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A B S T R A C T   

Recently, biomacromolecules have received considerable attention in hemostatic materials. Collagen, an ideal 
candidate for hemostatic sponges due to its involvement in the clotting process, has been facing challenges in 
extraction from raw materials, which is time-consuming, expensive, and limited by cultural and religious re-
strictions associated with traditional livestock and poultry sources. To address these issues, this study explored a 
new shortcut method that using wild Halocynthia roretzi (HR), a marine fouling organism, as a raw material for 
developing HR collagen fiber sponge (HRCFs), which employed urea to disrupt hydrogen bonds between collagen 
fiber aggregates. This method simplifies traditional complex manufacturing processes while utilized marine 
waste, thus achieving dual green in terms of raw materials and manufacturing processes. FTIR results confirmed 
that the natural triple-helical structure of collagen was preserved. HRCFs exhibit a blood absorption ratio of 
2000–3500 %, attributed to their microporous structure, as demonstrated by kinetic studies following a capillary 
model. Remarkably, the cytotoxicity and hemolysis ratio of HRCFs are negligible. Furthermore, during in vivo 
hemostasis tests using rabbit ear and kidney models, HRCFs significantly reduce blood loss and shorten hemo-
stasis time compared to commercial gelatin sponge and gauze, benefiting from the capillary effect and collagen’s 
coagulation activity. This study provides new insights into the design of collagen-based hemostatic biomaterials, 
especially in terms of both raw material and green manufacturing processes.   

1. Introduction 

Uncontrolled bleeding, including severe visceral bleeding, is a 
leading cause of death in emergency situations such as warfare, traffic 
accidents, and clinical surgeries [1]. Although gauze is commonly used 
for hemostasis in first aid, its effectiveness is limited, particularly in 
cases of internal organ injury [2]. External intervention may be neces-
sary to physically hemostasis, but this can increase the risk of additional 
injury to the patient. Therefore, there is a pressing need for more 
effective hemostatic materials that can quickly and safely control severe 
bleeding. Sponges, with their highly porous, three-dimensional struc-
ture, offer a promising solution for effectively absorbing and controlling 
bleeding in emergency situations. By providing ample space for blood 

cells to attach, sponges can help to reduce the risk of additional injury to 
the patient during external intervention [3]. 

Recently, synthetic polymers, such as poly (ethylene glycol) [4] and 
poly (vinyl alcohol) [5], have gained extensive research in the devel-
opment of hemostatic sponges. However, these materials exhibit limited 
biocompatibility and insufficient biological activity [6]. Therefore, 
biomacromolecules like collagen [7], chitosan [8] and cellulose [9] have 
emerged as a promising alternative due to their wide availability, 
cost-effectiveness, biocompatibility, and biodegradability [10]. 
Collagen, as the most abundant structural protein in mammals, consti-
tutes the principal component of the extracellular matrix. A great deal of 
research has demonstrated that collagen plays a role in endogenous 
coagulation and facilitates blood clotting [11–15]. Briefly, when a blood 
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vessel ruptures, blood encounters negatively charged collagen beneath 
the skin, triggering a cascade of coagulation factors that activate the 
prothrombin complex, ultimately leading to the clot formation. In recent 
years, researchers have developed various collagen-based materials 
[16–18]. However, these kind of materials have two disadvantages: I) 
most of them are derived from terrestrial livestock and poultry such as 
cattle and swine [16], which are limited to cultural and religious con-
straints [18], as well as the risk of zoonotic diseases such as 
foot-and-mouth disease and avian influenza [16], II) the extraction of 
collagen is mostly carried out using acid-enzyme method, which suffer 
from deficiencies such as the requirement for multiple reagents, long 
cycles, and high costs [17]. 

