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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 materialsa mechanisms triggering the coagulation cascade. A wide variety of ,
biocompatible and biodegradable materials has been applied to the design of hamestatic"
platforms for rapid blood coagulation. Recent trends in the design of hemostatid’Oéazg*if:-*i‘i‘t’é'de/S % Y
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™"
2 2 q 2 2 ? a4 g 2 2 2 q oynd healing
emerging for ecient and physical sealing of incisions. In this Review, we hlghIlgrﬁvtt;therepair
biomacromolecular design approaches adopted to develop hemostatic bioactive materjals.
We discuss the mechanistic pathways of hemostasis along with the current stanc®ra )
experimental procedures for characterization of the hemostasys Einally, we discuss ~ Chemical interactions
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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stop heavy bleeding @ently’ To prevent complications This Review provides insights into designing novel hemostatic
associated with bleeding, current surgical toolboges o materials with a focus on the selection of materials, their
solutions for wound management based on hemostatic gausysitheses, and the mechanisms by which they trigger
tissue adhesives, and sedl&trgical materials promote blood coagulationRigure ). We include in-depth discussions of the
coagulation using hemostatic biomaterials that can also provide

adhesion to tissue surfateégart from bleeding wounds, il @

hemostatic materials could provide improved treatmer Ge\ax\“ "':\S = ectrosab,

strategies for vascular hemorrhaggregndovascular emboliza- 2° prote! —C{j, e o °/b,e

tion, where blood vessels dled with a biomaterial to avoid d;{@ o . —O‘E‘O' o ’%,}.

tissue rupture. The current standard coil embolization methc . 7 —i‘;o @ 2

involves the insertion of a coil-shaped metal wire to induc \é” o 9% ¢ OR/“!’*\R %' ®

blood clotting, which is ineient in the case of patients 73 > ® )

su ering from coagulopathic dise@sksis of the utmost > & 6 Q =)

importance to understand the hemostasis mechanisms ¢ /¢ & ¢ o%. V5

suitable material platforms for the design of functionz -2 35 j . S LT

. . ) Hemostatic < 0 LN 2

hemostatic biomaterials. g ° ’ Biomaterial o L. %
Hemostasis can be achieved througtrefit mechanisms | g j () 2

including: (i) physical adhesion to the tissue, (ii) chemical (suc | =

as electrostatic) interactions and bonding with coagulatic | g

factors, and (iii) absorption of plasma. Physical sealing ‘s

bleeding wounds with strong bioadh€siitisout the need to
trigger the coagulation cascade is one of the highly favor
approaches for hemostdSisdemorrhage control using
bioadhesives may lower the risk of thrombus formation i
blood veins. However, most of the strongest bioadhesives 96 ol
made of synthetic polymers. Synthetic tissue adhesives, suc Mideoyesy | uond
cyanoacrylates, are prone to cytotoxicity and triggering immuiic
responses:™ Other drawbacks and complications reported folFigure 1.The process of hemostatic biomaterial design. Natural and
the cyanoacrylate-based adhesives involve exothermic polymgtthetic macromolecular backbones have intrinsic hemostatic proper-
izationl,213 which leads to tissue burn, high ress? ties. They can also be functionalized with hemostatic agents/functional
(mismatching the soft skin or other tissue), and poor resistan8eups (gray circles). Hemostatic properties can be estabéshed
to dynamic deformatidf Natural bioadhesives are less proneactlve mechanisms, where chemical interactions and reactions with
to cytotoxicity and immune response. However, examples s&&od components can trlggerthe coagulatlon cascade_. Hemostas_ls can
. . . S also be achieved by physical adhesion and the sealing properties of

as brmoggn blotheS|vesaqrqu|m|ted donorsourcesand ,qhesive hydrogels as well as by boidy uptake in hemostatic
pose the risk of viral _transmls_élj(%. . ) absorbents, which concentrates blood components.

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 acceleragéerials and methods used in hemostasis and in the
blood clot formation One example of this approach involvesintroduction of hemostatic properties into biomaterials. First,
adding charged functionalities and additives such as nanocMsprovide a brief overview of the natural coagulation cascade
that trigger the coagulation cas¢atfdncorporation of such ~ and experimental methods related to the measurement of the
hemostatic agents, however, raises the risk of release into iRE10static properties. Then, we describe the materials and their
vascular system, which can result in the uncontrolled formatiéarresponding molecular mechanisms for blood coagulation.
of blood clots in distant blood vesSeTherefore, itis essential  We introduce the commercially available hemostatic agents
to employ material design strategies to avoid unwantédong with their limitations and discuss their hemostatic
systematic release into the circulatory system. applications in surgical settings. Finally, we describe the

Fluid absorption is another driving factor to establistghallenges and opportunities ahead for further research in

hemostasis in wound control. As a traditional example, gauggnostatic wound control.

are extensively used as wound dressings to treat bleedg\g

wounds due to their high absorptivity. The use of gauzes; FUNDAMENTALS OF HEMOSTASIS

however, is limited to topical wounds, and in many cases, th&zy. Coagulation Cascade

lead to unwanted adhesion to the wound site. Therefore, gaugg§od clot formation is a spontaneous and natural response of
are associated with delayed wound healing compared to th@ié body during bleedifThis process starts with initial
hydrogel counterparts. Swellable hydrogels can absorb blaggnostatic activation (primary hemostasis) where platelets
plasma to concentrate blood clotting factors locally and teggregate at the bleeding site to form a platelet plug.
trigger the coagulation procédsjectable hydrogels provide Subsequently, as representefigare 2 coagulation factors
versatile platforms for chemical functionalization and mechaire released to augment blood clot adherence to the
ical tunability. However, the blood clotting time scale for dry subendothelial matrix (secondary hemostasis). At this stage,
wound dressings is generally shorter than that for hydrogels. both intrinsic and extrinsic coagulation pathways are collabo-
As a result, ongoing research seeksive biomaterial design ratively activated to form the primary platelet plug. The extrinsic
strategies for bleeding management using injectable hydrogelthway is triggered by exposure to tissue factors due to vascular
with particular attention to their wet tissue adhesive propertiedamages or trauma, where factor Vitgsactivated in the
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Figure 2.Schematic representation of the complex blood coagulation cascade. Upon the formation of an injury to blood vessels, the coagul:
cascade is triggered by activation of the intrinsic and extrinsic pathways of coagulation. Damaged tissue exposes tissue factordstine blood that
activation of factor VIl and platelets. This process causes sequential activation of the other factors that eventually result in tloé goipmerization
initiated by the activated thrombin in the blood aatly aggregation and adhesion of platelets at the site of injury. Reproduced with permission from
refl. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

presence of calcium ignghe intrinsic pathway is triggered linity, and most commonly, surface charge and &rfergshe
through the activation of factor Xl due to surface damagactivation of platelets increases with negative charge density,
through negative charges present on the damaged tissue surfaggh as with urethanes and inorganic metal oxides having
Both pathways follow a complex series of chemical activatiomefgative charges on their surface (e.g., silica). As an example, the
the coagulation factors that eventually merge to activate factonggative charges of alginate biomolecules activate factor XIl and
Finally, activated factor X cleaves prothrombin into thrombirgan potentially promote fast blood clotti@ationic charges
which turns brinogen into brin and initiatesbrin polymer- also promote hemostatic activity (e.g., nonsterically hindered
ization at the injury site while calcium ions and factor Xllkertiary aminedpy adhering to platelets. For instance, positive
precipitate to reinforce the platelet plug. Sometimes, this procef@rges on chitosan (CS) macromolecules cause platelet
fails to stop the bleeding imatients with regeneration adhesion through charge interactidrhe release of the
disabilities, e.g., due to the aging pr’c‘?cmsd hemophili%?, clotting factors is another means to achieve hemostasis. We note
orinfections, such as those reported in COVID-19 pafiaats. that active hemostasis is susceptible to systemic thromboses or
a result, an external agent is sometimes required to control ®@bol® The implementation of a passive mechanism of
bleeding and to aid the healing process. coagulation through surface meation with proteins and
platelets is more useful andcient for hemostatic applica-
tions>* Chemical bonding with protein molecules participating
Hemostatic materials activelyugnce either the initial or in the coagulation process can be used to bind platelets or RBCs
secondary blood clotting process (active hemostasis), as sh@wmo activate coagulation factors. For example, oxidization of
in Figure 1 Active hemostatic materials contribute to (i) the polysaccharides yields aldehyde groups; these aldehyde groups
coagulation cascade steps for the activation of platelets, (ii) t@n chemically bind to the free amino groups present on proteins
activation of coagulation factors, and/or (iii) the aggregation @ind cells in blood (leading to reactions such as Isxde
platelets and red blood cells (RBCs). Hemostasis is mairfiyrmation) to trigger coagulatitn.
achieved using physical and chemical interactions establishe8welling of hydrogels can interfere with mechanical
between the hemostatic material and these biomaleculeadhesior®’ However, swelling can accelerate the formation
Physical hemostasis can be achieved by rapidly and secusélghe blood clot through the concentration of the RBCs and
sealing o the bleeding before clot formation occurs (passivélood coagulating factors as a result of blood plasma
hemostasis}. absorptior® Plasma absorption is also the basic mechanism
Platelet adhesion/aggregation can be triggered througif action for mineral additives, such as silicates, alongside the
di erent material properties including hydrophobicity, crystakbove-mentioned electrostatamtributions. Conventional

2.2. Mechanisms of Action in Hemostatic Materials

C https://doi.org/10.1021/acs.chemrev.1¢01015
Chem. RexXXXX, XXX, XXBXXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01015?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01015?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01015?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01015?fig=fig2&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c01015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

cotton gauzes trigger blood coagulation by wicking bloostcanning electron microscopy (SEM) studies with the platelets
plasmauid due to their hydrophilic porous strucfdiexcess  adhered to the hydrogel matétidhitially, the material is

blood absorption by medical gauzes, however, is associated wéhted with the platelets extracted from the whole blood and
signi cant blood loss and morbidity, and therefore, hydroeultured on the surface of the materials in an incubator. Later,
philicity and hydrophobicity (e.g., by introducing long alkythe treated surfaces are washed to remove the nonadherent cells,

chains onto the textile surfadesust be balanced. and then, the released l&etaehydrogenase (LDH) is
2.3. Experimental Approaches for the Characterization of measured. Finally, the cells canxeel for SEM imaging and
Hemostatic Materials visualization purposes. Protein absorption is another assay of the

A diverse range of experimental methods has been usedJiPmPotic property and can be measured through a batch
characterize dérent aspects of the hemostatic properties i onhtact metho .T.hls.as'say also gives valuable '”forma.“f?f‘ on
biomaterials. These aspectsitide cytotoxicity studies he degree of the intrinsic thrombosis and hemocompatibility of

' ' the material§ Samples are normally soaked in phosphate-

hemostatic performance, phsisicharacterizations (e.g., X .
. . : . : ered saline (PBS), allowing them to swell; then, they are
adhesion, swelling, mechanical, and rheological propertléﬁghked in a bovine serum albumin (BSA) solfftion.

and studies to understand the hemostasis mechanism. As ag g fv. th tant lvzed : th
of the cytotoxicity studies in addition to the standard live/dea ubsequently, the supernatants are analyzed using the
assays, hemocompatibility is one of the basic assessméRoroance at 280 nm to measure the residual BSA in the
wherein the percentage of hemolysis is gednltn this test, a solttion. The absorbed protein is calculated esiaf
diluted suspension of RBCs is exposed to the biomaterial, and C, S C,

following an incubation period, absorbance values (optical asorbed BSA ———V 3)
density, OD) are measured using a plate reader. When saline and w

Triton X-100 solutions are used as the negative and positivgerew is the weight of swollen hydrogéjsandC, are the
controls, respectively, theniolysis percentage can be BSA concentrations before and after adsorption, respectively,

calculated usiregy 1*° andV is the volume of the BSA solution. Higher antithrombic
oD S oD , e ects are associated with lower BSA absorption values that
. sample’ negative .
hemolysis= _ correspond to greater BCI and lower levels of hemORysis.
OD,ositiveS OD negative (1) amount of generated thronflims well as thebrinogen

dhesion is also measurable using the enzyme-linked immuno-
orbent assay (ELISA) method. For the former, thrombin

: 000I0YEReration is stopped using a sodium citrate solution after the
ﬁre seltectt_ed O”tth? ?asgl of (tjheltat;geted form and a%pllcatlod ple is immersed in whole blood for a sgeperiod. For
emostatic materials. blood cloting assays can be USEOR |atter the samples are placed in horseradish peroxidase
quantify the time required for blood clot formation and ti&

