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A B S T R A C T   

In recent years, the developed hemostatic technologies are still difficult to be applied to the hemostasis of 
massive arterial and visceral hemorrhage, owing to their weak hemostatic function, inferior wet tissue adhesion, 
and low mechanical properties. Herein, a mussel-inspired supramolecular interaction-cross-linked hydrogel with 
robust mechanical property (308.47 ± 29.20 kPa) and excellent hemostatic efficiency (96.5% ± 2.1%) was 
constructed as a hemostatic sealant. Typically, we combined chitosan (CS) with silk fibroin (SF) by cross-linking 
them through tannic acid (TA) to maintain the structural stability of the hydrogel, especially for wet tissue 
adhesion ability (shear adhesive strength = 29.66 ± 0.36 kPa). Compared with other materials reported pre
viously, the obtained CS/TA/SF hydrogel yielded a lower amount of blood loss and shorter time to hemostasis in 
various arterial and visceral bleeding models, which could be ascribed to the synergistic effect of wound closure 
under wet state as well as intrinsic hemostatic activity of CS. As a superior hemostatic sealant, the unique 
hydrogel proposed in this work can be exploited to offer significant advantages in the acute wound and massive 
hemorrhage with the restrictive access of therapeutic moieties.   

1. Introduction 

Massive hemorrhage originated from vital organ wounds always 
causes severe health hazards, especially for aortic and viscera rupture 
[1]. If without prompt treatment and hemostasis after injuries, excessive 
blood loss and even death might occur. Thus, a fast and effective wound 
hemostatic sealant for treating hemorrhage tissues caused by trauma is 
urgently needed. Currently, many commercial hemostats have been 
developed for realizing rapid hemostasis, such as Curspon®, 
zeolite-based QuickClot®, Surgicel®, and fibrin-based bandages [2–4]. 
They have been demonstrated to be highly effective in terminating 

bleeding but are often invalid for deep wounds because of irregular 
shape and low elasticity. Moreover, these materials are scarcely appli
cable to arterial and viscera wounds, owing to their weak wet tissue 
surface adhesion, poor hemostatic function, and insufficient mechanical 
performance [5]. 

Except for the commercial hemostat agents aforesaid, a hybrid 
hydrogel system with multiple coordinated mechanisms has also been 
proved to be a promising candidate for rapid hemostasis. Specifically, 
some hemostatic materials with the capacity of absorbing water from 
the blood, concentrating blood components at the hemorrhagic site [6], 
activating blood coagulation cascade, and/or providing a physical 
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barrier to blood flow have been developed recently [7]. For example, Bu 
et al. reported a tetra-PEG-based hydrogel sealant with an excellent 
hemostatic function even under the anticoagulated conditions, dis
playing favorable biocompatibility and feasibility [8]. A unique 
double-network hydrogel was successfully prepared as a 
commercially-available hemostatic dressing by introducing two 
different chitosan (CS) chains via the simultaneous cross-linking of 
carbon–carbon double bonds and catechol-Fe3+ chelation [9]. However, 
the limited hemostatic efficiencies of these systems are only ideal for 
stopping vein hemorrhage or a small amount of bleeding, being far away 
from meeting the requirements of clinical applications for massive 
arterial bleeding [10]. 

For achieving rapid hemostasis of arterial and visceral wounds, a 
robust wet tissue adhesion ability to close the wound in the presence of 
continuous blood flow is another critical factor to be considered. Mussel- 
inspired materials, such as poly(γ-glutamic acid)–dopamine (γ-PGA–DA) 
hydrogel with multiple foot proteins, have been applied as wound 
sealant by rapidly sealing a hemorrhaging wound and preventing the 
bleeding [11]. Similarly, tannic acid (TA), as one of the natural 
biomolecule-based adhesives, is capable of forming a reversible and 
robust interaction with wet tissue [12]. Specifically, the phenolic moi
eties of TA molecule has a high binding affinity to proteins in tissue 
biomolecules, which is also beneficial to improve the biological 
compatibility as confirmed by spatial conformation and molecular dy
namics simulations [13]. CS has good hemostasis properties by accel
erating and strengthening blood clots, and its protection against a wide 

range of bacteria further enhances its appeal as an active component in 
several commercial wound dressings [14]. Silk fibroin (SF) has attracted 
significant attention recently, owing to its mechanical property, air 
permeability, and abundant source. Simultaneously, the slow gelation 
rates and shortage of bioactive cues are major limitations for their 
biomedical applications [15]. Considering that wound closure is sig
nificant for fast hemostasis, the promoted erythrocyte aggregation of CS 
cations is envisioned to be combined with the superior wound closure 
ability of underwater hydrogel sealants. In specific, we intend to 
assemble CS with SF by cross-linking them through TA to maintain the 
structural stability of the hemostatic hydrogel. 

Herein, we proposed a strategy for achieving visceral hemostasis by 
designing a hydrogel sealant that simultaneously afforded a quick blood 
absorption, a robust wet adhesion, and wound closure capability. As 
shown in Scheme 1A, an injectable hemostatic CS/TA/SF hydrogel with 
supramolecular physical cross-linking-network structure was prepared 
and applied in various large dose hemorrhage models of rats and rabbits. 
Both amino/hydroxyl groups in CS branch chains and amide groups in 
SF form hydrogen bonds with phenolic hydroxyl groups in TA, based on 
the cross-linked CS/SF network (Scheme 1B). Supramolecular materials 
assembled from two or more molecular entities via non-covalent binding 
interactions demonstrated unprecedented advantages in biological ap
plications because of the strong molecular interactions and the capa
bility to incorporate various therapeutic agents [16]. The proposed 
hydrogel exhibited an ideal coagulation capacity of erythrocytes 
dependent on a rapid blood absorption speed, an excellent 

Scheme 1. Schematic illustration of (A) preparation and (B) cross-linking-network structure of CS/TA/SF hydrogel for massive arterial and visceral hemorrhage.  
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blood-clotting ability, and a high erythrocyte adhesion of CS. A robust 
wet adhesion property with a shear adhesion strength of 29.66 ± 0.36 
kPa was verified, further benefiting from improving the hemostatic ef
ficiency up to the highest value of 96.5% ± 2.1% reported so far. More 
interestingly, our viscous CS/TA/SF hydrogel presented faster blood 
clotting and wound closure in vivo than the gauze and no-treatment 
groups, owing to the desirable hemostatic function and tissue defect 
closure ability. On the whole, the mussel-inspired supramolecular 
physical cross-linking-network hydrogel with robust tissue anchor and 
rapid blood clotting offers significant advantages in the acute wound 
and massive hemorrhage with the restrictive access of therapeutic 
moieties. 