Regarding the first deficiency, there is growing interest in alternative 
collagen sources, such as marine organisms or fish by-products [19–21]. 
For instance, Govindharaj et al. [19] successfully isolated collagen from 
discarded marine Eel skin and utilized 3D printing technology to fabri-
cate tissue engineering scaffolds. Recently, the research and develop-
ment of low-value marine fouling organism have aroused researchers’ 
concern. Wild Halocynthia roretzi (HR), a marine benthic organism, is 
composed of tunic and inner tissue, with the inner tissue rich in collagen 
[22]. These filter-feeding hermaphroditic organisms possess remarkable 
reproductive capabilities and a broad range of environmental adapt-
ability [23]. Wild HR tend to attach themselves to solid surfaces such as 
ships and fishing nets, as well as compete with shellfish and algae for 
food resources [24]. This behaviour can significantly jeopardize eco-
nomic development and ecological balance, leading to their classifica-
tion as fouling organisms or invasive species [25,26]. Currently, 
research on HR primarily focuses on the extraction of nanocellulose 
from the tunic of HR to produce medical materials [27–29]. Addition-
ally, other studies concentrate on extracting terpenoids [30] and 
astaxanthin [31] from the inner tissues of HR. As far as we know, the 
utilization of collagen in HR has rarely been reported. The rational 
development and utilization of HR not only circumvents the limitations 
of collagen derived from terrestrial livestock and poultry sources, but 
also effectively addresses waste in the marine environment, turning 
waste into valuable resources. 

Regarding the second deficiency, current research endeavours pri-
marily revolve around refining the efficiency of conventional collagen 
extraction methods [32], including the integration of ultrasound tech-
nology within the extraction process. Nonetheless, these technological 
advancements still face the challenges of complex extraction procedure 
and the requirements of multiple reagents. Considering that hydrogen 
bonds are the primary connections between collagen fibers [33], one 
possible approach for extracting micrometre-sized collagen fibers is to 
directly disrupt the hydrogen bonds between the fibers. As early as 
2004, Zhang et al. [34] successfully dissolved cellulose at low temper-
atures using a NaOH/urea aqueous solution, pioneering the technique of 
polymer low temperature dissolution. In this process, NaOH acts as an 
alkaline catalyst, facilitating the hydrolysis reaction of cellulose, while 
urea serves as a hydrogen bond disruptor, enhancing the solubility of 
cellulose. Inspired by the above work, our previous study has demon-
strated that urea can disrupt the hydrogen bonds between collagen ag-
gregates, leading to a fiber dissociation effect and thereby increasing the 
solubility of collagen in acidic environments [35]. Pei et al. [36] 
employed a NaOH/urea aqueous solution, along with freeze-thaw cycles 
and ultrasonic treatment, to extract collagen fibers from bovine tendons. 
These previous studies have indeed paved the way for novel approaches 
to collagen extraction. Nevertheless, the reliance on environmentally 
unfriendly solvents, such as acids and alkalis, persists. To achieve 
greener production, we have developed an innovative method for 
collagen extraction, where the synergistic effect of high-speed homog-
enization and urea-induced disruption of hydrogen bonds effectively 
disintegrated the collagen fibers within the inner tissue of HR. Subse-
quently, these micrometre-sized fibers were dispersed in deionized 
water and then subjected to lyophilization, resulting in the formation of 
HR collagen fiber sponge (HRCFs). This novel preparation method of 

collagen sponge completely circumvents the use of acid and alkali sol-
vents, with the only solvents involved are urea and NaCl, which can be 
recycled and reused. Moreover, this process significantly shortens the 
cycle for collagen and simplifies the preparation steps compared to 
previous methods, thus realizing a dual green from raw materials to the 
preparation process. 

In this study, a novel collagen fiber sponge as hemostatic material 
was obtained using a shortcut method with HR as the raw material. The 
structure, mechanical properties, liquid absorption capacity, and blood 
clotting ability of HRCFs were characterized. Furthermore, the hemo-
static properties of HRCFs were comprehensively investigated using 
animal experimental models. The HRCFs developed in this study not 
only provides ideas for the development of marine organisms, but also 
provides theoretical guidance and practical significance for the devel-
opment of green hemostatic materials. 

2. Materials and methods 

2.1. Materials 

Wild HRs were caught alive in shallow sea of Fujian, China. Urea, 
sodium chloride and calcium chloride are of analytical grade and pur-
chased from Aladdin Co., Ltd. (China). Gelatin hemostatic sponge 
(Gelatin) was purchased from Nanchang Hushida Medical Technology 
Co., Ltd. (China). Medical gauze (Gauze) was purchased from Jiangxi 
Zhizheng Medical Instrument Co., Ltd (China). Anticoagulated rabbit 
whole blood was purchased from Beijing Penglichi Science and Tech-
nology Co., Ltd (China). Deionized (DI) water was used for all aqueous 
samples. 