A wide variety of testing procedures has been implemente
assess hemostatic properties from which suitable methodolo

ide inf i the h tati hani Bl HRP)-conjugated goat antihumadnminogen to undergo an
provide Information on the hemostalic mechanisms. BI00W,,ymatic reaction. Then, a stop solution is used at Speei

clotting time is measured as the time when the blood and . : .
) . . . ! . ints, ceasing the reaction; absorbance at 450 nm (OD
hemostatic material do notv if both are tilted olipped in the measures the ﬁumatn’rinogen (Hfg) froneq 47 (OD)

vial** Real-time monitoring of blood clot formation is feasible
by performing rheological measurements under oscillatory yysorbed Hfg:  4.154 S0 oD 4.404 S50 4)

mode$” as well as measuring the changes in the electrical

conductivity of the bloddOne way to perform blood clotting Care should be taken when choosing time pointibageal

assays is to expose the hemostatic biomaterial to a fresh whatglels as the lag time due to sampling processes may cause
blood source (which can be drawn from either human or animidconsistent blood exposure times when running multiple
sources) for a predetermined period to hemolyze the fresamples together. Furthermore, donor to donor variation of
erythrocytes. The hemostatieet of the material can be blood sources used fowitrostudies can be a major source of
measured by the absorbance of hemoglobin at a wavelengtleiebr leading to nonrobust results, which should be carefully
540 nnt:**> A second approach is related to the ability of theaddressed in experimental procedures. In general, the diversity
material to induce thrombus by placing the biomaterial into wedf the hemostatic tests and the lack of standardized methods
plates and adding the whole blood ori'tdfhen, at certain  have made it dicult to compare derent studies in the

time increments, the blood is diluted and its absorbance liserature.

measured at 540 nm. The blood clotting index (BCI) ieede Similarly,in vivotests can be implemented for testing and
to describe the hemostasieat according 6 understanding materialeemostatic behavior. The bleeding
A experiment is a popular approach where the amount of blood is
BCI= B @) collected after making an incision (into, e.g., the liver or an

artery), followed by treatment with the hemostatic material.
whereA andB are the absorbance of the blood after exposure tdhe evaluation of hemostatic propeirigsras mostly limited

the sample and the citrated blood at 540 nm, respectively. Tteetissue incision models. Further expansion of the hemostatic
lower the BCI, the higher is the blood coagulation activiticharacterizations on the animal disease rfadighs hemo-
Platelet adhesion can be demonstrated to show a hemostatiasis disabilities such as diabetes is required to elucidate the
e ect by exposing the hemostatic material to the extractdgemostatic function under abnormal conditions.

platelets from whole blood for a spatperiod. After that, the Various physical characterizations have been implemented to
platelet-treated samples are washed, and the adhered platejastify other aspects of the hemostatic properties. For instance,
are subsequently lysed using Triton X“106llected platelets  swelling tests in the presence of water/blood media can
are then seeded to measure their lactate dehydrogenase actélitgidate the contributions of absorption toward the hemostatic
at 450 nm. Platelet adhesion has also been characterizedobhavior of the materials. Various adhesion tests candik de
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Figure 3Examples of hemostatic material designs based on natural polypeptides. (A) Schematic representation of the molecular assembly for ke
catechin nanoparticles (KE-NPs) incorporated within a cellulose matrix (i.e., KEC hydrogels). (B) lllustration of blood clot formaition in (i) blan
control and (i) cellulose hydrogel with (iii) 0.5, (iv) 1, and (v) 1.5 wt % keratin content. Reproduced with permissi&n Gopyrigit 2018,

Royal Society of Chemistry. (C) The synthesis process of a tissue adhesive based on carboxylated bovine serum albumin (BSA) and citrate acid
conjugated with dopamine (referred tB&D’ hydrogels). (D) Representation of the gelation behavior of the BCD with the additfandf Fe

OH® ions. (E) Rat liver bleeding model for the wounds treated with and without BCD hydrogels. Reproduced with perm&siQofrgriyhef

2017, Elsevier. EDC, 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimidéy-RiABpxysuccinimide.

to evaluate the capacity of the biomaterials to seal open wounlgeding area physicafi?* Wound dressings can be designed

Furthermore, mechanical and rheological tests are essentiahtthe form of wet hydrogéfsiry patche$’and particle¥!®®

ensure sucient cohesion and matching with the target tissueHemostasis in wet hydrogels is mostly based on chemical
interactions with blood plasma, whereas dry patches, in the form

3. HEMOSTATIC MATERIALS AND REAGENTS of membrane$, microneedle arra%f’,s electrospun mafts,
textiles” sponge$: and cryogels, as well as aerog€igan

As described above, the physical and chemical properties of thenote hemostasis through both plasma absorption and
materials can be moeld to add hemostatic properties to the jnieractions with blood plasma components similar to
materials. Although some hydrogels intrinsically encouraggmostatic particles. Solutions of hemostatic particles can be
blood_ coagulation on the_ _ba5|s of the chemistry of th@prayed for easier application on the wound Eitehe
constituent molecules, additives can also be used to tune th%“owing sections, dirent chemical approaches and fabrica-

interactions with blood. To introduce such interactions, naturghp, procedures implemented to develop hemostatic materials
hemostats and synthetic materials have been engineered ugiRdqiscussed.

di erent methods and processed through various fabricatign . .
procedures to shape them in spedorms. In general, > Natural Hemostatic Materials

hemostatic materials can be found in the form of injectablatural polymers can be clasdiinto polysaccharide-based
hydrogels, wound dressing patches, or pattitfésctable and protein- or peptide-based materials among Whigigen
hydrogels are based on situ cross-linkinsg of prepolymer has received particular attention. Next, recent advances in
solutions upon application to the woundSitehich enable  designing natural hemostatic materials are reviewed.

ling complex-shaped voids, full coverage of wounds, and3.1.1. Proteins and Peptides. Peptide and protein
integration with minimally invasive surgetidgdrogel beads  molecules consist of amino acid units witereint combina-

also have shown the capacity for injectﬁ%’ﬂi demon- tions of electrostatic charges and hydrophobicity, enabling their
strated the potential for hemostatic applicatiofis. Fast  physical entangleméfitand chemical interactiénswith
gelation of injectable hydrogels is of great importance to seal filatelets and blood cells for hemostasis. For instainest
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amphiphilic peptides designed with various net charges shoveiadwn irFigure &2’ KeratirScatechin nanoparticles wit0
that positively charged peptides could immediately coagulate diameters were integrated into a cellulose-based hydrogel to
platelet-poor plasma (PPP), whereas those of negatively charigeprove adhesion and hemostatic properties for fast blood clot
peptides retarded the coagulation prét€sse example of a  formation Figure B). The hemostatic ect originated from
peptide-based hemostatic material is RADAL6-l, an ionihe e ects of keratin, which activated thrombin and platelet
nanopeptide, comprising an alternating hydrophobic anaggregation. Complete cessation of bleeding was observed
hydrophilic amino acid sequence with both positively angithin 2 min in thén vivdiver puncture models. The hemostatic
negatively charged residiiéé. The RADA16-I forms a capacity of keratin, along with its wound healing properties, was
hydrogel with a structured nabmus architecture under strengthened by conjugating insulin moieties using 1-ethyl-3-(3-
physiological conditions, which can entrap blootha#iland (dimethylamino)propyl)carbodiimide (ED®}hydroxysuc-
stop bleedin§ The application of such nanopeptides for thecinimide (NHS) chemistf.Insulin is known to trigger cell
prevention of bleeding from parenchyma wounds has begfigration and accelerates re-epithelializaiioenhanced
demonsstrated in I|ver,_sp|nal c_ord, brain, and femoral artegngiogenedis.The insulin-conjugated keratin formed a gel
models” The hemostatic behavior of RADA16-I has also beefyhen added to water through the formation of hydrophobic
studl_ed for the ilium rabbit bone de_fect model. The advantaggfieractions and disde and hydrogen bonds. vivoliver
of using RADA16- as compared with bon&aeecas follows: bleeding models showed sigat decreases in clotting time
(i) RADA 16-| allows osteoblast penetration and (i) thefor the insulin-conjugated keratin compared to keratin.
concentrated RADA 16-I possesses higher biocompatibility dugrhe hemostatic capacity of decellularized ECM as a
to its hydrophilicity. In addition, (RADA% another type of biocompatible hemostatic agent has been ex{ilarecellu-
self-assembling peptides with biocompatibility, neutral ngdized ECM-based hydrogel with a swelling rat@0805%
charge density (implying hemocompatibility), and injectabilityy a5 prepared using EDC cross-linkers. Hemostasis time in rat
The complete hemostasis time for (RADYS 15 s under  (qi| and artery models was reducedl0 s (controls with no
severe hemorrhagic conditions without any auxiliary hemOStaéP%ss-linking showed350 s clotting times). Hemostatic
agents’Longer (RADA) bers resulted in larger values of the properties were attributed to high absorption and a large
storage_modulus, leading to the moreiant control of 5y 5nt of collagen in the decellularized ECM, leading to
bleedind” The hemostatic properties of (RAPRgve been i, o hin tormation and platelet activation. In a recent study,
attributed to the formation of high surface area bar®)  gga \yas ysed as a backbone to develop a mussel-inspired
leading to strong interactions with plasma préfeffise | J0 (v g ecive hydrogéd(re €).°* First, to augment
potential of short peptides for hemostatic applications Wag, -, oy sites needed to graft dopamine (DA) onto the BSA
Z\rﬁ}ggtigé’x)acsoe;ﬁf gtsee dU(\jI\(/)iFhr ()tLiIQSezgrf?iat;%srﬁcO;ﬁgg(e SEkbone, citrate acid was used to convert primary amine groups
eotides. namel JRgGDK RRREK and RRREBGHE to carboxyl moieties. This process blocked the primary amines
pep ' Y, ’ ' go avoid self-cross-linking during the EDC/NHS-induced

peptide RRRFRGDK conjugated to the hydrogel was _ . . . :
: ; ; onjugation of DA to BSA. Finally, hydrogels were cross-linked
demonstrated to promote hemostatic and antibacterial prop r(;/ adding F% ions and subsequently Bléns through the

ties as well. An extracellular matrix (ECM)-like backbone (i. Eatechdbcatechol interactionsigure ®). The rheological

poly(-lysine) (PLL) glycopolypeptide) was medi with ) = _— : .
catechol and glucose groups and cross-linked usingtemwotdi behavior showed aSBD min time-to-plateau until fuII.geIat_|on
was obtained, which represents a favorable curing time for

-linki I i -linki . X i j . .
;;odssa Iﬂolrggeraa%?snﬁsbg?&%ﬁ’sﬁﬁggﬂeﬁ;ﬁ? sl)?stg]r%) practical surgical conditions. Although it provides weak bonding
(covalent cross-linking. The results suggest superior initially, it allows the surgeon to adjust the tissue properly before

' the full curing time. The potential applicability of the hydrogel to

hemostatic performance by each cross-linking sysiém ( , : .
blood loss) compared to that bfin glue; the wounds treated act as an adhesive hemostatic material was demonstrated by 10-

by the developed hydrogels were fully regenerated with hild improvement in adhesive strength comparédioglue.
follicles within 14 days. The hemostatic performance was foulfivivoexperiments using the liver bleeding model showed that
to be signicantly correlated to micropore size; larger pore sizd¥ood loss in the models treated with the her_nostahc material
(16318 m) were associated with faster hemostasis. In anoth@@sS reduced to 4% of that of the control modelsie &).
study, a PLL backbone was cross-linked with poly(ethylene3-1.1.1. Silk Fibroiilk broin (SF) derived frolBombyx
glycol) diglycidyl ether (EPPE) in a mild ring-openingmoriis a heavy protein connect_eql thro_ugh disudonds. Due
reactiorf® The extraordinarily high swelling ratio of 630090 their biocompatibility and minimalammatory responses,
resulted in signéantly enhanced hestatic properties SF-based hemostats have attracted much attéfenSF
compared to that of commercial gelatin spdngeso(rat hydrogels can be physically cross-linked as they transition to
tail amputation model). their secondary structures, i.e., hydropheatiieet formation
Keratins are another class of natural proteins that aMapH,temperature, and solvent composifi@he formation
hemostatic biomateridfsKeratin can induce hemostasis of such secondary structures is associated with stronger cross-
increasingbril lateral assembly and decreasing plasma clottiigking and adhesion as well as low aqueous swelling, making SF
lag time&> Kerateine nanoparticles (a type of keratin obtaine@ good candidate for internal wound cofit@powder-based
from human hair through reductive conditions) reducedow molecular weight SF hemostat processed by hydrolysis of SF
bleeding compared to kerateine extracts in liver wound a@dl 50 °C signicantly promoted blood clottirig vitro®>
tail amputation modél$. These nanoparticles form high Composites of SF with cellulose covalently cross-linked in urea
viscosity gels on the wound area, whereas keratin-basewl NaOH solutions were developed and followed by a pH
hydrogels possess poor mechanical and rheological propertiesitralization process using & @&s injection process (to
To address this limitation, keratin-based materials werggregate cellulose chaww hydrogen bondingy. The
synthesized in combination with reinforcing components, abtained hydrogel was characterized with low hemolysis and
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Figure 4Gelatin-based materials used for adhesive hemostatic hydrogels. (A) Chemical structure and two-step cross-linking mechanism of the s
developed on the basis of gelatin methacryloyl (GelMN)} @dminoethyS4-(4-(hydroxymethyd2-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 bu
pressure test cam the adhesion strength beyond normal arterial blood pressure. Reprinted with permissi@n@aoyright 2019 Springer

