse (IgG-RBITC) antibodies (red), where TOMSP was stained with� uorescein isothiocyanate
(green). Reproduced with permission from ref128. Copyright 2020, Elsevier.
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sealants have di� erent formulations. For instance, the lack of
anti� brinolytic agents in Evicel diminishes the biodegradability
of � brinogen.115 Clinical studies have assessed the hemostatic
capabilities of� brin sealants.116,117The data indicate hemostatic
e� cacy due to more patients achieving full hemostasis within 4
min in vascular surgeries.118Despite the widespread use of� brin
sealants, research continues to� nd ways to improve the poor
adhesion and infection issues of these materials. On this basis, a
hemostatic and antibacterialin situsealant was developed by the
combination of chitin (CH),� brin (FB), and tigecycline-loaded
gelatin nanoparticles (tGNPs), as shown inFigure 5AŠC.119

The gel was applied with a dual syringe, one containing chitin,
� brinogen, and tGNPs and the next one containing thrombin,
chitin, and tGNPs. The synthesized gel showed excellent
hemostasis (Figure 5D,E) and adhesive properties with a
gelation time of� 1 min and acceptable hemolysis behavior
(Figure 5F). In vivohemostatic evaluations revealed rapid blood
clot formation within 84 and 154 s in liver and artery bleeding
models, respectively. This hemostasis time scale makes the
material composition suitable for cardiac surgery where
mediastinitis is common due to deep bleeding and infections.
In another study, the hemostatic e� cacy of � brin-based
hydrogel materials composed of nanostructured� brin and
agarose was evaluated in a rat hepatic resection model.120

Signi� cantly enhanced hemostatic e� ects were observed
compared to commercial counterparts where the time to
hemostasis was reduced to� 30 s.

3.1.2. Polysaccharides.Polysaccharide building blocks are
attractive candidates for designing hemostatic materials due to
their biocompatibility, biodegradability, and intrinsic hemostatic
characteristics.121,122Polysaccharides are chemically modi� able
to enhance their hemostatic activity.34For example, chondroitin
sulfate conjugated with serotonin (mediating the blood clotting
process) was developed as a hemostatic bioadhesive for wound
healing applications.123 Here, serotonin groups were oxidized
using the horseradish peroxidase (H2O2/HRP) catalytic system
to cross-link the hydrogels. In this material system, aloe vera
powder was used as an additive for improvements in wound
healing function. In the following sections, the major classes of
polysaccharide-based backbones modi� ed for improved hemo-
static function are discussed.

3.1.2.1. Cellulose.Cellulose is composed of a homopoly-
saccharide ofD-glucopyranose and acts as a hemostatic material
due to its absorbable properties.34,124Cellulose in oxidized form
has been well explored and reported for e� ective hemostatic
propertiesviaabsorption and activation of platelets leading to
thrombus formation.125Recently, nanocellulose� ber was mixed
with gelatin and amine-functionalized silver nanoparticles to
form physically cross-linked hydrogels for wound dressings, as
shown inFigure 6A.97 In vitroblood clotting assays with freeze-
dried hydrogels revealed the roles of gelatin molecules and silver
(Ag) nanoparticles in the augmented platelet adhesion and
blood clotting, as shown inFigure 6B.97 Mechanistically, the
protonated free amine groups on the Ag surface and gelatin
backbone are capable of adsorbing negatively charged moieties
present on the RBC membranes leading to hemagglutination.In
vitro blood clotting results indicate that higher Ag content is
associated with lower hemostatic e� ects, which was explained by
fast and dense cross-linking. In another study, a hybrid hydrogel
sponge based on quaternized hydroxyethyl cellulose (HEC) and
mesocellular silica foam (MCF) aimed to activate the
coagulation cascade in addition to contributing to its
antibacterial e� ects (Figure 6C).126In this study, the hydrogels

were cross-linked by free radical copolymerization of (meth-
acryloyloxy)-ethyltrimethylammonium chloride (MATMA),
poly(ethylene glycol) diacrylate (PEGDA), and HECvia
ammonium persulfate (APS)/tetramethylethylenediamine
(TEMED). Figure 6D shows the main mechanisms triggering
blood coagulation in the proposed materials design. The
hemostatic e� ects are strengthened by the superabsorbent
capacity, leading to the adhesion of RBCs and platelets. The
absorption of the cells in blood was further facilitated by
electrostatic interactions (initiating hemagglutination)via the
MCF that activates coagulation factor XII. This process led to
decreased blood clotting time down to� 1 minin vitro. Another
cellulose-based hemostatic sponge was obtained by incorpo-
ration of skin secretion ofAndrias davidianus(SSAD) in a
composite of cellulose nanocrystals (CNCs) and cellulose
nano� bers (CNFs).127 The sponges were reported to be
injectable and engineered for high resilience and strength in
the swollen state. Rapid� uid absorption, within 3 s, led to
excellent hemostatic properties compared to gelatin sponges, as
con� rmed inin vivostudies.

3.1.2.2. Starch.Starch is one of the most abundant and low-
price polysaccharides and has also been used in hemostatic
materials by incorporating appropriate functional groups
through chemical modi� cation.129For instance, blends of starch
with acrylamide and acrylic acid monomers were polymerized
together through free-radical polymerization and studied for
their hemostatic applicability.130 The synthesized materials
showed excellent hemocompatibility along with a rapid
hemostasis, originating from the fast swelling rate (18 000%
over 30 min). Complete hemostasis was observed within 10 s
when tested with the femoral artery wound model. In this case,
the cells present in blood aggregate with the hydrogel material
and establish an e� cient sealing. Composites of konjac
glucomannan and chitosan with thrombin-in� lled microporous
starch particles were recently introduced for initiating hemo-
stasis (Figure 6E).128The composites exhibited high absorption
as well as desirable activated partial thrombin time (APTT),
thrombin time (PT), and whole blood clotting indices. The
hemostatic mechanism in this material relied on combinatorial
e� ects of absorption and interactions between the material and
platelets, erythrocytes, and coagulation factors. Positive surface
charges led to blood cell aggregation. Then, the porous and
rough interfaces favored the� ow of the blood plasma into the
material. Fibrin network formation occurred due to the presence
of thrombin leading to further adhesion of the RBCs and thereby
clot formation.In vitro analysis results shown inFigure 6F
con� rmed the hemostatic e� ectiveness of the hydrogel in
inducing hemostasis.

3.1.2.3. Agarose.Agarose-based hydrogels have also shown
potential for hemostatic applications. The mixture of agarose
ethylenediamine conjugate (AG-NH2) and dialdehyde capped
poly(ethylene glycol) (DF-PEG) was demonstrated to form
stable gels within� 10 sviaSchi� base formation that eventually
led to tissue adhesiveness.131The short hemostasis times, down
to 10 s, with total bleeding amounts of only� 0.2 g con� rmed the
promising hemostatic capacity of the developed hydrogel. The
hydrogels showed self-healing, pH responsiveness, and bio-
compatibility, demonstrating their potential to be used as wound
dressings.

3.1.2.4. Dextran.Dextran molecules are highly water-soluble
and have advantages in their hemostatic behavior over other
polysaccharide molecules.34 Dextran has been modi� ed in
di� erent ways to introduce hemostatic properties. For example,
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dextran was oxidized to yield active aldehyde groups to form an
in situcross-linked hydrogel with chitosan. This material was
used as a hemostatic agent with rapid gelation, minimal
cytotoxicity, and low swelling.132This hydrogel system showed
hemostatic e� ects comparable to commercial BioGlue inin vivo
liver bleeding models. Oxidized dextran was also used in

combination with hydrophobically modi� ed chitosan for wound
healing applications as a hemostatic agent.133,134 Oxidized
aldehyde dextran sponges were characterized as having high
absorption (blood absorption of 47.5 g/g) and adhesion
properties (� 100 kPa adhesive strength), reducing blood loss
in femoral artery, ear vein, and rabbit liver model injuries.135

Figure 7.Chemical modi� cation of the chitosan backbone to enhance its hemostatic e� ects. (A) Schematic illustration of (i) quaternized chitosan-g-
polyaniline and (ii) benzaldehyde-functionalized poly(ethylene glycol) (PEG) synthesis. (iii) Cross-linking mechanism between benzaldehyde-
functionalized PEG (PEGS-FA) and quaternized chitosan-g-polyaniline (QCSP). (B) Adhesion strength and (C) hemostatic e� cacy of the developed
hydrogels in the liver wound models in terms of blood loss. Reproduced with permission from ref141. Copyright 2017, Elsevier. (D) Synthesis of
curcumin-loaded quaternized chitosan (QCS) and Pluronic F-127 (PF-127) or (PF) hybrid hydrogels (Cur-QCS/PF). (i) Modi� cation of chitosan
with glycidyltrimethylammonium chloride (GTMAC) reagent, (ii) functionalization of PF-127 with aldehyde end groups, and (iii) cross-linking the
components with curcumin drug added to the QCS/PF hydrogel. (E) The results of adhesive strength at di� erent QCS to PF-127 ratios and (F) blood
loss in thein vivoliver bleeding model con� rming hemostatic e� ects of the curcumin-loaded QCS/PF hydrogel. Reproduced with permission from ref
142. Copyright 2018, Elsevier.
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3.1.2.5. Chitosan.Chitosan (CS) is one of the most
extensively studied biomaterials for hemostatic properties due
to the positively charged amine groups on its backbone.136,137

Chitosan has been used in mixtures with synthetic backbones to
elevate the hemostatic e� ects.138,139 For example, in combina-
tion with gelatin and PVA, it had hemostatic characteristics
where a BCI index of 0.032 was reached within 5 min.
Methacrylated chitosan was copolymerized withN-hydrox-
ymethyl acrylamide (NMA) in the presence of DA using redox-
free radical polymerization (APS/TEMED).140 The hydrogels

reduced liver bleedingin vivofrom � 266 to � 32 mg. An
adhesive hydrogel composite synthesized with quaternized
chitosan grafted with polyaniline and benzaldehyde-function-
alized poly(ethylene glycol) (PEG) showed excellent hemo-
static and antibacterial properties (Figure 7AŠC).141The blood
loss mass in thein vivoexperiment was under 215 mg compared
to the control with over 2000 mg of blood loss. The natural
hemostatic properties of the chitosan molecules were
augmented with the synergistic contributions of polyaniline
segments and the positively charged quaternary ammonium