2.2. Preparation of HRCFs 

The inner tissues were obtained after removing the HR’s tunic. The 
body wall muscle tissue was obtained from the inner tissues after 
removing the stomach, intestines, and reproductive glands. The muscle 
tissue was thoroughly rinsed with DI water and chopped and then 
soaked in a NaCl solution (2 mol/L) at a ratio of 1:15 (v/v) for 12 h at 
4 ◦C to remove impurity proteins, and then rinsed 3 times with DI water. 
The filtered resultants were dispersed into different concentrations of 
urea solution (1 mg/mL, 3 mg/mL, 5 mg/mL) at a ratio of 1:10 (v/v) and 
stirred at 4 ◦C for 3 min using a homogenizer (10,000 rpm), and then 
frozen in a refrigerator for 6 h. The frozen mixture was thawed at 4 ◦C for 
10 min and then stirred for 3 min using the homogenizer (10,000 rpm). 
The HR collagen fibers were collected from the above mixture by 
filtration and rinsed 3 times with DI water. After the resultants were 
dehydrated by freeze-drying, different weights of collagen fibers were 
homogenized in the same volume of DI water. Finally, a series of HRCFs 
were obtained through freeze-drying and their names are shown in 

Table 1 
Sample names under different treatment conditions.  

Sample name Collagen content (mg/mL) Urea concentration (mg/mL) 

HR15(u1) 15 1 
HR20(u1) 20 1 
HR25(u1) 25 1 
HR30(u1) 30 1 
HR50(u1) 50 1 
HR15(u3) 15 3 
HR20(u3) 20 3 
HR25(u3) 25 3 
HR30(u3) 30 3 
HR50(u3) 50 3 
HR15(u5) 15 5 
HR20(u5) 20 5 
HR25(u5) 25 5 
HR30(u5) 30 5 
HR50(u5) 50 5  
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Table 1. During the above process, sodium chloride solution and urea 
solution were recovered and reused. 

2.3. Biodegradation experiment 

The biodegradation experiment was conducted according to the re-
ported method [37]. Briefly, preweighted HRCFs was buried 5 cm below 
the soil surface, and its weight loss over time was recorded. During this 
experiment, the mean temperature and relative humidity of the soil was 
about 25.0 ◦C and 21.0 %, respectively. The weight loss of HRCFs was 
calculated according to the formula (eqn (1)): 

Weight loss (%)=
Wa-Wb

Wa
× 100% (1)  

where Wa and Wb denote the weight of the HRCFs before and after being 
buried in the soil, respectively. 

2.4. Characterization 

Fourier-transform infrared (FTIR) spectra of HRCFs was tested in a 
FTIR spectrometer (NICOLET IS 50, USA) by the potassium bromide 
tablet method. Each spectrum was the average of 32 scans between 4000 
and 400 cm− 1 at a resolution of 4 cm− 1. The microstructure of HRCFs 
was observed by field emission scanning electron microscopy (FESEM; 
Thermo Verios G4, USA) at an accelerating voltage of 3 kV. 

2.5. Mechanical property 

The compression performance of HRCFs was measured by an elec-
tronic universal testing machine (Lishi LD22-102, China). The cylin-
drical HRCFs (15 mm in diameter and height) was compressed to 70 % 
of its original height, and the corresponding stress-strain curves were 
plotted. 

2.6. Porosity 

The porosity measurements of HRCFs were conducted using the 

Fig. 1. (a) Dissociation rationale of fibers. (b) Fabrication process of HRCFs.  
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liquid displacement method, as previously described [38]. Briefly, pre-
weighted HRCFs was fully saturated by immersion in ethanol, and the 
weight of the saturated HRCFs was recorded. The porosity was then 
calculated according to the formula (eqn (2)): 

Porosity (%) =
W1-W0

ρV
× 100% (2)  

where W0 and W1 denote the weight of the HRCFs before and after 
immersion in ethanol, respectively. The ρ represents the density of 
ethanol (0.789 g/cm3), and V is the volume of HRCFs. 

2.7. Liquid absorption ratio 

The Liquid absorption ratio of HRCFs was determined according to 
the reported method [39]. Briefly, preweighted HRCFs was submerged 
in either water or blood for 10 min, after which the weight of the 
absorbed HRCFs was recorded. The water or blood absorption ratio of 
HRCFs was calculated according to the formula (eqn (3)): 

Water or blood absorption ratio (%) =
M1-M0

M0
× 100% (3)  

where M0 and M1 denote the weight of the HRCFs before and after im-
mersion in water or blood, respectively. 