Nature. LAP, lithium phenyl-2,4,6-trimethylbenzoylphosphinate.

proposed for hemostatic applications as per theaigrdrop combination with other macromolecules, such as hyaluronic
(' 75%) in blood loss in mouse liver bleeding models. acid (HA), have been characterized and used as hemostatic
3.1.1.2. Gelatin DerivativeGelatin derivates have shown biomaterial$ Gelation of gelatin (reported to tak®0 s) was
hemostasis through rapid and strong physical sealing of ttegluced to 60 s with the addition of HA. Gelatin-based hybrid
bleeding in the artery and hédrGelatin oers promising  hydrogels have been demonstrated in multiple examples. In a
biodegradability and cell adhesive properties and has been ussant study, gelatin grafted with DA (GT-DA) was mixed with a
in di erent forms in hemostatic applications. Erythropoiesis &hitosan-based polymer matrix and incorporated with polydop-
augmented by gelatin molecules, which lead to increasachine (PDA)-coated carbon nanotubes (CNT-PDA) to
concentrations of RBC and platél&tsGelatin sponges are develop multifunctional hemostatic hydrogels with adhesive,
currently available commercially (e.g., Gelfoaer)@and are  conductive, and antioxidant propettieAntimicrobial prop-
approved to stop bleeding from surgical wounds. Recentyties were introduced to the hydrogel by the addition of
developed gelatin naher sponges fabricatgi electro- doxycycline. The hydrogel system was cross-linked using the
spinning were proposed for arterial injuries due to their superibydrogen peroxide/horseradish peroxidaga,MHRP) cata-
hemostatic capabilities compared to conventional medidgtic system. The catechol content in the hydrogel improved
gauzes and gelatin hemostatic spéhB&=od clots form due  tissue adhesion, which enablestéve sealing of the wound
to gelatirs ability to activate platelets and to triggerarea. In another example, gelatin was etbdith 3-carboxy-
coagulation>*°° Many studies have focused on gelatin tophenylboronic acid and cross-linked with poly(vinyl alcohol)
strengthen its hemostatieets and bioadhesion. For instance, (PVA).1°? The hydrogels were encapsulated with vancomycin-
chemically cross-linked gelatia EDC/NHS coupling in  conjugated silver nanoclusters as well as nimesulide-loaded
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Figure 5.Synthesis and hemostatic characterization of the hydrogel composites based on chitin (EB))hetworks and tigecycline-loaded
gelatin nanoparticles tGNPs). (A) Synthetic route for preparing the tigecycline-loaded gelatin nanoparticles (tGNP). (B) RepreGétitation of the
FB nanocomposite processing procedure. (C) Final mixing of chitin gel and tGNP resultirad iythiegel solution ready for application as a
hemostatic biomaterial. (D) Representation of coagulated bloodrfartdiamples. (E) Coagulation time and (F) hemolysis results for hydrogels
with di erent components. Reprinted fromLi€f Copyright 2018 American Chemical Society.

micelles to impart antibacterial and andinmmatory proper-  sealants with the ability to resist 250 mmHg blood préassure
ties to the hydrogel for diabetic wound treatment. Experimentgtro(Figure 8,C) and seal cardiac wounds with upgtanm
demonstrated considerable improvement in hemostatic propdiameter and carotid arteries wids5 mm long incisions.
ties (almost an order of magnitude lower bloodrogs) Hemostatic capabilities of GelMA can be enharasdake
compared to blank controls. Gelatin-based cryogels werenom extract additiVE8A visible light cross-linkable GelMA
developediia cryopolymerization of DA-moeldl gelatin in  hydrogel containing snake venom extracte®fstimops atrox
the presence of Na)@llowed by freeze-dryitfgThe cross-  led to activation of platelets and thereby reduced the clotting
linked network of gelatin-DA cryogels was characterized wiilmeto 45s (from 5S6 min controls with no treatment). The
injectability, shape-memory properties, near-infrared (NIR¥nake venom extracts did nacthe adhesive strength of the
responsive photothermal activity, and antibacterial propertiégdrogels. In addition, successful wound-sealing performance
In addition, blood cells and platelets could be activated moweas reported in abdominal aorta as well as liver injury models. In
e ectively compared to the commercial wound dressings asother study, GelMA hydrogels were supplemented with
demonstrated in the porcine subclavian artery and vein incisitamnic acid (TA), gallic acid (GA)-moeli silver nanoparticles
models. (AgNPs), and polyphosphate to develop thermoresponsive
The strong adhesion ered by gelatin methacryloyl hemostatic hydrogels with photothermal antimicrobial proper-
(GelMA) alongside its mechanical stren%th make it a strorips'°°Apart from the excellent hemostatic properties due to the
candidate for physical hemostasis/iva” The GelMA charge interactions (phosphate groups), methicillin-resistant
hydrogels were used in combination witN-@-amino- Staphylococcus aufifiiRSA) ande. colcould be removed by
ethyl)S4-(4-(hydroxymethy®2-methoxy-5-nitrosophenoxy)  98% and 96%, respectivelinp vitro A similar study
butanamide (NB) conjugated to the HA (HA-NB) matrix to investigated the addition of TA to the pristine gelatin for
reinforce and to promote adhesion in hemostatic hydrogels pwtential hemostatic applications and skin wound healing due to
stop bleeding rapidly, as shownFigure 4 The NB- the pH-sensitive release of TA promoting antioxidant and
functionalized HA enabled on-demand generation of aldehydatibacterial as well as antaimmatory properties at the
groups upon irradiation with UV light, facilitating Ssie  wound sité”®
formation with nucleophiles present on the tissue surface for3.1.1.3. FibrinogeFkibrin-based sealants have been used for
better adhesion strength. Strong adhesion led to hemostatiore than two decades, as they can miminahstages of the
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Figure 6 Examples of polysaccharide-based hemostats. (A) Schematic of the hydrogels based on amino-functionalized silver (Ag) nanoparticle
the cross-linking of the modules in combination with cellulosenilaf@NF) and gelatin (G). APTES, (3-aminopropyl)triethoxysilani. (B)
vitrohemostatic test results in terms of (i) hemoglobin absorbance, (ii) number of adhered platelets, and (iii) thrombin genernatiba studied
thrombirSantithrombin complex. Reproduced with permission fr@T @bpyright 2018, Elsevier. (C) Chemical synthesis of the hemostatic
sponge hydrogels based gqumaternized hydroxyethyl cellulose (HEC) emldedidea 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). Reptitied from ref
Copyright 2019 American Chemical Society. (E) Hemostatic mechanism and properties of the chitosan/konjac glucomannan subtract (CKS)
CKS-thrombin-occupied microporous starch particle (TOMSP) hydrogels, respectively. (F) Results of (i) erythrocyte aggregation, (ii) plate
adhesion, and (iii) clotting time measuremenritro (G) Analysis ofuorescent staining for CKS-TOMSP. Erythrocytes were stained with mouse
anti-IL12B monoclonal antibodies and goat antimouse (IgG-RBITC) antibodies (red), where TOMSP was stairesgewtlisothiocyanate

(green). Reproduced with permission from2@&fCopyright 2020, Elsevier.

blood coagulation process. It has been used for hemostasisansisting of humanbrinogen and -thrombin:** Here,

many dierent surgical settings, including neurod€nic, plasminogen contents were eliminated through chromato-
cardiac?® thoracic®® reconstructive’® and plastic sur- graphic separations. Plasminogen removal helped to remove
geries* Previously, brin sealants were based on animalthe antibrinolytic agents, i.e., aprotinin or tranexamic acid,
anti brinolytic proteins, such as bovine aprotinin, and have beerich are known to be neurotdxitA mixture of brinogen
associated with anaphylactic reactiéNext-generatiorbrin and thrombin, a composite material used as a sealant material,
sealants were designed with concentrated clot-activatilegl to the formation of stable clhaiscovalent cross-linking of
proteins or so-called biological active components (BACs)rin meshes.” Di erent brands of commerciarin-based
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sealants have drent formulations. For instance, the lack ofwere cross-linked by free radical copolymerization of (meth-
anti brinolytic agents in Evicel diminishes the biodegradabiligcryloyloxy)-ethyltrimethylammonium chloride (MATMA),
of brinogert’ Clinical studies have assessed the hemostaiwly(ethylene glycol) diacrylate (PEGDA), and HELC
capabilities obrin sealants:**'The data indicate hemostatic ammonium persulfate (APS)fa@methylethylenediamine
e cacy due to more patients achieving full hemostasis withifZEMED). Figure ® shows the main mechanisms triggering
min in vascular surgerié&Despite the widespread useboin blood coagulation in the proposed materials design. The
sealants, research continuesitbways to improve the poor hemostatic escts are strengthened by the superabsorbent
adhesion and infection issues of these materials. On this bastgacity, leading to the adhesion of RBCs and platelets. The
hemostatic and antibactenaitusealant was developed by the absorption of the cells in blood was further facilitated by
combination of chitin (CH),brin (FB), and tigecycline-loaded electrostatic interactions (initiating hemagglutinatiathe
gelatin nanoparticles (tGNPs), as showfigare ASC.**° MCEF that activates coagulation factor XII. This process led to
The gel was applied with a dual syringe, one containing chitohecreased blood clotting time downaminin vitro Another
brinogen, and tGNPs and the next one containing thrombimellulose-based hemostatic sponge was obtained by incorpo-
chitin, and tGNPs. The synthesized gel showed excellemttion of skin secretion éihdrias davidiangSSAD) in a
hemostasisF{gure B,E) and adhesive properties with a composite of cellulose nanocrystals (CNCs) and cellulose
gelation time of 1 min and acceptable hemolysis behaviomanobers (CNFs}?’ The sponges were reported to be
(Figure F). In vivcthemostatic evaluations revealed rapid bloodnjectable and engineered for high resilience and strength in
clot formation within 84 and 154 s in liver and artery bleedinthe swollen state. Rapidid absorption, within 3 s, led to
models, respectively. This hemostasis time scale makes dkeellent hemostatic properties compared to gelatin sponges, as
material composition suitabfor cardiac surgery where con rmed inin vivostudies.
mediastinitis is common due to deep bleeding and infections.3.1.2.2. Starcl&tarch is one of the most abundant and low-
In another study, the hemostaticcacy of brin-based price polysaccharides and has also been used in hemostatic
hydrogel materials composed of nanostructiméd and materials by incorporatingpgnopriate functional groups
agarose was evaluated in a rat hepatic resectiont“hodelthrough chemical modation->”For instance, blends of starch
Signicantly enhanced hemostaticeats were observed with acrylamide and acrylic acid monomers were polymerized
compared to commercial counterparts where the time tmgether through free-radical polymerization and studied for
hemostasis was reduced 30 s. their hemostatic applicabifity. The synthesized materials
3.1.2. PolysaccharidesPolysaccharide building blocks are showed excellent hemocompatibility along with a rapid
attractive candidates for designing hemostatic materials duéhtmostasis, originating from the fast swelling rate (18 000%
their biocompatibility, biodegradability, and intrinsic hemostatmver 30 min). Complete hemostasis was observed within 10 s
characteristi¢$™'??Polysaccharides are chemically rabldi when tested with the femoral artery wound model. In this case,
to enhance their hemostatic actiV/ifor example, chondroitin  the cells present in blood aggregate with the hydrogel material
sulfate conjugated with serotonin (mediating the blood clottingnd establish an eient sealing. Composites of konjac
process) was developed as a hemostatic bioadhesive for woglndomannan and chitosan with thrombiltteth microporous
healing applicatiohs’ Here, serotonin groups were oxidized starch particles were recently introduced for initiating hemo-
using the horseradish peroxidas®4HRP) catalytic system stasisFigure &).***The composites exhibited high absorption
to cross-link the hydrogels. In this material system, aloe vers well as desirable activated partial thrombin time (APTT),
powder was used as an additive for improvements in woutfttombin time (PT), and whole blood clotting indices. The
healing function. In the following sections, the major classesh&mostatic mechanism in this material relied on combinatorial
polysaccharide-based backbones eubftir improved hemo- e ects of absorption and interactions between the material and
static function are discussed. platelets, erythrocytes, and coagulation factors. Positive surface
3.1.2.1. Cellulos€ellulose is composed of a homopoly- charges led to blood cell aggregation. Then, the porous and
saccharide ofglucopyranose and acts as a hemostatic materi@ugh interfaces favored tlosv of the blood plasma into the
due to its absorbable propertfgs*Cellulose in oxidized form  material. Fibrin network formation occurred due to the presence
has been well explored and reported fectee hemostatic  of thrombin leading to further adhesion of the RBCs and thereby
propertiewviaabsorption and activation of platelets leading taclot formationln vitro analysis results shownHigure &
thrombus formatioff°Recently, nanocelluloger was mixed  con rmed the hemostatic ectiveness of the hydrogel in
with gelatin and amine-functionalized silver nanoparticles taducing hemostasis.
form physically cross-linked hydrogels for wound dressings, a8.1.2.3. Agaroségarose-based hydrogels have also shown
shown irFigure &°7 In vitroblood clotting assays with freeze- potential for hemostatic applications. The mixture of agarose
dried hydrogels revealed the roles of gelatin molecules and siktrylenediamine conjugate (AG,N&hd dialdehyde capped
(Ag) nanopatrticles in the augmented platelet adhesion ammbly(ethylene glycol) (DF-PEG) was demonstrated to form
blood clotting, as shown figure 8°’ Mechanistically, the  stable gels within10 sviaSchi base formation that eventually
protonated free amine groups on the Ag surface and gelalinl to tissue adhesiveni€és3he short hemostasis times, down
backbone are capable of adsorbing negatively charged moidtd® s, with total bleeding amounts of o6l g conrmed the
present on the RBC membranes leading to hemagglutination promising hemostatic capacity of the developed hydrogel. The
vitro blood clotting results indicate that higher Ag content idiydrogels showed self-healing, pH responsiveness, and bio-
associated with lower hemostatces, which was explained by compatibility, demonstrating their potential to be used as wound
fast and dense cross-linking. In another study, a hybrid hydrodegssings.
sponge based on quaternized hydroxyethyl cellulose (HEC) and3.1.2.4. Dextrabextran molecules are highly water-soluble
mesocellular silica foam (MCF) aimed to activate theand have advantages in their hemostatic behavior over other
coagulation cascade in addition to contributing to itgolysaccharide molectfeDextran has been moeldl in
antibacterial @cts Figure €).*?°In this study, the hydrogels di erent ways to introduce hemostatic properties. For example,
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Figure 7 Chemical modcation of the chitosan backbone to enhance its hemosteatisc @) Schematic illustration of (i) quaternized chigpsan-
polyaniline and (ii) benzaldehyde-functionalized poly(ethylene glycol) (PEG) synthesis. (iii) Cross-linking mechanism between benzaldehy
functionalized PEG (PEGS-FA) and quaternized chitpsgraniline (QCSP). (B) Adhesion strength and (C) hemostatcy of the developed
hydrogels in the liver wound models in terms of blood loss. Reproduced with permissidd fr@opgfight 2017, Elsevier. (D) Synthesis of
curcumin-loaded quaternized chitosan (QCS) and Pluronic F-127 (PF-127) or (PF) hybrid hydrogels (Cur-QCS/PEat{@rddhitosan

