Materials Today Bio 17 (2022) 100468

Contents lists available at ScienceDirect

;;aterialstoday
BIO

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio

Design of biopolymer-based hemostatic material: Starting from molecular ]

Check for

structures and forms

Chen-Yu Zou™?, Qian-Jin Li ajl, Juan-Juan Hu®", Yu-Ting Song “, Qing-Yi Zhang“, Rong Nie “,
Jesse Li-Ling *¢, Hui-Qi Xie ™"

2 Laboratory of Stem Cell and Tissue Engineering, Orthopedic Research Institute, Med-X Center for Materials, State Key Laboratory of Biotherapy, West China Hospital,
Sichuan University, Chengdu, Sichuan, 610041, PR China

b Department of Otolaryngology, Head and Neck Surgery, West China Hospital, Sichuan University, Chengdu, Sichuan, 610041, PR China

¢ Department of Medical Genetics, West China Second Hospital, Sichuan University, Chengdu, Sichuan, 610041, PR China

ARTICLE INFO ABSTRACT

Keywords: Uncontrolled bleeding remains as a leading cause of death in surgical, traumatic, and emergency situations.

M_ate“al design Management of the hemorrhage and development of hemostatic materials are paramount for patient survival.

ﬁlopo]ymgr Owing to their inherent biocompatibility, biodegradability and bioactivity, biopolymers such as polysaccharides
emostasis

and polypeptides have been extensively researched and become a focus for the development of next-generation
hemostatic materials. The construction of novel hemostatic materials requires in-depth understanding of the
physiological hemostatic process, fundamental hemostatic mechanisms, and the effects of material chemistry/
physics. Herein, we have recapitulated the common hemostatic strategies and development status of biopolymer-
based hemostatic materials. Furthermore, the hemostatic mechanisms of various molecular structures (compo-
nents and chemical modifications) are summarized from a microscopic perspective, and the design based on them
are introduced. From a macroscopic perspective, the design of various forms of hemostatic materials, e.g., powder,
sponge, hydrogel and gauze, is summarized and compared, which may provide an enlightenment for the opti-
mization of hemostat design. It has also highlighted current challenges to the development of biopolymer-based
hemostatic materials and proposed future directions in chemistry design, advanced form and clinical application.

Molecular structure
Form

1. Introduction inorganic hemostatic materials, biopolymers have shown sound biode-

gradability, reliable biocompatibility and non-exothermic reaction [8].

Massive hemorrhage is a leading cause of death, and excessive blood
loss can cause serious complications including hypothermia, organ fail-
ure, shock, and even death [1]. As estimated, deaths caused by excessive
bleeding accounts for 30-40% of trauma mortality. Conversely, 50% of
mortalities may be avoided with efficient hemostatic techniques [2-4].
Even though the body possesses an effective coagulation system, in the
face of massive bleeding, advanced hemostatic managements are still
required, particularly for the pre-hospital care [5,6]. Biopolymers are
substances derived from nature, and often contain multitudinous poly-
saccharides (e.g., chitosan, cellulose and alginate) and polypeptides (e.g.,
gelatin, silk and fibroin). Owing to their unique molecular structure and
bioactivity, they have attracted much interests from the field of
biomedicine and exhibited a great potential for clinical transformation
[7]. For first-aid hemostasis, compared with synthetic polymer and
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Various products based on biopolymers, e.g., Chitoflex®, HemCon® and
Celox®, have become available and showed good hemostatic perfor-
mance [9]. Drawing on the unique advantages, many studies have been
carried out by global researchers to design and develop more advanced
biopolymer-based hemostatic materials with various molecular struc-
tures and forms.

As a pivotal factor, the molecular structure of the hemostatic mate-
rials, including components and chemical modifications, can greatly in-
fluence the hemostasis effect. Notably, the biopolymers have shown
precious inherent bioactivities such as pro-coagulation, pro-healing and
anti-infection [10]. Though the connection by glycosidic bonds, the
physical and chemical characteristics, e.g., molecular weight, solubility,
functional groups, etc. of the polysaccharides are disparate, which can
endow them with various hemostatic characteristics as detailed in the
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following sections. Similarly, polypeptides, which are abundant in tissue
and blood, play a vital role in coagulation and can be utilized as the key
point for hemostatic material design [11,12]. Furthermore, many func-
tional groups have recently been introduced into the biopolymers to
modify their physical and physiological properties, making them smart
and multifunctional. In view of the increasingly prominent role in
biopolymer functionalization, we have reviewed the modification of the
polymers based on their functional designs including bio-adhesion,
wettability, charge stimulation and addition of procoagulant functional
groups and ions.

Even with the same component, hemostatic materials can be prepared
into different forms, e.g., powder, sponge, gauze and hydrogel, which
endowed them with different hemostatic mechanisms [13]. Under
different circumstances (bleeding site, depth, environment, etc), such
materials have shown particular advantages for hemostasis. For example,
bleeding caused by gunshot are characterized by penetrating, deep and
irregular wounds, for which ordinary gauze-type materials may not suf-
fice. Incompressible bleeding wounds caused by brain, heart and other
organ injuries often require the material to have bio-adhesion ability. As
to moving sites, to avoid secondary bleeding caused by material move-
ment and destruction, bio-adhesion and stretchability of hemostatic
materials need to be considered. Hence, reasonable form design of the
materials is crucial for attaining their hemostatic effect.

In this review, we have highlighted the key factors which may affect
the hemostasis and the physiological and physical mechanisms of
biopolymer-based hemostatic materials. Based on this, the current situ-
ation and principles for the design of molecular structure and form are
summarized and thoroughly discussed, in addition with the shortcomings
and challenges to the currently available biopolymer-based hemostatic
materials.

2. Hemostatic mechanism
Understanding the hemostatic mechanism of the materials, especially

how they interact with cells, proteins and other substances in the blood is
important. To optimize the design of hemostatic materials, the
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physiological process of coagulation is first described in detail. In addi-
tion, the process that the material can regulate, namely the designable
point, is highlighted. Thereafter, based on the existing studies, we have
classified the hemostatic mechanisms as physical and physiological he-
mostasis according to their participation in the body's coagulation
process.

2.1. The physiological process of hemostasis

Under normal circumstances, bleeding from a small blood vessel will
stop spontaneously within a few minutes owning to physiological he-
mostasis at the injury site, which mainly involves primary hemostasis
(vascular contraction and platelet thrombosis) and secondary hemostasis
(blood coagulation) (Fig. 1) [14].

When bleeding occurs, the damaged blood vessel will firstly constrict
to slow and reduce the blood flow. In the presence of von Willebrand
factor (VWF), platelets will adhere to the exposed subcutaneous tissue
(comprised mainly type I, IIl and IV collagen) via glycoprotein Ib-IX-V
(GPIb-IX-V). The adherent platelets are activated via stimulation of the
intracellular signaling pathways and release of endogenous adenosine
diphosphate (ADP) and thromboxane Ay (TXA3), both of which can cause
platelet aggregation [15,16]. Following the activation of platelets, the
most abundant glycoprotein on the platelet membrane, namely
GPIIb-IlIa, will undergo a conformational change, increasing the affinity
to fibrinogen. Bridged by fibrinogen and Ca*, platelet thrombus could
form to block the wound and achieve primary hemostasis. The adhesion,
release, aggregation and contraction of the platelets during the primary
hemostasis are collectively referred as platelet activation process [17].

During secondary hemostasis, the coagulation factors are activated in
sequence to produce thrombin, and fibrinogen (solvable) will subse-
quently convert to fibrin (insolvable), resulting in blood coagulation. The
coagulation process can be divided into three steps: (1) formation of the
prothrombinase complex; (2) activation of the thrombin, and (3) gen-
eration of the fibrin. The formation of prothrombinase complex can be
divided into intrinsic and extrinsic pathways. For the intrinsic pathway,
all coagulation factors are derived from the blood, and is usually
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Fig. 1. Schematic illustration of the physiologic hemostasis process: primary and secondary hemostasis.
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triggered by contact of the blood with negatively-charged foreign bodies
such as collagen. The coagulation factors involved mainly include factors
XII, XI, IX and IV (Ca®"). The extrinsic pathway is a process initiated by
exposure of tissue factor (TF), a transmembrane glycoprotein from
outside of the blood, and the coagulation factors involved mainly include
TF, Ca®" and factor VII [18]. The two pathways will eventually join
together to form a common process. With the help of Ca®*, factor Xa (a is
short for activated) and factor Va form a factor Xa-factor Va—Ca2+-phos-
pholipid complex on the surface of phospholipid membrane, which is
named as prothrombinase complex. Under its action, the prothrombin is
activated into thrombin, which in turn will convert fibrinogen into fibrin
monomer and promote its aggregation [19]. Blood coagulation will then
be completed with the synergy of fibrin, factor XIIla, and blood cells. Of
note, although the coagulation process includes two stages, they are
overlapped and could synergize with each other.

