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A B S T R A C T   

Uncontrolled hemorrhage and wound infection are crucial causes of trauma-associated death in both the military 
and the clinic. Therefore, developing an efficient and rapid hemostatic method with biocompatibility, easy 
degradation, and wound healing is of great importance and desirability. Inspired by spontaneous blood cell plug 
formation in the hemostasis process, an adenosine 5′-diphosphate modified pro-coagulation hyaluronic acid (HA- 
ADP) coordinated with enhanced antibacterial activity of undecanal-modified chitosan (UCS) was fabricated 
through physical electrostatic cross-linking and freeze-drying. The as-prepared hydrogel sponges showed a 
porous structure suitable for blood cell adhesion. In particular, the hydrogel exhibited excellent antibacterial 
ability and promoted the adhesion of platelets and red blood cells, thus inducing a prominent pro-coagulation 
ability via platelet activation, which exhibits a shorter hemostasis time (58.94% of control) in vitro. Compared 
with commercially available CELOX and gelatin sponge (GS), HA-ADP/UCS accelerates hemostasis and reduces 
blood loss in both rat tail amputation and rat artery injury models. Furthermore, all the samples exhibited su-
perior cytocompatibility and biodegradability. Due to these performances, HA-ADP/UCS promoted full-thickness 
skin defect healing significantly in vivo. All the properties of HA-ADP/UCS suggest that it has great potential for 
translation as a clinical application material for hemostatic and wound healing.   

1. Introduction 

Uncontrolled bleeding is a crucial cause of trauma-associated death 
not only in the military but also in the clinic [1,2]. Thus, timely on-site 
hemostasis by using first-aid hemostatic materials plays a crucial role in 
saving an injured individual’s life [2]. However, using standard gauze 
dressing to directly press the wound area is still the main method to deal 

with blood loss in emergencies [3], which often requires further treat-
ment of the secondary wound damage and delays the wound healing 
process. Therefore, an ideal on-site first-aid hemostatic material should 
exhibit efficient and rapid hemostasis performance, great biocompati-
bility, easy degeneration without further processing, and promotion of 
wound healing [1,4,5]. Although hemostatic materials, such as keratin 
sponge [6], gelatin sponge [1], and nano-clay [7] have been developed 
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over the past decades, and some have even been transformed to be 
commercially available, such as QuikClot powder and HemCon dressing, 
they often present undesired hemostatic performance [8]. Therefore, it 
remains challenging to develop an efficient and rapid hemostatic ma-
terial that is biocompatible, easy to degrade, and promotes wound 
healing. 

Hydrogel sponges possess a porous structure that supports their high 
hygroscopicity to induce blood component concentration and adhesion, 
and eventually promote blood coagulation [2,5]. Additionally, the 
connected structure of hydrogel sponges permits gas permeability, forms 
an anti-infective barrier, absorbs wound effusion, and preserves a suit-
able humid environment [9,10]. Therefore, hydrogel sponges could be 
suitable as first-aid hemostatic materials. Generally, hydrogel sponges 
are fabricated by freeze-drying that followed by chemical or physical 
crosslinking [11]. Comparably, physical gelation has been developed via 
hydrogen bonding or electronic interaction [12–14], which avoids the 
addition of organic cross-linkers or catalysts, and eliminates unnec-
essary cytotoxicity functional group introduction in the process of 
chemical gelation, which displays promising compatibility [11,15]. 
Furthermore, physical gelation via electronic interaction could be a 
promising method for the large-scale synthesis of hydrogels just by 
mixing anionic components with cationic partners. 

Hyaluronic acid (HA) is an anionic glycosaminoglycan in the extra-
cellular matrix, which accounts for ~50% of the total HAs distributed in 
the skin [16]. Additionally, the chemical structure of HA contains an 
abundant carboxyl group that endows HA with the feasibility of conju-
gation and modification. Recently, various HA derivatives have been 
exploited and used for tissue repair and regeneration because of the 
excellent cytocompatibility of HA, which can promote cell adhesion, 
proliferation, and migration [14,16,17]. Adenosine 5′-diphosphate 
(ADP), a physiologically relevant platelet agonist, is stored in the dense 
granules of platelets [18]. During the spontaneous hemostasis process, 
ADP is released from the dense granules of platelets and facilitates many 
positive feedback cascades that facilitate platelet aggregation and pro-
mote thrombus formation and stabilization [19,20]. Although ADP has 
great pro-coagulation potential [19], there are very few reports about 
ADP-modified materials as hemostatic. Thus, the ADP-modified HA 
could have great potential for platelet activation to facilitate blood 
coagulation, which is used as a first-aid hemostatic. 

Chitosan (CS) is a positively charged polymer that is derived from 
chitin by varying the acetamide groups into primary amino groups, 
which can form an electronic interaction with electronegative mem-
branes of blood cells and consequently advance blood cell aggregation, 
thus enabling CS with the ability of pro-coagulation [14,21]. However, 
pristine CS alone cannot achieve excellent hemostatic performance. 
Various modified CS materials have been developed to improve the 
pro-coagulation properties of CS [2,22]. Especially, hydrophobically 
modified CS (hm-CS) can form strong interaction with blood cells that 
promote blood cells immobilization, aggregation, and clotting due to its 
hydrophobic interaction capability, besides the hm-CS also pose similar 
properties of CS such as cytocompatibility, biodegradation and anti-
bacterial effect [23]. Additionally, hm-CS can not only kill bacteria but 
also capture bacteria by inserting the hydrophobic group of hm-CS into 
the lipid bilayer of the outer membrane of microbes [24]. Therefore, 
hm-CS would be another candidate for electrostatic crosslinking 
hydrogel sponge preparation. 

In this study, we endeavored to develop HA-ADP coordinated with 
UCS, a hm-CS, hydrogel sponge for rapid hemostasis and wound healing. 
The material was fabricated via electrostatic interactions crosslinking 
method, followed by freeze-drying. Furthermore, the UCS can not only 
facilitate blood cell aggregation through electrostatic interactions but 
also disrupt bacterial function. Furthermore, the HA-ADP facilitated 
platelet activation and plug formation. The potential of HA-ADP/UCS as 
a hemostatic material was tested in terms of its physicochemical quali-
ties, morphologies, and in vitro antibacterial and hemostatic properties. 
Grave extremity hemorrhage in rat-tail amputation/rat-artery injury 

models and a full-thickness skin defect model with bacterial infection 
were used to test hemostatic and wound healing performance in vivo. 
The cytocompatibility and safety of these samples were also examined 
via CCK8, live/dead staining, and hemolysis tests in vitro. Biodegradable 
performance was also assessed both in vitro and in vivo. 