with glycidyltrimethylammonium chloride (GTMAC) reagent, (ii) functionalization of PF-127 with aldehyde end groups, and (iii) cross-linking thi
components with curcumin drug added to the QCS/PF hydrogel. (E) The results of adhesive sterpgtifaE 8ito PF-127 ratios and (F) blood

loss in thén vivdiver bleeding model coming hemostatic ects of the curcumin-loaded QCS/PF hydrogel. Reproduced with permission from ref
142 Copyright 2018, Elsevier.

dextran was oxidized to yield active aldehyde groups to form@mbination with hydrophobically medi chitosan for wound

in situcross-linked hydrogel with chitosan. This material wasealing applications as a hemostatic ‘agétit.Oxidized

used as a hemostatic agent with rapid gelation, minimaldehyde dextran sponges were characterized as having high
cytotoxicity, and low swelliigThis hydrogel system showed absorption (blood absorption of 47.5 g/g) and adhesion
hemostatic eects comparable to commercial BioGlumvivo properties (100 kPa adhesive strength), reducing blood loss
liver bleeding models. Oxidized dextran was also used iinfemoral artery, ear vein, and rabbit liver model irijiiries.
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Figure 8 Hybrid hydrogels based on chitosan and its derivates for hemostatic applications. (A) Materials design and cross-linking mechanisms ¢
carboxymethyl chitosan (CMCS)/tannic acid (TA)/benzenediboronic acid (BDBA) hydrogelgarnddiBer bleeding test for characterization

of hemostatic behavior. (C, D) Schematic of the interactions between hydrogel components and blood ingredients. Reprinted with permission
ref}*®Copyright 2020 American Chemical Society. (E, F) A hemostatic mixture of chitosan (CS) and pentasodium tripolyphosphate (TPP) leadinc
the formation of chitosan/calcium pyrophosphate hybrid rveess (CS-CaP) in the presence of the calcium ictis {en, the coating of the

powders was performed by alkaline polymerization of dopamine enables fast absorption and interface stimulation émtbgi@Gd&hériviero

and (ii, iii)in vivdhemostatic test results showing signt e ects of polydopamine (PDA) in reducing the clotting time. Reproduced with permission
from refl48 Copyright 2019, Elsevier.

3.1.2.5. ChitosanChitosan (CS) is one of the most reduced liver bleedirig vivofrom 266 to 32 mg. An
extensively studied biomaterials for hemostatic properties daghesive hydrogel composite synthesized with quaternized
to the positively charged amine groups on its backbtife.  chitosan grafted with polyaniline and benzaldehyde-function-
Chitosan has been used in mixtures with synthetic backbonestazed poly(ethylene glycol) (PEG) showed excellent hemo-
elevate the hemostatieets-*#*° For example, in combina- static and antibacterial propertiégifre ASC).*** The blood
tion with gelatin and PVA, it had hemostatic characteristidess mass in thevivoexperiment was under 215 mg compared
where a BCI index of 0.032 was reached within 5 mirto the control with over 2000 mg of blood loss. The natural
Methacrylated chitosan was copolymerized Nvitixdrox- hemostatic properties of the chitosan molecules were
ymethyl acrylamide (NMA) in the presence of DA using redoxaugmented with the synergistic contributions of polyaniline
free radical polymerization (APS/TEME)The hydrogels ~ segments and the positively charged quaternary ammonium
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Figure 9 Chitosan (CS) macromolecules conjugated with polyphenols for high adhesion and hetiss{#@)cSzhematic representation of the
synthesis route and mechanisms of action in thermoresponsive hemostatic catechol-hydroxybutyl chitosan (HBCS), i.e., HBCS-C hydrc
Reprinted from ref5Q Copyright 2020 American Chemical Society. (B) Synthesis of gallic acid (GA)-conjugated chitosan (CS-GA) hemostati
hydrogelsvia Nhydroxysuccinimide (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 thevityarogels. (E)
characterization of the blood clotting index (BCl) rating the signcant 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-linkingianramiaaignbonding and noncovalent
interactions. Reproduced with permission frobb&€opyright 2019, Elsevier.

groups. Rapid gelation of the hydrogel also formect@mmie ~ molecules and physical swelling of the hydrogel during bleeding.
barrier against bloodw. Quaternized chitosan was mixed withA catechol-moded chitosan (Chi-C) was cross-linked with a
benzaldehyde-termindtgoly(ethylene oxidd)poly- dialdehyde cellulose nanocrystal (DACNC) and formed a
(propylene oxide)-poly(ethylene oxide) (PF127-CHO) in bioadhesive hydrogel thatetively lled the defective boire
another study where Pluronic F-127 (PF-127) served as a crogisoand stopped bleeding under wet condititt&he rabbit
linker, facilitating both the Schibase reaction and the ilium bone defect model showed’&% decrease in blood loss
formation of micelles through dynamic self-assembly in watghen using this hydrogel, compared to untreated controls, due
(Figure D).**?Here, positive charges on the medichitosan  to rapid sealing of the wound site. The hydrogels demonstrated
molecules, along with the adhesive properties of the hydrogad|f-healing properties, and full bone regeneration along with
synergistically led to hemostatic properti®) (ng versus material degradation was observed after 4 weekscdilodi

620 mg reported blood loss for the treated and controbf chitosan with thiol groups was also demonstrated to enhance
samples, respectivelly)qure E,F). The use of carboxymethyl its hemostatic properties sigantly, as the blood loss was
chitosan grafted poly(acrylic acid) (CMESBAAc) was lowered by over75%-*° In another example, carboxymethyl
demonstrated as another potential solution to stop blE€ding. chitosan (CMCS) mixed with TA was developed as a hemostatic
The polymers were developed through solvent precipitation ahgidrogel, as illustratedrigure &.2“°To reduce the gelation
showed high swelling capacitid®(times in less than 20 min). time and enhance the mechanical properties, 1,4-benzenedibor-
The hemostatic ects were attributed to the low cross-linkingonic acid (BDBA) was added. The gelation was driven mainly by
density of the material originating from the low reactivity ohydrogen bonds and boronate ester bonds as quicklylas 10 s.
sodium acrylate during polymerization. For optimized samplesyoliver bleeding test results indicated the amount of bleeding
complete hemostasis was achieved withins, which is  was reduced from 240 to 55 mg in the samples treated with
associated with both protonated amine groups of chitosauhesive hydrogels versus untreated coftiglse 8). The
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Figure 10 Alginate-based examples of the hemostatic materials. (A) The materials design, cross-linking process, and hemostatic mechanism
alginate-based hydrogels incorporated with Pept-1. Reproduced with permissidd®r@opefight 2019, Royal Society of Chemistry. (B)
Application of hybrid hydrogels based on polyallylamine (PAA) and oxidized, catechol-functionalized alginate for improving adhesion and the
hemostatic ects. Reprinted with permission fromi®éf Copyright 2019 Springer.

impact of TA in enhancing hemostatieces comes from the temperature (LCST) was found to be tunable and could fall
fact that charged polyphenol moieties can play roles as contadthin the range between room and body temperatures. The
activators where they can activate factor Xl in the coagulatibgdrogels strongly adhered to the tissue surfaces, and gelation
cascade. In essence, as represenkeguie &, the strong  occurred within 30 s after injectinsitu The strong adhesion
interactions with blood components originating froation driven by the hydrogen bonding, stacking, and catecol
interactions, hydrogen bonds, and $xdde formation as well amine reactions led to full hemostasiawithin the gelation

as Michael addition could explain the mechanisms of hemostdiine period, whereas for untreated samples, it took approx-
properties in the polyphenolic components such as TA, cateclimlately 2 min until the bleeding was stopped completely. We
groups, etc. Phenolic compounds, therefore, play importambte that there are ongoing discussions as to whether chitosan
roles in triggering blood coagulation due to their multiplenay induce allergic responses in some indivititads.

interaction pathways with blood components. The catidn In another study, a tunichrome-inspired chitosan-based
of CMCS witho-nitrobenzyl alcohol functional groups (i.e., NB) hydrogel was developed to enhance the hemostati ley

has enabled on-demand generation of aldehyde groups uponp¥ogallol functionalizatiofrigure 8SF).*>* Oxidation of
irradiation, which can participate in cross-linking redétibms.  tunicates, which is accompanied by covalent bond formation
essence, the NB groups are converteditsobenzaldehyde and cross-linking, is known to promote hemostatic properties.
groups in response to UV illumination, leading to Bake The improved hemostatic ability of the hydrogel due to the
formation with amino groups present on the tissue surfaces.danjugation of GA was quantitatively ooed by the BCI data
addition to antibacterial properties, the liver bleeding modéFigure &). Instant coagulation at the interface with blood was
demonstrated that the material sicaritly reduced blood loss observed once it dropped onto the hydrogel surface. The
compared to blank controls. Using a PDA coat has beensgni cantimprovement of hemostatic properties was attributed
popular means of introducing such phenolic components to the the high adhesiveness of the hydrogel, resulting from the
hydrogel for hemostatic applications. A mixture of chitosan apgirogallol groups-(gure ). In another study, the hemostatic
calcium pyrophosphate coated with PDA (PDA@CS-CaRjroperties were enhanced with the addition of catechol groups
resulted in a hydrogel wherein the hemostatic properties were chitosan composite hydrogefsThe addition of DA to
enabled by hydrophilicity and interactieesmino and phenol  chitosan not only did not cause any hemocytotoxicity but also
groups present in PDA as well aower-like hierarchical introduced antibacterial properties to the hydrogel. Blood
structure of the granules that aids in plasma absofagore(  clotting time assays showed that the addition of 2 wt % DA to
8E,F)*® The study suggests that coating the chitosan (CS)ehitosan could lower the hemostasis time from 83 to 20 s.