2.2. Common mechanisms of hemostasis

The process of hemostasis is complex and involves a variety of cells,
proteins, ions and external factors. On the whole, the hemostatic mech-
anism of the materials could be viewed from physical and physiological
aspects (Fig. 2). From the physical perspective, the hemostatic mecha-
nisms are summarized by concentration effect, adhesion sealing and
charge stimulation. From the physiological perspective, as the key
players in hemostasis, the platelet, erythrocyte, fibrin, thrombin and
Ca®* ions have become the focus of attention. Of note, advanced mate-
rials often employ a variety of hemostatic mechanisms to achieve the
hemostasis in a synergistic manner.

2.2.1. Physical mechanisms
i) Concentration Effect

External means to increase the concentration of procoagulant com-
ponents in the blood, e.g., platelets, erythrocytes, coagulation factors,
etc., is an effective and frequently used method for hemostasis [20].
Hence, the concentration effect is most extensively used in inorganic
hemostatic materials. The earliest studies have started from zeolite for its
advantages including low cost, stability, abundant source and no po-
tential risk of disease transmission. Owing its unique porous structure, it
can quickly absorb water and concentrate the erythrocytes, platelets and
coagulation factors to halt hemorrhage. In 2002, zeolite-based
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Fig. 2. Schematic illustration of common hemostatic mechanisms from the
physical and physiological aspects.
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QuickClot™ was approved by the FDA and recommended by the Com-
mittee on Tactical Combat Casualty Care (CoTCCC) for use in bleeding
emergencies [2,21]. However, its clinical use has been restricted due to
severe exothermic reaction. Gelatin sponge was another commercially
available hemostatic porous material, and can attain the hemostatic ef-
fect by raising the concentration of platelets and coagulation factors [22].
It has been claimed that conventional cotton gauze can lead to unnec-
essary blood loss due to water absorption [23]. Therefore, the relation-
ship between hydrophilicity and hydrophobicity needs to be considered
for the design of hemostatic materials, which will be addressed further in
the following sections.

ii) Adhesion and Sealing

Tissue adhesives can tightly adhere the wound, adapt to the irregular
shape, and be easy to use, making them particularly suitable for battle-
field and first aid. These properties also endow them with a wide appli-
cation in hemostasis [24,25]. Many hemostatic sealants have been
developed and can mainly be divided into two categories. One type is
biological materials such as the first generation tissue adhesives, e.g.,
fibrin glue. Comprising thrombin and virus-inactivated fibrinogen, it
could accelerate formation of insoluble fibrin clot at the bleeding site and
plug the vessel. However, due to its poor binding strength with the tissue,
the fibrin glue is incompetent for applications requiring resistance to
high mechanical loads and blood pressure. Moreover, such biological
products are potentially immunogenic [26]. The other type is chemo-
synthetic adhesive. A common one is cyanoacrylates-based adhesive,
which has shown excellent adhesion performance with the tissue owing
to the isocyanate structure. Unfortunately, the thermal damage during
the polymerization and the toxic effect of degradation products including
formaldehyde and alkyl cyanoacetate should raise concern [27]. Facing
the harsh condition of dampness and even gushing bleeding, the mate-
rials are supposed to achieve wet adhesion. Furthermore, customized
hemostatic adhesives for various tissues should be designed according to
the diverse physiological conditions [28,29]. Facing such needs, the
development of advanced and intelligent hemostatic tissue adhesive is
now in full bloom.

iii) Charge Stimulation

The proteins and cells in the blood are known to have negatively
charged surfaces [30]. Electrostatic interactions of the materials with
procoagulant components can capture and activate them, speeding up
the clotting process. When a positive-charged hemostatic material is
applied to the wound, plentiful blood cells will gather on it [31]. Some
researchers have shown that the hemostatic activity of nanoparticles
with positive charges may significantly surpass the negatively charged
nanoparticles by targeting the injured sites through opsonization with
fibrinogen [32]. Nevertheless, many studies have still indicated that
negatively-charged materials could also promote coagulation. For
intrinsic pathway, factor XII is activated to factor XIIa after contacting the
negative-charged substances. Negatively charged substances such as
alginate can induce the activation of factor XII, thereby accelerating the
hemostasis [33,34]. Hence, both positive and negative charges can pro-
mote clotting through different hemostatic mechanisms, and the hemo-
static effect will depend on the particular material and bleeding scenario.

2.2.2. Physiology-related mechanisms
i) Platelet:

Platelet activation and aggregation are closely related to the two
stages of physiological hemostasis, and play a pivotal role in the process
[35]. During primary hemostasis, the 5-hydroxytryptamine and TXAj
released by activated platelets can enhance blood vessel contraction. The
release of coagulation factors (fibrinogen and factor V) from the
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a-granules of the activated platelets can accelerate the clotting process.
Within in the blood clots, the pseudopodia of the platelets will bind to
fibrin through activated GPIIb-Illa [12]. Therefore, various strategies
based on the platelets have been applied for developing the hemostatic
materials. By using the platelet membrane, a nanoplateletsome was
constructed, which could target the damaged blood vessels and control
massive bleeding [36]. Synthetic platelet substitutes can effectively stop
bleeding and have the advantage of large-scale production. For instance,
vWEF-binding peptides (CBP and VBP) and fibrinogen mimicking peptides
(FMP) have been used to decorate the surface of liposomes to mimic
platelet adhesion and aggregation, which demonstrated an enhanced
hemostatic effect [37]. Furthermore, the platelets are also involved in the
immune system of the host and are of great value for tissue regeneration
[38,39].

ii) Erythrocyte:

The particular effect of the erythrocytes on the hemostasis has grad-
ually been recognized, which is reflected by platelet activation, thrombin
generation and clot contraction. Erythrocytes can enhance the platelet
adhesion and aggregation by the release of ADP and TXA,. The interac-
tion between the erythrocytes and fibrinogen can affect the structure,
mechanical properties, and lytic resistance of blood clots [40-42].
Studies have shown that the erythrocytes will undergo a series of
time-dependent shape change during the coagulation process. Those in
the wound thrombus will lose their normal biconcave-disk shape and
become densely polyhedral, which is beneficial to establish a tight
interface between the materials and the bleeding tissue [43]. This is in
keeping with the study by Litvinov et al. on pulmonary emboli, when the
erythrocytes have changed from biconcave to compressed polyhedral,
forming polyhedron-erythrocytes [44].

iii) Thrombin and Fibrin:

Many coagulation factors are involved in the secondary hemostasis,
which will ultimately motivate the formation of thrombin. The latter in
turn will accelerate transformation of fibrinogen into fibrin to achieve
blood coagulation. Thrombin has been added as a drug to the materials
and showed an outstanding hemostatic performance [45]. Currently,
fibrin and thrombin are commercially available as coagulation compo-
nents, and have been extensively used in the clinics. The long-standing
drawbacks are immunogenicity and the risk for viral contamination, as
such ingredients have derived from animals (cattle, pigs) or human blood
[46]. In addition, their pre-hospital application, e.g., in battlefield and
emergency treatments, is limited by the time-consuming process of
lyophilized powder dissolution and mixing. As a result, how to activate
the coagulation cascade and induce more thrombin and fibrin production
may be considered as a design point [47]. On the other hand, the inhi-
bition of fibrinolytic system activation has also attracted much attention.
Many antifibrinolytic drugs have been put into clinical use. This is rep-
resented by tranexamic acid (TXA), a life-saving drug with proven
benefit, which can competitively inhibit the activation of plasminogen to
plasmin, preventing degradation of the fibrin clot [48,49].

iv) Ca®* Ion:

As the only non-protein clotting factor, Ca%* ions are ubiquitously
involved in the coagulation process and play an important role at all
stages [50]. In the absence of Cat ions, platelet surface activated
GPIIb-IlTa cannot bind with fibrinogen and aggregate. Intracellular Ca*
ions can lead to exposure of phosphatidylserine on the surface of plate-
lets, which can provide more sites for the aggregation of coagulation
complexes and significantly promote thrombin formation. In addition,
prothrombinase complex, as an indispensable activator for the formation
of thrombin, must be formed by the action of Ca?" ions.
Calcium-containing biomaterials have been verified for attaining
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hemostasis effectively. Calcium-modified oxidized microporous starch
has been proved to activate the coagulation cascade and induce platelet
adhesion, so as to effectively control the bleeding in rabbit liver and
femoral artery injuries [51]. Likewise, mesoporous silica nanoparticles
modified by tannic acid, silver nanoparticles, and calcium ions were
prepared by Chen et al. Among these, Ca?' ions were released from the
materials when exposed to blood, thereby promote the activation and
circulation of coagulation cascade [52]. Inorganic materials containing
Ca®" ions like whitlockite can release the Ca®" ions to initiate the
coagulation cascade [53].