2.8. Wetting performance 

DI water was selected to measure the wetting performances of 
HRCFs. The HRCFs was cut with a size of 10 mm*10 mm*5 mm 

(length*width*height). A 5 μL of DI water was dropped onto the samples 
surface by a 30G needle. The contact angle images were recorded by 
using a contact angle device (KINO SL250, USA) with different time 
points, and the results were analysed by CAST 3.0. The HRCFs was 
placed in a petri dish filled with DI water and anticoagulated rabbit 
whole blood, and the process of the sample absorbing the liquid through 
capillary action was recorded with a video camera, and the time and 
liquid-level in the HRCFs were recorded. 

2.9. Hemostasis in vitro 

The blood clotting stability [40], blood clotting index (BCI) [41] and 
blood cell adhesion [42] of HRCFs were evaluated referring to the pre-
vious reports. The details are available in the ESI Methods section. 

2.10. Biocompatibility 

According to the previous reports, the biocompatibility of HRCFs was 
evaluated by CCK-8 assay [7], live/dead staining assay [7] and hemo-
lysis assay [44]. The details are available in the ESI Methods section. 

2.11. Hemostasis in vivo 

According to previous reports, the hemostatic effect of HRCFs was 
evaluated in rabbit ear puncture bleeding model [45], rabbit ear scratch 
bleeding model [46] and rabbit kidney scratch bleeding model [47]. The 
details are available in the ESI Methods section. The experimental sub-
jects were male New Zealand white rabbits (12–13 weeks of age, 

Fig. 2. FTIR spectra of HR15(u0), HR15(u1), HR15(u3), and HR15(u5) at wavenumbers from (a) 4000-400 cm− 1, (b) 2000-400 cm− 1, (c) FESEM images of HR15 
(u1), HR15(u3), HR15(u5), and Gelatin at different magnifications. 

C. Ding et al.                                                                                                                                                                                                                                     



Materials Today Bio 24 (2024) 100946

5

2.3–2.5 kg of weight). This study was performed in strict accordance 
with the National Institutes of Health guidelines for the care and use of 
laboratory animals (NIH Publication No. 85-23 Rev, 1985) and was 
approved by the Animal Experiment Ethics Committee of Fujian Medical 
University, Fujian, China (IACUC FJMU 2023-0266). 

2.12. Statistical analysis 

Data were analysed by a one-way ANOVA using Origin 2023 soft-
ware. Error bars indicate the mean ± standard deviation (SD) of the 
measured values (p < 0.05) and the significance of difference was set as 
p < 0.05. 

3. Results and discussion 

3.1. Design rationale and green metrics of HRCFs 

Traditional methods of collagen extraction predominantly rely on 
the acid-enzyme method, in which pre-treated collagen fibers within 
connective tissue are broken down into collagen molecules by acid and 
enzyme treatment. The collagen molecules reassemble to construct a 
collagen fiber sponge via freeze-drying. The process can be described by 
the pentadic transformation pathway of "tissue-fiber-molecule-fiber- 
sponge." However, this conventional process is characterized by its 
complexity, lengthy duration, and the use of numerous chemical re-
agents. To address these limitations, we propose a novel approach for 
the fabrication of collagen sponges using HR, a marine fouling organism, 
as raw materials. Our method involves the synergistic use of urea and 
mechanical stripping to disrupt the hydrogen bonding between collagen 
fibers within connective tissues. This disruption leads to the dissociation 
of collagen fibers into micro, enabling the production of HRCFs through 
the freeze-drying technique (Fig. 1(a)). The specific preparation process 
is depicted in Fig. 1(b), illustrating a ternary transformation pathway 
named as "tissue-microfiber-sponge" to produce collagen sponges 
(Movie S1). This innovative approach offers notable advantages over the 
acid-enzyme method, including a substantial reduction in the prepara-
tion cycle time, decreased chemical usage, and the possibility of solvent 
recycling. Notably, this method employs solely urea and sodium chlo-
ride, and impressive recovery rates of 80.44 % for urea and 91.32 % for 
sodium chloride through natural evaporation and crystallization way. 
Moreover, the HR50(u3) sample was introduced into the soil environ-
ment. Over time, the sample underwent progressive degradation 
attributed to the activity of microorganisms in the soil, ultimately 
achieving complete degradation within 15 days (Fig. S1, S2). 