Figure 8.Hybrid hydrogels based on chitosan and its derivates for hemostatic applications. (A) Materials design and cross-linking mechanisms of the
carboxymethyl chitosan (CMCS)/tannic acid (TA)/benzenediboronic acid (BDBA) hydrogels and (B)in vivoliver bleeding test for characterization
of hemostatic behavior. (C, D) Schematic of the interactions between hydrogel components and blood ingredients. Reprinted with permission from
ref.146Copyright 2020 American Chemical Society. (E, F) A hemostatic mixture of chitosan (CS) and pentasodium tripolyphosphate (TPP) leading to
the formation of chitosan/calcium pyrophosphate hybrid micro� owers (CS-CaP) in the presence of the calcium ions (Ca2+). Then, the coating of the
powders was performed by alkaline polymerization of dopamine enables fast absorption and interface stimulation for hemostatic e� ects. (G) (i)In vitro
and (ii, iii)in vivohemostatic test results showing signi� cant e� ects of polydopamine (PDA) in reducing the clotting time. Reproduced with permission
from ref148. Copyright 2019, Elsevier.
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groups. Rapid gelation of the hydrogel also formed an e� cient
barrier against blood� ow. Quaternized chitosan was mixed with
benzaldehyde-terminated poly(ethylene oxide)-b-poly-
(propylene oxide)-b-poly(ethylene oxide) (PF127-CHO) in
another study where Pluronic F-127 (PF-127) served as a cross-
linker, facilitating both the Schi� base reaction and the
formation of micelles through dynamic self-assembly in water
(Figure 7D).142Here, positive charges on the modi� ed chitosan
molecules, along with the adhesive properties of the hydrogel,
synergistically led to hemostatic properties (� 80 mg versus
� 620 mg reported blood loss for the treated and control
samples, respectively) (Figure 7E,F). The use of carboxymethyl
chitosan grafted poly(acrylic acid) (CMCS-g-PAAc) was
demonstrated as another potential solution to stop bleeding.143

The polymers were developed through solvent precipitation and
showed high swelling capacities (� 10 times in less than 20 min).
The hemostatic e� ects were attributed to the low cross-linking
density of the material originating from the low reactivity of
sodium acrylate during polymerization. For optimized samples,
complete hemostasis was achieved within� 20 s, which is
associated with both protonated amine groups of chitosan

molecules and physical swelling of the hydrogel during bleeding.
A catechol-modi� ed chitosan (Chi-C) was cross-linked with a
dialdehyde cellulose nanocrystal (DACNC) and formed a
bioadhesive hydrogel that e� ectively� lled the defective bonein
vivoand stopped bleeding under wet conditions.144The rabbit
ilium bone defect model showed a� 75% decrease in blood loss
when using this hydrogel, compared to untreated controls, due
to rapid sealing of the wound site. The hydrogels demonstrated
self-healing properties, and full bone regeneration along with
material degradation was observed after 4 weeks. Modi� cation
of chitosan with thiol groups was also demonstrated to enhance
its hemostatic properties signi� cantly, as the blood loss was
lowered by over� 75%.145 In another example, carboxymethyl
chitosan (CMCS) mixed with TA was developed as a hemostatic
hydrogel, as illustrated inFigure 8A.146To reduce the gelation
time and enhance the mechanical properties, 1,4-benzenedibor-
onic acid (BDBA) was added. The gelation was driven mainly by
hydrogen bonds and boronate ester bonds as quickly as 10 s.In
vivoliver bleeding test results indicated the amount of bleeding
was reduced from 240 to 55 mg in the samples treated with
adhesive hydrogels versus untreated controls (Figure 8B). The

Figure 9.Chitosan (CS) macromolecules conjugated with polyphenols for high adhesion and hemostatic e� ects. (A) Schematic representation of the
synthesis route and mechanisms of action in thermoresponsive hemostatic catechol-hydroxybutyl chitosan (HBCS), i.e., HBCS-C hydrogels.
Reprinted from ref150. Copyright 2020 American Chemical Society. (B) Synthesis of gallic acid (GA)-conjugated chitosan (CS-GA) hemostatic
hydrogelsvia N-hydroxysuccinimide (NHS)/1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) coupling. (C) Tunichrome-inspired
chitosan-based hydrogels for adhesion-enabled hemostasis in chitosan-based hydrogels. (D) Mechanical properties of the hydrogels. (E)In vitro
characterization of the blood clotting index (BCI), con� rming the signi� cant e� ects of GA in improving the hemostatic properties of chitosan. (F) Lap
shear test setup for the measurement of adhesive strength for CS-GA and the cross-linking mechanismvia covalent bonding and noncovalent
interactions. Reproduced with permission from ref153. Copyright 2019, Elsevier.
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impact of TA in enhancing hemostatic e� ects comes from the
fact that charged polyphenol moieties can play roles as contact
activators where they can activate factor XII in the coagulation
cascade. In essence, as represented inFigure 8C, the strong
interactions with blood components originating from� -cation
interactions, hydrogen bonds, and Schi� base formation as well
as Michael addition could explain the mechanisms of hemostatic
properties in the polyphenolic components such as TA, catechol
groups, etc. Phenolic compounds, therefore, play important
roles in triggering blood coagulation due to their multiple
interaction pathways with blood components. The modi� cation
of CMCS witho-nitrobenzyl alcohol functional groups (i.e., NB)
has enabled on-demand generation of aldehyde groups upon UV
irradiation, which can participate in cross-linking reactions.147In
essence, the NB groups are converted too-nitrosobenzaldehyde
groups in response to UV illumination, leading to Schi� base
formation with amino groups present on the tissue surfaces. In
addition to antibacterial properties, the liver bleeding model
demonstrated that the material signi� cantly reduced blood loss
compared to blank controls. Using a PDA coat has been a
popular means of introducing such phenolic components to the
hydrogel for hemostatic applications. A mixture of chitosan and
calcium pyrophosphate coated with PDA (PDA@CS-CaP)
resulted in a hydrogel wherein the hemostatic properties were
enabled by hydrophilicity and interactionsviaamino and phenol
groups present in PDA as well as a� ower-like hierarchical
structure of the granules that aids in plasma absorption (Figure
8E,F).148 The study suggests that coating the chitosan (CS)-
CaP with PDA played an e� ective role in reducing thein vitro
clotting time from� 175 to� 125 s (Figure 8G). Conjugation of
chitosan with catechol groups enabled hemostatic swabs that
could e� ectively stop bleeding in coagulopathic animal models
with diabetes. The hemostatic property was attributed to the
intermolecular interactions between chitosanŠcatechol con-
jugates and whole blood proteins.149A reversibly thermosensi-
tive version of chitosan with hemostatic properties was obtained
by the synthesis of catechol-hydroxybutyl chitosan (HBCS-C),
as illustrated inFigure 9A.150 The lower critical solution

temperature (LCST) was found to be tunable and could fall
within the range between room and body temperatures. The
hydrogels strongly adhered to the tissue surfaces, and gelation
occurred within 30 s after injectionin situ. The strong adhesion
driven by the hydrogen bonding,� Š� stacking, and catecholŠ
amine reactions led to full hemostasisin vivowithin the gelation
time period, whereas for untreated samples, it took approx-
imately 2 min until the bleeding was stopped completely. We
note that there are ongoing discussions as to whether chitosan
may induce allergic responses in some individuals.151,152

In another study, a tunichrome-inspired chitosan-based
hydrogel was developed to enhance the hemostatic e� ects by
pyrogallol functionalization (Figure 9BŠF).153 Oxidation of
tunicates, which is accompanied by covalent bond formation
and cross-linking, is known to promote hemostatic properties.
The improved hemostatic ability of the hydrogel due to the
conjugation of GA was quantitatively con� rmed by the BCI data
(Figure 9E). Instant coagulation at the interface with blood was
observed once it dropped onto the hydrogel surface. The
signi� cant improvement of hemostatic properties was attributed
to the high adhesiveness of the hydrogel, resulting from the
pyrogallol groups (Figure 9F). In another study, the hemostatic
properties were enhanced with the addition of catechol groups
to chitosan composite hydrogels.154 The addition of DA to
chitosan not only did not cause any hemocytotoxicity but also
introduced antibacterial properties to the hydrogel. Blood
clotting time assays showed that the addition of 2 wt % DA to
chitosan could lower the hemostasis time from 83 to 20 s.