2. Materials and methods 

2.1. Materials 

Hyaluronic acid (HA, Mw 35KD, Shanghai Yuanye Biotechnology Co. 
Ltd), Chitosan (CS, 50,000–190,000 Da, deacetylation 75–85%, Sigma- 
Aldrich), Adenosine 5′-diphosphate sodium salt (ADP, Shanghai 
Aladdin Industrial Co. Ltd.), Sodium cyanoborohydride (NaBH3CN, 
Shanghai Aladdin Industrial Co. Ltd.), Undecanal (UDA, Shanghai 
Aladdin Industrial Co. Ltd.), N-(3-Dimethylaminopropyl)-N′-ethyl car-
bodiimide hydrochloride (EDC, Shanghai Aladdin Industrial Co. Ltd.), 
N-Hydroxysuccinimide (NHS, Shanghai Aladdin Industrial Co. Ltd.), 
Gelatin Sponge (GS, Xiang’en Jiangxi Medical Technology Development 
Co. Ltd), CELOX hemostatic granules, Cell Counting Kit-8 (CCK8, 
Dojindo (Shanghai) Co. Ltd.), LDH Kit (Dojindo (Shanghai) Co. Ltd.), 
Enzyme-Linked Immunosorbent Assay Kits (ELISA, Hangzhou Multi 
Sciences (LIANKE) Biotech Co. Ltd.). 

2.2. Synthesis of ADP-Modified hyaluronic acid 

HA-ADP was prepared via ADP’s conjugation to HA (Table S1). 
Briefly, 1 g of HA was dissolved in 100 mL deionized water (DW) and the 
pH of the solution was ~5.5 adjusted by using 1 M HCl and 1 M NaOH. 
Thereafter, the synthesis system was catalyzed with 0.1712 g EDC and 
0.1026 g NHS under stirred vigorously for 20 min and then adding an 
amount of 0.3500 g ADP with another 24 h stirring. The above solution 
was subsequently purified via dialysis (cut-off 3500) against DW 
(changed every 12 h) for 72 h. The as-prepared HA-ADP was dried by 
lyophilization and stored for further use. 

2.3. Synthesis of undecanal-modified chitosan 

UCS was synthesized as previous reports (Table S2) [23,25]. In brief, 
1 g of CS was completely dissolved in 100 mL of 0.05 M HCl, adjusting 
the pH of the solution to 5.5 by using 1 M NaOH. After that, the solution 
of the 100 μL undecanal in 10 mL ethanol was added into CS solution 
and stirred for 1 h. An excess of NaBH3CN was then mixed into the above 
solution and stirred at 25 ◦C for 24 h. The as-prepared UCS was also 
purified via dialysis (cut-off 3500) against DW (changed every 12 h) for 
72 h and collected by lyophilized. 

2.4. HA-ADP/UCS hydrogel sponge preparation 

The HA-ADP/UCS hydrogel was prepared via simple mixing. Briefly, 
1 mL of 1% (w/v) HA-ADP solution and 1 mL of 1% (w/v) UCS solution 
were added into the same plastic tube, mingled vigorously, and quickly 
transferred into liquid N2. After that, the as-prepared HA-ADP/UCS 
hydrogel was lyophilized to produce HA-ADP/UCS hydrogel Sponge. 
Additionally, HA/CS and HA/UCS were also prepared as control sponges 
by using the same producer. 

2.5. Characterization 

2.5.1. FTIR and NMR 
The chemical structure of HA-ADP and UCS was characterized via 

nuclear magnetic resonance (NMR) spectroscopy on a Bruker Avance 
NEO 600 MHz spectrometer and FTIR on Nicolet 6700 FTIR spectrom-
eter. All samples for 1H NMR spectrum were obtained by testing the 
NMR tube that contained the solution of samples, and for FTIR were 
handled via the attenuated total reflectance (ATR) approach. 
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2.5.2. Rheological and morphology studies 
To confirm the cross-linking between HA-ADP and UCS, the as- 

prepared samples’ frequency-dependent rheological properties were 
examined with a strain of 1% at 37 ◦C. The storage modulus (G′) and loss 
modulus (G′′) were recorded. The micro morphologies of the hydrogel 
sponge were observed by using scanning electron microscopy (SEM, 
SIRION 200, America). The surface of the HA-ADP/UCS hydrogel was 
observed by SEM after spraying with gold. 

2.5.3. Determination of swelling ratio 
The as-prepared samples’ equilibrium swelling ratio was assessed by 

the reported method with some modifications [1,26]. All pre-dried 
samples (W0) were put in strainers and weighed (Wd). Then, all sam-
ples with strainers were placed into a 6-well cell culture plate that 
contained excessive DW or PBS (pH 7.4). Thereafter, the samples with 
strainers were taken out after 30 s, 1 min, 2 mins, 5 mins, 8 mins and 10 
min and removed the excess liquid by lightly dabbing on filter papers, 
the weight of wetting samples with dried strainers was recorded as Wt. 
And the swelling ratio was computed as the following Eq: Swelling ratio 
(%) = ((Wt - Wd)/W0) × 100% 

2.5.4. Contact angle studies 
To confirm the hydrophobicity of CS, UCS and the as-prepared 

samples, the contact angles were examined. In brief, 60 mg CS, UCS, 
HA/CS, HA/UCS and HA-ADP/UCS were weighed and tableted by tablet 
compressing machine to obtain regular surfaces. Then, the contact an-
gles were examined by Contact Angle Meter (JC2000D1, POWEREACH, 
China). 

2.5.5. Zeta potential 
To demonstrate the crosslink between HA groups (HA, HA-ADP) and 

CS groups (CS, UCS) through electronic interaction and the alteration of 
the electronic interactions after HA and CS modified by ADP and UDA, 
respectively, the zeta potentials were tested. In brief, 1% (w/v) HA, HA- 
ADP, CS and UCS were solved in DW and the pH was adjusted to ~5.5 by 
using 1 M HCl and 1 M NaOH. The zeta potentials were tested by Nano- 
sized Zeta potentiometer (Zetasizer Nano-ZS90, Malvern, UK) and each 
group was repeated for three times. 

2.5.6. In vitro and in vivo degradation 
As reported by preceding reports, in vitro degradation tests were 

implemented in simulated body fluid (SBF, pH 7.4) [5]. In brief, 20 mg 
of specimens (W0) was soaked in 2 mL of SBF, pH 7.4 with shaking at 
37 ◦C and 60 rpm. At each set timepoint, all specimens were cen-
trifugated collection and washed several times with DW and followed by 
freeze-drying and weighing (Wt). The percentage of degradation at each 
timepoint was computed by the Eq: (WL (%) = ((W0 - Wt)/W0) × 100%). 

20 mg samples were implanted under SD rats’ dorsal skin for 
degradation test in vivo. After 10, 20 and 30 days, the implanted regions’ 
tissue was sheared meticulously and managed with 4% para-
formaldehyde solution. The wound tissue’s pathological segment was 
then analyzed through H & E staining and imaged (Pannoramic DESK, 
3D Histech, Hungary). 