CaP with PDA played anegtive role in reducing threvitro The nanoscale assembly of chitosan can enable facile loading
clotting time from 175to 125 s Figure &). Conjugation of  and promote the hemostatic behavior of chitosan. In a recent
chitosan with catechol groups enabled hemostatic swabs thtatdy, a hydrolytically degradable hydrogel was developed on
could eectively stop bleeding in coagulopathic animal modethe basis of chitosan assembly within a macrocyclic
with diabetes. The hemostatic property was attributed to thaigosaccharide {cyclodextrin) cross-linked network. The
intermolecular interactions between chifizsstechol con-  hosSguest interactions aided the loading of chitosan into the
jugates and whole blood protéfiis reversibly thermosensi- polyester-linked (dianhydride) hydrogel enabling its hydrolytic
tive version of chitosan with hemostatic properties was obtaingelgradatioim vivo The liver bleeding modelVivacon rmed a

by the synthesis of catechol-hydroxybutyl chitosan (HBCS-QJigni cant reduction in time to hemostasis as well as blood loss
as illustrated irFigure &.°° The lower critical solution for the chitosanicyclodextrin hydrogels as compared to
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Figure 11Hyaluronic acid (HA) and its derivates for applications as hemostatic materials. (A) Schematic of dopamine (DA)-conjugated hyaluror
acid (HA-DA) and coating of reduced graphene oxide (rGO) as a potential material for hemostatic applications. EDC, 1-ethyl-3-(:
(dimethylamino)propyl)carbodiimide; NMShydroxysuccinimide. (B) Adhesive strength and (C) hemostatic potential of the developed material in
a liver bleeding model. Reproduced with permission fra68r€opyright 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-linkéd immunosor
assay (ELISA) analysis of coagulation factors 1V, and V, respectively. (H) The mass of blood clots formed due to the exposure of whole bloc
di erent hydrogel compositions. Reproduced with permission ftérh @efpyright 2019, Royal Society of Chemistry. (1) Representation of the
molecular modé¢ation of HA with an inorganic polyphosphate (PolyP), i.e., HA-PolyP, aldehydes, and hydrazides to introduceslsemostatic e
Reprinted from réf65 Copyright 2018 American Chemical Society. (J) Development of HA-based hydiogéiwivittoxide (ZnO) and, 1,4-
butanediol diglycidyl ether (BDDE) for hemostatic applications and (K) the reactions leading to the ZnO formation. Reproduced with permissi
from refl66 Copyright 2019, Elsevier.

commercially available controls. Other approaches to enharissue xation and blood coagulation capabifitiéspagoda-
the hemostatic properties of chitosan involve the addition @ispired microneedle substrate was fabricated by molding with
CaCQ to acetate chitosan that is commercially available f@EGDA hydrogels, on the top of which DCS solutions were

wound-healing applicatidfiFirst, the addition of CaGO dripped for coating. The obtained patches coestieely stop
eliminated the allergic potential of acetate chitosan (due to ﬁ

acidit o= . i e]gding in rabbit liver, spleen, and kidney bleeding models.
y). Second, the released calcium ions aided cross-linkin Pl “based | ble t take | ts of
chitosarwvia electrostatic interactions that enhanced hydroget’ ltosan-hased aerogels are able 1o uptake large amounts o
toughness. Finally, Cagi@s associated with enhanced bloodPi0 Uids, leading to strong hemostatic properties. Chitosan
coagulation and thereby promoted wound healing. Chitosaf€rogels containing diatom biosilica and DA (for cross-linking)
based coatings (i.e., dodecyl-neatithitosan, DCS) could also were fabricated by alkaline precipitatiortenblutyl alcohol

enable the fabrication of hemostatic microneedles with strongplacement®High water absorption on the order 860 g/g
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Figure 12 Synthetic examples of the hemostatic materials. (A) Schematic of 2,3-diaminopropionic (DapA) cross-linked graphene sponge (DC(
preparation and its hemostatic mechanisms. (i) Combination of graphene oxide (GO) and ethanediamine (EDA) resulting in a cross-linked grapl
sponge (CGS) capable of fast absorption; (ii) addition of surface stimulation by replacing the EDA with 2,3-DapA for improved hemostatic abilit
(B) Schematic of the interactions between the red blood cells (RBCs) and DCGS hydrogel treated with whole blood and platelet-rich plasma (P
under two dierent experimental approaches, i) Rattern 1 and (8Wviii) Pattern 2. The magrid scanning electron microscope images
demonstrate selective adhesion of the erythrocyte and platelets to the hydrogel. Repririfés €opyrafht 2016 American Chemical Society.

%, along with strong charge interactions resulted in hemostaiithesive and hemostatic functionality. Recently, oxidized
functionin vitrowith clotting times below70 s. alginate molecules were mixed with CMCS and gelatin, which

3.1.2.6. AlginateThe release of the calcium ions from facilitated the formation of the hydrogel through $ectse
ionically cross-linked calcium alginate has demonstrated dtsemistry. This hydrogel showed fast gelation times as low as 30
promising potential as a hemostatic material. The hemostasi€®and reduced the hemostasis time and blood loss by 84.2%
e ectis mainly due to the calciumions activating the coagulatiamd 82.2%, respectively. In another study, alginate was oxidized
process through the aggregation of platelEtgther, the  and conjugated with catechol groups and used in a mixture with
hemostatic activity of alginate molecules can be augmentedabpolyallylamine (PAA) polymer to form g@sSchi base
chemical modcations. For instance, sodium alginate (SA)formation quickly, withirfS8.0 s Eigure 1B).*°*Evaluation of
molecules, thiolated using cysteine methyl ester, readily enalileal hemostatic ect in vivousing a liver bleeding model
gelation through the formation of didel bonds within less indicated a statistically sigaint decrease in the bleeding
than 20 $°’Composites of alginate with PVA and collagen werareight for the modéd alginate compared to alginate with no
mixed with Tween 80 surfactant to develop mechanically stabiedi cation. Hybrid hydrogels consisting of oxidized alginate
wound dressings with outstanding hemostatic befi&vior. and N-carboxyethyl chitosan (CEC) containing CuS nano-
Swelling of up to 2400% for the optimized composite particles were characterized with photothermal hemostatic
materials led to a time to hemostasis as low as 17 s with theoperties®” The hydrogels sigiiantly reduced blood loss
lowest blood loss of 66 mg. Apart from biocompatibilityin the liver bleeding modéisvivo
biodegradability, and high mechanical strength, the thiolated3.1.2.7. Hyaluronic AcidRecently, a HA-based hydrogel
alginate reduced the hemostasis time in a rat tail amputatispstem containing PDA-grafted graphene oxide and DA-grafted
model from 8.3 to 3.2 min. Alginate-based supramoleculBlA molecules has been synthesized through a cross-linking step
hydrogels involving peptide conjugates (Pept-1) have also ledjoverned by the oxidative coupling of catechol giabHp®./
hemostatic propertiesigure 18).*>° Such hemostatic HRP catalysts; it showed both antioxidant and hemostatic
behavior was assigned to (i) the dense 3D coassembled netwehiiracteristics=igure 1A).*°® The antioxidant properties of
of alginate macromolecules and Pept-1 with negative ze@techol groups promote wound healing by balancing the
potential, providing a physical barrier to entrap blood cells, (iDxidative pressure in the wound area. Also, inspired by mussels,
the release of calciumions, and (iii) platelet adhesion enableddatechol groups drive strong adhesigni(e 1B) and thereby
RGD moieties in Pept-1, which led to downstream platelgthysically seal the wounds. The hydrogels had high swelling
activation. Clotting times for the alginate/Pept-1 alone wematios and adhesive capabilities, which resultedciene

28 times longer than the mixture of both components. Thaemostasis by reducing the blood loss frd60 mg (for
clotting time decreased to 41 s, leading to over 80% reductiondantrol) to 74 mg Figure 1C). In another study, HA was also
bleeding compared to the control in ithevivoliver model. grafted with serotonin, a blood-clotting mediator factor
Alginate has been modlil in several dérent ways to introduce activating platelet attraction to facilitate hemostasis (i.e., factor
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Figure 13Demonstration of hybrid synthetic and natural hydrogel components for use as hemostatic agents. (A) Synthesis and preparation fol
hemostatic hydrogels based on polydopamine (PDA), sodium alginate (SA), and polyacrylamide (PAM). (B) (i) Characterization of normal ten:
adhesion to porcine skin tissue and (ii) mechanisms of adhesion. (C) The results of blood clotting and the hemolysis assay showing the hemo
e ect of catechol moieties while maintaining hemocompatibility. Reprinted frém Cejpyright 2019 American Chemical Society. (D)
Hemostatic hydrogels based on the mixture of\sbiydroxyethyl 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 w
red blood cells (RBCs) and white blood cells (WBCs) and (F) (i) the resulis vivarat liver bleeding model in terms of blood loss and (ii) the
snapshots from the liver bleeding experiments. Reproduced with permissiarviddopgfight 2020, Royal Society of Chemistry.

V, factor 11V, von Willebrand factor, abdnogen) as shownin  blood to dierent hydrogel samplésgure 1H). Composi-

Figure 1D,E*®*The serotonin-conjugated HA, cross-limieed  tions of hyaluronan and polyphosphate were examined for
HRP/H,0,, locally concentrated blood serum components. Ipotential use for bleeding conditiofisjgre 11).*>The HA
addition to bonding to the nucleophiles in the biomoleculemolecules were initially moeil with aldehyde groups and
during oxidative cross-linking, they led to promising hemostatitixed with another set of hydrazine-neatiHA-conjugated
behavior. The liver bleeding model indicated blood coagulatigolyphosphates that lower the gelation time below 5 min but at
within 30 s with lower blood loss compared to commerciahe expense of lowering the swelling capacity. The hydrogel was
controls. The results showed sizanit increases in the levels of fully degraded in 3 weeks and showed comparable hemostatic
released factors from the platelgtanules, i.e., platelet factors behavior to brin glue when tested in anvivomouse liver

IV and V, for the HA-serotonin hydrogels compared to HAbleeding model. In addition, the hemostatic properties of HA
(Figure 1E,G). The hemostatic ect of HA-serotonin  were reinforced by the addition of zinc oxide (ZnO). The HA
hydrogels was also observed on the basis of the blood cleas cross-linked by the 1,4-butanediol diglycidyl ether (BDDE)
mass measurements, which were obtained by exposing whoptess-linker, and ZnO nanobelt-like particles were farsited
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Figure 14 Application of poly(ethylene glycol) (PEG)-based hydrogels in hemostatic agents. (A) SchematidaftbaSsdtiation of dodecyl-

modi ed chitosan (DCS) and four-arm benzaldehyde-terminated PEG (BAPEG) in hybrid hydrogels for hemostatic applications. (B) Schematit
the interactions between blood cells and hemostatic hydrogel leading to hemxistatid éC) eects of chitosan (CS), DCS, and BAPEG on the
heparinized blood from the mouse source. Reproduced with permissiod &bi@apfright 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 (t
AEMA), methacrylated methoxy polyethylene glycol (MPEG-MA), and chlorhexidine diacetate (CHX) loaded nanogels (CLNs), abbreviated
Gel 1, and the mechanism of action for its hemostatitse(E) (i) The results of the blood clotting index (BCI) fardint hydrogels within 10

min, and (i) digital images of the hydrogels after 5 and 10 min. Reprinted ¥esvOebyright 2018 American Chemical Society.