The nanoscale assembly of chitosan can enable facile loading
and promote the hemostatic behavior of chitosan. In a recent
study, a hydrolytically degradable hydrogel was developed on
the basis of chitosan assembly within a macrocyclic
oligosaccharide (� -cyclodextrin) cross-linked network. The
hostŠguest interactions aided the loading of chitosan into the
polyester-linked (dianhydride) hydrogel enabling its hydrolytic
degradationin vivo. The liver bleeding modelin vivocon� rmed a
signi� cant reduction in time to hemostasis as well as blood loss
for the chitosan/� -cyclodextrin hydrogels as compared to

Figure 10.Alginate-based examples of the hemostatic materials. (A) The materials design, cross-linking process, and hemostatic mechanism of the
alginate-based hydrogels incorporated with Pept-1. Reproduced with permission from ref159. Copyright 2019, Royal Society of Chemistry. (B)
Application of hybrid hydrogels based on polyallylamine (PAA) and oxidized, catechol-functionalized alginate for improving adhesion and thereby
hemostatic e� ects. Reprinted with permission from ref161. Copyright 2019 Springer.
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commercially available controls. Other approaches to enhance
the hemostatic properties of chitosan involve the addition of
CaCO3 to acetate chitosan that is commercially available for
wound-healing applications.155 First, the addition of CaCO3
eliminated the allergic potential of acetate chitosan (due to its
acidity). Second, the released calcium ions aided cross-linking of
chitosanvia electrostatic interactions that enhanced hydrogel
toughness. Finally, CaCO3 was associated with enhanced blood
coagulation and thereby promoted wound healing. Chitosan-
based coatings (i.e., dodecyl-modi� ed chitosan, DCS) could also
enable the fabrication of hemostatic microneedles with strong

tissue� xation and blood coagulation capabilities.67 A pagoda-
inspired microneedle substrate was fabricated by molding with
PEGDA hydrogels, on the top of which DCS solutions were
dripped for coating. The obtained patches could e� ectively stop
bleeding in rabbit liver, spleen, and kidney bleeding models.
Chitosan-based aerogels are able to uptake large amounts of
bio� uids, leading to strong hemostatic properties. Chitosan
aerogels containing diatom biosilica and DA (for cross-linking)
were fabricated by alkaline precipitation andtert-butyl alcohol
replacement.156High water absorption on the order of� 300 g/g

Figure 11.Hyaluronic acid (HA) and its derivates for applications as hemostatic materials. (A) Schematic of dopamine (DA)-conjugated hyaluronic
acid (HA-DA) and coating of reduced graphene oxide (rGO) as a potential material for hemostatic applications. EDC, 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide; NHS,N-hydroxysuccinimide. (B) Adhesive strength and (C) hemostatic potential of the developed material in
a liver bleeding model. Reproduced with permission from ref163. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D)
Chemical structure of serotonin-conjugated HA where (E) serotonin plays a role in activating platelet adhesion. (F, G) Enzyme-linked immunosorbent
assay (ELISA) analysis of coagulation factors IV, and V, respectively. (H) The mass of blood clots formed due to the exposure of whole blood to
di� erent hydrogel compositions. Reproduced with permission from ref164. Copyright 2019, Royal Society of Chemistry. (I) Representation of the
molecular modi� cation of HA with an inorganic polyphosphate (PolyP), i.e., HA-PolyP, aldehydes, and hydrazides to introduce hemostatic e� ect.
Reprinted from ref165. Copyright 2018 American Chemical Society. (J) Development of HA-based hydrogels within situzinc oxide (ZnO) and, 1,4-
butanediol diglycidyl ether (BDDE) for hemostatic applications and (K) the reactions leading to the ZnO formation. Reproduced with permission
from ref166. Copyright 2019, Elsevier.
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%, along with strong charge interactions resulted in hemostatic
functionin vitrowith clotting times below� 70 s.

3.1.2.6. Alginate.The release of the calcium ions from
ionically cross-linked calcium alginate has demonstrated its
promising potential as a hemostatic material. The hemostatic
e� ect is mainly due to the calcium ions activating the coagulation
process through the aggregation of platelets.30 Further, the
hemostatic activity of alginate molecules can be augmented by
chemical modi� cations. For instance, sodium alginate (SA)
molecules, thiolated using cysteine methyl ester, readily enabled
gelation through the formation of disul� de bonds within less
than 20 s.157Composites of alginate with PVA and collagen were
mixed with Tween 80 surfactant to develop mechanically stable
wound dressings with outstanding hemostatic behavior.158

Swelling of up to� 2400% for the optimized composite
materials led to a time to hemostasis as low as 17 s with the
lowest blood loss of 66 mg. Apart from biocompatibility,
biodegradability, and high mechanical strength, the thiolated
alginate reduced the hemostasis time in a rat tail amputation
model from 8.3 to 3.2 min. Alginate-based supramolecular
hydrogels involving peptide conjugates (Pept-1) have also led to
hemostatic properties (Figure 10A).159 Such hemostatic
behavior was assigned to (i) the dense 3D coassembled network
of alginate macromolecules and Pept-1 with negative zeta
potential, providing a physical barrier to entrap blood cells, (ii)
the release of calcium ions, and (iii) platelet adhesion enabled by
RGD moieties in Pept-1, which led to downstream platelet
activation. Clotting times for the alginate/Pept-1 alone were
� 28 times longer than the mixture of both components. The
clotting time decreased to 41 s, leading to over 80% reduction in
bleeding compared to the control in thein vivoliver model.
Alginate has been modi� ed in several di� erent ways to introduce

adhesive and hemostatic functionality. Recently, oxidized
alginate molecules were mixed with CMCS and gelatin, which
facilitated the formation of the hydrogel through Schi� base
chemistry. This hydrogel showed fast gelation times as low as 30
s160and reduced the hemostasis time and blood loss by 84.2%
and 82.2%, respectively. In another study, alginate was oxidized
and conjugated with catechol groups and used in a mixture with
a polyallylamine (PAA) polymer to form gelsvia Schi� base
formation quickly, within 5Š10 s (Figure 10B).161Evaluation of
the hemostatic e� ect in vivousing a liver bleeding model
indicated a statistically signi� cant decrease in the bleeding
weight for the modi� ed alginate compared to alginate with no
modi� cation. Hybrid hydrogels consisting of oxidized alginate
and N-carboxyethyl chitosan (CEC) containing CuS nano-
particles were characterized with photothermal hemostatic
properties.162 The hydrogels signi� cantly reduced blood loss
in the liver bleeding modelsin vivo.

3.1.2.7. Hyaluronic Acid.Recently, a HA-based hydrogel
system containing PDA-grafted graphene oxide and DA-grafted
HA molecules has been synthesized through a cross-linking step
governed by the oxidative coupling of catechol groupsviaH2O2/
HRP catalysts; it showed both antioxidant and hemostatic
characteristics (Figure 11A).163 The antioxidant properties of
catechol groups promote wound healing by balancing the
oxidative pressure in the wound area. Also, inspired by mussels,
catechol groups drive strong adhesion (Figure 11B) and thereby
physically seal the wounds. The hydrogels had high swelling
ratios and adhesive capabilities, which resulted in e� cient
hemostasis by reducing the blood loss from� 400 mg (for
control) to� 74 mg (Figure 11C). In another study, HA was also
grafted with serotonin, a blood-clotting mediator factor
activating platelet attraction to facilitate hemostasis (i.e., factor

Figure 12.Synthetic examples of the hemostatic materials. (A) Schematic of 2,3-diaminopropionic (DapA) cross-linked graphene sponge (DCGS)
preparation and its hemostatic mechanisms. (i) Combination of graphene oxide (GO) and ethanediamine (EDA) resulting in a cross-linked graphene
sponge (CGS) capable of fast absorption; (ii) addition of surface stimulation by replacing the EDA with 2,3-DapA for improved hemostatic abilities.
(B) Schematic of the interactions between the red blood cells (RBCs) and DCGS hydrogel treated with whole blood and platelet-rich plasma (PRP)
under two di� erent experimental approaches, i.e., (iŠv) Pattern 1 and (viŠviii) Pattern 2. The magni� ed scanning electron microscope images
demonstrate selective adhesion of the erythrocyte and platelets to the hydrogel. Reprinted from ref175. Copyright 2016 American Chemical Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c01015
Chem. Rev.XXXX, XXX, XXXŠXXX

P

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01015?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01015?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01015?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01015?fig=fig12&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c01015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


V, factor IIV, von Willebrand factor, and� brinogen) as shown in
Figure 11D,E.164The serotonin-conjugated HA, cross-linkedvia
HRP/H2O2, locally concentrated blood serum components. In
addition to bonding to the nucleophiles in the biomolecules
during oxidative cross-linking, they led to promising hemostatic
behavior. The liver bleeding model indicated blood coagulation
within 30 s with lower blood loss compared to commercial
controls. The results showed signi� cant increases in the levels of
released factors from the platelet� -granules, i.e., platelet factors
IV and V, for the HA-serotonin hydrogels compared to HA
(Figure 11F,G). The hemostatic e� ect of HA-serotonin
hydrogels was also observed on the basis of the blood clot
mass measurements, which were obtained by exposing whole

blood to di� erent hydrogel samples (Figure 11H). Composi-
tions of hyaluronan and polyphosphate were examined for
potential use for bleeding conditions (Figure 11I).165The HA
molecules were initially modi� ed with aldehyde groups and
mixed with another set of hydrazine-modi� ed HA-conjugated
polyphosphates that lower the gelation time below 5 min but at
the expense of lowering the swelling capacity. The hydrogel was
fully degraded in 3 weeks and showed comparable hemostatic
behavior to� brin glue when tested in anin vivomouse liver
bleeding model. In addition, the hemostatic properties of HA
were reinforced by the addition of zinc oxide (ZnO). The HA
was cross-linked by the 1,4-butanediol diglycidyl ether (BDDE)
cross-linker, and ZnO nanobelt-like particles were formedin situ

Figure 13.Demonstration of hybrid synthetic and natural hydrogel components for use as hemostatic agents. (A) Synthesis and preparation for the
hemostatic hydrogels based on polydopamine (PDA), sodium alginate (SA), and polyacrylamide (PAM). (B) (i) Characterization of normal tensile
adhesion to porcine skin tissue and (ii) mechanisms of adhesion. (C) The results of blood clotting and the hemolysis assay showing the hemostatic
e� ect of catechol moieties while maintaining hemocompatibility. Reprinted from ref177. Copyright 2019 American Chemical Society. (D)
Hemostatic hydrogels based on the mixture of poly(N-hydroxyethyl acrylamide) (PHEAA) and tannic acid (TA) with gelation driven by hydrogen
bond forming TA coacervated hydrogels (TAHE). (E) The mechanisms of hemostasis in the PHEAA/TA hydrogels involving the interactions with
red blood cells (RBCs) and white blood cells (WBCs) and (F) (i) the results of anin vivorat liver bleeding model in terms of blood loss and (ii) the
snapshots from the liver bleeding experiments. Reproduced with permission from ref179. Copyright 2020, Royal Society of Chemistry.
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via the mechanism shown inFigure 11J,K.166 The results
suggested that the addition of ZnO to HA can reduce clotting
time from 360 s (in HA hydrogels) to 160 s without
compromising hemocompatibility. The data showed hemolysis
lower than 1.3% across all ZnO concentrations. The
modi� cation of HA with a von Willebrand factor-binding
peptide as well as a collagen-binding peptide resulted in a
hemostatic agent that could selectively bind to the active
platelets.167 Blood loss and bleeding time in the tail vein
amputation model both decreased by� 97% compared to those
in the no treatment control. Enhanced survival rates of� 284%
were found for the rat inferiorvena cavatraumatic model.