3. Molecular structure design of the hemostasis materials

The hemostatic properties of the materials may be greatly affected by
their molecular structures including compositions and chemical modifi-
cations. The potential of hemostatic materials varies with their main
components. Here, polysaccharide and polypeptide-derived hemostatic
materials are emphatically recapitulated (Table 1). Notably, chemical
modification could also endow the hemostatic materials with desired
bioactivity and multifunction. Merits of chemical modification of the
hemostatic materials in recent years are discussed below, with a focus on
the adhesion and sealing, wettability, charge stimulation, procoagulant
functional groups and ions (Table 2).

3.1. Component design
3.1.1. Polysaccharide-derived hemostatic material
i) Chitosan-based Material

Derived from partial deacetylation of chitin, chitosan is the only
known natural cationic polymer [54]. Owing to their credible biocom-
patibility, biodegradability, inherent hemostatic and antibacterial ca-
pacity, chitosan and its derivatives, e.g., carboxymethyl chitosan
(CMCS), hydroxypropyl chitosan, quaternary ammonium chitosan, have
been widely adapted in regeneration medicine, drug delivery, hemostasis
and other fields [55].

A commercially made chitosan-based hemostatic material, HemCon®
(approved by the FDA in 2002), stands out for its excellent hemostatic
effect in the battlefield. The HemCon® is a lyophilized film following
dissolution in acetic acid. Studies have shown that the strong acidity of
HemCon® could trigger a strong inflammatory response after the im-
plantation [56]. Celox®, a chitosan powder approved in 2007, could
absorb blood up to 11 times its own weight, has shown be effective in
three models for mixed arterio-venous hemorrhages [57]. These have
validated the hemostatic effect of chitosan. Studies also showed that the
pro-coagulation of chitosan does not depend on the classical coagulation
cascade. The hemostatic effect of positively-charged chitosan on eryth-
rocyte aggregation and platelet adhesion have been demonstrated [58,
59]. Xu's group has developed an in-situ imine crosslinked CMCS-based
liquid bandage (LBA). Excited by ultraviolet light, the materials could
crosslink with amino groups on the tissue. Furthermore, owing to the
hemostatic activity of the CMCS, the LBA could stimulate the adhesion
and aggregation of blood cells, thereby possesses the capacity for effec-
tive hemostasis. The synergy of blood clot formation and wound sealing
may have contributed to the excellent hemostatic capacity of the LBA
[60]. In addition, the research on chitosan modification is also promptly
growing. Song et al. have grafted the catechol group onto the chitosan to
prepare a hemostatic hydrogel. An excellent hemostatic effect was veri-
fied by mouse model for liver incision, tail amputation and foot trauma.
This has been attributed to the catechol group and amino group in the
chitosan, which have synergistically enhanced the adhesion ability of the
erythrocytes and platelets [61]. Furthermore, by composite the chitosan
and caffeic acid with mesoporous silicon, the hemostatic performance
was synergistically enhanced. The design of the composite material has
endowed the mesoporous silicon with the ability for tissue adhesion,
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Table 1
Component design for biopolymer-based hemostatic materials.

Materials Today Bio 17 (2022) 100468

Materials Hemostatic mechanism

Characteristic applications

Limitation

Polysaccharide-derived Hemostatic Materials
Chitosan and its Positively charged amino; Erythrocyte

derivatives aggregation; Platelet adhesion
Cellulose and its Concentration effect; Negatively charged
derivatives carboxyl; Complexation with Fe®; Platelet

activation and aggregation

Alginate and Concentration effect; Negatively charged

Hemostasis of rat liver and femoral artery trauma [62]; Bio-adhesion on rat
liver and beating heart, hemostasis of rat liver hemorrhage [60]
Hemostasis of rabbit liver and ear artery hemorrhage [70]; Hemostasis of
rat liver and Swine femoral artery injury [68]

Hemostasis of rat liver hemorrhage, shape-recovery ability, wound healing

Poor solubility

Weak pro-healing bioactivity;
Potential acidosis risk

Low hemostatic ability;

Hyaluronic carboxyl; Activating intrinsic pathway [74]; Hemostasis of liver hemorrhage in normal and hemophilia mice, Insufficient chemical stability
Acid prevention of abdominal adhesion [77]
Polypeptide-derived Hemostatic Materials
Collagen Platelet activation; Activating intrinsic pathway = Promotive capacity of blood cell adhesion, hemostasis of rabbit liver injury =~ Heterogeneity;
[82]; Minimal proinflammatory cytokine production, platelet adhesion and ~ Immunogenicity risk
activation [83]
Silk fibroin Platelet aggregation and adhesion; Enhanced Wet tissue adhesion, Hemostasis of rabbit ear artery, liver, cardiac Insufficient chemical stability
binding of platelets and fibrinogen puncture, and femoral artery injury, hemostasis of rat liver, heart and tail
bleeding [95]
Keratin Platelet adhesion; Activating intrinsic and Hemostasis of rat liver puncture and tail amputation injury [101]; Heterogeneity; Complex
extrinsic pathways; Promoting fibrin clotting Hemostasis of rat liver puncture and femoral artery injury [104] keratin-related proteins
Table 2

Design of chemical modification for biopolymer-based hemostatic materials.

Design strategies Hemostatic mechanism

Reference

Adhesion and Mussel-inspired

Physical interactions (hydrogen bonds, metal coordination, n-, n-cation and hydrophobic interactions);

[26,29,107,115,116,

sealing design Chemical bonds (Michael addition and Schiff base reactions) 129,184]
NHS-based design Imine bonds formed by NHS ester and amino groups in the tissue [114,174]
Schiff base design Imine bonds formed by aldehyde and amino groups in the tissue [60,88,111-113]
Wettability Hydrophilicity Water absorption; Concentration effect [117]
Hydrophobicity Control blood flow; Prevent excessive blood loss; Ease blood clots separation; Wet adhesion [23,118,120,121,123,
124]
Charge Positive charge Blood cell aggregation; Platelet activation; Accelerating fibrin formation [32,125-127]
stimulation Negative charge Activation intrinsic pathway; Thrombin formation; Strengthen fibrin clot [74,133,134,136]
Functional Amino group Positive charge (see above) [60]
groups Carboxyl group Negative charge (see above) [74]
Thiol group Activating extrinsic pathway; Activating TF and platelets [137]
Aldehyde group Protein Binding via imine bonds [138]
Catechol group Constrict blood vessels; Negative charge; Protein binding [139]
Alkyl group Insert into cell membranes and trap them [124,143-145]
Tons Fe Erythrocyte aggregation; Strengthen fibrin clot [148]
Ca Activating intrinsic and extrinsic pathway [51,52,75]
Zn Promoting blood cell aggregation [149,168]
Mg Stabilization of the native conformation of factor IX [150]

coagulation cascade activation, and erythrocyte and platelet aggregation
[62].

However, there were different viewpoints, some have suggested that
the positive charge of the chitosan may delay the thrombin generation
and blood coagulation due to its inhibition of contact activation and
inability to significantly promote the activation of non-adherent platelets
at the early stage of coagulation [63]. Nevertheless, the hemostatic ma-
terial design based on chitosan has obviously become a hotspot by
modulating the form and combination with other materials and chemical
modification.

ii) Cellulose-based Material

Cellulose is the most abundant polysaccharide in nature and accounts
for more than 50% of the carbon content in the plants. It has long been
used for hemostasis, as in the case of cotton [64,65]. However, the
hydrogen bond network and highly crystalline structure of cellulose
endow it a very poor solubility, which greatly hinder its application.
Oxidation could foster it with solubility and biodegradability. With the
oxidation, partial hydroxyl groups in the cellulose can be transformed
into carboxyl groups to form oxidized cellulose. Interestingly, oxidized
cellulose have recognized antibacterial properties owing to the carbox-
ylic groups create a bactericidal environment by decreasing pH value
[66].

