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Hydrogel hemostatic sponges have been recognized for its effectiveness in wound treatment due to its 
excellent biocompatibility, degradability, as well as multi-facet functionalities. Current research focuses 
on optimizing the composition and structure of the sponge to enhance its therapeutic effectiveness. Here, 
we propose an adhesive hydrogel made from purely natural substances extracted from okra and Panax 
notoginseng. We utilize 3-dimensional (3D) printing technology to fabricate the hemostatic hydrogel 
scaffold, incorporating gelatin into the hydrogel and refining the mixing ratio. The interaction between 
gelatin and okra polyphenols contributes to successful injectability as well as stability of the printed 
scaffold. The okra in the scaffold exhibits favorable adhesion and hemostatic effects, and the total saponins 
of Panax notoginseng facilitate angiogenesis. Through in vitro experiments, we have substantiated the 
scaffold's excellent stability, adhesion, biocompatibility, and angiogenesis-promoting ability. Furthermore, 
in vivo experiments have demonstrated its dual functionality in rapid hemostasis and wound repair. These 
features suggest that the 3D-printed, natural substance-derived hydrogel scaffolds have valuable potential 
in wound healing and related applications.

Introduction

Millions of individuals worldwide experience skin trauma [1,2], 
and over 30% of traumatic fatalities are linked to uncontrolled 
bleeding [3–5]. While bleeding wounds represent a common-
place physiological occurrence, their treatment merits special 
attention [6–12]. Currently, a lot of methods have been developed 
for achieving rapid hemostasis, among which the use of hydrogel 
materials has demonstrated several advantages including swi� 
hemostasis [13–15], ease of use [16], and versatile morphology 
[17–20], etc. [21–24]. Hemostatic sponges can be prepared by 
selecting di�erent materials based on speci�c requirements such 
as controllable water absorption, anti-infection, and tissue adhe-
sion [25–28]. Although promising results have been achieved, 
the complex preparation steps and unde�ned biodegradability 
of synthetic polymer materials pose challenges to their practical 
use, and there is still potential for enhancement regarding bioac-
tive properties to meet the requirement for tissue regeneration 
[29–34]. �erefore, novel hemostatic sponges with better bioac-
tive properties as well as a simple preparation process are highly 
expected.

In this paper, we propose 3-dimensional (3D)-printed adhe-
sive hemostatic sponge derived from natural substances, as 
shown in Fig. 1. Natural products exhibit a wide range of func-
tions. Speci�cally, okra mucilage contains abundant polysac-
charides, including galactose, rhamnose, and galacturonic 
acid [35]. �e high polysaccharide content makes it sticky and 

renders okra gel hemostatic properties, i.e., it can form a protec-
tive layer over wounds. Additionally, okra is rich in nutrients 
such as trace elements and vitamins, some of which are essential 
for blood clotting [36–40]. Besides, Panax notoginseng sapo-
nins (PNS), a naturally occurring compound derived from the 
Panax notoginseng plant, play a pivotal role in promoting angio-
genesis and wound healing [41–46]. Alternatively, 3D printing 
technology enables rapid fabrication of hydrogel sca�olds with 
time and labor e�ciency, as well as meticulous regulation of the 
sca�old's shape and structure [47–49]. �e vision is that by 
leveraging 3D printing technology, natural bioactive hydrogel 
sponges can be constructed for hemostasis.