3.2. Structure and characteristic 

To investigate the influence caused by urea to the collagen structure, 
infrared absorption spectra of collagen fibers treated with varying 
concentrations of urea were analysed. From the FTIR results of Fig. 2(a), 
it could be observed that HRCFs showed amide I band at 1657 cm− 1 (for 
C––O stretching vibration), amide II band at 1540 cm− 1(for N–H 
wagging vibration), and amide III band at 1238 cm− 1 (for N–H forma-
tion vibration), which are all typical characteristic peaks of collagen 
[16]. Moreover, the ratio of the amide III band intensity to that at 1450 
cm− 1 (AIII/A1450) can serve as an indicator to assess the integrity of the 
collagen triple-helix structure [48]. In Fig. 2(b) and Table S1, it can be 
seen that the AIII/A1450 ratios of all the samples remained within the 
range of 1.009–1.151. This result indicates that the treatment with urea 
does not cause disruption to the triple-helical structure of collagen. 

Fig. 2(c) depicts the micro-morphology of HRCFs treated with 
different concentrations of urea. It is evident that as the urea concen-
tration increases, the diameter of collagen fibers in HRCFs decreases. 
Moreover, the HR15(u1) sample exhibits a significant presence of 
collagen fiber aggregates with a lamellar structure, indicating a lower 
degree of collagen fiber dissociation. In contrast, the quantity of lamellar 
structure is reduced in HR15(u3), while the network structure of HR15 
(u5) primarily consists of collagen microfibers. This suggests that the 
degree of collagen fiber dissociation increases with higher urea con-
centration. The internal structure of HRCFs becomes denser with a 
decrease in voids, corresponding to an increase in collagen fiber content 
(Fig. S3). Furthermore, in Fig. 2(c), the commercial hemostatic sponge 
(Gelatin) is observed to be composed of numerous smooth lamellar 
structures, forming a honeycomb mesh structure. This configuration 
leads to poor pore-to-pore connectivity within the sponge. 

The hemostatic sponge material possesses robust mechanical prop-
erties, making it a dependable physical support, especially for 
compressive hemostasis. From Fig. 3(a), HR50(u1) exhibits lower 
compressive stress than HR50(u3), and HR50(u5) has the lowest 
compressive stress. The variations in the mechanical properties of the 
samples could be explained by the differences in their internal network 
structure (Fig. 2(c)). Specifically, at a urea concentration of 1 mg/mL, 
the lamellar collagen fiber aggregates did not dissociate sufficiently, 
resulting in a loosely arranged structure. Consequently, the sponge be-
comes more susceptible to be compressed. In contrast, under 3 mg/mL 
urea treatment, medium-diameter fibers were obtained which mutually 
reinforced with the remaining lamellar structures, enhancing the 
compression performance of network structure. However, at a urea 
concentration of 5 mg/mL, the lamellar structure predominantly disso-
ciates into unstable fine fibers, diminishing its compressive properties. 

Fig. 3. (a) Compressive stress-compressive strain curves of HR50(u1), HR50(u3) and HR50(u5). (b) Compressive stress-compressive strain curves of HR15(u3)- 
HR50(u3). 
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The compressive stress of the samples increased with increasing 
collagen content after the same urea treatment (Fig. 3(b)). This phe-
nomenon is also reflected in the compressive stress-compressive strain 
curves of HR15(u1)-HR50(u1) and HR15(u5)-HR50(u5) (Fig. S4). Since 
the mechanical properties of HR15(u3)-HR50(u3) are optimal, HR15 
(u3)-HR50(u3) was chosen as the test object in the subsequent 
experiments. 

3.3. Physical properties 

High porosity plays a crucial role in ensuring a high fluid absorption 
rate of the sponge and in creating a favourable environment for blood 
cell aggregation and adhesion. For ideal hemostatic sponges, a porosity 
greater than 60 % is desirable as it facilitates the efficient absorption of 
exudate from the wound [49]. Fig. 4(a) depicts a marginal decrease in 
sample porosity as the collagen fibers increases. However, it is note-
worthy that the porosity of HR15(u3)-HR50(u3) remains above 70 %, 
indicating their significant potential for rapid liquid absorption. 