Oxidized cellulose has become a most common derivative used for
hemostasis. For example, Surgicel® with oxidized regenerated cellulose
as the main component have been one of the most clinically applied
hemostatic products [10]. Its hemostatic mechanism may be attributed to
two aspects. Firstly, upon its contact with the wound, the excess water
from the blood is absorbed, it will gelatinize to seal the wound subse-
quently. Secondly, cellulose can induce platelet activation and aggrega-
tion and complex with Fe®" ions, which will be released from the acidic
hemoglobin and accelerate thrombus formation [67,68]. Li et al. have
prepared a series of composite cellulose/collagen materials by altering
the concentration of oxidized microcrystalline cellulose (OMCC) in a
collagen solution. The composite hemostat has shown multiple hemo-
static mechanisms. The hydrophilic carboxyl group can combine with the
Fe3* jons in the hemoglobin to form a brownish gel which can seal the
wound [69]. And the interaction between the oxidized cellulose and the
platelets was preliminarily investigated. Cheng et al. have realized
carboxyl functionalization to the cellulose nanocrystal through 2, 2, 6,
6-tetramethylpiperidine-1oxyl (TEMPO). Carboxylated cellulose nano-
crystals not only provided cross-linking sites for Ca®" ions, but also
facilitate the attraction and activation of the platelets [70]. A carbox-
ymethyl cellulose (CMC) fibers-reinforced composite was fabricated for
the treatment of uncontrollable massive hemorrhage. The introduction of
CMC has enhanced the mechanical properties of the composites,
including toughness, mechanical strength and resistance to fatigue. More
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importantly, the dispersed CMC fibers could induce platelet activation
through enhanced release and expression of CD61 (GPIIIa) and P-selectin
[68]. Taken together, to tap the hemostatic mechanism and make it
multifunctional by rational design has become the key for making new
cellulose-based hemostats.

iii) Alginate and Hyaluronic Acid-based Material

Alginate is a biopolymer composed of randomly arranged linear un-
branched chains of a-i-guluronate (G block) and f-p-mannuronate (M
block) residues. Hyaluronic acid (HA) is a macromolecule in extracellular
matrix (ECM) and consists of repeated disaccharide units, namely p-p-
glucuronic acid and N-acetyl-p-glucosamine. Both the alginate and HA
belong to anionic polysaccharides for the abundant carboxyl groups in
their backbone [71,72].

Like collagen, glass, and kaolin, the anionic polysaccharide can
interact with positively charged amino acids on factor XII through the
negative charge conferred by the carboxyl groups, which can activate the
intrinsic pathway and trigger the coagulation cascade [33,73]. Wang
et al. have designed a HA-polyurethane hybrid cryogel for the wound
hemostasis and repair. Through coagulation four indices testing, the
authors found that the hydrogel could significantly decrease the APPT,
but had no effect on PT, suggesting that the hydrogel could activate the
intrinsic pathway owing to the negative charge of HA [74]. Besides,
alginate can form an “egg-box” structure with Ca?* ions. After the contact
with the blood, calcium ions in calcium alginate are released in exchange
for Na * ions. The released Ca®" ions could promote a prothrombin
activation cascade, which in turn can lead to rapid hemostasis [75].
Based on the ion-exchange mechanism, Wu et al. have designed a calcium
alginate-coated chitosan microsphere. The released Ca2' ions could
activate the platelets and coagulation factors, speeding the generation of
thrombin by accelerating the intrinsic and extrinsic pathways. However,
as noted by the authors, the negatively-charged alginate also reduced the
adhesion of erythrocytes [76].

On the whole, the alginate and HA have limited hemostatic effect by
their own. Hence, a large number of chemical modification and hybrid-
ization strategies have been designed. Serotonin, as a platelet activator,
has been conjugated onto the HA to mimic the clotting mechanism of
platelets [77]. Besides electrostatic interaction, chemical modification
can also endow other hemostatic mechanisms such as tissue adhesion.
Yan and colleagues have introduced the catechol and aldehyde group
into the alginate. The dual-functionalized alginate could react with
hydrazide-modified poly(i-glutamic acid) to form a strong bio-adhesive
hydrogel with superior hemostatic performance [78]. Notably, other
biological properties of alginate and HA are outstanding. For instance,
their moisturizing properties are widely used in cosmetics and pharma-
ceutical industries. The pro-healing activity of granulation tissue regen-
eration and fibroblast proliferation may also be utilized for wound repair
after hemostasis [18,79].

3.1.2. Polypeptides-derived hemostatic material
i) Collagen-based Material

Collagen is the most abundant protein in mammalian tissues and
mainly maintains their structural integrity. Meanwhile, collagen also
plays a remarkable role in physiological hemostasis. Subendothelial
collagen can bind with the platelet receptors, further promoting platelet
adhesion and aggregation and initiating the clotting pathways. As a
prerequisite for secondary hemostasis, negatively charged collagen can
trigger the intrinsic pathway. To date, collagen is the only ECM protein
known to promote platelet activation [80,81].

On the other hand, the heterogeneity and immunogenicity of animal
collagens have gradually become a concern. Using a bottom-up design to
synthesize engineered collagen by bioengineering technology is a solu-
tion. A recombinant hemostatic collagen sponge with enhanced
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procoagulant effect has been prepared, which could better promote the
blood cell adhesion compared with natural collagen sponge [82].
Moreover, Hartgerink's group has developed a nanofiber consist of
collagen mimetic peptide capable of forming large-scale nanofibrous
hydrogels. The latter has shown a procoagulant activity manifesting as
adhesion and activation of platelets (higher P-selectin secretion) similar
to animal collagen [83].

Another strategy to address the biosafety of collagen is hydrolysis
[18]. Gelatin is a hydrolysate product of collagen featuring reliable
biocompatibility, biodegradability, non-immunogenicity and high com-
mercial value. The arginine-glycine-asparagine (RGD) sequence in the
gelatin can promote cell adhesion and migration, conferring the gelatin
with extensive use in tissue regeneration [84]. Notably, gelatin has
shown hemostatic capability by aggregating and activating platelets. The
cationic groups of the gelatin can facilitate the entrapment of
negatively-charged erythrocytes into the blood clot to form a dense fibrin
mesh [85,86]. Several gelatin-based products are available, which
included Gelfoam® and Surgifoam®, displaying high application value
[25,87]. Many chemical modification and material composite strategy
have been used to foster the hemostatic effect of gelatin. For instance,
methacrylic anhydride (MA) was modified in gelatin to enhance the
bio-adhesion which can facilitate wound sealing and hemostasis [88].
Alginate and genipin are combined with gelatin to stop hemorrhage and
resist water, respectively. And the sponge is suitable for postoperative
rapid hemostasis and prevention of tumor recurrence [89].

It is also worthy noting that collagen is the main component of ECM.
Compared with purified collagen, ECM has retained the physical and
chemical signals and biological properties of the tissues. With a bioactive
microenvironment, the ECM has an effect on the angiogenesis, immu-
nomodulatory, stem cell recruitment and other aspects to promote tissue
regeneration [90,91]. However, its application in the hemostatic mate-
rials is scanty.

ii) Silk Fibroin-based Material

Silk fibroin (SF) is a natural protein extracted from silkworm cocoons
and consists of a light and a heavy chain connected by disulfide, which is
mainly used in fashion textiles and surgical sutures. Owing to its
dependable biocompatibility, biodegradation and adjustable mechanical
properties, the SF has attracted a growing interest from many biomedical
fields [92]. The SF can undergo gelation transformation under certain
external conditions, and the mechanism can be explained as follows:
under hydrophobic and hydrogen bond interaction, the secondary
structure of the SF will change from random coil to physically crosslinked
B-sheet structure [93,94]. The rapid gelation is beneficial to wound
sealing. Yan and coworkers have fabricated a supramolecular hemostat
(CS/TA/SF hydrogel) including SF, chitosan and tannic acid, where
tannic acid crosslinks with the others by electrostatic interaction and
hydrogen bonding. The CS/TA/SF hydrogels revealed wet adhesion
properties, and the SF and tannic acid can accelerate thrombus through
direct interaction with the platelets and coagulation factor, showing an
effective hemostatic performance for both arterial and visceral bleeding
[95]. Except for hydrogels, the SF has also been prepared into various
forms to halt hemorrhage. For instance, a microsphere containing the SF
and alginate was prepared for rapid hemostasis in virtue of the improved
cell-attachment properties of the SF and the rougher surface morphology
of the microspheres [96]. Drawing on the distinctive inherent biode-
gradability and biocompatibility, the SF and chitosan-based cryogel with
exudate absorption capacities and compressive elasticity was prepared,
which is conducive to the concentration effect [97].

As a typical hemostatic material, the SF's hemostatic mechanism has
been explored. Wei et al. have investigated the mechanism of SF and
found that the SF can significantly activate the platelets, causing platelet
aggregation and adhesion, and strengthened binding of the platelets with
fibrinogen. Of note, although some studies have reported the hemostatic
effect of the SF, in most cases it was combined with other components, so
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it is difficult to figure out the effectiveness of the SF itself. Therefore, the
thorough hemostatic mechanism of the SF still needs to be comprehen-
sively explored [13,98].

iii) Keratin-based Material

Keratin as a natural material may be found in skin, hair, nails and
other parts of the body. Its rich content of cysteine residues allows the
formation of disulfide bonds, conferring strong and elastic properties to
the keratin tissues. Of note, keratin has an excellent hemostatic effect and
has been frequently adapted for the design of hemostatic materials [5,7].
An expandable keratin-based sponge fabricated through radical poly-
merization has shown a hemostatic effect for penetrating hepatic hem-
orrhage in rats and femoral artery transection hemorrhage in a pig model
[99]. To attain bio-adhesion and enhance the mechanical properties, the
strategy of catechin crosslinking and cellulose combination has been
adapted to construct a nanocomposite hydrogel for accelerating the
blood coagulation [100]. For its handy storage and portability, a
powder-type keratin was prepared as a novel hemostat. The nanosizing
has conferred the keratin particles with larger surface area, endowing
them with better water absorption and film forming properties [101].