Here, we prepared 3D-printed okra gel-based sca�old with the 
incorporation of PNS as an adhesive hemostatic sponge. By lever-
aging the favorable rheological properties of gelatin, as well as the 
binding of gelatin to functional groups in okra [50–55], such as 
okra polyphenols, the hydrogel can be easily extruded while 
exhibiting high shape �delity a�er printing [56]. Additionally, 
PNS was loaded into the sca�old, which imparted the sca�old 
with angiogenesis-promoting and wound healing-promoting 
capabilities. Based on these properties, we demonstrated the fast 
hemostatic ability of the okra-based hydrogel sca�old in bleeding 
wounds. Additionally, the sca�old can conform and adhere well 
to irregularly shaped wounds. Furthermore, the natural sub-
stance-derived sca�old exhibited good biodegradability, allowing 
for its e�ective removal a�er use with minimized risk of second-
ary bleeding. �ese results demonstrated that the present okra 

Citation: Zhou M, Yuan T, Shang L. 3D 
Printing of Naturally Derived Adhesive 
Hemostatic Sponge. Research 
2024;7:Article 0446. https://doi.
org/10.34133/research.0446

Submitted 21 June 2024  
Accepted 17 July 2024  
Published 9 August 2024

Copyright © 2024 Minyu Zhou et al.  
Exclusive licensee Science and 
Technology Review Publishing House. 
No claim to original U.S. Government 
Works. Distributed under a Creative 
Commons Attribution License 4.0 
(CC BY 4.0).

https://doi.org/10.34133/research.0446
mailto:luoranshang@fudan.edu.cn
https://doi.org/10.34133/research.0446
https://doi.org/10.34133/research.0446
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Zhou et al. 2024 | https://doi.org/10.34133/research.0446 2

hydrogel sca�old holds great promise for achieving rapid hemo-
stasis and promoting the healing of bleeding wounds [21,57]. We 
believe that the method of 3D printing of natural bioactive hydro-
gels has great potential applications in the biomedical �eld.

Results
Okra possesses abundant mucilage. A�er freeze-drying and 
grinding it into powder, we rehydrated it with water to achieve 

a highly viscous and adhesive okra gel (Fig. 2A). We found that 
the okra gel �laments extruded from a needle showed a ten-
dency to merge (Fig. S1). �erefore, to optimize the printability, 
gelatin was employed as a supramolecular gelling agent. Gelatin 
displayed gel-to-sol transition when the temperature increased, 
as shown in Fig. 2B. Additionally, okra’s polyphenols can serve 
as cross-linking agents for gelatin. A�er combining gelatin and 
okra, we observed in infrared spectra that the amide bond peak 
near 3,300−1 shi�ed and widened, suggesting that hydrogen 
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Fig. 1. Schematic illustration of the preparation of PNS-loaded okra-gelatin gel scaffold (Gel-Okra@PNS) by 3D printing for liver hemostasis and skin wound repair. (A) Design 
of the main contents of the Gel-Okra@PNS hydrogel scaffold and the 3D printing process. (B) Hemostatic effect of Gel-Okra@PNS scaffold on a rat liver hemorrhage wound 
model. (C) Effect of Gel-Okra@PNS scaffold on promoting neovascularization and collagen deposition on bleeding wounds. (D) Legend for the above element.
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bonding may be at play (Fig. 2H). �erefore, we mixed okra pow-
der with gelatin to prepare Gel-Okra gel (Fig. 2B). Rheological 
tests were performed. As shown in Fig. 2C, the viscosity of the 
Gel-Okra gel decreased gradually with increasing shear rate. Such 
shear-thinning property can be favorable for printing. In addition, 
at higher temperatures, the gel tends to have a lower viscosity and 
�ow more easily through the printing channel. Subsequently, 
amplitude sweep tests were conducted on Gel-Okra gels (Fig. 2D). 
We found that as the strain increases, there is a crossover between 
G′ and G″, indicating the transition into a viscoelastic liquid state 
that facilitates successful injectability.