2.6. Cytocompatibility 

2.6.1. CCK-8 assay 
The cytocompatibility of samples was assessed by CCK8 assay by 

using REPC (Rat Endothelial Progenitor Cells) and HUVEC (Human 
Umbilical Vein Endothelial Cells) as model cells. Briefly, the cells were 
added into 96-well plates with a density of 8000 cells per well for 12 h. 
After that, the original DMEM was changed to the extraction of samples 
(0.1 g/mL DMED), and the DMEM medium alone was used as a control. 
Then, the cells were cultured at 5% CO2, 37 ◦C atmospheres for 1/4/7 
days. Subsequently, the cell viability was assessed via CCK8 by detecting 
the optical density at 450 nm that was measured using a microplate 

reader (Infinite M200 Pro, Tecan). Each group’s relative growth rate 
(RGR) was calculated by the following Eq: RGR = (OD (Experiment - Blank)/ 
OD(Control-Blank)) × 100%. 

2.6.2. Live/dead staining assay 
The morphologies of REPC and HUVEC that direct contact with 

samples were characterized by Live/Dead staining assay. Briefly, 10 mg 
of samples were placed into 35 mm glass-bottom dishes and sterilized by 
UV irradiation. Around 100000 cells were then inoculated onto the 
soaked samples’ surface, culturing at 37 ◦C and 5% CO2 atmosphere for 
24 h and 72 h respectively. Afterward, each well was stained by Live/ 
Dead Staining Kit according to the manufacturer’s instructions. A 
confocal microscope (Leica Microsystems Inc., USA) was used for 
capturing the fluorescence images of cell adhesion and viability. 

2.6.3. Hemolysis 
As in previous reports, hemolysis assay was conducted with some 

changes [1,8]. Citrated whole blood (CWB) from New Zealand White 
Rabbit was collected with a blood/3.8% sodium citrate solution (9:1). 
50 μL of CWB was then mixed into 1 mL PBS that contained 10 mg of 
sample. Positive and negative control used DW and PBS, respectively. 
After being cultivating at 37 ◦C for 1 h, the mixture was centrifuged at 
3000 rpm for 5 min, and the absorbance of the supernatant liquid was 
measured at 540 nm. The hemolysis ratio was assessed by the Eq: He-
molysis (%) = ((sample abs 540 nm – negative control abs 540 
nm)/(positive control abs 540 nm – negative control abs 540 nm)) ×
100% 

2.6.4. Assessment of IL-6 and TNF-α by ELISA 
The IL-6 and TNF-α level of samples was assessed by rat ELISA kits by 

using REPC as model cells. Briefly, 10 mg of samples were placed into 
12-well plate and sterilized by UV irradiation. Around 100000 cells with 
1 mL DMEM medium were then added into each well soaking samples’ 
surface, culturing at 37 ◦C and 5% CO2 atmosphere for 3 days. After-
ward, each well was measured by IL-6 and TNF-α ELISA Kit according to 
the manufacturer’s instructions. The results were evaluated by detecting 
at 450 nm (630 nm as reference) using a microplate reader (Infinite 
M200 Pro, Tecan). 

2.7. Antibacterial performance 

2.7.1. Bacteria culture 
The gram-negative Escherichia coli (E. coli, ATCC 25922), gram- 

positive Staphylococcus aureus (S. aureus, ATCC 25923) and gram- 
positive Methicillin-resistant Staphylococcus aureus (MRSA, ATCC 
43300) were used to evaluate the antibacterial performance of all 
samples. Briefly, 100 μL stock bacteria were added into 5 mL of sterilized 
fresh LB liquid medium and cultivated at 37 ◦C for 6–8 h. Then, the 
concentration of bacterial suspensions was measured by utilizing a 
multifunctional microplate reader (Infinite M200 Pro, Tecan) at 625 nm. 

2.7.2. In vitro antibacterial performance 
Typically, 10 μL of 1 × 108 colony-forming units/mL (CFU/mL) 

bacterial solution was added onto the surface of 10 mg sterilized sam-
ples, and 10 μL of the bacterial solution alone was used as control. 1 mL 
of aseptic PBS was added to suspend residual bacteria after 2 h incu-
bation at 37 ◦C. Surviving bacteria colony was assessed by observing a 
standard agar plate onto which was dropped 10 μL resuspension and 
then cultured for another 24 h at 37 ◦C. To count the surviving bacteria 
colony, various 10-fold gradient dilutions in aseptic PBS were spread 
onto agar plates and the survivors were obtained through images of 
plates after cultured. Each group was repeated three times, and the 
killing rate was calculated by the following Eq: Killing rate (%) =
((germs count of control - survivor count of the sample)/germs counts of 
control) × 100%. 

Additionally, the morphology of bacterial was also observed by using 
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a scanning electronic microscope (SEM). Briefly, 1 mL of 5 × 106 bac-
terial solutions was co-cultured with each sterilized sample. After 2 h, 
the sample was rinsed three times with sterilized PBS after bacteria 
suspension removing, subsequently, the sample was fixed with 2.5% 
glutaric dialdehyde solution and dehydrated with a gradient ethyl 
alcohol solution. Finally, the samples were freeze-dried, gold sputtering, 
and observed by using SEM. 

2.8. In vitro and in vivo hemostasis properties 

2.8.1. Blood colt index 
The blood clotting test was adapted from previous reports with some 

changes [1,4]. 100 μL of CWB was dropped onto the prewarmed sam-
ple’s surface and incubated for 15 min at 37 ◦C. Then, free red blood 
cells (RBCs) were removed by addition of 5 mL DW into each sample 
tube softly, and each samples’ hemoglobin solution was collected by 
centrifugation. The absorbance of the supernatants was measured by a 
multifunctional microplate reader (Infinite M200 Pro, Tecan) at 540 nm 
and record as As. 100 μL of citrated whole blood in 5 mL DW was utilized 
as the negative control, and its supernatants absorbance at 540 nm was 
recorded as An. The BCI was calculated using the following equation: 
(BCI (%) = (As/An) × 100%). 

2.8.2. Coagulation time 
270 μL CWB was mixed with 30 μL of 0.2 M calcium chloride (CaCl2). 

Subsequently, the above mixture was blended with 3 mg of prewarmed 
samples. The time of the process from when the sample contacted the 
blood until the mixture completely ceased to flow was recorded. 

2.8.3. Blood cells adhesion 
According to previous reports, platelet-rich plasma (PRP) and 

concentrated RBCs were achieved by centrifugation [2,10]. For platelet 
adhesion, 100 μL of PRP were co-cultured with each sample for 30 min 
at 37 ◦C. Afterward, the adhered platelets were first fixed with 2.5% 
glutaraldehyde in PBS solution and counted by LDH kit after being 
gently washed with PBS three times, and 100 μL of PRP was used as the 
reference value. The percent of adhered platelets was counted using the 
following Eq: (platelet adhesion percentage (%) = (OD sample/OD reference 

value) × 100%). Moreover, the adhered platelets were also observed with 
SEM after fixation, a series of ethanol solution dehydration and drying. 