2. Material and methods 

2.1. Materials 

Bombyx mori cocoons were purchased from Guangxi Tianyou Silk 
Co., Ltd. (Nanning, P. R. China). TA was obtained from Sigma-Aldrich 
Co., Ltd. (St. Louis, MO, USA). CS was purchased from Beijing Macklin 
Co., Ltd. (Beijing, P. R. China). All chemicals were received and used 
without further purification. 

2.2. Synthesis of CS/TA/SF hydrogel 

SF aqueous solution was first prepared according to our previous 
work [17]. Briefly, 10.0 g of Bombyx mori cocoon was boiled in 4.0 L of 
0.02 M sodium carbonate (Na2CO3) solution for 20 min to remove the 
sericin protein. 13.5 g of the degummed cocoon was dissolved in 50.0 
mL of 9.3 M lithium bromide (LiBr) solution for 3 h and then dialyzed for 
72 h to get the 5.0 wt% SF solution. Second, 3.0 g of TA was dissolved in 
10.0 mL of distilled water to obtain the solution with a concentration of 
0.3 g mL− 1. In the meantime, 9.0 g of CS was dissolved in an aluminium 
trichloride (AlCl3) solvent at 37 ◦C to harvest 30 wt% CS solution. 
Finally, the obtained TA and CS solutions were added to SF in different 
weight ratios, and the adhesive CS/TA/SF hydrogel was instantly 
formed after mixing these three solutions. 

2.3. Adhesion testing 

Tissue adhesive strength of the hydrogel was assessed by lap shear 
test on an Instron machine 1185 (Instron, Boston, MA, USA), using a 
100 N load cell with the ASTM standard (F2255-05 method) [18]. 
Especially, fresh porcine skin purchased from a local supermarket was 
cut into slices with a size of 3.0 cm × 1.0 cm and 3.0 mm in thickness. 
CS/TA/SF hydrogel was mixed directly on the surface of porcine skin 
and cut into a size of approximately 1.0 cm × 1.0 cm. Subsequently, two 
porcine skin tissues covered by the hydrogel were contacted closely with 
opposite direction overlaps. After keeping the samples in a damp 
chamber for 20 min, they were placed in the machine to test the shear 
strength. All the experimental data were repeated thrice. 

2.4. Blood clotting index 

The blood clotting index (BCI) was performed according to the 
method modified by Shih et al. [19]. First, CS/TA/SF hydrogel was cut 
into a 1.0 × 1.0 × 0.2 cm3 cube, placed into the polypropylene dish, and 
pre-warmed at 37 ◦C for 5 min. Second, blood taken from the rat heart 
was clotted by adding 0.1 M calcium chloride (CaCl2) solution (10:1), 
and 200.0 μL of the clotted blood was coated onto the dressing imme
diately. Third, after incubating the samples at 37 ◦C for 60 min, 5.0 mL 
of deionized water was added to the dish and shaken at 50 rpm for 10 
min to lyse red blood cells (RBCs) that were not stuck in the clot. The 
absorbance of the resulting hemoglobin solution (sample) was measured 
at 540 nm by a Jasco V-630 spectrophotometer (Jasco Company, Ishi
kawamachi, Tokyo, JPN), and absorbance of 200.0 μL of clotted whole 

blood in 5.0 mL of deionized water was used as a reference. Finally, the 
BCI of CS/TA/SF hydrogel was calculated using the following Equation 
(1): 

BCI=
Asample

Acontrol
× 100% (1)  

2.5. Blood fluid uptake property 

Heparinized mouse blood was used to test the blood fluid uptake 
property of CS/TA/SF hydrogel. 300.0 μL of heparinized mouse blood 
was mixed with the same amount of CS/TA/SF hydrogel in 1.5 mL of the 
centrifuge tube, which was then kept at 37 ◦C, and time was recorded 
immediately. The inverted tube test was used to determine whether the 
blood was clotted completely. Finally, the clotting time was averaged in 
three replicates, and the blank control was treated without a sample. 

2.6. Erythrocyte adhesion 

Adhesive microstructures of RBCs to CS/TA/SF hydrogel were 
characterized by scanning electron microscopy (SEM; FEI Company, 
Hillsboro, OR, USA). Before the experiment, fresh blood taken from the 
rat heart with a medical vacuum collective tube containing heparin 
anticoagulant was centrifuged at 3,000 rpm for 15 min at room tem
perature, and the supernatant was then discarded to obtain the eryth
rocytes. The RBCs were washed with phosphate-buffered saline (PBS) 
thrice and diluted into 10% of the initial concentration. CS/TA/SF 
hydrogel was cut into 0.5 × 0.5 × 0.5 cm3 cube, which was placed into a 
polypropylene dish and prewarmed for 5 min at 37 ◦C, and then 200.0 
μL of diluent was dispensed onto the dressing. After incubating at 37 ◦C 
for 0.5 h, the dressing was rinsed twice with PBS to remove non-adhered 
erythrocytes. The adhered erythrocytes were stabilized with 2.5% (V/V) 
glutaraldehyde for 0.5 h and then gradually dehydrated with 70%, 80%, 
90%, and 100% (V/V) ethanol for 15 min. For the observation, all the 
samples were fixed onto the metal stub with double-sided adhesive 
copper tape, and a layer of AuPd film in 10.0 nm thickness was sprayed 
under vacuum. The sample was imaged using SEM at an accelerated 
voltage of 3 kV. 