via the mechanism shown Figure 13,K'°® The results  and pulmonary repair have been commercialized and developed
suggested that the addition of ZnO to HA can reduce clottingased on PEG (e.g., CoS&aProgef* and Tridyné®) and

time from 360 s (in HA hydrogels) to 160 s without cyanoacrylates (Dermabbfidas well as natural components
compromising hemocompatibility. The data showed hemolysigch as gelatin (Flos€3l BSA (BioGlu€3, and brinogen

lower than 1.3% across all ZnO concentrations. TheTisseel”® and Evicél¥).®” Recently, Quan et al. reported
modi cation of HA with a von Willebrand factor-binding strategies to design hemostatic biomaterials through cross-
peptide as well as a collagen-binding peptide resulted i”liﬁking 2,3-diaminopropionic acid (DapA) with a graphene
hemostaetsi70 agent that could selt_ectively bind to th_e ac_ti‘@xide (GO) sponge, as shown Figure 1275 Unlike
platelets”” Blood loss and bleeding time in the tail Vein gthanediamine-cross-linked materials, the synthesized hydrogel
amputation model both decreased % CO”.‘pared tothose gy pipited less plasma absorption and maierg activation of

in the no treatment control._ Enhanced surV|_vaI rat@s4% the erythrocytes and platelets. Also, negatively charged carboxyl
were found for the rat inferigena cavaaumatic model. groups along with increased oxidation and fast absorption led to
3.2. Synthetic Hemostatic Materials a strong hemostatic behavior in rat tail amputation tests. Positive
Synthetic approaches, where materials are developed wifiarge has been employed in synthetic hydrogel designs for
molecularly designed macromolecular backbones, enabfmostasis. An epoxy-amine-based sponge was obtained by an
control over the physical and chemical properties of thagueous reaction between polyetheramine and butadiene
hydrogel such as swelling, charge, etc. Synthetic hydrogikpoxide agents whereiimne abundant amine groups
based internal hemostatic sealants for cardiac reconstructammtributed to positive charg&sin vitro hemostatic tests
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demonstrated an almost 50% decrease in hemostasis tiitye¢®° antifouling propertieé&®and tissue-mimetic mechanical
compared to the blank controls. properties®’ Due to the lack of hemostatic properties in neat
Due to the biodegradability and biocompatibility issue®EG hydrogels, many studies introduced the hemostatic
associated with many synthetic hemostats, hybrid systeoapacity to PEG-based hydrogels through chemical approaches.
combining natural and synthetic components have bed¥or example, ScHbase-mediated cross-linking of hydrogels
developed. For instance, composites of PDA, SA, am@mbining 4-arm-PEG molecules, capped with amines, NHS,
polyacrylamide (PAM), i.e., PDA-SA-PAM, were tailored fasind aldehyde groups resulted in gelation times of less than 30
skin tissue engineering and wound healing applicatione (  s'®*The hemostatic ect was attributed to the materials ability
13A)."""To prepare the hydrogels, DA waspolymerized in  to provide e cient physical barriers to stop bleeding. In this
the presence of SA to form a PDA-SA complex. Next, acrylamitady, absorption of blood serum through the porous network of
was polymerizedaa redox free-radical polymerization in thethe hydrogel assists hemostasis by concentrating RBCs. The
presence of PDA-SA to form thal hydrogel (PDA-SA-PAM).  application of the tetra-PEG hydrogels for visceral hemostasis
The polymers were characterized in terms of cell and tissweas also studied with similar functionalized materials, where
adhesion, hemostatic behavior, biodegradability, and mechaemostasis was achieved withirf3T@ support the physical
ical properties. The resultsimfvitroblood clotting assays, hemostatic capabilities of PEG hydrogels, polylysine with
adhesion tests, and mechanisms of adhesion are stigurein  inherent hemostatic properties (through aggregating and
13ASC. Briey, the experimental results revealed that theyelation of brinogen}®°was grafted on a PEG-based polymer
addition of PDA to the SA-PAM network not only improved theand cross-linked with an enzyme-catalyzed métHsig-
tissue adhesion by over 50% but also almost halved the timentocantly lower amounts of blood loss (62.2 vs 211.5 mg)
hemostasis, aside from the improvement in blood compatibilisompared to that of the controls were observed when the sealant
Catechol groups enabled hemostagcts along with tissue material was tested in a rat hepatic hemorrhage model. Multiarm
adhesion in another hydrogel materials on the basis of oxidiZeHG is used in many hemostatic hydrogel platforms as cross-
alginate and poly(lactieglycolic acid) (PLGA)® linkers. For example, a hydrogel with hemostatic properties was
In other work, hydrogen bonding between a Iely( developed on the basis of a combination of four-arm
hydroxyethyl acrylamide) (PHEAA) polymer and the TApenzaldehyde-terminated (BAPEG) and D@ 1AS
formed coacervate hydrogels with self-healing, antibacter@),'** In this hydrogel, a reversible aromatic Sise was
strongly adhesive, and hemostatic properties wasStypinan (- formed between the amino groups of chitosan and benzalde-
13DSF).*"® The high intrinsic adhesive strength of PHEAAhydes, leading to self-healing properties. The dodecyl groups on
(compared to other hydrogels such as PEG and PVA) walse chitosan backbone were able to anchor onto the cell
further strengthened by the addition of TA. The adhesiormembrane lipid bilayer, enabling strong adhesion as well as
alongside the interactions of TA with the proteins present in theemostatic ects.In vivovessel and liver bleeding models
blood, resulted inimproved hemostatic activities, as evaluatedéh rmed the rapid coagulation of blood. In another study, an
the rat liver bleeding model (as indicated by the i  antimicrobial hemostatic wound dressing material was devel-
reduction in blood loss). Polyacrylamide (PAM)-based hydrgped with a mixture of methacrylated HA, PEG (through
gels mixed with chitosan and Matrigel also showed potential ftizyme degradation), and chlorhexidine diacetate-loaded nano-
use as wound dressings due to their hemostatits @nd  gel, as shown frigure 1B.*°°The hybrid hydrogel was photo-
wound healing propertiéS The fabricated hydrogels showed cross-linked and testedibyitroBCl and aiin vivanouse liver
blood loss below 200 mg, as compared to contrd®@mg.  pleeding response to demonstrate its hemostatic properties
Rapid absorption of polyethylenimine (PEl)/poly(acrylic acid) Figure 1&). While the BCI index for the hydrogel reduced to
(PAAc)/quaternized chitosan(QCS) powders applied on th@imost half, compared to the gauze cointxdVdbleeding time
bleeding wounds resulted ireetive hemostasis due to the decreasedto 100 s, as compared with a bleeding time of 150 s for
absorption and aggregation of platelets and blodt'teNévo  the gauze. The hemostatic mechanism was related to the initial
studies on various bleeding models showed that bleeding sical barrier to the wound supported by swelling of and/or
stopped within 10 s, suggesting promising potential for fumorption by the hydrogel.
thickness skin wounds. A Michael-addition-associated network he polyurethane (PU) foams synthesized from PEG-based
composed of branched poly(glycerol ethylenimine) (PGE) andiisocyanates also exhibit rapid hemostatic properties. In a
glycerol triacrylate (GTA) was mixed with oxidized HA andecent study, a PEG-diisocyanate solution was reacted-with 4,4
PDA-coated MXene (,T,) and characterized with hemo-  diaminodicyclohexylmethane (PACM) to obtain PU-urea foam
static propertlé@ZAlthough it was not clear whether MXene (PUUF , which was used as a wound dressing after freeze-
components play any role in hemostasis, the hydrogllsca  drying*’ Rapid water uptake (over 1200% in 2 min) during the
could reduce bleeding by over 75%. Bletganic hydrogels  swelling test cormed the e cient and rapid hemostasise
(MOGs) have recently emerged as a new class of hemostg§iCthe engineered material compared to commercial PU
materials. The MOGs were processed following a phase-trangfi@¥ssings. The BCI for this material was measured to be
method using zinc ions (metal nodes) and 4,5-imidazolg) 99 after 10 min of incubation, while the values for the
dicarboxylic acid (organic ligands)The hemostatic proper-  commercial control PU wound dressings were up to 50.6%. In

ties of the material were realized througivdiver bleeding — addition, the PUUF showed better biocompatibility and
models, where the blood loss was reduced by a factor of 1ghhanced re-epithelialization.

Moreover, the MOGs could carry cargoes that delivered dru
viaglucose and pH stimuli.

3.2.1. Poly(Ethylene Glycol) Derivatives.As a well-  Mineral granular agents are often used in combination with
known synthetic backbone, PEG has been widely applieddther hemorrhage control tools such as impregnated fabrics
tissue engineering and drug delivery applications due to #sd gauzé¥' to promote their hemostatic behavior. The
chemical versatilit§’ biocompatibility, nonimmunogenic- hemostatic behavior of this category of materials relies on both

9% Mineral Hemostatic Agents
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Figure 15Examples of nanocomposite hemostatic hydrogels. (A) Fabrication process for composite hydrogels based on chitosan and the prepa
procedure of nano-bioglass (nBG): (i) nBG synthesis procedure, (ii) chitosan (Ch) preparation, and (iii) the mixing step with tetraatayl orthosili
(TEOS) to obtain the homogeneousal composite hydrogel. (B) vitroblood clotting assay for dient component compositions. PEG,
poly(ethylene glycol). (B) Resultaofitroblood clotting assay and (C) mechanism of action in hemostatic injectable hydrogels based on nBG and
chitosan. Reproduced with permission frofié.r€opyright 2019, Elsevier. (D) Chemical structure of photo-cross-linkable elastin-like polypeptide
(ELP) macromolecules containing cysteine groups (KCTS-E31-KCTSJelienbs (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
coating silica with the photo-cross-linked elastin-like peptide for improved heraoitatiic i) Blood clotting assay showing clotting time, which

can be reduced by0% by adding silica nanoparticles. Reproduced with permissio@frb@ap§right 2015, WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim. Irgacure 2959, 2-hydref@-dydroxyethoxy)-2-methylpropiophenone.

absorption and surface charge interaétiohmsthe following process through an extrinsic pathway and stabilize the blood
sections, the most common mineral candidates used to prometet’®® Similarly, nano-bioglass (nBG) causes blood protein
hemostatic ects in hydrogels are discussed. aggregation and plays vital roles in the activation of coagulation
3.3.1. SilicaSilica plays an important role in the activation offactors:>> A multicomponent composite material was devel-
the coagulation factor ¥ifand calcium ions as well agcént oped with chitosan, nBG, silica, phosphate, and calcium ions
activation steps of the coagulation cascade through the intrinaicere each component played roles in controlling bleeding
pathway?’ Phosphate ions also promote the coagulatior{Figure 18).*° The blood-clotting assay showfiiure 1B
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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 tirathe mechanism of
action shown ifrigure 1&. 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 XIl, (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
PDAV/silica nanoparticles formed by lyophilization along with
phenol hydroxyl and amino groups as well as hydrophobicity
was reported to promote the hemostaécts of the developed
materiaf®
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 happeneda the polar framework of silanol groups Figure 16Silicates as additives to introduce hemostatic properties. (A)
present in the diatom core. A coagulation timd@d s was  Preparation of alginate/zeolite nanocomposite bead hydrogels for
achieved in thim vivotest using a rat tail amputation model, hemostatic applications and (B) (i) results of the blood clotting assay
which was comparable to the commercial QuikClot zeolitaith (i) photographs of blood gelation for the samples treated with
Diatom biosilica was coated with PDA and immobilized witdi erent alginate and zeolite compositions (A: alginate; Z: zeolite; C:
thrombin for hemorrhage contfdl. Here, the thrombin  chitosan). Reproduced with permission frorilré@opyright 2018,
activity was reported to bé7% after 30 days. In another WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
study, cross-linked elastin-like polypeptide (ELP) polymer
coated with a colloidal solution of silica nanoparticles lowered3.3.2.2. Laponitéaponite is a synthetic silicate composed of
clotting times down to 5 min, from over 10 min for the controlnontoxic components (Navig?*, Si(OH),, Li*) and is used
in anin vitroblood clotting assay, as showfignire 1B,E*°* extensively to endow tunable shear-thinning properties to
The coated ELP hydrogelscéently stopped bleeding and hydrogels, which improves the injectability and delivery of
established hemostasis in lethal liver wound models withinbdocomponents. Laponite-based nanocomposites have been
min. As opposed to synthetic silica, diatom frustule silica éxtensively investigated. Having both positive and negative
highly hydrophilic, rendering its superhemophificBurface charges on the edge and the surface, respectively, Laponite
wettability of diatom silica stems from the nanoporous structuprticles readily establish strong electrostatic interactions with
as well as silanol anions present on their surface. Theacromolecules such as polyampholytic g&fatitthough
hemophilicity of natural diatom silica led to strong hemostatigelatin molecules are hygroscopic and can absiorb
properties, while the hemostat@at was much less in synthetic components, they are ieetive in initiating the coagulation
silica with a hemophobic structure. process. Hence, blends of exfoliated nanosilicate or Laponite
3.3.2. Silicates.3.3.2.1. Zeolite and KaoliZeolite and  with gelatin (with concentrations ranging from 3 to 9 wt %) were
kaolin are aluminosilicates known for rapid water absorption isroduced to promote the hemostatic behavior of gelatin and
well asin situcalcium releasg**°> Hemostatic function of  reduced the clotting time up to 77% (down to 2.5 thim)a
zeolite originates by concentrating the platelets and clottingaponite/PAM nanocompositeydnogel, incorporation of
factors, which occurs through exothermic hydration réd€tionsgelatin avoided nonspeciprotein adsorption due to its
that locally damage the tissues. The kaolin reactions are Iagdrophilicity and wettability, resulting in an antithrombogenic
exothermic. Kaolin activates factor Xl in the blood-clotting ect. This antithrombogeniceet led to enhanced hemolysis
cascadé. To minimize the cytotoxicity and exothermic and thereby prolonged coagulation tfménother hybrid
hydration issues associated with zeolite, it was blended wihtydrogel was synthesized with Laponite, PVA, and alginate
alginate and chitosan to anbe biocompatibility and molecules where Laponite particles not only played important
swelling! As seen irFigure 16 the alginate/zeolite bead rolesinincreasing hemostasis but alsocsigtly improved the
hydrogels were prepared by stirring the solution while addimgechanical strength of the hydrdfelhe hemolysis ratio
calcium chloride. Coagulation tests using the hydrogel beddsreased with Laponite content, but remained within the
with optimized compositions decreased the blood clotting timecceptable limit of 5% for wound closure. The addition of
from over 9 min (untreated control) t@ min. In another  Laponite was also found to decrease the blood clotting time
study, the addition of kaolin to the synthetic hydrogels based émom 135 min to below 20 min. The hemostatictewas a
PAAc and TA was reported to enhance physical cross-linkingctinsequence of the Laposite ect on the denaturation of
act as a factor Xll activator to promote hemostasis, and tdrinogen. In essence, the negatively charged Laponite activated
enhance tissue adhesion stre?igth. the intrinsic pathway of the coagulation cascade by triggering
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Figure 17 Shear-thinning hydrogels enabled by Laponite nanoclays with hemostatic properties. (A) Schematic fabricatiocaosgdentne