As RBC’s attachment, the concentrated RBCs were resuspended into 
PBS with the volume ratio of 1:1. 100 μL of the suspension was co- 
cultured with each sample for 30 min at 37 ◦C. And 100 μL of the sus-
pension alone was used for the reference value. After that, the attached 
RBCs were lysed with 10 mL DW after being rinsed with PBS. Finally, 
100 μL of lysed liquid was tested with a multifunctional microplate 
reader at 540 nm. The percent of adhered RBCs were counted using the 
following Eq: (RBC attachment percentage (%) = (OD Sample/OD Reference 

Value) × 100%). Furthermore, the RBC on the surface of each sample was 
also observed with SEM. 

2.8.4. PRP coagulation 
45 μL PRP was mixed with 45 μL PBS, HA or HA-ADP (final con-

centration 1w/v%) in 96 well-plate and warmed for 3 min, respectively. 
Then, 10 μL of 0.2 M calcium chloride (CaCl2) was added. The coagu-
lation time was tested with an UV–vis spectrometer at 405 nm. The 
coagulation time of platelet-poor plasm (PPP) was also tested by the 
same method. 

Similarly with the whole blood coagulation test, 270 μL PRP was first 
mixed with 3 mg hydrogel sponge samples and warmed for 5 min. Af-
terward, 30 μL of 0.2 M calcium chloride (CaCl2) was added and 
blended. The time of the process from when the sample contacted the 
blood until the mixture completely ceased to flow was recorded. 
Furthermore, prasugrel (final concentration 100 μM) treated PRP and 
PPP coagulation time were also accessed as the above producer. 

2.8.5. In vivo hemostasis 
36 SD (~300 g) rats were randomly assigned into 6 groups: control 

group, CELOX group, GS group, HA/CS group, HA/UCS group, and HA- 
ADP/UCS group. Before the evaluation, the rats were feed with suffi-
cient water and food-forbidden for 12 h and were anesthetized with 3% 
(w/v) pentobarbital sodium by the intraperitoneal injection. Afterward, 
the rats were fixed on the operating bench and each rat’s tail was cut off 
in the middle and untreated 30 s for free bleeding. Subsequently, the 
incision was treated with the test material and filter paper as a control 
group. The blood loss was collected by pre-weighed test materials or 
filter paper and the bleeding time was recorded by stopwatch. 

Additionally, rat femoral artery injury was also evaluated. Briefly, 
the femoral artery was exposed with a scalpel and an injury was created 
by using an 18G needle. After that, each test material or filter paper was 
applied to the bleeding site. The blood loss amounts and hemostatic 
times in the animal experiments were recorded. 

2.9. Wound healing 

According to the former reports, full-thickness wound healing ex-
periments were implemented with minor revision [5,10]. Four 10 mm 
round full-thickness skin defects were cut on the dorsal of 
Sprague-Dawley (SD) rats (weight of 200–250 g) under anesthetized and 
each wound was treated with the test materials. Meanwhile, a sterile 
gauze-treated wound was used as control (Fig. S1). After treatment of 
day 3, 7, and 14, the wound area tissue was collected and soaked in 4% 
paraformaldehyde solution after imaging for areas measurement by 
Image J. In addition, the pathological section of wound tissue was also 
stained by H & E, Masson, and immunohistochemistry and the images 
were captured by a scanner (Pannoramic DESK, 3D Histech, Hungary). 

Immunohistochemical section was scanned by digital tissue section 
scanner and read by image analysis system (Wuhan Service-bio Tech-
nology Co. Ltd.). Positive grade was first performed: negative means no 
staining and counted as 0 point; light yellow is weakly positive, 1 point; 
brownish-yellow is medium positive, 2 points; tan is strongly positive, 3 
points. The percent of positive area ratio was counted using the 
following Eq: (Positive area ratio (%) = (positive area/tissue area) ×
100%) [27]. Histochemistry score (H-Score) is a histological scoring 
method by converting the positive number and staining intensity in each 
section into corresponding values to achieve semi-quantitative staining 
of tissues. H-Score was counted using the following Eq: (percentage of 
weak intensity area × 1) + (percentage of moderate-intensity area × 2) 
+ (percentage of strong intensity area × 3). H-Score is a value between 
0 and 300, and the larger the value is the stronger the comprehensive 
positive intensity is [28,29]. 

All the above-mentioned experimental animals, including the New 
Zealand White Rabbits and SD rats, were cared for and treated following 
the NIH guidelines for the care and use of laboratory animals (NIH 
Publication No. 85e23 Rev. 1985) as approved by the Research Center 
for Laboratory Animal of Shanghai Ninth People’s Hospital, Shanghai 
Jiao Tong University School of Medicine. 

2.10. Statistical 

All data are expressed as mean ± standard deviation (SD) and 
analyzed using SPSS version 15.0 (SPSS, Inc., Chicago, IL, USA). One- 
way analysis of variance (ANOVA) and student t-test was used for the 
treatment comparison. Comparisons with *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001 were considered statistically significant, the NS 
represented no significant difference. 

3. Results and discussion 

3.1. Hydrogel sponge characterization 

Before the preparation of the HA-ADP/UCS hydrogel sponge, the 
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components of HA-ADP and UCS were first synthesized and character-
ized. As shown in Table S1 and Fig. S2A, various ADP-modified HA were 
prepared via the EDC/NHS coupling reaction and confirmed by 
observing the changes in the FTIR and 1H NMR spectra. As shown in 
Fig. S2B, the FTIR spectrum of HA showed a broad peak at 3432 cm− 1 

that belongs to O–H stretching vibration, a mid-intensity peak at 1040 
cm− 1 that is assigned to the stretching vibration of C–O–C and C–O–H, 
and the peak at 2913 cm− 1 that contributes to the C–H stretching vi-
bration of the methyl or methine group of the hyaluronic acid molecule 

[30,31]. Also, from the FTIR spectrum of ADP, it was observed that there 
was a peak at 1275 cm− 1 which corresponds to the symmetric stretching 
vibration of the P=O of the phosphate group, 880 cm− 1 for P–O–P 
asymmetric stretching [31,32]. After ADP was conjugated to HA, both 
characteristic peaks of HA and ADP emerged in the FTIR spectrum of 
HA-ADP. Additionally, the appearance of the spectra at 1560 cm− 1 and 
1640 cm− 1 corresponding to the amide II band and amide I band [30, 
32], respectively, confirmed that the amide bond was introduced onto 
the HA molecules. Moreover, the modification was confirmed by 1H 