2.7. Animal hemostasis experiments for rats 

The hemostatic ability of CS/TA/SF hydrogel was estimated on a 
male Sprague-Dawley rat (200.0–250.0 g), which was narcotized and 
fixed as described above. For tail hemostasis of rat, a third of the tail was 
cut by surgical scissors and then exposed to air for 15 s to allow an 
average blood loss. Afterward, the wound was covered with 300.0 μL of 
the hydrogel, commercial gauze, or without treatment. For liver he
mostasis of rat, the chest of the rat was opened, and a cut of 2.0 cm × 0.5 
cm was created on the liver. Free bleeding was allowed for 20 s, and then 
1.2 mL of CS/TA/SF hydrogel was immediately injected into the defect. 
In terms of in vivo hemostasis on the heart of rat, the chest was dissected 
to expose the heart, and the bleeding was induced using an 18-gauge 
needle. After bleeding for 5 s, 800.0 μL of the hydrogel was put onto 
the bleeding point of the beating heart. Groups without any treatment 
and treated with gauze were used as controls. Once the hemostasis was 
achieved, the clotting time (s) and blood loss were recorded 
immediately. 

2.8. Animal hemostasis experiments for rabbits 

New Zealand White rabbit (male, 2.5–3.0 kg) was used as a hemo
stasis model to evaluate the hemostatic capacity of CS/TA/SF hydrogel. 
All the rabbits were fixed onto a wooden corkboard for operation and 
were anesthetized with 3% (W/V) sodium pentobarbital by intravenous 
injection into the ear (0.3 mL per 100.0 g). For liver hemostasis of the 
rabbit, the rabbit underwent an abdominal incision to expose the liver, 
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and then a liver defect with a length of 3.0 cm and a depth of 5.0 mm was 
made using surgical scissors. Free bleeding was allowed for 20 s, and 
then 1.5 mL of CS/TA/SF hydrogel was immediately injected into the 
defect. The subsequent operation followed the method of hemostasis on 
the liver of rat. After being observed for 2 h, the rabbit was finally 
euthanized with an overdose of sodium pentobarbital. 

The heart was exposed by separating it from the chest, and the 
bleeding was induced using a 23-gauge needle. After bleeding for 5 s, 
CS/TA/SF hydrogel was immediately applied to the bleeding point of 
the beating heart. Meanwhile, heart rate and blood pressure were 
monitored. For ear artery hemostasis of rabbit, the hair on the rabbit ear 
was cut off to expose the ear artery. The ear vein was cut at 7.0 cm from 
the tip of the ear to allow free bleeding for 10 s. Subsequently, 600.0 μL 
of CS/TA/SF hydrogel was covered onto the hemorrhagic spot. With 
regard to the femoral artery hemostasis of rabbit, skin and soft tissues 
were peeled off by the surgical scalpel to show the femoral artery. The 
proximal and distal ends of the artery were clamped with hemostatic 
forceps and then incised by bistoury. The nip at both sides was released 
to allow a free bleeding loss for 10 s, subsequently applying 1.5 mL of 
CS/TA/SF hydrogel onto the hemorrhagic site. 

All the animal experiments were executed according to the protocols 
approved by the Institutional Animal Care and Use Committee of Fuzhou 
University, and the experimental procedures were in agreement with the 

guide for the care and use of laboratory animals (Ministry of Science and 
Technology of China, 2006). Each hemostasis group contained at least 
three animals. 

2.9. Statistical analysis 

All data were expressed as mean ± standard deviation (SD). Statis
tical software of SPSS 13.0 was used to analyze the data by one-way 
analysis of variance (ANOVA). *P < 0.05, **P < 0.01, and ***P <
0.001 were defined as significant for all statistical tests. 

3. Results and discussion 

3.1. Comprehensive performance evaluation of CS/TA/SF hydrogels with 
different component proportions 

To investigate the optimum composition of the hydrogel, the 
orthogonal experimental design was used to select a subset of combi
nations for experimentation, rather than all the combinations. Herein, a 
Taguchi L9 orthogonal array was employed to determine the formula of 
hemostatic hydrogel with anticipated comprehensive performance 
(Tables S1–S3, Supplementary data). Notably, the solid contents of 
hydrogels in different groups were maintained consistently by preparing 

Fig. 1. Structural and physical properties of CS/TA/SF hydrogels with different weight ratios. (A) Photographs showing gross morphologies of hydrogels onto 
polypropylene dish. (B) SEM images of hydrogel after lyophilization. Right is the higher magnification image of the retangular area in the left one. (C) Tensile testing 
photograph of hydrogel. (D) Representative tensile stress− strain curves. (E) Comparison of tensile strength, strain, and Young’s modulus of hydrogels with different 
weight ratios. (F) Contact angles for water droplet on hydrogel surface. (G) Conformational analysis of hydrogel by FTIR spectroscopy. (H) 1H NMR spectra of 
hydrogel. All statistical data are represented as mean ± SD (n = 3; ***P < 0.001). 
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samples with the same total volume of 5.0 mL (Table S3, Supplementary 
data). 

Fig. 1A shows the gross morphologies of hydrogels with different 
weight ratios selected from the orthogonal array. As observed, the for
mation of plenty of filaments was mainly caused by the attachment of 
phenolic hydroxyl groups onto the polypropylene dish, well mimicking 
the chemical composition of mussel foot proteins [20]. The phenolic 
moieties linked to the backbone of polymers also exhibited robust un
derwater adhesion performance [21]. CS4/TA1/SF4 and CS1/TA4/SF4 
hydrogels achieved the highest production rates and the most intact 
morphologies, which formed the hydrogels with abundant feet to glue 
onto the dish. This phenomenon was attributed to the affinity of SF 
during the co-assembly process, while too much positive charge on the 
surface of CS affected hydrogel formulation in low productive rate 
group. 