3.2. Synthetic Hemostatic Materials

Synthetic approaches, where materials are developed with
molecularly designed macromolecular backbones, enable
control over the physical and chemical properties of the
hydrogel such as swelling, charge, etc. Synthetic hydrogel-
based internal hemostatic sealants for cardiac reconstruction

and pulmonary repair have been commercialized and developed
based on PEG (e.g., CoSeal,168 Progel,51 and Tridyne169) and
cyanoacrylates (Dermabond170) as well as natural components
such as gelatin (Floseal171), BSA (BioGlue172), and� brinogen
(Tisseel173 and Evicel174).37 Recently, Quan et al. reported
strategies to design hemostatic biomaterials through cross-
linking 2,3-diaminopropionic acid (DapA) with a graphene
oxide (GO) sponge, as shown inFigure 12.175 Unlike
ethanediamine-cross-linked materials, the synthesized hydrogel
exhibited less plasma absorption and more e� cient activation of
the erythrocytes and platelets. Also, negatively charged carboxyl
groups along with increased oxidation and fast absorption led to
a strong hemostatic behavior in rat tail amputation tests. Positive
charge has been employed in synthetic hydrogel designs for
hemostasis. An epoxy-amine-based sponge was obtained by an
aqueous reaction between polyetheramine and butadiene
diepoxide agents whereinthe abundant amine groups
contributed to positive charges.176 In vitro hemostatic tests

Figure 14.Application of poly(ethylene glycol) (PEG)-based hydrogels in hemostatic agents. (A) Schematic of the Schi� base association of dodecyl-
modi� ed chitosan (DCS) and four-arm benzaldehyde-terminated PEG (BAPEG) in hybrid hydrogels for hemostatic applications. (B) Schematic of
the interactions between blood cells and hemostatic hydrogel leading to hemostatic e� ects and (C) e� ects of chitosan (CS), DCS, and BAPEG on the
heparinized blood from the mouse source. Reproduced with permission from ref191. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (D) The synthesis route of the hemostatic hyaluronic acid (HA)-based material containing aminoethyl methacrylate hyaluronic acid (HA-
AEMA), methacrylated methoxy polyethylene glycol (mPEG-MA), and chlorhexidine diacetate (CHX) loaded nanogels (CLNs), abbreviated as
Gel�1, and the mechanism of action for its hemostatic e� ects. (E) (i) The results of the blood clotting index (BCI) for di� erent hydrogels within 10
min, and (ii) digital images of the hydrogels after 5 and 10 min. Reprinted from ref192. Copyright 2018 American Chemical Society.
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demonstrated an almost 50% decrease in hemostasis time
compared to the blank controls.

Due to the biodegradability and biocompatibility issues
associated with many synthetic hemostats, hybrid systems
combining natural and synthetic components have been
developed. For instance, composites of PDA, SA, and
polyacrylamide (PAM), i.e., PDA-SA-PAM, were tailored for
skin tissue engineering and wound healing applications (Figure
13A).177To prepare the hydrogels, DA was� rst polymerized in
the presence of SA to form a PDA-SA complex. Next, acrylamide
was polymerizedviaa redox free-radical polymerization in the
presence of PDA-SA to form the� nal hydrogel (PDA-SA-PAM).
The polymers were characterized in terms of cell and tissue
adhesion, hemostatic behavior, biodegradability, and mechan-
ical properties. The results ofin vitro blood clotting assays,
adhesion tests, and mechanisms of adhesion are shown inFigure
13AŠC. Brie� y, the experimental results revealed that the
addition of PDA to the SA-PAM network not only improved the
tissue adhesion by over 50% but also almost halved the time to
hemostasis, aside from the improvement in blood compatibility.
Catechol groups enabled hemostatic e� ects along with tissue
adhesion in another hydrogel materials on the basis of oxidized
alginate and poly(lactic-co-glycolic acid) (PLGA).178

In other work, hydrogen bonding between a poly(N-
hydroxyethyl acrylamide) (PHEAA) polymer and the TA
formed coacervate hydrogels with self-healing, antibacterial,
strongly adhesive, and hemostatic properties was shown (Figure
13DŠF).179 The high intrinsic adhesive strength of PHEAA
(compared to other hydrogels such as PEG and PVA) was
further strengthened by the addition of TA. The adhesion,
alongside the interactions of TA with the proteins present in the
blood, resulted in improved hemostatic activities, as evaluated in
the rat liver bleeding model (as indicated by the signi� cant
reduction in blood loss). Polyacrylamide (PAM)-based hydro-
gels mixed with chitosan and Matrigel also showed potential for
use as wound dressings due to their hemostatic e� ects and
wound healing properties.180The fabricated hydrogels showed
blood loss below 200 mg, as compared to controls at� 600 mg.
Rapid absorption of polyethylenimine (PEI)/poly(acrylic acid)
(PAAc)/quaternized chitosan(QCS) powders applied on the
bleeding wounds resulted in e� ective hemostasis due to the
absorption and aggregation of platelets and blood cells.181In vivo
studies on various bleeding models showed that bleeding was
stopped within 10 s, suggesting promising potential for full-
thickness skin wounds. A Michael-addition-associated network
composed of branched poly(glycerol ethylenimine) (PGE) and
glycerol triacrylate (GTA) was mixed with oxidized HA and
PDA-coated MXene (Ti3C2Tx) and characterized with hemo-
static properties.182 Although it was not clear whether MXene
components play any role in hemostasis, the hydrogel sca� olds
could reduce bleeding by over 75%. MetalŠorganic hydrogels
(MOGs) have recently emerged as a new class of hemostatic
materials. The MOGs were processed following a phase-transfer
method using zinc ions (metal nodes) and 4,5-imidazole
dicarboxylic acid (organic ligands).183 The hemostatic proper-
ties of the material were realized throughin vivoliver bleeding
models, where the blood loss was reduced by a factor of 1/3.
Moreover, the MOGs could carry cargoes that delivered drugs
viaglucose and pH stimuli.

3.2.1. Poly(Ethylene Glycol) Derivatives.As a well-
known synthetic backbone, PEG has been widely applied in
tissue engineering and drug delivery applications due to its
chemical versatility,184 biocompatibility, nonimmunogenic-

ity,185antifouling properties,186and tissue-mimetic mechanical
properties.187 Due to the lack of hemostatic properties in neat
PEG hydrogels, many studies introduced the hemostatic
capacity to PEG-based hydrogels through chemical approaches.
For example, Schi� -base-mediated cross-linking of hydrogels
combining 4-arm-PEG molecules, capped with amines, NHS,
and aldehyde groups resulted in gelation times of less than 30
s.188The hemostatic e� ect was attributed to the materials ability
to provide e� cient physical barriers to stop bleeding. In this
study, absorption of blood serum through the porous network of
the hydrogel assists hemostasis by concentrating RBCs. The
application of the tetra-PEG hydrogels for visceral hemostasis
was also studied with similar functionalized materials, where
hemostasis was achieved within 30 s.51 To support the physical
hemostatic capabilities of PEG hydrogels, polylysine with
inherent hemostatic properties (through aggregating and
gelation of� brinogen)189was grafted on a PEG-based polymer
and cross-linked with an enzyme-catalyzed method.190 Sig-
ni� cantly lower amounts of blood loss (62.2 vs 211.5 mg)
compared to that of the controls were observed when the sealant
material was tested in a rat hepatic hemorrhage model. Multiarm
PEG is used in many hemostatic hydrogel platforms as cross-
linkers. For example, a hydrogel with hemostatic properties was
developed on the basis of a combination of four-arm
benzaldehyde-terminated (BAPEG) and DCS (Figure 14AŠ
C).191 In this hydrogel, a reversible aromatic Schi� base was
formed between the amino groups of chitosan and benzalde-
hydes, leading to self-healing properties. The dodecyl groups on
the chitosan backbone were able to anchor onto the cell
membrane lipid bilayer, enabling strong adhesion as well as
hemostatic e� ects.In vivovessel and liver bleeding models
con� rmed the rapid coagulation of blood. In another study, an
antimicrobial hemostatic wound dressing material was devel-
oped with a mixture of methacrylated HA, PEG (through
enzyme degradation), and chlorhexidine diacetate-loaded nano-
gel, as shown inFigure 14D.192The hybrid hydrogel was photo-
cross-linked and tested byin vitroBCI and anin vivomouse liver
bleeding response to demonstrate its hemostatic properties
(Figure 14E). While the BCI index for the hydrogel reduced to
almost half, compared to the gauze control,in vivobleeding time
decreased to 100 s, as compared with a bleeding time of 150 s for
the gauze. The hemostatic mechanism was related to the initial
physical barrier to the wound supported by swelling of and/or
absorption by the hydrogel.

The polyurethane (PU) foams synthesized from PEG-based
diisocyanates also exhibit rapid hemostatic properties. In a
recent study, a PEG-diisocyanate solution was reacted with 4,4�-
diaminodicyclohexylmethane (PACM) to obtain PU-urea foam
(PUUF), which was used as a wound dressing after freeze-
drying.47Rapid water uptake (over 1200% in 2 min) during the
swelling test con� rmed the e� cient and rapid hemostasis e� ect
of the engineered material compared to commercial PU
dressings. The BCI for this material was measured to be
21.9% after 10 min of incubation, while the values for the
commercial control PU wound dressings were up to 50.6%. In
addition, the PUUF showed better biocompatibility and
enhanced re-epithelialization.

3.3. Mineral Hemostatic Agents

Mineral granular agents are often used in combination with
other hemorrhage control tools such as impregnated fabrics193

and gauzes194 to promote their hemostatic behavior. The
hemostatic behavior of this category of materials relies on both
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absorption and surface charge interactions.195 In the following
sections, the most common mineral candidates used to promote
hemostatic e� ects in hydrogels are discussed.