Fig. 1. HA-ADP/UCS preparation and its characterization. (A) Schematic illustration of HA-ADP/UCS hydrogel sponge preparation. (B) FTIR spectra of HA/CS, HA/ 
UCS, HA-ADP/UCS. (C) The maximum water absorption ratio of all sponges. (D) Samples’ rheological properties at the strain of 1%. (E) Samples’ images after 
preparation. (F) SEM images of samples. (G) Samples’ images before and after water absorption. (H) Contact angles of CS, UCS and as-prepared sponges. (*, p < 0.05; 
**, p < 0.01; ***, p < 0.001; ****, p < 0.0001). 
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NMR spectra, as indicated by the presence of new signals at around 2.79 
ppm (Fig. S2C), which assigns to the amide bond formation that after 
ADP conjunction [4], and also the characterization signals of ADP at 
8.33 and 8.56 ppm were also confirmed in ADP-modified HA [33]. These 
results confirmed the successful conjugation of ADP to HA. After that, 
the pro-coagulation performances of HA, various HA-ADPs, and PBS 
control for PRP were evaluated by testing the changes in optical density 
over time. As shown in Fig. S2D, HA-ADP groups showed a faster rise 
and plateau transition than the PBS control and HA groups. Addition-
ally, HA-ADP30 and HA-ADP50 showed similar trend and were both 
faster than HA-ADP10. Based on the above results, HA-ADP30 was 
selected as the hydrogel sponge crosslink. 

The UCS was prepared by covalently modifying CS with undecanal 
via sodium cyanoborohydride reduction (Table S2 and Fig. S3A). First, 
the antibacterial properties of the CS and UCS groups modified with 
different amounts of UDA were evaluated. As shown in Fig. S3D, there 
was almost no colony appearance in the ager plate after bacteria sur-
vivor re-suspending solution dropped on it in 10UCS. Due to the best 
antibacterial ability among the UCS groups, 10UCS was selected to 
synthesize the hydrogel sponge with HA-ADP. The UCS was also 
confirmed by FTIR and 1H NMR. As shown in Fig. S3B, the FTIR peaks of 
CS were observed at 3450 cm − 1 (O–H) and 3360 cm − 1 (N–H) [34]. The 
peak at 1150 cm − 1 indicates the stretching vibration of the C–O single 
bond, and the peaks at 1070 cm − 1 and 890 cm − 1 correspond to C–O–C 
symmetric stretching vibrations [35]. After CS was conjugated with 
undecanal, the peak of UCS at 2900 cm− 1 (–CH2–) was enhanced and the 
appearance of the spectra at 1275 cm− 1 corresponded to the stretching 
vibration peak of the C–N bond [2,36], indicating that CS and undecanal 
were chemically conjugated. Also, the 1H NMR spectrum of CS and UCS 
was compared (Fig. S3C), it can be confirmed that the signals were 
observed at 0.74 ppm and 1.16 ppm in the 1H NMR spectra of UCS, 
which contributes to the undecanal-tails. Additionally, because of the 
shielding of the signal of H-2 of the CS repeat-unit at 3.10 ppm, the 
signal of –CH2 linked with N cannot be observed [25]. Moreover, the 
signal of methyl (-CH3) as 1.95 ppm [37], which integral area compared 
to the H-2 of the CS repeat-unit at 3.10 ppm can reflects the changes of 
CS and UCS. The integral area ratio (-CH3/H-2) were 0.18 and 0.24 for 
CS and UCS, which means the methyl increased after UDA’s modifica-
tion. All the above results demonstrate the successful conjugation of 
undecanal to CS. 

After the successful synthesis of HA-ADP and UCS, HA-ADP/UCS was 
prepared by simply mixing a solution of 1% (w/v) HA-ADP and 1% (w/ 
v) UCS at a volume ratio of 1:1 via vigorous stirring and electronic 
interaction crosslinking (Fig. 1A). Such a process is under the environ-
mental friend condition that does not use any organic solvent or cross-
linker. The as-prepared sponges were first confirmed by FTIR (Fig. 1B). 
It can be confirmed that all the samples showed the characteristic peaks 
of CS, UCS, HA, and HA-ADP, and there was no significant difference 
between groups, which could be attributed to the overlap of parts band 
vibration. In detail, the characteristic peaks of ADP at 880 cm− 1 and 
1275 cm− 1 were overlapped with the peaks at 890 cm− 1(C–O–C) of CS 
and 1275 cm− 1(C–N) of UCS. The characteristic peaks of UCS at 2900 
cm− 1 (–CH2–) was overlapped with the peak of HA at 2913 cm− 1 for the 
C–H stretching vibration of the methyl or methine group of the hyal-
uronic acid molecule. Additionally, the contact angle test showed that 
the HA/UCS and HA-ADP/UCS exhibited more hydrophobic properties 
than HA/CS, which can relate to the components of UCS that display 
hydrophobic performance due to the conjugation of UDA (Fig. 1H). All 
the above results demonstrate the successful synthesis of the samples. 

After that, the rheological properties of all samples were assessed. 
The results showed that the storage modulus (G′) and loss modulus (G′′) 
of the hydrogels with different group conjugation as a function of fre-
quency (Fig. 1D). In detail, the G′ and G′′ of HA/UCS was higher than 
that of the other two groups, however, the G′ and G′′ of HA- ADP/UCS 
decreased after ADP introduction. All of these changes could be attrib-
uted to the following aspects: the enhancement of G′ and G′′ for HA/UCS 

and HA-ADP/UCS could be associated with the substitution of the amine 
group of CS and the carboxylic acid of HA, which could enhance the 
hydrophobic interaction between UDA groups of UCS (Fig. 1H) [36] and 
alter the density of electronic interactions between the amine group of 
CS and the carboxylic acid and diphosphate groups [14,38]. In addition, 
there were displayed clear potential changes before and after the 
modification of CS and HA (Fig. S4). Because the modification process of 
HA-ADP was replacing one carboxylic acid with two negatively charged 
phosphate groups, the number of charged groups changes could cause 
the enhancement of G′ and G′′ for HA-ADP/UCS lower than that for 
HA/UCS. The morphologies of the samples were examined. As shown in 
Fig. 1E, the images of the samples displayed a bulk state, which is 
suitable as a dressing for forming a physical barrier for application to the 
bleeding site or wounded area. Additionally, the SEM images revealed 
that each sample exhibited a three-dimensional network structure and 
porous structure that made interstitial fluid and blood more readily 
absorbed, which contributed to hemostasis (Fig. 1F). 