Furthermore, porous morphology and surface roughness of CS/TA/ 
SF hydrogel were observed by SEM (Fig. 1B). Pores with diameters 
located in the range of 0.5–2.5 μm were homogeneously distributed in 
the hydrogel matrix. In the meantime, the supramolecular physical 
cross-linking-network structure and a certain degree of roughness of the 
pore wall were conducive to the adhesion and aggregation of RBCs. 
However, it was worth noting that pore sizes derived from SEM images 
revealed the value of CS/TA/SF hydrogel under a dry state. There were 
likely orders of magnitudes in difference instead of directly comparable. 

Generally, hydrogels prepared by natural materials presented weak 
mechanical strength, which might hinder their applications for hemo
stasis and wound closure. However, incorporating CS, TA, and SF into a 
network significantly reinforced the mechanical property of the hydro
gel [22]. As illustrated in Fig. 1C− E, the hydrogel showed high me
chanical strength (158.54 ± 10.90 kPa− 227.87 ± 12.60 kPa), which 
was ascribed to the excellent ductility of CS/SF and the existence of an 
interpenetrating polymer cross-linking network. Young’s moduli of 
hydrogels in all groups were higher than 91.37 ± 1.43 kPa, and 
CS1/TA1/SF2 hydrogel even reached up to 197.97 ± 3.50 kPa, being 
approximated to the moduli of living tissues. 

Adequate water absorption capacity was also crucial for medical 
hemostatic materials. It was hypothesized that the high absorptive ca
pacity of wound dressing would lead to the aggregation of erythrocytes, 
platelets, and other blood coagulation factors onto the surface of ma
terials, and finally resulted in the formation of blood clotting as well as 
the enhanced hemostasis ability [23]. The hydrophilicity and surface 
absorption ability of the prepared hydrogels were evaluated by water 
contact angles (WCAs). As observed from Fig. 1F, contact angles of all 
the hydrogels were lower than 90◦. More interestingly, these water 
droplets were soaked up and disappeared swiftly on the surface of a 
hydrogel in seconds (Movie S1, Supplementary data), similar to the 
strong water absorption behavior of sponge [24,25]. Such superior hy
drophilicity and hygroscopicity were ascribed to the following two 
factors. CS is a hydrophilic polymer, which has many hydroxyl (− OH) 
and amino (− NH2) groups, and TA with phenolic hydroxyl groups is also 
highly hydrophilic and shows good solubility in water [26]. On the other 
hand, a stable porous structure of the hydrogel with a high cross-linking 
degree is beneficial for commencing gas (O2 and CO2) exchange [27], 
absorbing exudate from an injury surface, and inhibiting exudate 
accumulation from minimizing detrimental effect at the wound site 
[28]. Overall, such supramolecular cross-linking hydrogel can effec
tively absorb water in serum to concentrate coagulation factors and red 
blood cells, thereby preventing blood from flowing out and achieving 
rapid hemostasis [29]. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.01.039 

Fourier transform infrared spectroscopy (FTIR) spectroscopy verified 
the structural formation of CS/TA/SF hydrogel (Fig. 1G). The band 
presented at 1508 cm− 1 belonged to the stretching and bending modes 
of amide II (C–H and N–H) bonds in SF, and C–H at 2980 cm− 1 as well as 
C–O–C bonds at 1150 cm− 1 were detected in CS. The absorption bands 

caused by stretching of C–O bond at 1544 cm− 1 and stretching of C––O 
bond at 1666 cm− 1 were also observed in the spectrum of TA [30]. A 
slight shift of phenolic hydroxyl (Ar–OH) group to the left was attributed 
to the formation of a hydrogen bond with the amide II group after 
gelation. While, wide absorption band appeared at 3,000− 3,600 cm− 1 

meant that the Ar–OH group was well preserved after a chemical reac
tion, which provided a robust wet adhesion of the hydrogel. Charac
teristic functional groups described above were all detected in such 
unique complex hydrogel, suggesting that the reactants aforementioned 
were all successfully introduced to form new substances. 

A representative proton nuclear magnetic resonance spectroscopy 
(1H NMR) spectrum of the self-assembled CS/TA/SF hydrogel was 
depicted in Fig. 1H. The peaks of CH–CH–CH–CH2 groups at “e" (2.62 
ppm) were ascribed to the N-acetylglucosamine ring protons from CS 
[31]. Alanine β-CH2 at “b" (1.23 ppm) and amide II groups in SF 
observed at “i" (7.48 ppm) were used as a reference to demonstrate the 
conjugation of TA and SF [32]. After the reaction of CS, TA, and SF, 
phenolic hydroxyl proton peaks at 2.50 ppm and deprotonation peaks at 
“h" (6.76–7.32 ppm) appeared in the meantime [33]. 

Ideal hemostatic material should promote quick coagulation to 
minimize blood loss. The hemostatic ability of CS/TA/SF hydrogel was 
investigated in an in vitro clot formation model, where the whole blood 
was dropped onto the hydrogel and polypropylene dish for 2 min to 
compare their blood pro-coagulant efficacy (Fig. 2A). The speed of blood 
clotting for CS2/TA4/SF1 hydrogel was much higher than that in the 
untreated situation during the same test period, and the blood discol
oration was visibly deeper for the hydrogel. These results indicated that 
the proposed composite hydrogel quickly absorbed blood and accumu
lated RBCs and platelets on the material surface, promoting blood 
coagulation. 