3.3.1. Silica.Silica plays an important role in the activation of
the coagulation factor XII196and calcium ions as well as di� erent
activation steps of the coagulation cascade through the intrinsic
pathway.197 Phosphate ions also promote the coagulation

process through an extrinsic pathway and stabilize the blood
clot.198 Similarly, nano-bioglass (nBG) causes blood protein
aggregation and plays vital roles in the activation of coagulation
factors.199 A multicomponent composite material was devel-
oped with chitosan, nBG, silica, phosphate, and calcium ions
where each component played roles in controlling bleeding
(Figure 15A).46 The blood-clotting assay shown inFigure 15B

Figure 15.Examples of nanocomposite hemostatic hydrogels. (A) Fabrication process for composite hydrogels based on chitosan and the preparation
procedure of nano-bioglass (nBG): (i) nBG synthesis procedure, (ii) chitosan (Ch) preparation, and (iii) the mixing step with tetraethyl orthosilicate
(TEOS) to obtain the homogeneous� nal composite hydrogel. (B)In vitroblood clotting assay for di� erent component compositions. PEG,
poly(ethylene glycol). (B) Results ofin vitroblood clotting assay and (C) mechanism of action in hemostatic injectable hydrogels based on nBG and
chitosan. Reproduced with permission from ref46. Copyright 2019, Elsevier. (D) Chemical structure of photo-cross-linkable elastin-like polypeptide
(ELP) macromolecules containing cysteine groups (KCTS-E31-KCTS). Disul� de bonds (red) and cross-links (green) drive gelation. The ELP
solutions are mixed with a photoinitiator and then reduced by tris (2-carboxyethyl) phosphine hydrochloride (TCEP) reagent. (E) (i) Schematic of
coating silica with the photo-cross-linked elastin-like peptide for improved hemostatic e� ects. (ii, iii) Blood clotting assay showing clotting time, which
can be reduced by� 50% by adding silica nanoparticles. Reproduced with permission from ref201. Copyright 2015, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. Irgacure 2959, 2-hydroxy-4�-(2-hydroxyethoxy)-2-methylpropiophenone.
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demonstrated that hydrogels with 2 wt % chitosan reduced the
whole blood clotting time by 24%. Further addition of nBG at 5
wt % almost halved the blood clotting timeviathe mechanism of
action shown inFigure 15C. Positive charges released from the
material were found to be responsible for the hemostatic
properties. The hemostatic capability of the hydrogel is due to
the synergistic contributions of (i) protonated amines in
chitosan (leading to blood cell aggregation), (ii) silica ions
released from the nBG that activate coagulation factor XII, (iii)
phosphate ions that trigger the extrinsic coagulation cascade,
and (iv) calcium ions that activate the coagulation factors. Silica
nanoparticles coated with PDA showed potential for anti-
bacterial hemostatic applications. The porous network of the
PDA/silica nanoparticles formed by lyophilization along with
phenol hydroxyl and amino groups as well as hydrophobicity
was reported to promote the hemostatic e� ects of the developed
material.200

Diatom silica structures, synthesized from natural diatomite,
were coated with chitosan to boost the hemostatic properties of
the materials. Chitosan-coated silica showed desirable hemo-
compatibility (hemolysis below 5%) with a hemostasis time of
� 250 s. Here, hemostatic activity was attained through the
absorption and aggregation of erythrocyte along with the
intrinsic clotting pathway where activation of the coagulation
factors happenedvia the polar framework of silanol groups
present in the diatom core. A coagulation time of� 100 s was
achieved in thein vivotest using a rat tail amputation model,
which was comparable to the commercial QuikClot zeolite.
Diatom biosilica was coated with PDA and immobilized with
thrombin for hemorrhage control.202 Here, the thrombin
activity was reported to be� 67% after 30 days. In another
study, cross-linked elastin-like polypeptide (ELP) polymer
coated with a colloidal solution of silica nanoparticles lowered
clotting times down to 5 min, from over 10 min for the control,
in anin vitroblood clotting assay, as shown inFigure 15D,E.201

The coated ELP hydrogels e� ciently stopped bleeding and
established hemostasis in lethal liver wound models within 2
min. As opposed to synthetic silica, diatom frustule silica is
highly hydrophilic, rendering its superhemophilicity.203Surface
wettability of diatom silica stems from the nanoporous structure
as well as silanol anions present on their surface. The
hemophilicity of natural diatom silica led to strong hemostatic
properties, while the hemostatic e� ect was much less in synthetic
silica with a hemophobic structure.

3.3.2. Silicates.3.3.2.1. Zeolite and Kaolin.Zeolite and
kaolin are aluminosilicates known for rapid water absorption as
well asin situcalcium release.204,205 Hemostatic function of
zeolite originates by concentrating the platelets and clotting
factors, which occurs through exothermic hydration reactions206

that locally damage the tissues. The kaolin reactions are less
exothermic. Kaolin activates factor XII in the blood-clotting
cascade.41 To minimize the cytotoxicity and exothermic
hydration issues associated with zeolite, it was blended with
alginate and chitosan to enhance biocompatibility and
swelling.41 As seen inFigure 16, the alginate/zeolite bead
hydrogels were prepared by stirring the solution while adding
calcium chloride. Coagulation tests using the hydrogel beads
with optimized compositions decreased the blood clotting time
from over 9 min (untreated control) to� 2 min. In another
study, the addition of kaolin to the synthetic hydrogels based on
PAAc and TA was reported to enhance physical cross-linking, to
act as a factor XII activator to promote hemostasis, and to
enhance tissue adhesion strength.207

3.3.2.2. Laponite.Laponite is a synthetic silicate composed of
nontoxic components (Na+, Mg2+, Si(OH)4, Li+) and is used
extensively to endow tunable shear-thinning properties to
hydrogels, which improves the injectability and delivery of
biocomponents. Laponite-based nanocomposites have been
extensively investigated. Having both positive and negative
charges on the edge and the surface, respectively, Laponite
particles readily establish strong electrostatic interactions with
macromolecules such as polyampholytic gelatin.208 Although
gelatin molecules are hygroscopic and can absorb� uid
components, they are ine� ective in initiating the coagulation
process. Hence, blends of exfoliated nanosilicate or Laponite
with gelatin (with concentrations ranging from 3 to 9 wt %) were
introduced to promote the hemostatic behavior of gelatin and
reduced the clotting time up to 77% (down to 2.5 min).17 In a
Laponite/PAM nanocomposite hydrogel, incorporation of
gelatin avoided nonspeci� c protein adsorption due to its
hydrophilicity and wettability, resulting in an antithrombogenic
e� ect. This antithrombogenic e� ect led to enhanced hemolysis
and thereby prolonged coagulation time.50 Another hybrid
hydrogel was synthesized with Laponite, PVA, and alginate
molecules where Laponite particles not only played important
roles in increasing hemostasis but also signi� cantly improved the
mechanical strength of the hydrogels.48 The hemolysis ratio
increased with Laponite content, but remained within the
acceptable limit of 5% for wound closure. The addition of
Laponite was also found to decrease the blood clotting time
from 135 min to below 20 min. The hemostatic e� ect was a
consequence of the Laponite’s e� ect on the denaturation of
� brinogen. In essence, the negatively charged Laponite activated
the intrinsic pathway of the coagulation cascade by triggering

Figure 16.Silicates as additives to introduce hemostatic properties. (A)
Preparation of alginate/zeolite nanocomposite bead hydrogels for
hemostatic applications and (B) (i) results of the blood clotting assay
with (ii) photographs of blood gelation for the samples treated with
di� erent alginate and zeolite compositions (A: alginate; Z: zeolite; C:
chitosan). Reproduced with permission from ref41. Copyright 2018,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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factor XII. Injectable, polysaccharide-based nanocomposites of
� -carrageenan (� CA) were developed and showed improved

hemostatic behavior through the introduction of Laponite
particles (Figure 17A).42 Blood clotting time for the� CA-

Figure 17.Shear-thinning hydrogels enabled by Laponite nanoclays with hemostatic properties. (A) Schematic fabrication route for the� -carrageenan
(� CA)-nanosilicate (nSi) hydrogels and (B) blood clotting assay con� rming promoted blood clotting upon the addition of Laponite. (C) Clotting time
was reduced by� 50% by adding 2 wt % Laponite. (D) Activated clotting time demonstrating the reduced clotting time. (E) Blood clotting was
con� rmed through the rheological characterization of the storage modulus. Reproduced with permission from ref42. Copyright 2018, Elsevier.

Figure 18.Schematic of graphene oxide (GO)/montmorillonite (MMT) composites (GMCS) forming cross-linked graphene sponges (CGS) for
hemostasis and wound healing applications. Reprinted from ref209. Copyright 2016 American Chemical Society.
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nanosilicate hydrogels was in the range of 100Š200 s, which was
almost half of those of the control blood samples (Figure
17B,C). Blood clot formation was monitored in real time by
rheological analysis of the blood� uid (Figure 17E). The results
con� rmed increases in storage modulus, suggesting blood clot
formation.

3.3.2.3. Montmorillonite.Montmorillonite (MMT) is one of
the most e� ective hemostatic candidates to reinforce the
hemostatic property in hydrogel systems. The hemostatic e� ect
of MMT is related to its superior plasma absorption capacity
among natural phyllosilicates. However, MMT released in blood
vessels may cause thrombosis, and thus, the management of the
release of hemostatic clay particles remains a challenge.209 To
avoid this issue, MMT particles were incorporated within GO-
based cross-linked composite sponges, as shown inFigure 18.
This approach resulted in signi� cant reductions in the amount of
MMT platelets that were released into the blood and, thus,
reduced thrombosis. The results suggest that the addition of <15
wt % MMT could stop bleeding within 84 s in a rabbit artery
wound model through the activation of the Hageman factor
(Factor XII) and rapid absorption of plasma. The gelatin/
alginate hydrogels loaded with MMT and Kaolin, cross-linked
with EDC/NHS chemistry, showed excellent adhesion and
hemostatic properties.210 Compared to Kaolin, at the same
concentration, MMT particles had better adhesion to the
hydrogel.211

3 . 3 . 3 . W h i t l o c k i t e . N a n o - w h i t l o c k i t e s
(Ca18Mg2(HPO4)2(PO4)12) have been incorporated in di� erent
hydrogel systems, such as chitosan, to induce hemostatic
properties. Mechanistically, their mechanism of action is based
on the release of Ca2+, Mg2+, and PO4

3Š ions that activate the
coagulation cascade in multiple ways, as shown inFigure 19.