The water absorption and blood absorption capacity of HR15(u3)- 
HR50(u3) are demonstrated in Fig. 4(b and c). These samples exhibit 
an impressive capability to absorb and retain liquid, with absorption 
capacities ranging from 20 to 30 times their own weight. Notably, the 
amount of liquid absorbed by the samples displays a gradient increase 
with the rise in collagen content. This phenomenon can be chiefly 
attributed to the structural stability of the sponges. HR50(u3), charac-
terized by an interweaving network of microfibers, forms a robust three- 
dimensional porous structure that is self-supporting and relatively sta-
ble. Conversely, HR15(u3) with lower collagen content exhibits fewer 
interconnections between fibers, making its structure susceptible to 
collapse under the influence of liquid surface tension. Fig. 4(d) shows 
the photos of HR15(u3)-HR50(u3) after absorbing blood. Notably, the 
sample with lower collagen content becomes compressed into a ball due 
to liquid surface tension, whereas the higher collagen content sample 
demonstrates enhanced resistance against liquid surface tension, main-
taining its original shape to a greater extent. Furthermore, Fig. 4(e) is the 
photos of HR50(u3) before and after absorption of DI water and blood. 

Fig. 4. (a) Porosity of HR15(u3)-HR50(u3). (b) Water absorption ratio of HR15(u3)-HR50(u3). (c) Blood absorption ratio of HR15(u3)-HR50(u3). (d) Photos of 
HR15(u3)-HR50(u3) after blood absorption. (e) Photos of HR50(u3) at initial, water absorption, and blood absorption. (f) Contact angle of HR50(u3) and its 
variation. Different letters in the bar chart indicate significant differences (p < 0.05) between samples. 

Fig. 5. The absorption height and time of HR50(u3) (a) in DI water, (b) in blood. (c) Fitted curves depicting the relationship between the height of absorbed DI water 
and blood over time. (d) Schematic of liquid-absorbing capacity for HR50(u3) and Gelatin. 
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Once again, the sample exhibits a remarkable ability to retain its 
network even after liquid absorption. 

The hydrophilicity of HR50(u3) is further demonstrated in Fig. 4(f) 
and Movie S2. Upon contact with water, HR50(u3) exhibits remarkable 
hydrophilic behaviour as droplets were instantaneously absorbed within 
0.3 s after contacting the sample surface, owing to its abundant pore 
structure and hydrophilic groups. The rapid absorption process is visu-
ally captured in Movie S2, where the initially compressed HR50(u3) is 
immersed in water and promptly absorbs the liquid. Notably, the sample 
volume swiftly expands back to its initial size. 

The processes of HR50(u3) absorbing DI water and blood are shown 
in Fig. 5(a and b) and Movie S3. The absorption behaviour of HR50(u3) 
can be described by the Washburn equation [50], which states that the 
height of liquid absorption in the capillary is dependent on time, as 
shown in the following equation: 

h2 =
r × γ × cos θ

2η × t  

where h is the height of the liquid surface, r is the average radius of the 
pores, γ is the surface tension of the liquid, θ is the contact angle of the 

liquid in the capillary, η is the viscosity of the liquid, and t is the time. To 
analyse the absorption behaviour of HR50(u3) in DI water and blood, 
the data in Fig. 5(c) were fitted with the equation h = atb. The values of a 
and b recorded for HR50(u3) during the absorption of DI water and 
blood are presented in Table S2. Notably, for DI water with lower vis-
cosity, the value of b is approximately 0.48, which is in close agreement 
with the theoretical value of 0.5. For whole blood with higher viscosity, 
the value of b is around 0.42, which is also in proximity to the theoretical 
value. These findings suggest that the internal pore structure of HR50 
(u3) closely resembles the ideal capillary model, exhibiting low resis-
tance to liquid flow within it (Fig. 5(d)). Furthermore, Gelatin did not 
exhibit capillary effect, which may be attributed to the poor connectivity 
between its internal pores (Fig. 2(c), Movie S3). 

3.4. In vitro hemostatic properties of HRCFs 

The blood clotting stability was evaluated using the mechanical 
oscillation method. As shown in Fig. 6(a), the samples were mechani-
cally oscillated in saline solution, and no structural scattering was 
observed, indicating that the blood clots formed by the samples exhibit 