Researches on the mechanism of keratin hemostasis are also
advancing. Burnett et al. have preliminarily studied the hemostatic
mechanism of KeraStat™ (KeraNetics), a keratin-based hydrogel. Platelet
adhesion experiments showed that the hemostatic mechanism has
involved f1 integrin-mediated platelet adhesion [102]. Moreover, some
have pointed out that, as biogenic polypeptides, it is difficult to control
the keratin's amino acid composition, batch-to-batch difference, and
complex keratin-related proteins. These have stalled the exploration of its
use for hemostasis [103]. Synthesis of recombinant keratin through
bioengineering methods may ultimately solve the above problems. Guo's
group has used Escherichia coli to express two types of human hair keratin
and applied them for hemostasis. The results of APTT and PT assays
showed that the human hair keratin could participate in both the intrinsic
and extrinsic pathways, especially the former, which has enhanced the
blood clotting through fibrin clotting [104].

3.2. Design of chemical modification

3.2.1. Adhesion and sealing

Mussel, a marine organism, has excellent wet adhesion properties.
Hemostatic materials based on mussel-inspired design have been devel-
oped in full bloom in recent years [105]. Studies have shown that the wet
adhesion of mussels mainly comes from the rich catechol group. Catechol
chemistry is therefore considered a solution to the challenges faced by
bio-adhesives and hemostasis. The catechol groups can bind with tissues
through physical interactions, e.g., hydrogen bond, metal coordination,
n-n, n-cation and hydrophobic interactions, and chemical bonds, e.g.,
Michael addition reactions and Schiff base reactions [28]. A hemostatic
needle with catechol-grafted chitosan coating to prevent bleeding
following tissue puncture was developed. The conjugation of catechol
achieved enhanced in vivo hemostasis and mucoadhesion [106]. Liu et al.
have introduced tannic acid into polyacrylamide gels. Owing to the rich
catechol groups on the polyacrylamide gel, the hydrogels showed strong
and long-lasting adhesion (up to 500 kPa) on pig skin [107]. Water on the
bleeding surface acts as a physical barrier to prevent the adhesive from
rapidly adhering to the tissue. In addition, water molecules may interact
with adhesive groups in the hydrogels through hydrogen bonds, and
ultimately lead to failure of hemostasis [108,109]. Other strategies to
address the wet adhesion have also been developed. Li's group has
described an ultrasound-mediated strategy to achieve tough
bio-adhesion. Ultrasound could push molecules into the tissues, forming
strong mechanical interlocking, and enhance the formation of physical
interactions with surrounding tissues. Both mechanisms worked together
to achieve a strong bio-adhesion, and water molecules were no longer
considered an obstacle to adhesion, but acted as a diffuser [110].
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In addition to the mussel bionic strategy, Schiff base-based adhesion
(i.e., imine connection) has also been adapted by researchers in view of
the abundant amino groups on the tissue surface. Hence, aldehyde-
functionalization has been validated as an enlightenment for the design
of strong bio-adhesion. Guo's group has designed a multifunctional
hydrogel based on dynamic Schiff base and copolymer micelle cross-
linking. In addition to the self-healing property, formation of the Schiff
base between aldehyde groups in the hydrogel and amine groups on
tissue surface also endowed the hydrogels with desired adhesive strength
[111]. Similarly, aldehyde chitosan could interact with gelatin through
Schiff base and hydrogen bond to form a hemostatic bio-adhesive suit-
able for laparoscopic surgery. They have also demonstrated that this
bio-adhesive is thermo-responsive and could peel easily at low temper-
ature (20 °C) [112]. Zhu's group has designed a hydrogel adhesive which
suits wet and dynamic environment. The adhesive could adhere to tissues
through a rapid S-nitrosylation coupling reaction, which could generate
aldehyde group upon 395 nm light irradiation [113]. Moreover,
N-hydroxysuccinimide (NHS) ester-based functionalization is also a
promising design to achieve bio-adhesion. Active NHS ester could easily
crosslink with the tissue through formation of stable amide bonds with
the amino groups, and also react with thiol groups to produce thioester,
which is less stable compared with amide bonds [15,114].

Adhesion failure can occur under three conditions: i) adhesion failure,
failing at the adhesive layer, ii) cohesion failure, failing within the ad-
hesive matrix, and iii) adhesion/cohesion failure, failing at both adhesive
layer and adhesive matrix [28]. Bio-adhesives prepared from biopolymer
have inadequate mechanical properties and are prone to cohesive failure
upon use. Correspondingly, appropriate improvement of the cohesion of
the hydrogel is a feasible strategy to foster tissue adhesion [115]. Xie's
group has designed a multiple cross-linking hemostatic hydrogel with
combined photocuring, dynamic covalent bonding and hydrogen
bonding. The photocuring strategy could significantly enhance the
cohesion strength and bio-adhesion of the hydrogel [116]. Effective tis-
sue adhesion and wound sealing showed an excellent hemostatic effect.
This strategy, independent of physiological coagulation, can facilitate
hemostasis in coagulopathy patients.

3.2.2. Wettability

Rapid absorption of water from the blood by the hemostatic material
can promote clotting through a concentrating effect. Wang's group has
designed a crosslinked graphene sponge (CGS) with hemostatic capacity.
The CGS could absorb blood up to 147 times of its own weight, showing a
remarkable capability for liquid absorption. Through concentrating ef-
fect, vast amount of blood cells and platelets may be enriched on the CQS
surface to achieve hemostasis [117].

However, in many cases, hydrophilic hemostatic materials will fill the
blood and eventually form the blood clots. If the material needs to be
taken off after hemostasis, this will increase the difficulty of removal and
the risk of secondary bleeding. Therefore, the importance of hydropho-
bicity in hemostatic materials is recognized [118,119]. Li et al. reported a
promising strategy for designing hemostatic patch via hydrophobic and
blood-repelling carbon nanofibers (CNFs) surface. CNFs have the he-
mostatic natural instincts, which is effective in fibrin formation, and
because of its superhydrophobic properties, it limits the infiltration to
prevent excessive blood loss. Then, minimal contact between the
thrombus and CNFs produces self-acting detachment after thrombus
contraction. Based on this dexterous design, rapid hemostasis and
self-separation of blood clots can be achieved simultaneously in vivo
(Fig. 3a—d) [120]. Commonly, the materials can be designed to hydro-
phobicity by grafting alkyl and siloxane groups. For instance,
undecanal-modified chitosan was prepared via sodium cyanoborohy-
dride reduction showing enhanced hydrophobicity and antibacterial
properties [121]; Vinyl trimethoxy silane and cellulose nanofiber were
combined to prepare a hydrophobic layer [122].

As proven by an increasing number of recent researches, modulating
the hydrophilic and hydrophobic properties of the materials is feasible to
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Fig. 3. Illustration of (a) fibrin fibers formation from blood on a superhydrophobic CNF surface and (b) clot detachment from the superhydrophobic CNF surface. (c)
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permission from Ref. [120]. Copyright 2019, Springer Nature. (e) Schematic fabrication of surface USO-grafted cotton cellulose; (f) hemostatic mechanism diagram of
USO-g-gauze. Reproduced with permission from Ref. [124]. Copyright 2022, Springer Nature.

regulate their hemostatic effect. For instance, Janus materials with both
properties have attracted much attention [122,123]. A Janus gauze with
hydrophobicity on one side and hydrophilicity on the other through a
simple paraffin spraying method. By regulating the wettability, this
design could effectively control the bleeding and reduce blood loss by
more than 50% compared with similar products [23]. Furthermore, Li
et al. pointed out that to control blood flow at the gauze-tissue contact
surface and inside the gauze is the key in the design of efficient hemo-
static gauze. An alkyl chain terminated with the catechol group was
introduced onto the cotton fiber, integrating wet adhesiveness and hy-
drophobicity. The catechol group could quickly anchor to the tissue,
prohibiting lateral diffusion of the blood, and the resistance created by
the alkyl chains prevented the blood from upward diffusion. Eventually,
the moderately hydrophilic fibers promoted concentration of the blood
cells and protein to quickly form blood clots (Fig. 3e-f) [124]. As a result,
the balance between hydrophilicity and hydrophobicity has been taken

into consideration for the design of advanced hemostatic materials.