Effective fluid absorption from blood is a fundamental ability for a 
hemostatic material that promotes erythrocytes, fibrinogen, endogenous 
coagulation factors, and platelet concentration at the wound site [1,2]. 
As shown in Fig. S5, all samples presented the faster water absorption 
and achieved equilibrium water absorption after 8 min. Thus, the 
equilibrium water absorption capacity of the samples was evaluated 
after 10 min of soaking in DW and PBS (Fig. 1C and G). HA/CS can 
absorb 553.9% of water within 10 min of its initial weight. Comparably, 
the maximum water absorption of HA/UCS (368.54%) and 
HA-ADP/UCS (404.25%) were lower than those of HA/CS (553.94%), 
which could be related to the hydrophobic group of UCS. Moreover, the 
absorption of PBS has similar trends to that of DW. The images before 
and after water absorption of the samples showed that all the sample 
volumes were reduced and transformed their states from bulk to gel, 
which could promote blood cells adhering to the materials and shorten 
the distance between cells to aggregate. All the above results revealed 
that the as-prepared samples exhibited good water absorption, which is 
related to the following aspects: the inherent hydrophilic ability of HA 
can induce rapid water absorption, and it may also be induced by the 
various 3D porous microstructures [2]. Thus, the water absorption of the 
samples could determine the blood component concentration which can 
contribute to rapid hemostasis. 

3.2. Cytocompatibility, hemolysis, and in vitro/vivo degradation 

Biocompatibility is an essential requirement for hemostatic materials 
that can promote wound healing. Thus, the effects of the samples on cells 
were investigated via CCK8 and live/dead staining assays by using 
HUVEC and REPC as models. As presented in Fig. 2A and C, all cells 
exhibited a proliferation rate similar to that of the control group after co- 
culture with sample’ DMEM extract for 1, 4, and 7 days, and the viability 
of cells was greater than 85%. Additionally, the direct contact between 
cells and samples was also confirmed by using the live/dead assays 
(Fig. 2B and D). The results in all groups showed that the cells’ fluo-
rescence was mostly green with normal morphology and very little red, 
indicating that all cells were alive. These results suggest that the as- 
prepared samples could favor cell adhesion and proliferation, which 
can support wound healing after hemostasis. 

Inducing no or minimal hemolytic activity is an essential prerequisite 
for hemostatic material because of its direct contact with blood [39,40]. 
Thus, erythrocyte compatibility was determined by using the hemolysis 
ratio. The hemolysis ratios of all samples were lower than 5% (a 
considerable maximum level of acceptable hemocompatibility) 
(Fig. 2E), indicating that the as-prepared samples showed insignificant 
hemolytic activity. The pictures of hemoglobin released from erythro-
cytes also revealed the low hemolytic activity of the hydrogel sponges 
(Fig. 2F). All the above results showed that the samples had high blood 
compatibility. 

Wound healing includes hemostasis, inflammation, proliferation, 
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and remodeling stages [41]. To promote wound healing, the as-prepared 
samples should not only exhibit excellent biocompatibility but also be 
biodegradable for the regeneration of new tissues. As shown in Fig. 2G 
and H, the weight of all samples was gradually lost in vitro. The weight 
loss of HA/CS, HA/UCS, and HA-ADP/UCS were 69.05%, 66.67% and 
77.22%, respectively, after 7 days in vitro. In particular, the degradation 
of HA-ADP/UCS was faster than that of HA/CS. The variation in 

degradation between the groups could be attributed to the changes in 
electronic interaction [14]. The modification of HA and CS can transfer 
the carboxyl and amino groups into an amide carbon-nitrogen bond, 
which changes the electrical properties of these groups and forms hy-
drophobic interactions. The changes in the samples in vivo were also 
evaluated via histological staining assay for the experimental tissue sites 
after the set time of implantation. It revealed that sample residues that 

Fig. 2. Cytocompatibility and hemolysis test of HA/CS, HA/UCS, and HA-ADP/UCS. (A & B) Cell viability and confocal microscopy for HUVEC of control, HA/CA, 
HA/UCS, and HA-ADP/UCS. (C & D) Cell viability and confocal microscopy for REPC of control, HA/CA, HA/UCS, and HA-ADP/UCS. (E) Hemolysis assays of HA/CS, 
HA/UCS, and HA-ADP/UCS. (F) Images after hemolysis. (G) Degradation curve of HA/CS, HA/UCS and HA-ADP/UCS in vitro. (H) H & E staining of HA/CS, HA/UCS 
and HA-ADP/UCS after 30 days in vivo. (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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were stained purple-brown could be visible on the majority of sections 
after implantation for 10 days (Fig. S6). Additionally, all samples pre-
sented a few infiltration of inflammatory cells, with a mass of fibroblasts 
around the samples. After implantation for 30 days, the experimental 
tissue sites of HA-ADP/UCS were not only without the residual frag-
ments of the remaining samples but also did not have an evident path-
ological response. However, there still existed a few residual fragments 
of HA/CS and HA/UCS; the number of inflammatory cells and fibro-
blasts around them was decreased compared with before 10 days and 20 
days (Fig. S6). These results illustrate that the HA-ADP/UCS samples 
exhibited excellent degradability. 

3.3. In vitro and in vivo hemostatic performance 

To test the samples’ pro-coagulation performance, the blood clot 
index (BCI) was first tested. The absorbance value of the uncoagulated 
RBCs’ hemoglobin solution was employed to assess BCI, in which a 
minor value of BCI indicates rapid pro-coagulation ability [39]. As 
shown in Fig. 3A and C, the BCI values of all samples were lower than 
those of the blank control, indicating the excellent pro-coagulation 
performance of the as-prepared samples. However, there was no sig-
nificant difference between the groups, which could be related to 
incomplete contact between the sample and blood due to the hydro-
phobic modification of CS. Moreover, the blood clotting time (BCT) was 
assessed in vitro (Fig. 3B and D). The BCT of whole blood without any 
treatment to completely coagulate was transformed to 100%. 

Comparably, the BCT of HA/CS, HA/UCS, and HA-ADP/UCS were 
reduced to 97.81%, 96.40% and 58.94%, respectively. All the above 
results indicate that the as-prepared HA-ADP/UCS sample exhibits 
excellent pro-coagulation performance. 

Blood cell aggregation is an important factor in the primary hemo-
stasis stage [42,43]. CS and hm-CS can form an electronic interaction or 
hydrophobic interaction with the negatively charged membranes of 
blood cells, thereby inducing blood cell aggregation [14,21,23]. Thus, 
the RBC and platelet adhesion were first assessed, which revealed that 
all the samples performed excellent adhesion to RBCs and platelets. In 
particular, the quantified RBC and platelet adhesion in Fig. 4E and G 
showed that HA-ADP/UCS had the highest number of cell attachments 
compared to the other two groups. The morphologies of RBC and 
platelets on each sample were also observed by using SEM, and the re-
sults showed that RBC on HA/UCS and HA-ADP/UCS changed to an 
irregular and angular shape that was significantly different from RBC on 
HA/CS (Fig. 4F), and abundant platelet aggregates and more substantial 
platelet pseudopod formation were observed on HA-ADP/UCS 
compared to other groups (Fig. 4H). All those results could refer to the 
following respects: the protonated CS’s amine groups can form an 
electrostatic interaction with the negatively-charged blood cell mem-
branes and also UDA modified CS residues can anchor the hydrophobes 
of UCS into the hydrophobic interiors of blood cell membranes [2,25], 
causing strong hemagglutination. 