The hemostatic mechanism of such CS/TA/SF hydrogel was shown in 
Fig. 2B. Water-soluble TA contained many hydrophilic polyphenols that 
were consisted of five catechols and gallols at termini [34], and it un
derwent self-assembly aggregation via hydrogen bonding. In addition, 
TA was an ideal gelation binder for hydrogel formation [35]. The 
polyphenol groups of TA had a high binding affinity with nucleophiles 
(e.g., amido bond, amines, and thiol), and thus tightly bound to bio
logical molecules, such as proteins and peptides [18,36]. Given the 
multi-aromatic ring structure, TA combined with amino acids in SF and 
amino groups in CS through electrostatic interactions and hydrogen 
bonds to maintain the structural stability of the hydrogel. Such a 
supramolecular-network structure was crucial in absorbing wound ex
udates and blocking the escape of RBCs and platelets as a hemostatic 
agent. CS owned an excellent hemostatic property because of its ability 
to form cationic clusters through interacting with anions on RBCs, 
thereby inducing platelet aggregation and eventually stopping blood 
loss [37]. Specifically, the bridging segment of CS was adsorbed on the 
cell surface by non-specific forces, including van der Waals force, elec
trostatic force, and hydrogen bond, promoting the change of hemor
heology and completing coagulation of erythrocytes. As SF and TA 
accelerated blood clots via direct interaction with platelets and coagu
lation factors, the copolymerization of these three materials further 
exerted a positive synergistic effect on enhancing hemostasis [38]. 

To systematically investigate the effect of CS, TA, and SF content on 
blood clotting performance, CS/TA/SF hydrogels with various pro
portions were tested (Fig. 2C). 200.0 μL of the whole blood was slowly 
dispensed on the surface of different hydrogels, then incubated at 37 ◦C 
for 60 min. After adding distilled water to the blood clotting carefully, 
RBCs not entrapped in the clots were hemolyzed with water. Only CS1/ 
TA1/SF1, CS2/TA1/SF2, CS4/TA2/SF1, and CS2/TA4/SF1 hydrogels 
showed a noticeable blood crust remaining on the hydrogels, and their 
corresponding hemostatic efficiencies reached up to high values of 
above 90% (Fig. 2D), indicating that hydrogels in these compositions 
had excellent blood clotting capacities and were especially desired in the 
field of hemostasis. 

Simultaneously, a microplate reader was employed to test the 
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absorbance of resultant hemoglobin solution at 540 nm. In this mea
surement, the absorbance value was related to the concentration of free 
RBCs in the whole blood, so the clotting rate was negatively correlated 
with the absorbance value [39]. As can be seen from the column charts 
in Fig. 2E, CS1/TA1/SF1, CS2/TA1/SF2, CS4/TA2/SF1, and CS2/TA4/SF1 
hydrogels showed lower absorbance values compared with other 
groups, complying with the hemostatic efficiency we obtained above. 
Fig. 2F shows the effects of three components on the hemostatic effi
ciency of CS/TA/SF hydrogel, according to which the hemolysis per
formance would be maximized by adjusting the composition ratio. 

Current hemostatic materials are challenging to control hemor
rhaging from the acute arterial and visceral wounds, owing to their weak 
adhesion on wet and flexible tissues. Hydrogel adhesive strength on wet 
tissue was another critical factor influencing the efficiency of wound 

closure and hemolysis, because the hydrogel acted as a hemostat or 
sealant allowed proper healing to occur by preventing blood leakage 
from the tissue [40]. Therefore, wet shear adhesion strengths of 
CS/TA/SF hydrogels with different weight ratios were also evaluated 
herein according to the ASTM standard method [41]. A lap shear test 
was used to identify the shear adhesive strength of the hydrogel on wet 
porcine skin, and the results were exhibited in Fig. 2G− H. An evident 
displacement could be observed before and after stretching CS/TA/SF 
hydrogel, and the maximum shear adhesive strength of 29.66 ± 0.36 kPa 
was achieved in CS4/TA2/SF1 hydrogel. Movie S2 (Supplementary data) 
also demonstrated the strong adhesion ability of the hydrogel onto wet 
tissue like porcine skin. Such beneficial wet adhesion properties of the 
obtained hydrogels were derived from phenolic hydroxyl groups that 
tightly bonded with amino groups on tissue surface, and at the meantime 

Fig. 2. Hemostatic performances and wet shear adhesion strengths of CS/TA/SF hydrogels with different weight ratios. (A) Photographs showing clot formation on 
hydrogel and polypropylene dish. (B) Schematic illustration of hemostatic mechanism. (C) Photographs showing blood pro-coagulant efficacies of hydrogels (scale 
bar = 10 mm). (D) Hemostatic efficiencies of hydrogels. (E) Absorbance of hemoglobin tested by microplate reader. (F) Changes of hemostatic efficiencies with 
different volume ratios of CS, TA, and SF. (G) Shear adhesion strength of hydrogel using wet porcine skin as substrate. (H) Lap shear testing photographs of hydrogel 
using an Instron machine 1185. (I) Photographs showing a strong adhesion of hydrogel with wet porcine skin and glass. All statistical data are represented as mean ±
SD (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001). 
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its internal supramolecular network also generated reliable mechanical 
strength. The robust adhesion allowed application of CS/TA/SF hydro
gel in an effortless mode and promoted its clinical translation. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.01.039 

Such superior adhesion performance can be intuitively demonstrated 
in another way. As shown in Fig. 2I, when the porcine skin was bent over 
180◦, CS/TA/SF hydrogel deformed with no shrink and remained to 
attach onto its surface. In addition, the hydrogel firmly adhered to the 
porcine skin when it was pulled with a stick. More interestingly, the 
hydrogel withstood a weight of 6.8 g at room temperature as two pieces 
of glasses adhered together by it. Because of its powerful coagulating 
effect through binding biomacromolecules, it was rational to believe 

that CS/TA/SF hydrogel could be employed as an effective hemostatic 
sealant to stop blood loss. The introduction of appropriate CS into the 
hydrogel maintained its capacity for wet wound sealing and enhanced 
hemostatic property, thus significantly increasing the clinical utility of 
the composite CS/TA/SF hydrogel as an efficient hemostat. 