3.2.3. Charge stimulation

As mentioned above, positive charge can enhance the interaction
between blood cells and proteins by electrostatic attraction, thereby
inducing blood cell aggregation, platelet activation, and coagulation. As
the only cationic polysaccharide, chitosan can effectively halt hemor-
rhage, during which its positive charge played an important role. Posi-
tively charged molecules such as polylysine, polyamine and protamine
have shown a hemostatic effect [32]. Owing to its cationic nature,
polylysine can affect the coagulation from the following aspects. First, it
can enrich and form a complex with fibrinogen; Second, it can promote
secondary coagulation by activating factors VII and X [87].

Given the unique nature of positive charge, cationization design of
the basal materials is also a strategy to improve the hemostatic perfor-
mance. Liu and colleagues have designed a cationic starch-based
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hemostat (CS) by introducing quaternary ammonium groups into the
starch. Electropositive CS can confer an adhesion activity to the elec-
tronegative erythrocyte, inducing accelerated platelet aggregation and
fibrin formation. Other positively charged groups such as sulfanilamide
and phosphorus can also be used for the design of hemostatic materials
[125,126]. The application of burgeoning short peptides and poly-
peptides for hemostasis has also been noted. Zhu et al. has conjugated
cationic short peptides (amino acid sequence: RRRFRGDK) directly to the
hydrogel surface through an amidation reaction, which conferred the
hydrogels with enhanced antibacterial and hemostatic properties. Posi-
tively charged peptides have shown to induce hemostasis by electrostatic
attraction to the erythrocyte, platelet, and plasma fibronectin. Never-
theless, inferior hemocompatibility was noted due to the increased
cationic charge [127]. Therefore, studies on the hemostatic effect of
electro-positivity focusing on the interaction with blood cells are
required.

Negatively charged substances can activate partial coagulation fac-
tors to activate the intrinsic pathway. The carboxyl group can provide a
negative charge. Anionic polysaccharides, e.g., alginate, sodium hyalur-
onate, and oxidized cellulose, contain large amount of carboxyl groups.
In addition, some substances rich in carboxyl groups have the ability to
clot the blood. For instance, graphene oxide (GO) is a two-dimensional
material with abundant oxygen-containing groups, e.g., hydroxyl and
epoxy groups on the surface, and carboxyl groups on the edges [128,
129]. Li et al. have synthesized a GO-polydopamine hemostatic, which
showed excellent hemostatic effect owning to its strong activation and
aggregation effect on the platelets [130]. Also demonstrated by Zhang
et al. through verifying the platelet morphology and CD62p expression,
GO could promote platelet adhesion and activation drawing on its
oxygen-rich functional groups [131]. Nevertheless, some have proposed
that this was due to changing of the charge distribution and hydrophi-
licity of graphene by the oxygen-containing groups instead the group
itself [132]. Moreover, anionic polyphosphate (PolyP), as linear polymer
of inorganic phosphates, could accelerate the generation of thrombin and
strengthen the fibrin clot. The rate of factor V activation could limit the
thrombin generation, whilst the PolyP could enhance it by altering the
kinetics of thrombin generation through factors Xla, Xa and thrombin
[133-135]. Gu et al. have crosslinked the Polyp onto a collagen scaffold
(P-CS), conferring it with improved hemostatic capability. Through a
series of experiments, the P-CS has shown to accelerate the coagulation
process through the intrinsic pathway, along with platelet activation and
thrombin formation [136]. Nevertheless, some have suggested that
negatively charged substances and/or groups, such as carboxyl groups,
can weaken the adhesion of erythrocyte by electrostatic repulsion [76].
Taken together, to regulate the electric charge of the materials will have a
great impact on their hemostatic properties, and the designs based on this
may have a wide range of applications.

3.2.4. Procoagulant functional groups and ions

Numerous studies on grafting and chemical modification of the basis
material have been carried out to facilitate hemostasis. Alongside with
their physical and chemical properties, functional groups can also in-
fluence the pro-coagulation of materials. Many functional groups have
shown to interact with blood cells, coagulation factors, and can effec-
tively activate the coagulation system. As described above, the positively-
charged amino group and negatively-charged carboxyl group can affect
the coagulation based on electrostatic interactions and their designs.

The thiol and aldehyde groups can promote the coagulation mainly
through direct interaction with proteins and cells in the blood. Wu et al.
have modified the thiol group on chitosan, endowing it with efficient
hemostatic performance for bleeding from rat liver injury and rabbit vein
rupture. The thiol groups could accelerate the extrinsic pathway by
activating the TF and platelets, resulting in promoted blood coagulation
[137]. The aldehyde groups can be introduced by oxidation of the
polysaccharides. Such groups can bind to proteins in the blood and free
amino groups on cells by forming imine to initiate the blood clotting
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[138].

The catechol group has a multiple effect on the promotion of coag-
ulation. Firstly, it can constrict the blood vessels to reduce the blood flow
at the bleeding site. Secondly, the phenolic hydroxyl group of the cate-
chol is strongly reactive and can confer a negative charge to the material,
triggering a clotting cascade. Furthermore, physical interactions and
chemical crosslinks with plasma proteins are produced by the catechol
moieties [18,139]. Notably, naturally derived substances rich in ortho--
polyphenol moieties like tannic acid can be used as molecular glues to
crosslink proteins through hydrogen bond, cation-rn interaction, Schiff
base reaction and Michael reaction [140,141]. In addition, the catechol
group and polyphenols also showed excellent antibacterial, antioxidant
and anti-inflammatory bioactivities, which may be considered in the
design of new multifunctional hemostatic materials [142].

The alkyl groups have a hemostatic activity by inserting into the cell
membrane to trap the blood cells [143]. Dowling et al. have branched the
hydrophobic alkyl group on a chitosan backbone with benzene-n-octa-
decyl and achieved rapid clotting of heparinized human blood. This is
attributed to the insertion of the hydrophobes on the modified chitosan
into the blood cell membrane [144]. Similarly, Chen et al. have designed
a hybrid hydrogel with hemostatic function comprising
benzaldehyde-terminated PEG and dodecyl-modified chitosan. The he-
mostatic mechanism was ascribed to the dodecyl on the modified chi-
tosan which can insert and lock onto the lipid bilayer of cell membrane.
In addition to blood cells, the dodecyl can also trap the bacteria in the
wound and reduce the risk of infection [145].

Supplement of metal ions, e.g., Fe>*, Ca?*, Zn?* and Mg?*, may also
facilitate blood coagulation [146]. As reported previously, Fe>* ions
could induce generation of hydroxyl radicals, which in turn can induce
erythrocyte aggregation and enhance fibrin-erythrocyte interaction. The
radicals can cause non-enzymatic formation of fibrinogen aggregates to
stabilize the blood clot. Lv et al. have confirmed that the formation of
blood clot has increased with the raise of Fe®>* concentration [147,148].
The hemostatic effect of Ca>* ion as factor IV is self-evident. Moreover,
zinc deficiency can result in a bleeding tendency and impaired platelet
aggregation. Introduction of ZnO nanoparticles could enhance coagula-
tion ability of chitosan-based nanoparticles through promotion of blood
cell aggregation [146,149]. Mg?" ion is also involved in the blood
coagulation cascade by assisting the stabilization of the native confor-
mation of factor IX [150]. Other metals (Ag, Ga and Ce) have also been
used for the design of hemostatic materials [86,151-153]. In conclusion,
the hemostatic properties may be improved by the virtue of electric
charge and metal ions, though the impact of such modifications on the
antibacterial ability, hemocompatibility, cell activity of the materials
should also be considered.

4. Form design of hemostasis materials

From a macroscopic perspective, for the design of hemostatic mate-
rials, researchers need to consider the influence of various forms on the
hemostasis. Physical properties of the hemostatic materials such as
porosity, absorption, interface interaction, etc. can be adjusted by
altering the forms. The hemostatic materials may be classified into four
categories based on the form including powder, sponge, gauze and
hydrogel.

4.1. Powder-type materials

Powder-type hemostatic materials have a wide application and are
propitious to hemostasis in deep and irregular wounds. Some
biopolymer-based powders, such as Celox® and NexStat®, have been
introduced into military and civilian settings. In recent years, there have
been many advanced designs for hemostatic powders with respect to
structural regulation and functionalization [154,155].