Blood cell activation is another crucial element for cell plug forma-
tion in primary hemostasis [42], especially for platelet activation in the 

Fig. 3. The pro-coagulation performance of samples. (A) Blood clotting index of control, HA/CS, HA/UCS, and HA-ADP/UCS. (B)Whole blood coagulation time of 
control and test samples. (C)The images of samples before and after the BCI test. (D) The images of samples after whole blood coagulation. (**, p < 0.001; ***, p 
< 0.001). 
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Fig. 4. Blood cells adhesion characterization. (A) Schematic illustration of HA-ADP activates platelet mechanism. (B) Coagulation time of PRP treated with different 
samples. (C) Coagulation time of PPP. (D) Coagulation time of PRP pretreated with prasugrel. (E&G) RBC and platelet adhesion rate of control and samples. (F&H) 
Morphologies of RBC and platelet adhered to different samples by SEM. (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). 
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spontaneous primary stage of hemostasis. The previous hypothesis was 
that the ADP-modified HA posed the same potential to activate platelets 
to promote platelet dense granule formation and accelerate hemostasis. 
Thus, the influence of the as-prepared samples on PRP coagulation time 
was assessed. The results showed that HA-ADP/UCS had the shortest 
time compared to HA/CS and HA/UCS (Fig. 4B). Moreover, the PPP 
coagulation time was assessed. Comparably, the samples treated groups 
possessed a shorter time than that of the blank control, and there was no 
significant difference between the groups (Fig. 4C). Also, the coagula-
tion time of prasugrel, an irreversible inhibitor for the G protein-coupled 
receptor of P2Y12 that can bind with ADP to active platelet [19], treated 
PRP was also tested. It can be confirmed that HA-ADP/UCS coagulation 
time has almost no shorter time than that of HA/CS and HA/UCS 
(Fig. 4D). Additionally, the pro-coagulation performances of HA and 

HA-ADP for PRP and PPP were evaluated by testing the optical density 
changes with time. HA-ADP showed a faster rise and plateau transition 
than the PBS control and HA groups in the PRP test (Fig. S1D), and this 
trend was not observed in the PPP test (Fig. S7). All the above results 
revealed that ADP-modified HA can activate platelets via the P2Y12 
receptor, which accelerates hemostasis (Fig. 4A). Meanwhile, the 
negatively charged group of HA or HA-ADP specifically activated the 
contact pathway that facilitates the coagulation cascade, which could 
provide positive feedback support for promoting coagulation. 

Based on the in vitro hemostasis performance, the hemostasis capa-
bility of the as-prepared samples in a real wound was also assessed 
through rat-tail amputation and rat femoral artery injury model, CELOX, 
and gelatin sponge (GS) were used as controls. For rat-tail amputation, 
half of the rat tail was cut and treated with various samples (Fig. 5A). 

Fig. 5. In vivo hemostasis performance of samples. (A) Schematic illustration and images of rat-tail amputation hemostasis model. (B) Schematic illustration and 
images of rat artery injury hemostasis model. (C) Schematic illustration of HA-ADP/UCS internal hemostasis process. (D & E) Hemostasis time and blood loss from 
bleeding rat tails. (F & G) Hemostasis time and blood loss from rat bleeding arteries. (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). 
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The results of hemostatic time and blood loss showed that the HA-ADP/ 
UCS group not only had the shortest hemostatic time but also possessed 
minimum blood loss, which is also superior to that of the commercially 
available CELOX and GS (Fig. 5D and E). In particular, the hemostatic 
time was shortened from 230 s in the blank group to 112 s in HA/CS, 86 s 

in HA/UCS and 46 s in HA-ADP/UCS; and the blood loss decreased from 
1116 mg in the blank group to 57 mg in HA/CS, 59 mg in HA/UCS and 
35 mg in HA-ADP/UCA, respectively. The effects of various samples on 
blood clotting time and blood loss weight were also evaluated in the 
femoral artery injury experiment (Fig. 5 B, F, G, and Movie S1). 

Fig. 6. In vivo antibacterial performance of samples. (A) Schematic illustration of antibacterial property of HA-ADP/UCS hydrogel sponge. (B) Bacteria survivor 
resuspending solution dropped on agar plate after 24 h. (C) Statistical results of antibacterial properties. (D) Morphologies of bacteria on samples surface by SEM 
(10000 × and 20000 × ). (*, p < 0.05; **, p < 0.01). 
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Comparably, the as-prepared HA-ADP/UCS took the shortest time to 
complete cessation of bleeding (59 s) and led to the least blood loss (170 
mg), which was also better than that of commercial CELOX, GS and 
other samples. These results suggest that HA-ADP/UCS has the superior 
pro-coagulation ability both in vitro and in vivo. 

The mechanism of the hemostatic performance of the sponges is 
related to their unique physicochemical properties. The bulk state of the 
materials can prevent blood loss from the wounded area by forming a 
physical barrier, and the porous structure of the materials provides high 
surface area and large volume for wound exudes absorbance and blood 
component adhesion. The wound exudes absorbance can extract fluid in 
the blood that concentrates blood cells, proteins, and other active in-
gredients [44], simultaneously, these components could adhere to the 
surface of the materials and reinforce them through electrostatic and 
hydrophobic interactions. Meanwhile, the functional group of the ma-
terial can activate the adhered platelets and promote coagulation cas-
cades that facilitate the coagulation system in both extrinsic and 
intrinsic pathways, which eventually contribute to its prominent he-
mostatic properties (Fig. 5C). 

3.4. Antibacterial properties 

Wound infection easily occurs in a dirty environment after severe 
bleeding, which can hinder the physiological healing process and even 
lead to life-threatening complications. Thus, an ideal hemostatic mate-
rial should have antibacterial properties during its application. CS and 
its hydrophobic derivatives possess excellent antibacterial capabilities 
[23,24]. To assess the antibacterial efficacy, the as-prepared samples 
were utilized for separate co-cultures with gram-positive S. aureus, 
gram-negative E. coli, and MRSA. As shown in Fig. 6B, there was almost 
no colony appearance in the ager plate after bacteria survivor 
re-suspending solution dropped on it, indicating that more than 95.49% 
of S. aureus, E. coli and MRSA on the surface of the hydrogel sponge were 
killed (Fig. 6C). The antibacterial ability of HA/CS, HA/UCS, and 
HA-ADP/UCS were 95.49%, 99.74%, 99.55% for S. aureus, 98.63%, 
100.00%, and 99.97% for E. coli, and 97.65%, 99.89%, and 100.00% for 
MRSA. The results indicate that the antibacterial properties of HA/UCS 
and HA-ADP/UCS were better than those of HA/CS, and the enhanced 
antibacterial performance was mainly attributed to UCS, which had an 
excellent bactericidal effect compared to CS, HA, and HA-ADP (Fig. S3D 
and Fig. S8). Meanwhile, all three bacteria lost their physiological 
structure after contacting the surface of the samples (Fig. 6D), which 
revealed that the sample could destroy the cell membranes and lead to 
the nucleic acid inside to outflow and accumulation of nucleic acids 
(Fig. 6A) [23]. The excellent antibacterial properties of the samples 
could be related to the bacterial disruption abilities of CS and UCS. 