Since okra’s polyphenols can function as bioadhesives, we 
next evaluated the tissue adhesion ability of the Gel-Okra gel. 
A gel block was placed on the surface of the porcine skin. As 
shown in Fig. 2E, despite being subjected to twisting and bend-
ing, the gel retained its integrity and �rmly adhered to the 
tissue. �ese �ndings validated the e�cacy of the Gel-Okra gel 
as tissue adhesives in dynamic environments. Tensile tests were 
conducted to quantitatively evaluate the strength of the gel in 
adhering to pigskin. �e results demonstrated that the strength 
increased with increasing concentrations of okra or gelatin 
(Fig. 2F and G).
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Fig. 2. The rheological and mechanical properties of Gel-Okra gel. (A) (i) A piece of okra with the mucus. (ii) Freeze-dried okra powder. (iii) Okra gel (formed by 20 mg of okra 
powder dissolved in 100 μl of water). (iv) Strong adhesion of the okra gel. (B) (i) Gelatin remained in gelling state at 25 °C and became liquid at 37 °C. (ii) Diagram of crosslinking 
between gelatin and okra. (C) Viscosity measurements of Gel-Okra as a function of the shear rate at different temperatures. (D) Amplitude sweep tests on Gel-Okra gels with 
different concentrations of gelatin as the applied strain increased from 0.1% to 1,000% at different temperatures. (E) Photographs showing that the Gel-Okra gel adhered 
firmly to the pigskin after being twisted and bent. (F) Measuring the adhesion of Gel-Okra to pigskin by a universal testing machine. The gelatin powder concentration was 
7%. (G) Measuring the adhesion of Gel-Okra to pigskin by a universal testing machine. The okra powder concentration was 20%. (H) Fourier transform infrared spectra of 
freeze-dried powder of okra, gelatin, and Gel-Okra gel.
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Given the proper rheological and adhesion properties of the 
Gel-Okra gel, we next employed the 3D printing technique to 
fabricate Gel-Okra@PNS sca�old. Speci�cally, okra powder 
was �rst dispersed in a gelatin solution, where the polyphenols 
in okra interacted with gelatin to form a gel. Using a program-
mable 3D printing platform, hydrogel �bers were extruded 
from a capillary device with a tapered tip (Fig. S2). �e photo-
graphs of sca�olds printed with di�erent concentrations of okra 
and gelatin compositions are presented in Fig. 3A. Inadequate 
okra concentration results in a diluted solution unfavorable for 
shape formation, whereas excessive concentration elevates the 
resistance during extrusion. Additionally, insu�cient gelatin 
concentration leads to susceptibility to fusion of the printed 
�lament, whereas excessive gelatin concentration ampli�es 
resistance and impedes �ber extrusion. With this, the opti-
mized composition of the printing ink was selected as 7% gela-
tin and 20% okra, through which a well-formed sca�old can 
be printed smoothly. An optimal match between �uid �ow rate 
and printhead motion speed was employed such that the micro-
�bers were gradually stacked on a dry Petri dish to form a 3D 
sca�old (Fig. 3C). In addition, the diameter of the constituent 
�ber of the sca�old can be adjusted by tuning the capillary tube 
diameter and injection �ow rate, as shown in Fig. 3B. �e 

resulting sca�olds were then subjected to an overnight freezing 
process at −80 °C and then freeze-dried. �e scanning electron 
microscopy (SEM) images demonstrated the porous structure 
of the sca�old (Fig. 3D). �e printed sca�old also has good 
adhesion capabilities (Fig. S3).