Nano-whitlockites are synthesized through precipitation, and
the resulting nanocomposite hydrogels were found to be
cytocompatible and hemocompatible.212 The addition of
nano-whitlockites signi� cantly reduced both blood clotting
time in vitro and blood lossin vivoby approximately 50%
compared to sham controls.

3.4. Self-Propelling Particles

Self-propelling hemostatic agents have recently emerged as
potential candidates for rapid hemostasis. A recent study
developed self-propelling particles that can migrate deep into
the wounds and deliver hemostatic agents for rapid blood
coagulation.213 In this study, natural starch was converted to
Janus particles using enzymatic hydrolysis and esteri� cation
(using amylase) and negatively charged with phosphate groups
(using sodium trimetaphosphate, STMP, reagent) to strengthen
the hemostatic e� ects. The negatively charged mesoporous
starch (MMS) was combined with CaCO3 crystals and
protonated tranexamic acid (TXA-NH3

+) to make it self-
propellingvia a bubble detachment mechanism. The particles
successfully stopped deep liver and femoral artery bleeding
within� 50 s and 3 min, respectively. Layer-by-layer assembly of
quaternized starch and TA double layers coated on microporous
starch microparticles were developed as hemostatic agents for
bone repair.214Mouse bone defect models were used to test the
potential for bone regeneration, reduce the immune response,
and e� ectively control bleeding. A similar approach was
undertaken to fabricate self-propelling chestnut-like particles
that were able to puncture RBCs for the activation of
hemostasis.215 These biocompatible particles were fabricated
by a macro-acanthosphere coated with CaCO3 and TXA-NH3

+

and demonstrated su� cient momentum to travel deep into
wounds. As a result, liver and arterial bleedingin vivocould be

Figure 19.Hemostatic properties of nanocomposite hydrogels based on chitosan (Ch) and nano-whitlockites (nWhs). (A) Schematic of the
mechanisms of hemostasis and (B) thein vitroblood clotting time assay showing the signi� cant hemostatic e� ect upon the addition of whitlockites.
Reprinted from ref212. Copyright 2019 American Chemical Society.
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arrested within 90 s and 4 min, respectively, which were
signi� cantly lower than commercial Celox particle controls (e.g.,
� 6 min in an arterial bleeding model).

4. POTENTIAL FOR CLINICAL TRANSLATION

Hydrogels and dry biomaterials have demonstrated enormous
potential in wound control by facilitating the� rst stage of the
wound healing process, i.e., hemostasis. Wound dressings have
also accelerated subsequent stages of wound healing (i.e.,
in� ammation, proliferation, and remodeling) due to their
intrinsic wound healing promoting e� ects and capacity to load
various drugs.216 Hemostatic materials and smart hemostatic
devices are rapidly being developed to address various clinical
needs such as cardiac, arterial, and gastrointestinal hemor-
rhage.54,60Blood coagulation during implantation of indwelling
needles and bleeding after their withdrawal are the main
problems with the current needles. A smart indwelling with
switchable hemostasis was developed wherein the hemostatic
properties could be controlled using a magnetic� eld.217 Here,
the outer surface of the needle was coated with a hemostatic
material (i.e., catechol-conjugated chitosan), and the internal
surface was loaded with an anticoagulant magnetic material (i.e.,
iron nanoparticles coated with heparinŠDA conjugates, FeNP-
HepDA). While exposed to a magnetic� eld, the FeNP-HepDA
acts as an anticoagulatory agent to prevent coagulation. Upon
the on-demand removal of the magnetic� eld, the FeNP-HepDA
coating is released, and thereby, the chitosanŠcatechol coating
triggers hemostasis to prevent bleeding during needle with-
drawal. Self-sealing hemostatic needles were also developed by
coating injection needles with catechol-modi� ed chitosan.218

Studies suggest that coating temperature plays a key role in
arresting bleeding at the hemorrhaging sites. High-temperature
(� 60 °C) coating led to Michael addition dominating the
oxidation process of the catechol groups and thereby weaker
attachment forces between chitosanŠcatechol conjugates versus
low-temperature coating (i.e., 4°C where the Schi� base
formation dominates). High-temperature coating more e� -
ciently releases hemostatic materials and stops bleeding within
<5 s.

In situ� ber deposition using electrospinning technology has
been proposed for the treatment of minimally invasive surgical
wounds due to its potential for visceral hemostasis.219A recent
study demonstrated electrospinning-based deposition of CuS
composite nano� bers for ablation of thePseudomonas aeruginosa
(PA) superbacteria using a portable device.220This approach is
biocompatible and easy to implement. However, the risk of
creepage and short circuits are limiting factors that could be
addressed using the gas-blowing spinning method as a safer
alternative.221This technology allows the deposition of a wide
range of polymer solutions, such as those based on poly-
(vinylpyrrolidone) (PVP), poly(caprolactone) (PCL), poly-
(methyl methacrylate) (PMMA), and poly(vinyl butyral)
(PVB).

As for endovascular embolization, an injectable gel embolic
material formulation (GEM) involving gelatin with laponite and
tantalum powders was recently developed to trigger hemostasis
for the treatment of vascular hemorrhage.6 This material can be
delivered using catheters and was found to be visible using
clinical imaging methods. Furthermore, rapid hemostasis was
achieved even in the case of coagulopathic states. Tantalum
additives in combination with glass� bers result in strong
hemostatic properties as well (due to their negative charge).222

Another translational application of hemostatic materials is in
the prevention of tumor recurrence after tumor resection
surgery. Postoperative bleeding is a major cause of tumor
metastasis and therefore requires hemostatic materials. In a
recent study, a zeolitic imidazolate framework (ZIF-8)-based
hemostatic cryogel network with antibacterial and shape
memory properties was developed to prevent tumor recurrence
in hepatocellular carcinoma.223Dopamine-modi� ed ZIF-8 was
incorporated within the polymer matrices on the basis of
hematoporphyrin monomethyl ether (HMME), HA-DA, and
glycidyl methacrylate-functionalized quaternized chitosan
(QCSG). The obtained material was able to kill cancer cells
by generating reactive oxygen species (ROS) and arresting
bleeding at the tumor site.

Hemostatic materials have paved the way toward e� cient
management of surgical and dental wounds. For instance, gelatin
modi� ed with phenyl isothiocyanate was mixed with GelMA
hydrogels to form bioadhesive hemostats and has been proposed
for dental applications.224These materials have been tailored to
address the needs of repairs for a wide range of tissues and
organs. Next, the applications of hemostatic hydrogel treatment
of bleeding in di� erent tissue types are summarized.

4.1. Wound Healing

Hemostatic materials aim not only to stop bleeding at the early
stages of the wound-healing process but also to aid in
accelerating wound healing. Improvements in wound healing
are due to the latest advances in biocompatible materials, which
encapsulate the desired drugs and functional components and
enhance the immune response. One of the main issues of
commercially available hemostatic agents is the instability of the
materials during blood� ow at the wound site. To address such
limitations, hemostatic materials with adhesive properties are
being explored. For instance, the serotonin-conjugated HA
(HA-serotonin) hydrogel, which was already engineered for
enhanced hemostatic abilitiesin vivo in a mouse liver
hemorrhage model (both normal and hemophilic injuries),
exhibited superior wound-healing e� cacy compared to a
commercially available� brin-based hemostatic agent.164 De-
tailed histological analyses also con� rmed the formation of
blood clots even in the wound area in hemophilic mice.
Importantly, the biomaterialprevented abnormal tissue
adhesion through antibiofouling e� ects. Another multifunc-
tional bioadhesive engineered by Zhu et al., based on
polysaccharides and peptide dendrimers, was found to have
high biocompatibility and antimicrobial properties,225which are
essential for e� cient would healing. The aldehyde/amine-
mediated bioadhesive reduced blood loss when compared to
CoSeal, a commercially available sealant, in a rat liver
hemorrhage model. In this study, hydrogels based on CMCS
and peptide dendrimers (i.e., G3KP) had superior and
accelerated wound-healing e� cacy when testedin vivoutilizing
a full-thickness rat dorsum incision model. Although the
histology data with hematoxylin and eosin (H&E) staining
showed initial acute in� ammation both for the material and
control, the engineered material promoted complete wound
healing in addition to the formation of blood vessels and dermis,
negligible cell in� ltration, and lack of any visible� brosis.
Therefore, the ability to form rapid covalent bonding with tissue
surfaces at the incision site made this adhesive biomaterial an
excellent candidate for clinical wound closure applications.
Recently, an injectable multifunctional composite hydrogel
composed of HA-DA and reduced graphene oxide (rGO)
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engineered by Liang et al. exhibited excellent hemostasis along
with superior adhesive, antioxidant, and conductive proper-
ties.163 Interestingly, rGO and HA-DA-based nanocomposites
possessed native human skin tissue-like mechanical properties
and were used for full-thickness skin regeneration during wound
healing. Conductivity of the hydrogel enabled the excitation of
electrical signals between cells across the wound site and thereby
aided the wound healing process.226The HA-DA/rGO adhesive

conductive hydrogels were found to have good adhesive
strengthin vivo, comparable to, or even better than, commercial
Tegaderm� lm dressings. To evaluate the performance of the
hybrid hydrogels on real tissue surfaces and homeostatic
conditions, HA-DA/rGO hydrogels were tested in a liver
bleeding mouse model and showed good hemostatic capacity.
Although strong adhesion is needed for e� cient wound healing,
wound dressings are also required to be detachable on