3.2. In vitro hemostasis and biocompatibility of CS2/TA1/SF1 hydrogel 
with optimized formulation 

According to the design rules of orthogonal experiments, CS2/TA1/ 
SF1 hydrogel was determined as the optimal group based on its high 
hemostatic efficiency and favorable comprehensive performance 
(Table S4, Supplementary data). First, the hydrogel showed excellent 

Fig. 3. Comprehensive performance of CS2/TA1/SF1 hydrogel with optimized weight ratio. (A) Representative tensile stress− strain curve. (B) WCA measurement. 
(C) Blood clotting test and (D) BCI of control and sample groups. (E) Whole blood clotting kinetics of hydrogel. (F) Digital photographs of blood absorption kinetics 
test as a function of time. (G) Photographs of blood coagulation treated with CS/TA/SF hydrogel or nothing. (H) SBF and blood uptake ability of hydrogel. (I) SEM 
morphologies of RBC adhesion on hydrogel. Below is the higher magnification image of the retangular area in the above one. (J) CCK-8 assay result of LO2 cells. (K) 
Live-dead staining images of LO2 cells encapsulated in hydrogel after seven days of incubation (scale bar = 100 μm). All statistical data are represented as mean ± SD 
(n = 3; ***P < 0.001). 
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ductility with an elongation rate of 220.3% ± 9.2% and high tensile 
strength of 179.08 ± 0.30 kPa (Fig. 3A). The formation of supramolec
ular physical cross-linked-network enabled the hydrogel with good 
elasticity, which was beneficial for wound treatment application. WCAs 
were also explored to evaluate water absorption capacity. As shown in 
Fig. 3B, CS2/TA1/SF1 hydrogel had a low contact angle of 61.0◦ ± 1.1◦

and retained a large amount of water to maintain a moist environment of 
the wound site. Such good hydrophilicity and water absorptiveness were 
conducive for the hydrogel to stop bleeding and promote wound healing 
quickly. 

The optimized CS2/TA1/SF1 hydrogel was also verified with good 
coagulation efficiency, where blood was completely coagulated and 
allochroic during a short time of 2′27′′ (Fig. 3C). The blood clotting 
result of RBCs in the hemostatic hydrogel was shown in Fig. 3D. It can be 
seen that BCI of CS2/TA1/SF1 hydrogel was higher than that of simulated 
body fluid (SBF), suggesting that the hydrogel quickly absorbed water 
from the blood, increased blood viscosity, and then promoted aggrega
tions of RBCs and platelets. 

Consistent with quantitative results, CS2/TA1/SF1 hydrogel also 
exhibited a high blood absorption capacity. As shown in Fig. 3E− F, 
whole blood clotting kinetics of the hydrogel presented an increasing 
clotting rate as time went on (5–50 min), and the corresponding 
absorbance value of the blood was decreased from 1.389 ± 0.018 to 

0.034 ± 0.014. Blood coagulation is a dynamic process, during which 
each coagulation element is performed effectively in a certain order and 
eventually converts fibrinogen to fibrin. In the present study, RBCs were 
aggregated by amine groups of CS and tangled by the supramolecular 
network structure. The hydrogel well mimicked the chemical composi
tions and hierarchical nanostructures of mussel foot proteins, which was 
more conducive to the aggregation and adhesion of erythrocytes. 

A favorable coagulating function of CS2/TA1/SF1 hydrogel was 
further demonstrated by mixing it with 1.0 mL of mouse blood for 10 s. 
Different from the control group, blood incubated with the hydrogel nub 
lost its flowability and held their weight upon tube inversion at 120 s 
later (Fig. 3G). Such short blood clotting time for CS2/TA1/SF1 hydrogel 
was beneficial for an expeditious in vivo hemostasis. The presence of 
CS2/TA1/SF1 hydrogel reduced the blood clotting time, which indicated 
an accelerated platelet aggregation and activated clotting factors caused 
by the strong interaction between phenolic moiety in the hydrogel and 
nucleophiles in blood proteins [42]. 

Absorption efficiency of CS2/TA1/SF1 hydrogel was determined 
upon mouse blood and SBF, as shown in Fig. 3H. After immersing the 
hydrogel in respective fluids for 1 h, it was found that the material 
absorbed blood approximately two times as much as SBF (0.107 ± 0.002 
g/g compared to 0.042 ± 0.004 g/g). The result demonstrated that our 
hydrogel had an excellent blood absorption ability to achieve rapid 

Fig. 4. Hemostatic property of CS2/TA1/SF1 hydrogel in various damage models of rats. (A) Hemostatic images of covering gauze or hydrogel on various wounds 
with no treatment as a control (scale bar = 1 cm). (B) Comparison of bleeding area in the liver injury model. (C) Quantitative analysis of bleeding area for each group. 
All statistical data are represented as mean ± SD (n = 3; ***P < 0.001). 
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hemostasis. The adhesion capacity of RBCs is another critical indicator 
of hemostatic performance. The influence of hydrogel structure on the 
RBCs adhesion was observed by SEM (Fig. 3I). The cross-linked network 
structure and existence of CS in the composite hydrogel significantly 
enhanced the aggregation and adhesion of RBCs on the hydrogel surface. 

Cell Counting Kit-8 (CCK-8) assay of LO2 cells was conducted to 
evaluate the cell viabilities quantitatively (Fig. 3J), and live− dead 
staining images of cells encapsulated in CS2/TA1/SF1 hydrogel after 
seven days of incubation were shown in Fig. 3K. The cell viabilities 
treated with the hydrogel were comparable with those of the control 
group in 1, 3, and 7 days, indicating that majority of the cells survived 
well with low cytotoxicity on the hydrogel. 