( CA)-nanosilicate (nSi) hydrogels and (B) blood clotting assapganpromoted blood clotting upon the addition of Laponite. (C) Clotting time

was reduced by50% 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 permiséibCpymight 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 f0gnCepyright 2016 American Chemical Society.

factor XII. Injectable, polysaccharide-based nanocompositefiemostatic behavior through the introduction of Laponite
-carrageenan CA) were developed and showed improvedparticles Figure 1A).*? Blood clotting time for theCA-
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Figure 19.Hemostatic properties of nanocomposite hydrogels based on chitosan (Ch) and nano-whitlockites (nWhs). (A) Schematic of tt
mechanisms of hemostasis and (Bntkigroblood clotting time assay showing the signi hemostatic ect upon the addition of whitlockites.
Reprinted from reéf12 Copyright 2019 American Chemical Society.

nanosilicate hydrogels was in the range 2003, whichwas  Nano-whitlockites are synthesized through precipitation, and
almost half of those of the control blood samplesire the resulting nanocomposite hydrogels were found to be
17B,C). Blood clot formation was monitored in real time bycytocompatible and hemocompatibleThe addition of
rheological analysis of the blooidl (Figure 1E). The results  nano-whitlockites signantly reduced both blood clotting
con rmed increases in storage modulus, suggesting blood digte in vitroand blood loseén vivoby approximately 50%
formation. compared to sham controls.

3.3.2.3. Montmorillonitéontmorillonite (MMT) isone of 3 4. Self-Propelling Particles
the most eective hemostatic candidates to reinforce th
hemostatic property in hydrogel systems. The hemosetic e
of MMT s related to its superior plasma absorption capaci

eSelf-propelling hemostatic agents have recently emerged as
otential candidates for rapid hemostasis. A recent study

. X veloped self-propelling particles that can migrate deep into
among natural phyllosnlcates._ However, MMT released in blo wo[Lnds an?j dpelive? Eemostatic agents fgr rapid bplood
vessels may cause thrombosis, and thus, the management o %%ulatioﬁls In this study, natural starch was converted to
release of hemostatic clay particles remains a chall@oge. ] ' ’

SO . . s anus particles using enzymatic hydrolysis andcasteri
avoid this issue, MMT particles were incorporated within GO .. ; :
based crossinked composite sponges, as shogurén8 (using amylase) and negatively charged with phosphate groups

; PR ; > (using sodium trimetaphosphate, STMP, reagent) to strengthen
This approach resulted in sigant reductions in the amountof o hemostatic ects. The negatively charged mesoporous

MMT platelets that were released into the blood and, thug;,,ch (MMS) was combined with CaC@ystals and
reduced thrombosis. The results suggest that the addition Ofﬁ%r%tonated tranexamic acid (TXA-KHto make it self-
wt % MMT could stop bleeding within 84 s in a rabbit arteryyropellingviaa bubble detachment mechanism. The particles
wound model through the activation of the Hageman factayccessfully stopped deep liver and femoral artery bleeding
(Factor XII) and rapid absorption of plasma. The gelatinjyithin 50 s and 3 min, respectively. Layer-by-layer assembly of
alginate hydrogels loaded with MMT and Kaolin, cross-linkegliaternized starch and TA double layers coated on microporous
with EDC/NHS chemistry, showed excellent adhesion angtarch microparticles were developed as hemostatic agents for
hemostatic propertiés. Compared to Kaolin, at the same pone repair*Mouse bone defect models were used to test the
concentration, MMT particles had better adhesion to thgotential for bone regeneration, reduce the immune response,
hydrogef."* and eectively control bleeding. A similar approach was
3.3.3. Whitlockite. Nano-whitlockites undertaken to fabricate self-propelling chestnut-like particles
(CayMg(HPO,)(POy) 1) have beenincorporated ingfient  that were able to puncture RBCs for the activation of
hydrogel systems, such as chitosan, to induce hemostatismostasis> These biocompatible particles were fabricated
properties. Mechanistically, their mechanism of action is badgga macro-acanthosphere coated with Ca@OT XA-NH*
on the release of €aMg*, and PG® ions that activate the and demonstrated scient momentum to travel deep into
coagulation cascade in multiple ways, as shéuguia 19 wounds. As a result, liver and arterial blegdiigpcould be
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arrested within 90 s and 4 min, respectively, which were Another translational application of hemostatic materials is in
signi cantly lower than commercial Celox particle controls (e.ghe prevention of tumor recurrence after tumor resection

6 min in an arterial bleeding model). surgery. Postoperative bleeding is a major cause of tumor
metastasis and therefore requires hemostatic materials. In a
4. POTENTIAL FOR CLINICAL TRANSLATION recent study, a zeolitic imidazolate framework (ZIF-8)-based

, , hemostatic cryogel network with antibacterial and shape
Hydrogels and dry biomaterials have demonstrated enormqygmory properties was developed to prevent tumor recurrence
potential in wound contrgl by famhtatmg thet stage of the in hepatocellular carcinofi@Dopamine-moded ZIF-8 was
wound healing process, i.e., hemostasis. Wound dress!ngs porated within the polymer matrices on the basis of
also accelerated subsequent stages of wound healing _(hgmatoporphyrin monomethyl ether (HMME), HA-DA, and
in ammation, proliferation, and remodeling) due to theifyycidyl methacrylate-functionalized quaternized chitosan
intrinsic wound healing promotin@ets and capacity to load (5csG). The obtained material was able to kil cancer cells
various drugs” Hemos_tanc materials and smart he_mostat_lcb generating reactive oxygen species (ROS) and arresting
devices are rapidly being developed to address various C“”ﬁ%’ééding at the tumor site.
needs such as cardiac, arterial, and gastrointestinal hemof3emostatic materials have paved the way towaiene
rhage**”Blood coagulation during implantation of indwellingyanagement of surgical and dental wounds. For instance, gelatin
needles and bleeding after their withdrawal are the majf,qied with phenyl isothiocyanate was mixed with GelMA
problems with the current needles. A smart indwelling withy 4rogels to form bioadhesive hemostats and has been proposed
switchable hemostasis was developed wherein the hemosigli¢iental applicatio?&! These materials have been tailored to
properties could be controlled using a magmstit "Here,  aqqress the needs of repairs for a wide range of tissues and
the outer surface of the needle was coated with a hemostgjgans. Next, the applications of hemostatic hydrogel treatment

material (i.e., catechol-conjugated chitosan), and the interng bleeding in derent tissue types are summarized.
surface was loaded with an anticoagulant magnetic material (i.e,

iron nanoparticles coated with he/&DiA conjugates, FeNp- -1 Wound Healing
HepDA). While exposed to a magnetld, the FeNP-HepDA  Hemostatic materials aim not only to stop bleeding at the early
acts as an anticoagulatory agent to prevent coagulation. Umtages of the wound-healing process but also to aid in
the on-demand removal of the magnetit; the FeNP-HepDA  accelerating wound healing. Improvements in wound healing
coating is released, and thereby, the ciis@ehol coating  are due to the latest advances in biocompatible materials, which
triggers hemostasis to prevent bleeding during needle widmcapsulate the desired drugs and functional components and
drawal. Self-sealing hemostatic needles were also developeghibynce the immune response. One of the main issues of
coating injection needles with catechol-raddihitosaf*® commercially available hemostatic agents is the instability of the
Studies suggest that coating temperature plays a key roleriaterials during bloodw at the wound site. To address such
arresting bleeding at the hemorrhaging sites. High-temperatliraitations, hemostatic materials with adhesive properties are
( 60 °C) coating led to Michael addition dominating the being explored. For instance, the serotonin-conjugated HA
oxidation process of the catechol groups and thereby weakidA-serotonin) hydrogel, which was already engineered for
attachment forces between chitésatechol conjugates versus enhanced hemostatic abilities vivoin a mouse liver
low-temperature coating (i.e.,’@ where the Schibase hemorrhage model (both normal and hemophilic injuries),
formation dominates). High-temperature coating more e exhibited superior wound-healingcacy compared to a
ciently releases hemostatic materials and stops bleeding widtommercially availablerin-based hemostatic agéhtDe-
<5s. tailed histological analyses also rooed the formation of

In situ ber deposition using electrospinning technology haslood clots even in the wound area in hemophilic mice.
been proposed for the treatment of minimally invasive surgidaiportantly, the biomaterigrevented abnormal tissue
wounds due to its potential for visceral hemoStaaisecent adhesion through antibiofoulinge@s. Another multifunc-
study demonstrated electrospinning-based deposition of CtiSnal bioadhesive engineered by Zhu et al., based on
composite nanbers for ablation of tiRseudomonas aeruginosgpolysaccharides and peptide dendrimers, was found to have
(PA) superbacteria using a portable dé&fdéis approachis  high biocompatibility and antimicrobial propettiaghich are
biocompatible and easy to implement. However, the risk eksential for ecient would healing. The aldehyde/amine-
creepage and short circuits are limiting factors that could Ineediated bioadhesive reduced blood loss when compared to
addressed using the gas-blowing spinning method as a s@feSeal, a commercially available sealant, in a rat liver
alternativé>"* This technology allows the deposition of a widehemorrhage model. In this study, hydrogels based on CMCS
range of polymer solutions, such as those based on pohyrd peptide dendrimers (i.e., G3KP) had superior and
(vinylpyrrolidone) (PVP), poly(caprolactone) (PCL), poly- accelerated wound-healing&cy when testéudl vivoutilizing
(methyl methacrylate) (PMMA), and poly(vinyl butyral) a full-thickness rat dorsum incision model. Although the
(PVB). histology data with hematoxylin and eosin (H&E) staining

As for endovascular embolization, an injectable gel embddicowed initial acute mmmation both for the material and
material formulation (GEM) involving gelatin with laponite anccontrol, the engineered material promoted complete wound
tantalum powders was recently developed to trigger hemostdsaaling in addition to the formation of blood vessels and dermis,
for the treatment of vascular hemorrRdgés material can be  negligible cell iftration, and lack of any visiblbrosis.
delivered using catheters and was found to be visible usifigerefore, the ability to form rapid covalent bonding with tissue
clinical imaging methods. Furthermore, rapid hemostasis wasfaces at the incision site made this adhesive biomaterial an
achieved even in the case of coagulopathic states. Tantalexaellent candidate for clinical wound closure applications.
additives in combination with glagers result in strong Recently, an injectable multifunctional composite hydrogel
hemostatic properties as well (due to their negative cfiarge).composed of HA-DA and reduced graphene oxide (rGO)
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Table 1. Commercial Hemostatic Adhesive Products

product
name materials
Tisseel humarbrinogen
thrombin
bovine brinolysis
inhibitor
Evicel humanbrinogen
thrombin
BioGlue bovine serum albumin
glutaraldehyde
ArterX, bovine serum albumin
PrevelLeak polyaldehyde
Tridyne human serum albumin
poly(ethylene glycol)
CoSeal
ester
thiolterminated
poly(ethylene glycol)
Ethicon 2-octyl cyanoacrylate
OMNEX butyl lactoyl
cyanoacrylate

indicated application
cardiopulmonary bypass

liver/hepato-pancreato-
biliary procedures

orthopedic surgeries

for open surgical repaii miin
aorta, femoral, and carotid

arteries

vascular reconstruction

aortic sealing

glutaryl-succinimidyl vascular reconstruction

vascular reconstruction

PMA
most common adverse reactions observed in clinical triatsber

application
curing timenethod

2 min spray increased D-dimer levels in cardiovascular surgety@aaalid
not exceed values reported in the literature occurring

after this type of surgery)