Table 1. Commercial Hemostatic Adhesive Products

product
name materials indicated application curing time

application
method most common adverse reactions observed in clinical trials

PMA
number

Tisseel human� brinogen cardiopulmonary bypass 2 min spray increased D-dimer levels in cardiovascular surgery (but did
not exceed values reported in the literature occurring
after this type of surgery)

P103980
thrombin
bovine� brinolysis

inhibitor
Evicel human� brinogen liver/hepato-pancreato-

biliary procedures
10 min (to

achieve
hemostasis)

spray bradycardia BL 125010

thrombin orthopedic surgeries drip nausea
hypokalemia
insomnia
hypotension
pyrexia, graft infection
vascular graft occlusion
peripheral edema
constipation

BioGlue bovine serum albumin for open surgical repairs of
aorta, femoral, and carotid
arteries

2 min extrude hemorrhage P010003
glutaraldehyde infection

myocardial infarction
infection
in� ammatory, immune systemic allergic reaction
ischemia
death

ArterX,
PreveLeak

bovine serum albumin vascular reconstruction 10 min extrude infection P100030
polyaldehyde thrombosis/thromboembolism

ischemia
myocardial infarction
hypotension
respiratory failure/disfunction
steal syndrome
pleural e� usion
death

Tridyne human serum albumin aortic sealing 10 min (to
achieve
hemostasis)

spray pleural e� usion P150016
poly(ethylene glycol) anemia

atelectasis
peripheral edema
thrombocytopenia
nausea
hypotension
pulmonary edema
hypoxia
hypokalemia
tachycardia

CoSeal glutaryl-succinimidyl
ester

vascular reconstruction 10 min (forms
a gel in <3 s)

extrude edema P030039

thiolterminated
poly(ethylene glycol)

elevated temperature
erythema
infection
hematoma
nonhealing wound

Ethicon
OMNEX

2-octyl cyanoacrylate vascular reconstruction 2 min extrude bleeding and coagulopathy P060029
butyl lactoyl

cyanoacrylate
erythema
wound infection
dehiscence
lymphocele/lymph� stula
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demand.227 A pH-sensitive cross-linker composed of a
protocatechualdehyde complexed by ferric ions (pH� 10)
through their catechol groups was designed to cross-link QCS
hydrogels. In this material, aldehyde end groups of proto-
catechualdehyde formed a Schi� base with QCS to fabricate
dual-cross-linked adhesive hydrogels. This hydrogel could
dissociate by reducing the pH to� 8 to facilitate postwound-
closure care in the infected skin lacerations. The hydrogels were
further characterized in terms of their antibacterial, hemostatic,
and NIR-responsive properties.

Diabetic wound healing has been addressed by the wound
healing capability of hemostatic materials.228 Compared to
commercial wound dressings (i.e., Hydrosorb Gel), modi� ed
gelatin had excellent hemostatic and diabetic wound-healing
properties.102 In this system, gelatin was conjugated with 3-
carboxy-phenylboronic acid and cross-linked with PVA. The
hydrogel was further supplemented with vancomycin-con-
jugated silver nanoclusters and nimesulide-loaded micelles to
enhance the antibacterial and anti-in� ammatory properties. The
excellent photothermal antibacterial property as well as the
bioactivity of PDA make this material a promising bioactive
wound dressing candidate. The e� cacy of mussel-inspired
hydrogels and the role of catechol groups in triggering blood
coagulation were evaluated by Kim et al.229 They assessed
chitosanŠcatechol conjugates in terms of hemostatic e� ects in
preclinical animal models as well as in human clinical trials for
hepatectomies. The materials generated strong interactions with
the blood plasmain situand formed a barrier layer within a few
seconds due to the synergistic e� ects of charged chitosan and
catechol groups.

4.2. Cardiac and Arterial Reconstruction

Wet adhesion and rapid hemostasis are required in open
procedures such as those involving the heart and arteries. On the
one hand, blood pressure is an obstacle to sealant adhesion; on
the other hand, the application of the hemostatic hydrogels
poses the risk of release and the formation of clots in the blood
vessels. The dynamic deformations of these tissues require
hydrogels with superior fatigue performance in terms of both
adhesion and material cohesion. Many studies have attempted to
address the application of hemostatic materials for rapid heart
and artery wound closure. Recently, Cui et al. developed a highly
adhesive hemostatic sealant on the basis of pentaerythritol tetra-
acrylate (PETEA), PEGDA, and DA.230The resulting hydrogels
rapidly stopped visceral bleeding while strongly adhering to the
wound site. This sealant material consisted of a hydrophobic
backbone and hydrophilic adhesive catechol side branches,
which trigger rapid adhesion upon contact with water. Two
distinct models, femoral artery bleeding and liver bleeding in
rats, were used to study the hemostatic e� ects of the hydrogels,
and it was concluded that the bleeding was quickly and
completely stopped with almost no detectable bloodstain.
Subcutaneous implantation in rat models showed complete
degradation of the material without any indication of
thrombosis. Meanwhile, the material was found to be useful
for irregular and deep wounds due to its easy injectability.
Similarly, Hong et al. designed another highly biocompatible
adhesive hemostatic hydrogel based on GelMA and glyco-
saminoglycan HA, i.e., HA-NB, speci� cally for the repair of the
injured arterial and heart bleeds.29 The GelMA/HA-NB
hydrogel rapidly sealed the bleeding site upon photo-cross-
linking with UV irradiation. A series ofin vivoexperiments were
performed to study the e� cacy of hydrogels in both rabbit (liver

and artery) and pig (carotid arteries and heart) models. Burst
pressure tests indicated that the repaired sites could withstand
blood pressures up to 290 mmHg, which is signi� cantly higher
than systolic blood pressures in most clinical settings. The
GelMA/HA-NB adhesive exhibited good biocompatibility and
diminished cytotoxicity when subcutaneously implanted in a rat
model. Altogether, the GelMA/HA-NB matrix hydrogels are
signi� cantly improved and promising hemostatic sealants.
Recently, a silk-based and bioinspired hemostatic sealant was
designed and developed by Bai et al.231 In vivohemostatic
capacity of the SF-based sealant (SFT) hydrogels was tested in
rat liver and heart bleeding models. The results demonstrated
the SFT hydrogel’s instant hemostatic capacity (within 30 s) and
tough adhesion in wet and dynamic conditions. This material
adhered slightly more strongly to tissue surfaces in the presence
of blood compared to those in water. Due to their rapid
coassembly and tough adhesion to mechanically robust bleeding
tissues, the SFT hydrogels are strong candidates for wound
closure and surgical sealing applications. One major challenge in
current bioadhesives for sealing cardiac and arterial wounds is
nonselective adhesion to other tissues through the backside of
the bioadhesive.66 Asymmetric bioadhesives have been
proposed as solutions for postoperative antiadhesion for internal
applications.232 In one example, injectable gelatin bioadhesives
cross-linked with PEG-NHS linkers were treated with alkaline
solutions after cross-linking to hydrolyze adhesive NHS groups
and to deactivate bioadhesion on the hydrogel surface.233 The
PEG content in this bioadhesive led to antifouling properties
and prevented cell adhesion. Althoughin vivo testing
demonstrated reduced hepatic and cecum-sidewall adhesion,
further applications of asymmetric bioadhesives in cardiac and
arterial reconstruction have yet to be explored.

5. COMMERCIALIZED HEMOSTATIC SEALANTS

Several commercial products have been developed to meet the
rising demand for hemostatic sealants in clinical applications.
These FDA-approved products are available for the indications
noted in Table 1. Although some of these products o� er
advantages compared to the traditional treatments, limited
elasticity, inadequate sti� ness, and low tissue adhesion,
particularly in wet and highly dynamic physiological environ-
ments in the presence of blood, are some of their limitations. For
example, cyanoacrylate-based sealants possess high adhesive
strength but are much sti� er than native tissues; they also have
cytotoxicity issues, limiting their utility in internal use.234,235A
few of the commercially available hemostatic agents (e.g.,
Tisseel and Evicel) rely on the use of gelatin or� brin as a sealing
matrix while incorporating thrombin and coagulating factors
(factor XIII) to achieve hemostasis. Although highly biocom-
patible, these hemostatic agents do not possess adequate
mechanical and adhesive properties.236 Adhesives with
thrombin237 as a hemostatic agent rely on the patient’s innate
coagulatory response, which in some cases is compromised.
Moreover, hemostatic sealants containing thrombin and
� brinogen pose the risk of introducing strong coagulation
activators into the bloodstream.238 Current commercially
available products often fail to provide appropriate sealing
capabilities and hemostatic properties simultaneously. As such,
other hemostatic sealants are under development to ful� ll these
requirements (Table 2).
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6. CONCLUSIONS AND PROSPECTS

The fast-paced progress in medical sealants has paved the way
for advances in sutureless wound-closure techniques. The
� exibility of the hydrogel processing techniques has enabled
integrated components to promote the required functionalities
such as antimicrobial properties. The current state of research
indicates the need for hemostatic and adhesive properties as the
basic requirements to be met before they can be used for clinical
applications for the e� ective sealing of open wounds. The
underlying mechanisms behind each of these characteristics are
known; however, the materials and processing techniques need
to be tailored to achieve further improvements. Due to the
unmet needs for safe, fast, and e� ective blood coagulation at
wound and incision sites, more research is required to address a
number of key aspects of hemostatic materials.

One major challenge is to prevent the release of blood-clotting
agents into the blood downstream, particularly for those of
hemostatic hydrogels with nanocomposite bases. The e� ects of
the release of hemostatic agents on local coagulation have not
yet been su� ciently addressed. From this perspective, moving
from active hemostasis methods to passive hemostatic
mechanisms may be advantageous. Swelling and adhesion-
driven hemostasis may be preferred over other approaches due
to their increased safety over those of composite hydrogels
involving blood-coagulating components.