With the development of synthetic technology, the morphology and
topological structure of powder materials can be customized, such as
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micro/nano-morphology, Janus structure and layer-by-layer assembly.
For instance, a unique micro-flowers with hierarchical porous structure
has been achieved via a facile approach, endowing the powder with high
surface roughness and large area (Fig. 4a) [156]. Moreover, a starch/-
polyphenol composite microparticles with multilayer structure was
fabricated through electrostatic interaction. With the optimized outer
layer, the microparticles could significantly promote platelet adhesio-
n/activation and erythrocyte aggregation, resulting in satisfying hemo-
static performance [157]. Other distinctive morphology was also put into
practice for the hemostatic powders such as chestnut and red-blood-cell
like shapes (Fig. 4b and c) [158,159]. However, in the face of a deep,
narrow and irregular wound, it is still difficult for the powder to reach the
bottom of wound. To this end, Lan's group has fabricated a Janus particle.
One side of it is phosphate group-modified microporous starch, and the
other is flower-like CaCO3. The loaded protonated TXA could produce
protons in blood, which can dissolve the CaCOs to release many bubbles.
The results showed that such self-propelling particles could travel up-
stream to the deep site of wound, and stopped the bleeding of liver and
femoral arteries effectively (Fig. 4d) [160].

The functionalization of powder may be firstly achieved by drug
carrying and delivery. Powder is an ideal carrier for its large surface area.
Targeted delivery of thrombin has been accomplished by a magnetic field
guided system (MS@Fe4-BT) which employed microporous starch
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particles as substrate and Fe3O4 as the driving system. Under the mag-
netic fields, the MS@Fe4-BT could go deep into narrow and bent wound
channels in the liver and femoral arteries to achieve hemostasis instantly
[161]. To facilitate the distribution of the drug at the bleeding site,
magnetic navigation and gas propelling strategy were jointly used for
delivering the drug into vase-type wounds. However, the acidic condition
showed certain effect on wound healing, which needs to be further
addressed [162]. Gelatinizable hemostatic powders have also been
described. Bian and colleagues have designed an ultrafast self-gelling
polyethyleneimine/polyacrylic  acid/quaternized chitosan  (PEI/-
PAA/QCS) powder, which showed a concentrating effect by adsorbing
blood and form a physically crosslinked hydrogel within 4 s in situ. The
powder-transformed hydrogel can firmly adhere to the wound surface
and attain hemostasis in rat liver, heart and femoral arteries. Meanwhile,
it also promoted the healing of full-thickness skin wounds [163]. This
transformation allowed the material to combine the advantages of
powder and hydrogel, conferring the self-gelling powder with a broad
range of applications among hemostatic materials.

4.2. Sponge-type materials

Sponge is one of the most common forms in hemostatic materials with
typical structural features including high porosity and large surface area.
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10



C.-Y. Zou et al.

For its excellent fluid absorption property, it can absorb the outgoing
blood and concentrate the procoagulant substances to achieve the pur-
pose of hemostasis [10,164]. Various methods have been used to prepare
the sponge, including conventional foaming and freeze drying. But such
methods are difficult to obtain a connected aperture to limit the blood
flow [18]. The fabrication of cryogels can increase the pore connectivity.
Typically, polymers are crosslinked around ice crystals, which conferred
unique physical characteristics including large pores and interconnect
networks, flexibility, and shape memory property [165]. Guo's group has
designed a shape-recovery cryogel using carbon nanotube (CNT) and
modified chitosan with enhanced mechanical properties, fast
blood-triggered shape recovery, and high blood absorption capacity
(Fig. 5a). Compared with gauze and gelatin sponge, it has shown superior
ability for blood cells adhesion and activation [166]. Some have sug-
gested that the hemostatic performance of the cryogels was exceeded the
hydrogels due to its larger pore structure and swelling ratio with the
same composition. This also showed the importance of the form of ma-
terials for hemostasis [74]. Moreover, 3D printing technology can ensure
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the connection of channels and is appropriate for design the parameters
such as the size and angle. A micro-channel alkylated chitosan sponge
(MACS) was developed and has shown remarkable water/blood ab-
sorption and rapid shape memory. By combining 3D-printed microfiber
leaching, freeze-drying, and surface modification design, the pore
structure of sponge may be customized, while chemical modification can
also improve its hemostatic activity and antibacterial ability (Fig. 5b)
[167].

Novel materials, such as metal-organic framework (MOF) and MXene,
have also been designed and used to stop bleeding. For instance, zeolitic
imidazolate framework (ZIF-8) was in situ grown into the chitin sponge to
form composite sponge. ZIF-8, with the high porosity and large surface
area, can absorb large amounts of water. Additionally, Zn?* ions could
rapidly release from ZIF-8 once exposed to blood, which activate the
blood coagulation cascade reactions as outlined above [168]. In the same
way, the hemostatic performance of chitin sponge was enhanced by
combination with MXene, a booming two dimensional nanomaterials.
The mechanism of MXene promoting hemostasis can be divided into two
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aspects: first, high hydrophilicity contributes to the concentration effect
of the composite materials; Second, it contains rich oxygen-containing
groups with negative charge, which can induce the internal pathway
[169].

Sponge-type hemostatic materials have been developed to become
multifunctional, such as pro-healing, antibacterial, postoperative cancer
recurrence and so on [170]. The degradation and biosafety of the ma-
terial are worth considering. However, some problems have remained to
be solved. Hemostatic sponge can expand rapidly after absorbing large
amount of water, putting pressure on surrounding tissues, which can
result in poor blood flow and even compress the nerve in some sites.
Furthermore, if sponges need to be removed after hemostasis, secondary
damage and bleeding may occur.

4.3. Gaugze-type materials

Gauze is an extremely widely used hemostatic material. To meet the
requirement of higher emergency and clinical use, it is constantly

a

t

«Backing Dry DST

.« DST
Wet tissue
Hydrogel and various solids
3 TET \
Tissue Tissue

Tissue Tissue

Tissue Tissue

Crosslinking and adhesion formation

Swollen DST

Crosslinking and adhesion formation
Tissue

Drying interfacial water between tissue and DST
Tissue

Dry-crosslinking process

o

Silicon wafer PV,

GDP@Ca™

Auv

o
()

(v)

tissue

Materials Today Bio 17 (2022) 100468

modified and upgraded through various designs. As mentioned above,
hydrophilic and hydrophobic balance can reinforce the hemostatic per-
formance of gauze and avoid excessive blood absorption [23,119,124].
Moreover, the mineralization design of the gauze surface can improve its
hemostatic ability. An efficient technique for biomimetic mineralized
thrombin was explored, and the results showed that the mineralized
thrombin-loaded gauze could stanch the bleeding more effectively
compared with gauze only [171]. By taking an on-site template-free
growth route, mesoporous single-crystal chabazite zeolite was grown on
the surface of cotton fiber in situ to optimize the hemostatic performance,
which could reduce the leaking of unfixed kaolin powder into the wound
[172].

The gauze-type hemostatic materials are not limited to the upgrada-
tion and modification of traditional gauze, and more functional films
have been designed demonstrating an effective role in hemostasis. Zhao
et al. have reported a dry double-sided tape (DST), which could dry the
tissue-DST interfacial water in less than 5 s, followed by covalently
crosslinking with the amine groups in tissues to accomplish wet adhesion
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Fig. 6. (a) The crosslinking mechanism for the DST integrates the drying of interfacial water by hydration and swelling of the dry DST, temporary crosslinking, and
subsequent covalent crosslinking. (b) Various shapes of the DST (colored with a red food dye). Reproduced with permission from Ref. [173]. Copyright 2019, Springer
Nature. (c) Preparation of PVA-supported multi-functional nanosheets. (d) The adhesive performances of the hydrogel and nanosheets on a surface with a complicated
topography. Reproduced with permission from Ref. [177]. Copyright 2020, Elsevier. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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(Fig. 6a and b). The DST worked well in sealing the porcine stomach, lung
and heart, and attaching wearable and implantable devices to wet tissues
[173]. A series of bio-adhesive polymer films containing commercially
made biopolymers (gelatin, sodium alginate or chitosan) and other syn-
thetic polymers were designed, featuring liver and artery hemostasis
capacity and real-time physiological monitoring as human-electronic
interface material [174]. Moreover, the gauze type also facilitates drug
delivery to the wound. For example, a bio-adhesive GelMA/polyurethane
patch can not only reduce liver bleeding by approximately 75%, but also
facilitate the wound healing with the supplement of 1-arginine, which
could produce nitric oxygen and ornithine [175].