10 min (to BL 125010
achieve

hemostasis)

spray bradycardia

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

hemorrhage

infection

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

thrombosis/thromboembolism
ischemia
myocardial infarction
hypotension
respiratory failure/disfunction
steal syndrome
pleural eusion
death

pleural esion

anemia
atelectasis
peripheral edema
thrombocytopenia
nausea
hypotension
pulmonary edema
hypoxia
hypokalemia
tachycardia

edema

extrude P010003

10 min P100030

10 min (to spray P150016

achieve
hemostasis)

10 min (formsextrude P030039

agelin<3s)
elevated temperature
erythema
infection
hematoma
nonhealing wound
extrude bleeding and coagulopathy
erythema
wound infection
dehiscence
lymphocele/lymphstula

2 min P060029

engineered by Liang et al. exhibited excellent hemostasis aloaogductive hydrogels were found to have good adhesive
with superior adhesive, antioxidant, and conductive propestrengthn vivocomparable to, or even better than, commercial
ties:©® Interestingly, rGO and HA-DA-based nanocompositeSegaderm Im dressings. To evaluate the performance of the
possessed native human skin tissue-like mechanical propehidsid hydrogels on real tissue surfaces and homeostatic
and were used for full-thickness skin regeneration during woucghditions, HA-DA/rGO hydrogels were tested in a liver
healing. Conductivity of the hydrogel enabled the excitation bfeeding mouse model and showed good hemostatic capacity.
electrical signals between cells across the wound site and therslttyough strong adhesion is needed folemt wound healing,

aided the wound healing pro¢é8she HA-DA/rGO adhesive

wound dressings are also required to be detachable on
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demand?’ A pH-sensitive cross-linker composed of aand artery) and pig (carotid arteries and heart) models. Burst
protocatechualdehyde complexed by ferric ions ([34) pressure tests indicated that the repaired sites could withstand
through their catechol groups was designed to cross-link QGfdod pressures up to 290 mmHg, which is satly higher
hydrogels. In this material, aldehyde end groups of protéhan systolic blood pressures in most clinical settings. The
catechualdehyde formed a Stlaise with QCS to fabricate GelMA/HA-NB adhesive exhibited good biocompatibility and
dual-cross-linked adhesive hydrogels. This hydrogel cowghinished cytotoxicity when subcutaneously implanted in a rat
dissociate by reducing the pH 8 to facilitate postwound- model. Altogether, the GelMA/HA-NB matrix hydrogels are
closure care in the infected skin lacerations. The hydrogelswg@qi cantly improved and promising hemostatic sealants.
further characteri;ed in terms of their antibacterial, hemostatj;@ecenﬂy, a silk-based and bioinspired hemostatic sealant was
and NIR-responsive properties. designed and developed by Bai &t*dh vivohemostatic
Diabetic wound healing has been addressed by the wouggh ity of the SF-based sealant (SFT) hydrogels was tested in
healing gapab|l|ty of hemostat]c matéffalSompared to . rat liver and heart bleeding models. The results demonstrated
commercial wound dressings (i.e., Hydrosorb Gel), edod the SFT hydrogslinstant hemostatic capacity (within 30 s) and

gelatin had excellent hemostatic and diabetic wound-heall{&gh adhesion in wet and dynamic conditions. This material

properties.” In this system, gelatin was conjugated with 3- dhered slightly more strongly to tissue surfaces in the presence
carboxy-phenylboronic acid and cross-linked with PVA. T gntly gly > Prese
T blood compared to those in water. Due to their rapid

hydrogel was further supplemented with vancomycin-cofl ; . :
juygate% silver nanoclustergpand nimesulide-loaded %ice”esc?@ssembly and tough adhesion to mechanically robust bleeding
enhance the antibacterial and angismmatory properties. The uSSues, the SFT hydrogels are strong candidates for wound
excellent photothermal antibacterial property as well as thoSure andsurgical sealing applications. One major challenge in
bioactivity of PDA make this material a promising bioactiveurrent blpadheswe_s for sealmg_cardlac and arterial woupds is
wound dressing candidate. Thecacy of mussel-inspired nonse_lectlve a_dhesmn to othgr tissues thrqugh the backside of
hydrogels and the role of catechol groups in triggering blodfe bioadhesive. Asymmetric bioadhesives have been
coagulation were evaluated by Kim &t°alhey assessed Proposed as solutions for postoperative antiadhesion for internal
chitosaBcatechol conjugates in terms of hemostattein  application¥In one example, injectable gelatin bioadhesives
preclinical animal models as well as in human clinical trials f@ioss-linked with PEG-NHS linkers were treated with alkaline
hepatectomies. The materials generated strong interactions v@etutions after cross-linking to hydrolyze adhesive NHS groups
the blood plasnia situand formed a barrier layer within a few and to deactivate bioadhesion on the hydrogel Strfabe.
seconds due to the synergistieces of charged chitosan and PEG content in this bioadhesive led to antifouling properties
catechol groups. and prevented cell adhesion. Althoughvivo testing

4.2. Cardiac and Arterial Reconstruction demonstrated reduced hepatic and cecum-sidewall adhesion,
further applications of asymmetric bioadhesives in cardiac and

Wet adhesion and rapid hemostasis are required in Op%ﬁterial reconstruction have yet to be explored
S .

procedures such as those involving the heart and arteries. On
one hand, blood pressure is an obstacle to sealant adhesion; on
the other hand, l?he application of the hemostatic hydroge COMMERCIALIZED HEMOSTATIC SEALANTS

poses the risk of release and the formation of clots in the blog#&veral commercial products have been developed to meet the
vessels. The dynamic deformations of these tissues requisthg demand for hemostatic sealants in clinical applications.
hydrogels with superior fatigue performance in terms of botfthese FDA-approved products are available for the indications
adhesion and material cohesion. Many studies have attemptedd@ed in Table 1 Although some of these productgsro

address the application of hemostatic materials for rapid hegfvantages compared to the traditional treatments, limited
and artery wound closure. Recently, Cui etal. developed a highiysticity, inadequate siss, and low tissue adhesion,
adhesive hemostatic sealant on the basis of pentaerythritol teH&rticularly in wet and highly dynamic physiological environ-
acrylate (PETEA), PEGDA, and AThe resulting hydrogels  ments in the presence of blood, are some of their limitations. For
rapidly stopped visceral bleeding while strongly adhering to tEqﬁample, cyanoacrylate-based sealants possess high adhesive

wound site. This sealan_t'material .consisted of a hydromo@ﬁength but are much & than native tissues; they also have
backbone and hydrophilic adhesive catechol side branch otoxicity issues, limiting their utility in internaf ti$e> A

which trigger rapid adhesion upon contact with water. Tw : . .
distinct models, femoral artery bleeding and liver bleeding fow of the co_mmermally available hemostatlc agents €.g.,
Isseel and Evicel) rely on the use of gelathrioras a sealing

rats, were used to study the hemostattof the hydrogels, I_Eatrix while incorporating thrombin and coagulating factors

and it was concluded that the bleeding was quickly a ) ) . :
completely stopped with almost no detgectableqbloogstai actor XIll) to achieve h_emosta5|s. Although highly biocom-
tible, these hemostatic agents do not possess adequate

Subcutaneous implantation in rat models showed completd ) ) Fife . .
degradation of the material without any indication off€chanical and adhesive propettieidhesives with

thrombosis. Meanwhile, the material was found to be usef{lfombir””as a hemostatic agent rely on the patiemiate

for irregular and deep wounds due to its easy injectabilitgo@gulatory response, which in some cases is compromised.
Similarly, Hong et al. designed another highly biocompatibloreover, hemostatic sealants containing thrombin and
adhesive hemostatic hydrogel based on GelMA and glycd¥inogen pose the risk of introducing strong coagulation
saminoglycan HA, i.e., HA-NB, s for the repair of the ~ activators into the bloodstreath.Current commercially
injured arterial and heart bleédsThe GelMA/HA-NB available products often fail to provide appropriate sealing
hydrogel rapidly sealed the bleeding site upon photo-crosspabilities and hemostatic properties simultaneously. As such,
linking with UV irradiation. A seriesrofivaexperiments were  other hemostatic sealants are under developmeni thdégk
performed to study the eacy of hydrogels in both rabbit (liver requirementsT@able 2.
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6. CONCLUSIONS AND PROSPECTS material properties idergd. Hence, development of stand-

The fast-paced progress in medical sealants has paved the diped testing devices and methods are needed for material

for advances in sutureless wound-closure techniques. THENParsons and further development,

exibility of the hydrogel processing techniques has enable ith the advent of smart hydrogels_, many other possibilities
gpen up for wound control. For instance, temperature-

o e S oot s o eseafEEPONSIv Pydogel with LCST behavor alowing gelaon
prop X body temperature can enable the application of the

e e e e POt aolrostatc materls in minimally invasive surgeres anc
q y rapeutics where photo-cross-linking would be challenging.

applications for the ective sealing of open wounds. The Smart hydrogels, responsive to external stimuli, may turn the
underlying mechanisms behind each of these characterlstlcsh%r ostatic properties in the hydrogels on ataiaontrol the
known; however, the materials and processing techniques n | hemostatic behavior and avoid unwanted downstream

to be tailored to achieve further improvements. Due to thg,qq ¢lotting. The roles of electrical excitation and material
unmet needs for safe, fast, arettive blood coagulation at ¢y ctivity in hemostasis and wound healing processes remain
wound and incision sites, more research is required to addre%%gprred and require further attention.
number of key aspects of hemostatic materials. ___For commercialization, the precise application (i.e., type of
One major challenge is to prevent the release of bIOOd'CIOtt"ﬂasue and wound) and context of use (i.e., self-administration,
agents into the blood downstream, particularly for those Q{;rgery, emergency use) are the key factors in the development
hemostatic hydrogels with nanocomposite bases€tt®®  of noyel hemostatic constructs. Responsive hydrogels may be
the release of hemostatic agents on local coagulation have Bofmising for surgical applications where trained operators can
yet been suciently addressed. From this perspective, moving,qyce the desired response. However, such smart materials may
from active hemostasis methods to passive hemostafigy controllability in the case of clilt to access wounds and
mechanisms may be advantageous. Swelling and adhesigfuire extra training for their use, which may not be practical in
driven hemostasis may be preferred over other approaches ghfsrgencies such as where frontline workers deal with accidents.
to their increased safety over those of composite hydrogelsmplex state-of-the-art materials might not be appropriate for
involving blood-coagulating components. . broad use, where lower quality hemostats with easier handling,
There have been successes in achieving rapid hemostasigdpage, and accessibility would be indicated. The development
terms of the enhanced adhesiveness in state-of-the-art hydrogglsmart, autoresponsive hemostatic materials that adapt to all
The development of strong adhesive hydrogels with engineeiggunds is nonetheless an idealized target. Prolonged shelf life
mechanical properties matching those of host tissue should bgn@ enhanced biocompatibility as well as nonimmunogenicity
priority. From a mechanical standpoint, the ideal sealant shoglge among other needs to be met in current commercial
impose minimal resistance against natural deformations of thémostatic materials. Future research will further explore
tissue. Soft but elastic hydrogels with high adhesion argl erent materials and techniques in terms of their hemostatic
stretchability are the main target for this requirement. Thesgehavior to provide better and morecient solutions for
properties lead to better conformability to underlying tissue angound management.
mechanically favor natural tissue adhesion. Dynamic tissues
such as the heart and skin (that may undergo @t strain ~ AUTHOR INFORMATION
during daily activities) impose sigant constraints in this Corresponding Authors
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NMA = N-hydroxymethyl acrylamide

nSi = nanosilicate
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OD = absorbance value
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PAA = polyallylamine

PAAc = poly(acrylic acid)
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PETEA = pentaerythritol tetra-acrylate
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PMMA = poly(methyl methacrylate)
poly(TMAEMAeaSBMA) = poly((trimethylamino)ethyl
methacrylate chloridesulfobetaine 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

ZIF-8 = zeolitic imidazolate framework
Zn0O = zinc oxide
CA = -carrageenan
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