3.3. In vivo hemostatic effect evaluation of CS2/TA1/SF1 hydrogel 

To demonstrate the promising potential of CS2/TA1/SF1 hydrogel as 
clinical hemostatic materials, they were employed for repairing a vari
ety of acute tissue injuries, including liver, heart, and artery bleedings 
(Fig. 4A). First, the hemostatic property of CS2/TA1/SF1 hydrogel was 
evaluated using a rat liver model, a specific visceral organ with abun
dant blood supply. It was observed that blood gushed from the pinholes 
as a quick pierce on the liver was conducted. The blood still flowed in 
such a liver puncture model if there was no treatment or covering with 
gauze. Differently, the hemorrhage site was quickly stopped bleeding in 
a few seconds with the presence of the hydrogel on pinhole. To further 
evaluate the hemostatic efficiency of proposed hydrogel, another liver 
bleeding model was created by knifing a thin sliver with a depth of 5.0 
mm and a length of 30.0 mm. When the standard gauze was applied to 
the wound, there was no evident effect on hemostasis compared with no 
treatment group. However, the CS2/TA1/SF1 hydrogel halted the blood 
loss immediately by swelling and forming a sealant, and complete he
mostasis of the wound was visually observed. 

Subsequently, an instant hemostatic capacity and a strict adhesion of 
the hydrogel were further demonstrated in a heart damage model, where 
the proposed sample tolerated a strong mechanical perturbation of heart 
beating that was filled with biofluids [43]. In detail, we created a lesion 
site with a needle from the heart to compare the clotting ability of 
various treatments. The bleeding could not be stopped by utilizing gauze 
even with the help of external pressure for 5 min, clearly proving that 
the blood clotting function of commercial gauze was minimal. On the 
contrary, such severe bleeding was successfully controlled once 
CS2/TA1/SF1 hydrogel was covered on the wound, and no more bleeding 
came out 2 min later. 

An amputating rat tail hemostatic model was used to further 
demonstrate that the hydrogel can achieve rapid hemostasis, as there 
was a large amount of blood gushing out from the injured site. When 
CS2/TA1/SF1 hydrogel was placed on the wound, the blood loss was 
quickly stopped and presented an excellent hemostatic performance 
with almost no bloodstain left on the filter paper. Additionally, the 
composite hydrogel significantly facilitated hemostasis in less than 30 s, 
while the gauze needed at least 5 min to stop the bleeding, in line with 
our expectation about the outstanding hemostatic performance of the 
unique hydrogel. In summary, these results indicated that CS2/TA1/SF1 
hydrogel possessed an excellent in vivo hemostatic capability and was 
able to overcome the challenges of most arterial bleeding conditions. 

The bleeding area in the liver injury model was measured to evaluate 
the hemostatic effect of CS2/TA1/SF1 hydrogel quantitatively. As shown 
in Fig. 4B− C, applying the hydrogel onto the wound site decreased the 
bleeding area for both models compared with the untreated and gauze 
groups. Specifically, the presence of the hydrogel on the wound site 
decreased the bleeding area to 1/20 of that in the untreated group, as 
can be seen in the bar chart. The H&E staining results of incisions of the 
five organs demonstrated that CS2/TA1/SF1 hydrogel served as hemo
static and wound closure materials had excellent therapeutic effect and 
biosafety (Fig. S1, Supplementary data). 

Noticeably, the wound sealing was achieved without the secondary 

hemorrhage, confirming the efficacy of CS2/TA1/SF1 hydrogel for 
stanching the hemorrhage tissues even under highly dynamic environ
ments. Such predominant hemostasis ability was attributed to strong 
tissue adhesion and direct blood-gelling capacity of the hydrogel, 
ignoring deficiency of the body’s coagulation mechanism [44]. In detail, 
as the hydrogel was placed onto the bleeding site, it first displayed the 
function of the physical barrier immediately. On the other hand, an 
optimal water uptake capacity of the hydrogel was also beneficial for 
concentrating the erythrocytes, platelets, and blood coagulation factors, 
thus leading to rapid hemostasis. 

Uncontrolled hemorrhage has become a significant concern in the 
military and civilian trauma centers across the world. To further eval
uate the mighty hemostatic capability of CS2/TA1/SF1 hydrogel, it was 
used for repairing an acute injury with massive hemorrhage that posed a 
significant fatality risk to traumatic patients in critical situations [45]. 
To this end, the developed injectable hemostatic hydrogel with robust 
mechanical strength, rapid blood-triggered shape recovery, high blood 
uptake capacity, and fast blood absorption speed was utilized in rabbit 
massive hemorrhage models for evaluating its hemostasis performance 
further. 

First, the rabbit’s ear artery was cut off, and blood flow was imme
diately observed until our prepared material was placed over the wound 
site (Fig. 5A). As expected, CS2/TA1/SF1 hydrogel remained intact and 
formed a tight adhesion with the lacerated tissue. The binding strength 
and hemostatic performance of the hydrogel were also evaluated in a 
harsh condition: rabbit hemorrhagic liver (Fig. 5B & Movie S3, Sup
plementary data). One wound with a length of 30 mm and a depth of 5 
mm was made on the rabbit liver to induce massive bleeding. Due to a 
strong affinity between hydrogel and tissue surface, a superior pro- 
coagulant activity on gushing blood was presented with no doubt. 
Interestingly, CS2/TA1/SF1 hydrogel not only stuck to the wound to 
prevent the second bleeding but also acted as a resistant barrier to 
isolate the wounded organ from surrounding tissues to avoid post- 
operative adhesion [26]. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.01.039 

We also demonstrated that CS2/TA1/SF1 hydrogel could be used to 
seal cardiac penetration injuries in a rabbit. When the rabbit heart was 
pierced by a 0.7 mm inner diameter needle, a high-pressure blood 
expulsion was occurred. As shown in Fig. 5C & Movie S4 (Supplemen
tary data), the bleeding phenomenon was alleviated and stopped 
entirely after injecting the hydrogel to cover the blood hole. In addition, 
the hydrogel stuck to the heart tissue tightly, and no second-bleeding 
was observed later. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.01.039 