Fig. 6. Blood clotting stability of HR15(u3)-HR50(u3). (b) BCI of HR15(u3)-HR50(u3). Different letters in the bar chart indicate significant differences (p < 0.05) 
between samples. (c) Coagulation effects of HRCFs observed during BCI. (d) Interactions of HR50(u3) and Gelatin with blood cells. 
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good structural stability. To further assess the coagulation performance, 
Gelatin was chosen as the control group, and the blood clot index (BCI) 
of the sample was measured (Fig. 6(b)). A higher BCI value indicates that 
fewer red blood cells entered the sample, resulting in a cloudier super-
natant. Conversely, a lower BCI value indicates better coagulation per-
formance. The BCI value of the sample gradually decreased over time 
(Fig. 6(b)). Additionally, under the same time conditions, the BCI value 
decrease gradually with an increase in the collagen content of the 
sample. This suggests that collagen fibers have a strong adhesive effect 
on platelets and can accelerate the coagulation process. In contrast, the 
BCI value of Gelatin is much higher than that of the sample, indicating 
its poor adhesion for blood cells. Fig. 6(c) depicts the coagulation effect 
of the materials during BCI determination. As the collagen content 
increased during the experiment, the colour of the DI water in the 
sample bottle became clearer. This indicates that more red blood cells 
were absorbed by the HRCFs. 

To investigate the interaction between HRCFs and blood cells, HR50 
(u3) was selected as the blood cell adhesion experimental subject and 
compared with Gelatin. As depicted in Fig. 6(d), a significant number of 
blood cells are observed adhering and aggregating inside HR50(u3), 
whereas only a few dispersed blood cells appeared on the surface of 
Gelatin. When platelets in the body are activated, they undergo 
morphological changes from a slightly convex disc shape to an irregular 
shape, with numerous irregular pseudopods appearing on the surface 
[51]. Platelets adhering to HR50(u3) display longer and more pseudo-
pods compared to Gelatin, indicating that HR50(u3) possesses the 
ability to activate platelets. 

3.5. Biocompatibility of HRCFs 

For a hemostatic material, the evaluation of biocompatibility is 
essential, involving the measurement of cytotoxicity and hemolysis as-
says in vitro. The CCK-8 assay results (Fig. 7(a)) reveals a significant 
proliferation of L929 cells within the sample group over five days. 
Furthermore, Fig. 7(b) indicates that most cells in both groups remained 
viable, with an almost negligible presence of dead cells. Additionally, 
the optical density (OD) values in the sample group closely resembled 
those of the control group, affirming the favourable cytocompatibility of 
HR50(u3). 

According to the requirements of ASTM F756-17 [52], the hemolysis 
rate of a hemostatic material should be below 5 %. Fig. 7(a) shows that 
almost all RBCs in the positive control were lysed, resulting in the 
release of haemoglobin. Conversely, the negative control exhibited 
intact RBCs. The hemolysis rates of HRCFs with varying collagen fiber 
contents are significantly below 5 %, with their corresponding super-
natants closely resembling those of the negative control samples (Fig. 7 
(b)). These results indicate that HRCFs possess reliable hemocompati-
bility as hemostatic materials. 

3.6. In vivo hemostatic properties of HRCFs 

The in vitro hemostatic properties and results of hemolysis tests 
support the potential suitability of HRCFs as an ideal material for he-
mostasis. To further evaluate their hemostatic properties, animal ex-
periments were conducted using graded bleeding volumes, including 
rabbit ear puncture, rabbit ear scratch, and rabbit kidney scratch ex-
periments. In these experiments, HR50(u3) samples were used as the 
experimental group, while Gelatin (at the same volume as HR50(u3)) 

Fig. 7. (a) Cell viability study using L929 fibroblast cells via CCK-8 assay on days 1, 3, and 5 (*p < 0.05). (b) Representative live/dead staining images of L929 
fibroblast cells on days 1, 3, and 5. (c) Hemolysis ratio of HRCFs. (d) Hemolysis effects of HRCFs observed during hemolysis test. 
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and Gauze served as control groups. The blank group consisted of ani-
mals without any treatment. Schematic diagrams of the rabbit ear 
puncture and rabbit ear scratch experiments are presented in Fig. 8(a1, 
a2). 