3.5. Wound healing 

In addition to hemostasis, wound healing is another problem to be 
addressed. Therefore, the samples were employed as the test group to 
assess the efficacy of treatment for infected wounds and using standard 
gauze as a control group. As shown in Fig. 7A and B, the wound area 
progressively narrowed, and the wound closure rate increased gradually 
with time. In particular, the hydrogel group showed a smaller wound 
area and higher wound closure rate on day 3 than the gauze group. With 
time, all groups’ close rates were significantly increased on day 7, and 
the HA-ADP/UCS group presented the best effect that surpassed 
approximately 20% compared to the control group. The wound healing 
differences among the groups gradually decreased, and eventually, all 
the defects were almost completely healed on day 14, which was 
consistent with reported wound healing experiments [45,46]. The re-
sults demonstrated that the HA-ADP/UCS group exhibited excellent 
properties in accelerating wound closure. For further observation of 
wound healing, histomorphology analysis of the regenerative skin tissue 
was also conducted to evaluate the therapeutic efficacy of the samples 

during the healing phases (Fig. 7C and D). On day 3 of treatment, each 
group presented an obvious defect in the epidermal and dermal struc-
tures of the skin. There was little or no collagen filling in the skin defect. 
Simultaneously, the test groups showed less infiltration of inflammatory 
cells than the control group. On day 7 of treatment, an immature, thicker 
epithelium was observed in the test group. Meanwhile, collagen grad-
ually increased in the defect site, especially in the HA-ADP/UCS group. 
After 14 days of treatment, each group showed complete epithelial and 
dermal structures, with the HA-ADP/UCS groups presenting the thinnest 
epidermis and the largest amount of newly formed blood vessels as well 
as hair follicles, which is the most normal tissue-like structure of 
remodeled tissue. Collagen filling was also observed in all the groups. 

The short length of polyphosphate-modified material can induce 
milder acute inflammation in the early stage of wound healing [31]. 
ADP is a derivative of polyphosphate that has two repeat phosphate 
units, which could also have the ability to adjust the wound site 
inflammation. Thus, the inflammatory effects of the samples were 
evaluated. The typical proinflammatory cytokines of IL6 in the early 
healing stage were characterized both in vitro and in vivo. As shown in 
Fig. 8B, HA-ADP/CUS exhibited higher IL-6 expression than HA/CS and 
HA/UCS in vitro test co-cultured with REPC for 3 days. In addition, 
immunohistochemistry staining of these samples showed the same re-
sults on day 3 (Fig. 8 A, C and D). To further observe the role of IL-6 in 
wound healing, the same tests in vivo were repeated on day 7 and day 14. 
As shown in Fig. 8 A, C and D, the positive areas of all groups were 
increased at day 7 and decreased at day 14, and the H-score continued to 
decrease. Moreover, the changes in each group during the wound period 
were compared (Fig. S9), in which the HA-ADP/UCS showed a similar 
trend as the uninfected group, while the IL-6 expression of HA/CS and 
HA/UCS increased on day 7 and remained almost unchanged thereafter. 
IL-6 has been reported to improve vascularization and collagen depo-
sition, which can accelerate the wound healing process [47]. However, 
prolonged stimulation of IL-6 affects non-healing wounds or fibrosis, 
because the inflammation phase cannot shift to the anti-inflammatory 
phase [48]. The upregulation of IL-6 in the HA-ADP/UCS group at day 
3 could decrease the inflammation phase and accelerate the wound 
healing process. After that, the timely descent of IL-6 at day 7 and 14 
could prevent the inhibition of wound healing by long-term IL-6 action. 
Additionally, there were no significant differences between the control 
and test groups in TNF-α expression in vivo (Fig. S10) and no obvious 
TNF-α expression was observed in all groups in vitro. All the above re-
sults demonstrated that HA-ADP/UCS could promote the expression of 
IL6, which could shorten the wound healing time via inflammation 
adjustment [49]. 

The excellent wound healing properties of the as-prepared samples 
could be attributed to the following reasons: the hydrogel sponges had 
the superior hemostatic characteristic of decreasing blood loss by pro-
moting the defect from forming a physical barrier and maintaining a 
moist microenvironment; additionally, the hydrophobic alkyl group 
modified CS impedes bacterial infection; and ADP modified HA can 
promote the phagocytosis of inflammatory cells and regulate the in-
flammatory response in the early healing phase, which can speed up the 
transition from the hemostasis/inflammation phase to the proliferation 
phase, and thus induce rapid wound healing. Moreover, the excellent 
cytocompatibility of the samples can promote cell migration and pro-
liferation, which also promotes skin tissue remodeling. 

4. Conclusion 

A bioinspired and biodegradable HA-ADP/UCS hydrogel sponge was 
successfully designed and crosslinked through electronic interactions. 
The as-prepared hydrogel sponge has an excellent porous structure and a 
great ability for water absorption, which can be influenced by the hy-
drophobicity of UCS. Moreover, all samples exhibited biocompatibility, 
biodegradability, antibacterial performance, and negligible hemolysis. 
Additionally, HA-ADP/UCS exhibited a considerable hemostatic 
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Fig. 7. Wound healing performance of the samples. (A) Wound close rate of the samples at set time points. (B) Wound images of various samples. (C&D) Histo-
morphology evaluation of wound regeneration at set time points, H&E staining, and Masson staining. (*, p < 0.05; **, p < 0.01). 
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performance via electrostatic and hydrophobic interactions, and water 
absorption to enhance blood component concentration and facilitate 
adhesion of these components; in particular, the adhered platelets can be 
activated by HA-ADP. In addition, HA-ADP/UCS possesses a superior 
hemostasis ability compared to commercially available CELOX and GS. 
Furthermore, HA-ADP/UCS can also promote the wound healing process 
due to its biocompatibility, biodegradability, hemostatic, and antibac-
terial effects to achieve rapid hemostasis, sterilize wound sites, and 
adjust wound inflammation reaction to provide a suitable microenvi-
ronment. We are convinced that HA-ADP/UCS would provide clinical 
hemorrhage mastery with an effective approach and has the potential 
for a commercial large-scale production application. 
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