To further prove the hemostatic efficacy of proposed hydrogel on 
massive hemorrhage, a lethal femoral artery injury model was created in 
another rabbit surgical testing. Two hemostatic forceps were used to 
clamp the artery prior to making a 1.5 mm incision. A significantly 
reduced blood loss was presented after applying the hydrogel to the 
incision site, and after 3 min, the bleeding was automatically halted 
without exerting any external forces. Afterward, the distal end was 
clipped using surgical scissors, and heavy arterial bleeding recom
menced again, indicating the intactness and viability of the femoral 
artery after treatment with the hydrogel [44]. Because the broken blood 
vessels were incredibly possible to be blocked by the hydrogel and then 
caused limb ischemic necrosis of rabbits. 

Consequently, we arranged the second hemostasis experiment in the 
same incision site of repaired blood vessels following the first successful 
hemostasis to clarify blood fluidity. As shown in Fig. 5D & Movie S5 
(Supplementary data), heavy arterial bleeding recommenced again after 
the distal end was clipped using surgical scissors, indicating intactness 
and viability of the femoral artery after the hydrogel treatment [42]. 
Altogether, experiments on these rabbit bleeding models showed that 
CS2/TA1/SF1 hydrogel indeed possessed a high hemostatic efficacy on 
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massive hemorrhage even under these critical situations. In particular, 
the adhesion strength of the hydrogel was one of the most important 
factors for heart and artery hemostasis, where the hydrogel was stably 
adhered to halt bleeding under arterial blood pressure [46]. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.01.039 

Rabbits were survived well without any obvious abnormality after a 
heart operation, and post-operative analysis of cardiac tissues after an 
autopsy was carried out. The hydrogel still adhered to the defect site 
without any gap between the hydrogel and heart. No thrombus formed 

in the vessel, indicating a continuous strong bonding at the healing 
interface, as observed by tissue section staining (Fig. 5E). In addition, 
the post-operative degrees of mucosal edema, crusting, and granulation 
tissue formed in CS2/TA1/SF1 hydrogel-applied side were comparable to 
those of the normal side, and there were almost no inflammatory cells at 
the interface between the hydrogel and heart tissue, suggesting that our 
hydrogel achieved an effective and sustained anti-inflammation. Such a 
superior anti-inflammatory effect could be ascribed to the high 
biocompatibility and anti-inflammatory activities of TA. Specifically, TA 
interrupted the propagation stage of lipid autoxidation chain reactions 

Fig. 5. Hemostatic property and post-operative analysis of CS2/TA1/SF1 hydrogel in various massive hemorrhage models of rabbits. (A) Rabbit ear artery, (B) liver, 
(C) cardiac puncture, and (D) femoral artery injury models treated by hemostatic hydrogel (scale bar = 1 cm). (E) Photograph and H&E staining image of interface 
reaction between rabbit cardiac tissue and hydrogel. (F) MAP through a rabbit’s carotid artery and ECG of a rabbit before and after surgery. (G) Comparison of 
hemostatic speed between CS2/TA1/SF1 hydrogel and previously-reported hemostatic dressings. 
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as effective nitrogen species (RONS) scavengers and played an anti- 
inflammatory role by affecting phagocytes and blocking inflammatory 
pathways [47]. The H&E staining results also manifested an excellent 
bio-safety and availability of the hydrogel. 

To access the heart pumping force during preoperative and post- 
operative, the mean arterial blood pressure (MAP) was continuously 
recorded in the rabbit after the hydrogel treatment via insertion of a 20- 
gauge catheter into the right carotid artery (Fig. 5F). The animals were 
alive for the duration of the experiment, and MAP also presented perfect 
normality. Heart rate and rhythm were also monitored by a continuous 
electrocardiogram (ECG), and ECG of the rabbit showed no abnormal
ities during the 72 s nursing period. These results proved that the 
application of the hydrogel did not affect the basic life activities of or
ganisms. Furthermore, these experimental operations vividly demon
strated the crucial impact of fast wound sealing and strong adhesion on 
halting blood loss from mobile mammalian organs. 

The hemostatic speed of the obtained CS2/TA1/SF1 hydrogel was 
significantly faster than that of other hydrogels previously reported and 
superior to some commercial organic or inorganic dressings (Fig. 5G) [3, 
37,40,48–50]. Compared with other hemostatic materials, such unique 
hydrogel with a dynamic supramolecular-network structure was better 
at enwinding erythrocytes, and meanwhile, the cationic effect of CS 
further promoted the blood coagulation. More importantly, the superior 
wet adhesion ability of the hydrogel sealant definitively formed an 
enclosure space to improve the hemostatic efficiency further. 

4. Conclusions 

Timely hemostasis of severe arterial and visceral hemorrhage has 
been a massive challenge for hemostatic sealant until now. In the current 
study, an advanced CS/TA/SF hydrogel with a supramolecular cross- 
linking structure was developed as an efficient hemostatic agent. At 
first, determining the optimum weight ratios of three primary compo
nents based on the orthogonal model was immensely influential, which 
was examined thoroughly according to the comprehensive performance 
of the hydrogel. Specifically, CS2/TA1/SF1 hydrogel was equipped with 
optimal hemostatic efficiency, sufficient mechanical properties, and 
superior absorptive capacity. In the meantime, the strong wet tissue 
adhesive property of the mussel-inspired hydrogel and intrinsic hemo
static activity of CS led to a synergistic hemostatic performance in acute 
arterial and cardiac injuries, which was better than other hemostatic 
materials reported previously. Overall, wound closure ability and he
mostasis potential of the hydrogel made it promising in disposing of 
massive hemorrhages where immediate medical-care was not possible. 
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