The physical properties of hemostatic films can also be adjusted in
terms of water content, morphology and dimension. An interesting study
has introduced pagoda-like hemostatic microneedle patches fabricated
by a step-by-step mold replication. The microneedles are firmly fixed to
the tissues by physical linkage, which is unaffected by the wet environ-
ment and convenient for drug delivery. Dodecyl modified chitosan
coating of the microneedles can capture the erythrocytes to promote
coagulation [176]. However, such microneedles will require to be
pressed to embed into the tissue, which posed a risk to the fragile organs.
Furthermore, the nanoscale design also endows different properties to
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the films. Xuan and coworkers have prepared a flexible nanosheet
(approximately 77 nm in thickness) comprising two layers, one is the
antibacterial and hemostatic modified gelatin and the another is poly-
caprolactone with mechanical reinforcement. Compared with bulk ma-
terials, the nanosheet with enhanced flexibility could better suit the
complicated morphologies via noncovalent interactions such as Van der
Waals and hydrogen bonds (Fig. 6¢c and d) [177].

4.4. Hydrogel-type materials

Hydrogel possessed a three-dimensional network structure which can
simulate the ECM of the tissue and is broadly used in biomedicine. The
premise of hydrogel hemostasis is to exert bio-adhesion through physical
interaction and/or chemical bond [28,109,178]. Following hemostasis,
the hydrogel generally dispense with removal and could pro-healing with
reasonable design. Many bio-adhesive strategies have been designed,
which mainly included mussel inspiration, Schiff base and NHS ester.
Many studies have proven that the hydrogels can control errhysis and
simple bleeding wounds in liver, kidney and skin and so on [179].

Confronted with severe arteriovenous and cardiac bleeding, most
hydrogels will fail to work due to the excessive bleeding and rapid
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Fig. 7. (a) Constituent chemical structures and schematic diagram illustrating the formation of photo-triggered imine-crosslinked matrix hydrogel. Hemostatic
properties of the matrix gel in a pig (b) carotid artery damage and (c) cardiac puncture injury model. Reproduced with permission from Ref. [180]. Copyright 2019,

Springer Nature.
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pressurized blood flows, thereby new bio-adhesion strategies and mate-
rials need to be developed. Hemostatic materials based on photocuring
strategy have attracted increasing attention for their adjustable proper-
ties, easy use and shape adaptation ability. Hong et al. have designed an
ECM-mimic photoreactive adhesive (GelMA/HA-NB) comprised of
methacrylated gelatin and modified hyaluronic acid, which could stop
high-pressure bleeding in pig carotid arteries and penetrated heart.
Through convenient injection and UV-crosslinking, the GelMA/HA-NB
adhesive could rapidly form hydrogel and firmly adhered to the target
tissue in an environment full of blood. This effective wet-adhesion
property is attributed to the photo-generated aldehyde groups and
hydrogel cohesion (Fig. 7) [180]. Furthermore, a borax system was
designed to adjust the gelation rate of the amidation reaction. The
gelation time can be adjusted from minutes to seconds with different
borax concentrations without altering the physical properties of the
hydrogel itself. Rapid closure of a penetrating injury to the left ventricle
was achieved in a rabbit model [181]. Therefore, rapid adhesion to the
bleeding surface and maintenance of matrix stability are key factors for
successful hemostasis in the face of the challenging bleeding scenarios.

In recent years, adhesive hydrogels targeting gastrointestinal (GI)
bleeding have also been developed [182,183]. Besides hemostasis,
post-hemostatic managements, e.g., anti-infection, healing and fibrosis
prevention of GI diseases are equally important. For example, a com-
posite hydrogel containing hyaluronic acid and PEG has been designed
and stabilized by thiourea-catechol coupling and disulfide bonds, which
is unaffected by the pH value. Under an endoscope, the precursor was
sprayed onto the wound and crosslinked with oxidant to gelatinize, with
which the upper gastrointestinal hemostasis was accomplished in a pig
model [184]. Hydrogel-type hemostats are considered to be more ad-
vantageous than powders for GI hemostasis. GI hemostasis will need to be
assisted by endoscope, and powder materials are inconvenient for de-
livery and spraying. Moreover, the powders are easy to fall off due to the
poor bio-adhesion, which may lead to failure of hemostasis, especially
with peristalsis. The novel hydrogels should lay emphasis on adapting to
the mechanical properties of tissues in order to achieve effective wet
adhesion and an all-in-one design (e.g., hemostasis, antibacterial, anti-
oxidant, promoting healing, and drug delivery).

4.5. Comparison of different forms of hemostatic materials

Various forms of hemostatic materials have been developed in recent
years. In addition the abovementioned four forms, with the development
and integration of medicine, material science, bioengineering and other
disciplines, some novel forms of hemostatic materials have emerged
[185]. Nevertheless, so far there is no uniform critique of which form is
the best, and it shouldn't be. There is no best, only the most appropriate.
Both powder and sponge have large surface area and good water ab-
sorption capacity, which enable them to concentrate the blood cells and
clotting factors. Powder is suitable for irregular and deep wounds, but
poor tissue adhesion and integrity make it prone to be washed away by
blood flow. Partial powders may enter the blood circulation, increasing
the risk of embolism [18]. Sponge, as a porous blocking material, can
absorb blood and expand, exerting pressure on the surrounding tissues.
However, for wounds with complex morphology, hemostasis will need to
be achieved with the assistance of external force, which may incur some
pain to the patients. Moreover, both hydrogel and gauze-type materials
tend to achieve hemostasis through bio-adhesion and sealing. The
hydrogels are particularly suitable for post-hemostasis management
owing to their unique ECM-like structures, though the wet adhesion
performance still needs to be improved [28]. Gauze-type hemostatic
materials are easy to carry and use, but they are also restricted by wet
adhesion. Generally speaking, during the process of hemostasis, the
materials tend to fuse with the blood clot, and if it need to be removed, it
is easy to cause secondary bleeding [186]. Therefore, different types
could be combined to achieve a better hemostatic property.

14

Materials Today Bio 17 (2022) 100468

5. Conclusion and outlooks

In last decades, we has witnessed a rapid advance in biopolymer-
based hemostatic materials. Polysaccharides and polypeptides have
both shown hemostatic activities, and their physical properties and
bioactivities may be improved through chemical modifications. Although
various molecular structures and forms have been designed, some limi-
tations still exist with such hemostatic materials as follows:

i) How the materials affect the hemostatic process needs to be
further explored, despite many studies have shown the excellent
hemostatic effect.

ii) If the material needs to be removed, what is the ultimate in vivo
destination of it after the hemostasis?

iii) The clinical transformation of the hemostatic materials falls
behind their basic researches. Generally speaking, materials with
simple and essential components are more advantageous for
transformation, but this has made it more necessary to design
them thoughtfully.

The trends for the development of biopolymer-based hemostatic
materials concentrating on their chemistry design, advanced forms and
broader applications:

i) Procoagulant activity Design:

With the integration of material science and biomedicine, multifar-
ious materials with procoagulant activity have been developed. How
hemostasis materials participate in and regulate the physiological he-
mostasis process should be consideration for their design. In addition,
materials mimicking the physiological components of hemostasis, like
platelet-mimicking procoagulant nanoparticles [187] and synthetic
platelet-like particles [188], have also emerged.

ii) Multi-Form Design:

The strength and weaknesses of various forms of hemostatic materials
have been described as above. Firstly, hybrid materials such as combined
inorganic and polymer materials or particles and gauzes have exhibited
remarkable synergistic effect. Secondly, the transformable hemostatic
materials is eye-catching. For instance, the powder-to-hydrogel materials
could simultaneously absorb the water in blood and promote the wound
healing, and the liquid-to-hydrogel materials can adapt to irregular shape
and firmly adhere to the wound.

iii) Inside-out Design:

In the battlefield and clinical settings, bleeding sites may be scattered
and hidden, for which current hemostatic materials cannot precisely
achieve hemostasis. For this, more smart hemostatic materials need to be
designed to target the bleeding sites, achieving inside-out hemostasis.

iv) Prophylactic Application Design:

War and many diseases will increase the risk of bleeding, and surgical
procedures also increase the chance present of bleeding due to under-
lying factors. Such bleeding is like a “time bomb” with uncertainty and
danger, and to prevent or reduce the bleeding tendency is necessary.
Using micro/nano-materials, to intervene at specific sites which may
appear early in bleeding to inhibit further exacerbation may be a po-
tential approach.

v) Multifunction Design:

Hemostasis is no longer the sole ultimate goal. The design of hemo-
static materials has become more intelligent and increasingly focused on
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post-hemostasis management, e.g., tissue regeneration, detection, drug
delivery, etc. For instance, after hemostasis, the material should facilitate
in situ tissue regeneration, bringing great convenience to surgeons and
patients. Moreover, through rational design and interdisciplinarity, the
material can monitor key physiological parameters such as the pH value,
blood pressure, blood flow rate, etc.

In summary, for the design of hemostatic materials, more attention
should be paid to their molecular structures and forms. The interaction
between the materials and the coagulation process should be explored in-
depth. It is expected that hemostatic materials with proper designs can be
developed from bench to bed in a short run.
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