There have been successes in achieving rapid hemostasis in
terms of the enhanced adhesiveness in state-of-the-art hydrogels.
The development of strong adhesive hydrogels with engineered
mechanical properties matching those of host tissue should be a
priority. From a mechanical standpoint, the ideal sealant should
impose minimal resistance against natural deformations of the
tissue. Soft but elastic hydrogels with high adhesion and
stretchability are the main target for this requirement. These
properties lead to better conformability to underlying tissue and
mechanically favor natural tissue adhesion. Dynamic tissues
such as the heart and skin (that may undergo up to� 50% strain
during daily activities) impose signi� cant constraints in this
regard. Current hemostatic bioadhesives mostly adhere non-
selectively on both sides. More e� orts are required to leverage
one-sided bioadhesion to the target tissue to avoid unwanted
adhesion. In addition, further developments to fabricate on-
demand detachable bioadhesives are highly encouraged.
Adhesive hemostats are susceptible to detachment due to
fatigue. Fatigue failure of hemostat hydrogels may a� ect either
the material or the interfacial adhesion and needs to be
addressed experimentally. Although superabsorbent hydrogels
have been developed with signi� cant attention given to
hemostasis e� ects, the negative impact of hydrogel swelling on
hydrogel tissue adhesion is a major concern that should be
addressed. A compromise could be made in future material
designs between wet adhesion and hydrogel swelling behavior in
hemostatic materials.

Note that the required adhesive properties di� er from tissue
to tissue. Most studies thus far have been biased toward tissues
such as liver, heart, lung, and skin, whereas other soft tissues,
such as nerve, and hard tissues, such as bone, need further
attention. In more challenging tissues, such as nerves, where
apart from adhesion, electrical conductivity and elasticity must
be addressed, there is plenty of room for translational
developments. The lack of standardized methods to measure
hemostatic characteristics presents obstacles in comparing and
contrasting the observations in the literature, given the varying

material properties identi� ed. Hence, development of stand-
ardized testing devices and methods are needed for material
comparisons and further development.

With the advent of smart hydrogels, many other possibilities
open up for wound control. For instance, temperature-
responsive hydrogels with LCST behavior allowing gelation at
the body temperature can enable the application of the
hemostatic materials in minimally invasive surgeries and
therapeutics where photo-cross-linking would be challenging.
Smart hydrogels, responsive to external stimuli, may turn the
hemostatic properties in the hydrogels on and o� to control the
local hemostatic behavior and avoid unwanted downstream
blood clotting. The roles of electrical excitation and material
conductivity in hemostasis and wound healing processes remain
unexplored and require further attention.

For commercialization, the precise application (i.e., type of
tissue and wound) and context of use (i.e., self-administration,
surgery, emergency use) are the key factors in the development
of novel hemostatic constructs. Responsive hydrogels may be
promising for surgical applications where trained operators can
induce the desired response. However, such smart materials may
lack controllability in the case of di� cult to access wounds and
require extra training for their use, which may not be practical in
emergencies such as where frontline workers deal with accidents.
Complex state-of-the-art materials might not be appropriate for
broad use, where lower quality hemostats with easier handling,
storage, and accessibility would be indicated. The development
of smart, autoresponsive hemostatic materials that adapt to all
wounds is nonetheless an idealized target. Prolonged shelf life
and enhanced biocompatibility as well as nonimmunogenicity
are among other needs to be met in current commercial
hemostatic materials. Future research will further explore
di� erent materials and techniques in terms of their hemostatic
behavior to provide better and more e� cient solutions for
wound management.
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ABBREVIATIONS

Ag = silver
AG-NH2 = agarose ethylenediamine conjugate
AgNPs = silver nanoparticles
APS = ammonium persulfate
APTES = (3-aminopropyl)triethoxysilane
APTT = activated partial thrombin time
BAC = biological active component
BAPEG = benzaldehyde-terminated poly(ethylene glycol)
BCA = citrate acid
BCD = hydrogel based on carboxylated bovine serum
albumin and citrate acid conjugated with dopamine
BCI = blood clotting index
BDBA = 1,4-benzenediboronic acid
BDDE = 1,4-butanediol diglycidyl ether
BSA = bovine serum albumin
CEC =N-carboxyethyl chitosan
CGS = cross-linked graphene sponge
Ch = chitosan
CH = chitin
CHX = chlorhexidine diacetate
Chi-C = catechol-modi� ed chitosan
CKS = chitosan/konjac glucomannan subtract
CLNs = chlorhexidine diacetate loaded nanogels
CMCS = carboxymethyl chitosan
CMCS-g-PAA = carboxymethyl chitosan grafted poly(acrylic
acid)
CNCs = cellulose nanocrystals
CNFs = cellulose nano� bers
CNS-PDA = polydopamine-coated carbon nanotube
CS = chitosan
CS-GA = gallic acid-conjugated chitosan

Cur-QCS/PF = curcumin-loaded quaternized chitosan and
Pluronic F-127
DA = dopamine
DACNC = dialdehyde cellulose nanocrystal
DapA = 2,3-diaminopropionic acid
DCGS = diaminopropionic-cross-linked graphene sponge
DCS = dodecyl-modi� ed chitosan
DF-PEG = dialdehyde capped poly(ethylene glycol)
Dopa-OA = dopa-conjugated oxidized alginate
ECM = extracellular matrix
EDA = ethanediamine
EDC = 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
ELISA = enzyme-linked immunosorbent assay
ELPs = elastin-like polypeptides
EPPE = poly(L-lysine) cross-linked with poly(ethylene
glycol) diglycidyl ether
FB =� brin
FeNP-HepDA = iron nanoparticle coated with a heparinŠ
dopamine conjugate
G = gelatin
GA = gallic acid
GelMA = gelatin methacryloyl
GEM = gel embolic material
GO = graphene oxide
GTA = glycerol triacrylate
GT-DA = gelatin grafted with dopamine
GTMAC = glycidyltrimethylammonium chloride
H&E = hematoxylin and eosin
HA = hyaluronic acid
HA-AEMA = aminoethyl methacrylate hyaluronic acid
HA-DA = dopamine-conjugated hyaluronic acid
HA-NB = N-(2-aminoethyl)-4-(4-(hydroxymethyl)-2-me-
thoxy-5-nitrosophenoxy) butanamide conjugated to hyalur-
onic acid
HA-PolyP = polyphosphate-modi� ed hyaluronic acid
HBCS = hydroxybutyl chitosan
HBCS-C = catechol-hydroxybutyl chitosan
HEC = quaternized hydroxyethyl cellulose
Hfg = human� brinogen
HMME = hematoporphyrin monomethyl ether
HRP = horseradish peroxidase
Irgacure 2959 = 2-hydroxy-4�-(2-hydroxyethoxy)-2-methyl-
propiophenone
KEC = keratin/catechin nanoparticles incorporated within
cellulose
KE-NPs = keratin/catechin nanoparticles
LAP = lithium phenyl-2,4,6-trimethylbenzoylphosphinate
LCST = lower critical solution temperature
LDH = lactate dehydrogenase
mPEG-MA = methacrylated methoxy poly(ethylene glycol)
MAETMAC = 2-(methacryloyloxy)ethyl trimethylammo-
nium chloride
MATMA = (methacryloyloxy)-ethyltrimethylammonium
chloride
MCF = mesocellular silica foam
MMS = negatively charged mesoporous starch
MMT = montmorillonite
MOG = metalŠorganic hydrogel
MRSA = methicillin-resistantStaphylococcus aureus
NB = N-(2-aminoethyl)-4-(4-(hydroxymethyl)-2-methoxy-
5-nitrosophenoxy) butanamide
nBG = nano-bioglass
NHS =N-hydroxysuccinimide
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NMA = N-hydroxymethyl acrylamide
nSi = nanosilicate
nWh = nano-whitlockite
OBC = oxidized bacterial cellulose
OD = absorbance value
PA =Pseudomonas aeruginosa
PAA = polyallylamine
PAAc = poly(acrylic acid)
PACM = 4,4�-diaminodicyclohexylmethane
PAM = polyacrylamide
PBS = phosphate-bu� ered saline
PCL = poly(caprolactone)
PDA = polydopamine
PEA = poly(ester amide)
PEG = poly(ethylene glycol)
PEGDA = poly(ethylene glycol) diacrylate
PEI = polyethylenimine
PETEA = pentaerythritol tetra-acrylate
PF = Pluronic F-127
PF-127 = Pluronic F-127
PF127-CHO = benzaldehyde-terminated poly(ethylene
oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)
PGE = poly(glycerol ethylenimine)
PHEAA = poly(N-hydroxyethyl acrylamide)
PLGA = poly(lactic-co-glycolic acid)
PLL = poly(L-lysine)
PMMA = poly(methyl methacrylate)
poly(TMAEMA-co-SBMA) = poly((trimethylamino)ethyl
methacrylate chloride-co-sulfobetaine methacrylate)
PolyP = polyphosphate
PT = thrombin time
PU = polyurethane
PUUF = polyurethane-urea foam
PVA = poly(vinyl alcohol)
PVB = poly(vinyl butyral)
PVP = poly(vinylpyrrolidone)
PRP = platelet-rich plasma
PPP = platelet-poor plasma
QCS = quaternized chitosan
QCSG = clycidyl methacrylate-functionalized quaternized
chitosan
QHM = quaternized hydroxyethyl cellulose/mesocellular
silica foam hydrogel sponge
RBCs = red blood cells
rGO = reduced graphene oxide
ROS = reactive oxygen species
SA = sodium alginate
SEM = scanning electron microscopy
SF = silk� broin
SFT = silk� broin-based sealant
SSAD = skin secretion ofAndrias davidianus
STMP = sodium trimetaphosphate
TA = tannic acid
TAHE = tannic acid coacervated hydrogel
TCEP = tris(2-carboxyethyl) phosphine hydrochloride
TEMED = tetramethylethylenediamine
TEOS = tetraethyl orthosilicate
tGNPs = tigecycline-loaded gelatin nanoparticles
TOMSP = chitosan/konjac glucomannan subtract-thrombin-
occupied microporous starch particle
TPP = tripolyphosphate
TXA-NH3

+ = protonated tranexamic acid
WBCs = white blood cells

ZIF-8 = zeolitic imidazolate framework
ZnO = zinc oxide
� CA =� -carrageenan
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