Fig. 8(b1, b2) shows the blood loss images of the blank group, as well 
as the control and experimental groups after hemostasis. It is evident 
that in cases of minimal bleeding, both Gauze and Gelatin are able to 
completely absorb the blood. However, the results of blood loss and 
bleeding time experiments (Fig. 8(c1)) demonstrate that the sample 
group (HR50(u3)) significantly reduce blood loss and bleeding time, 
indicating its excellent hemostatic performance. To further validate the 
hemostatic capability of the samples, gauze was placed over HR50(u3) 
and Gelatin during the rabbit ear scratching experiment (Fig. 8(a2)) to 
collect the blood that did not enter the samples. Fig. 8(c2) illustrates the 
experimental results after hemostasis. The gauze covering HR50(u3) 

exhibits minimal blood exudation, indicating its efficient fluid absorp-
tion and coagulation ability. In contrast, a substantial amount of blood 
flowed through Gelatin and was subsequently absorbed by the covering 
gauze. This result suggests that Gelatin could only absorb blood through 
physical action when faced with a significant amount of bleeding, 
thereby failing to achieve rapid hemostasis. 

Moreover, to comprehensively evaluate the hemostatic ability of the 
samples, an emergency haemorrhage-hemostasis experiment was con-
ducted on a non-compressible rabbit kidney. The schematic diagram of 
the experiment is presented in Fig. 9(a). Fig. 9(b) displays images of the 
different treatments applied to the wounds after being scratched. In the 
blank group (without any hemostatic treatment), a greater amount of 
blood flowed out within a short period of time. In the Gelatin and Gauze 
hemostasis group, more blood was still absorbed on the filter paper (15 
cm in diameter). Conversely, in the HR50(u3) treatment group, most 

Fig. 8. Schematic diagram illustrating the (a1) rabbit ear puncture hemostatic model, (a2) rabbit ear scratch hemostatic model. Hemostatic effects of control and 
sample groups observed during (b1) rabbit ear puncture experiment, (b2) rabbit ear scratch experiment. Blood loss and hemostasis time of control and sample groups 
in (c1) rabbit ear puncture experiment, (c2) rabbit ear scratch experiment. Different letters in the bar chart indicate significant differences (p < 0.05) be-
tween samples. 
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Fig. 9. (a) Schematic diagram illustrating the rabbit kidney scratch hemostatic model. (b) Hemostatic effects of HR50(u3) observed during rabbit kidney scratch 
experiment. (c) Blood loss and hemostasis time of control and sample groups in rabbit kidney scratch experiment; different letters in the bar chart indicate significant 
differences (p < 0.05) between samples. (d) Hemostatic mechanisms of HRCFs: (I) the porous structure possesses the ability to rapidly absorb blood, (II) the porous 
structure creates an optimal environment for the adhesion and accumulation of blood cells, (III) collagen stimulates platelets to release ADP and promotes platelets 
activation and aggregation, (IV) collagen plays a role in aiding and accelerating the endogenous coagulation process. 
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blood can be absorbed by sample. The results of blood loss and hemo-
stasis time (Fig. 9(c)) demonstrate that the sample-treated group 
exhibited lower blood loss compared to the blank group, and the he-
mostasis time was significantly shorter. These results indicate that HR50 
(u3) possesses excellent hemostatic ability, which could be attributed to 
the rapid liquid absorption capability (capillary effect) of HR50(u3) and 
the coagulation effect of collagen fibers. 

Hemostasis is typically achieved through two processes: physical 
hemostasis and physiological hemostasis. Physical hemostasis primarily 
relies on the porous structure of the material, while physiological he-
mostasis involves the interaction between the hemostatic material and 
platelets, as well as its direct or indirect involvement in the coagulation 
process. Based on the results of in vitro coagulation experiments and 
animal experiments, the hemostatic mechanisms for HRCFs were spec-
ulated (Fig. 9(d)). HRCFs possess a porous structure that facilitates rapid 
blood absorption through capillary effect, leading to the adhesion and 
aggregation of blood cells on the inner walls of the pores. Additionally, 
collagen can facilitate the endogenous coagulation process, thereby 
contributing to rapid hemostasis [45]. 

4. Conclusions 

In this study, a dual green strategy was developed from raw material 
to preparation process. The microfibers were obtained by breaking the 
connection between collagen fiber aggregates in inner tissues of HR and 
then transformed into highly absorbent sponges with a capillary effect 
through one-step freeze-drying. The process utilizes marine waste as raw 
materials, allows for reagent recovery and recycling, and ensures com-
plete natural degradation, aligning with sustainable development prin-
ciples. The collagen fiber sponges exhibit strong clotting ability, blood 
cell aggregation, platelet activation and ideal biocompatibility. 
Compared to commercial hemostatic materials, HRCFs significantly 
reduce blood loss and hemostasis time. This dual green strategy offers 
valuable insights for the development of environmentally friendly he-
mostatic materials. 
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