To assess the biocompatibility of the printed sca�olds, we 
observed signi�cant proliferative behavior of 3T3 cells that were 
incubated with gelatin, Gel-Okra, and Gel-Okra@PNS sca�old 
extracts and cultured for 3 d. �e results con�rmed the bio-
compatibility of the sca�olds (Fig. 4A and E). We then assessed 
the cytotoxicity of hydrogels with varying concentrations of 
Gel-Okra@PNS and found high cell viability over the 3-d cul-
ture period (Fig. S4), demonstrating the nontoxic nature of 
Gel-Okra@PNS as the component of the sca�old. To investigate 
whether Gel-Okra@PNS sca�olds can enhance cell migration 
for human umbilical vein endothelial cells (HUVECs), we con-
ducted a standard scratch experiment. �e results indicated an 
accelerated wound closure rate in the Gel-Okra@PNS group 
compared to the other groups (Fig. 4B and F). Additionally, the 
transwell migration assay of HUVECs con�rmed that the Gel-
Okra@PNS sca�old increased cell mobility (Fig. 4C and G). 
Moreover, the release behavior of PNS from the Gel-Okra@
PNS sca�olds was investigated (Fig. S5). PNS can be gradually 
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Fig. 3. Characterization of Gel-Okra scaffolds. (A) Photographs of 3D-printed scaffolds composed of different concentrations of okra and gelatin: (i) 5% gel + 15% okra; (ii) 
15% gel + 15% okra; (iii) 10% gel + 20% okra. (B) Effect of the capillary channel diameter and flow rate on the diameter of the constituent fiber of the scaffold. (C) (i) Process 
of 3D printing of the Gel-Okra hydrogel scaffold. (ii) Photograph of a printed scaffold. (iii) Optical microscopic image of a printed Gel-Okra scaffold. (D) Scanning electron 
microscopy (SEM) images of freeze-dried Gel-Okra scaffolds at (i) top-down and (ii and iii) cross-sectional views. Scale bars, 1 cm (Cii), 500 μm (Ciii, Di, and Dii), and 50 μm (Diii).
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released from the sca�olds. We reasoned that the sustained 
release of PNS from the sca�olds can promote angiogenesis. 
To validate this, we conducted Matrigel tube formation experi-
ments, which revealed a higher number of vessel-like tubes in 
the Gel-Okra@PNS group compared to the other groups a�er 
6 h (Fig. 4D and H).

To investigate the hemostasis role of the Gel-Okra@PNS 
sca�old, we performed an in vitro coagulation test. Under nor-
mal conditions, blood typically starts to clot in 5 to 6 min (Fig. 
5A to E). �e gelatin group exhibited a slight acceleration in 
the hemostatic process, whereas the Gel-Okra and Gel-Okra@

PNS groups formed substantial blood clots in 3 and 4 min, 
respectively. Subsequently, we added 5 mg of gelatin, Gel-Okra, 
and Gel-Okra@PNS powder to tubes containing 1 ml of human 
blood specimens with the anticoagulant. �e tubes were gently 
inverted multiple times and then allowed to stand at room tem-
perature for 15 min (Fig. 5B). In the Gel-Okra and Gel-Okra@
PNS groups, a signi�cant amount of blood formed a clot at the 
bottom of the tube, indicating an intense hemagglutination 
response. Within the control group and the gelatin group, blood 
�owed freely. Signi�cant di�erences were observed among 
groups based on coagulation indices (Table S1). �e results 

Fig. 4. In vitro cell experiments of scaffolds. (A and E) Representative visuals and quantitative assessment of live/dead staining for 3T3 cultured with gelatin, Gel-Okra, and 
Gel-Okra@PNS scaffold extracts. Fluorescence is utilized to distinguish cells between live (green) and dead (red). (B and F) Illustrative visuals and quantitative analysis of 
in vitro scratch experiments on HUVECs. Dashed lines delineate the initial edges of the scratch. (C and G) Illustrative images alongside quantitative analysis of the assay of 
HUVEC transwell migration. (D and H) Representative visuals and quantification of HUVEC tube formation. The dashed circles outline the developed tubes. All scale bars 
indicate 100 μm. *P < 0.01, **P < 0.01, ***P < 0.001, and ns, not significant; compared with the Control group.
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indicated that okra has a coagulation-promoting e�ect in vitro. 
According to previous studies, the hemostatic mechanism of 
okra primarily involves platelet activation [36]. To illustrate 
this, SEM images were taken for the hydrogel sca�olds mixed 
with whole blood. Relative to the control group, where the 
platelets were resting, the platelets in the Gel-Okra@PNS group 
displayed a more irregular spiny shape, suggesting the activated 
state (Fig. 5C and D and Fig. S6) [58].

Based on this, we investigated the in vivo hemostatic capa-
bility of Gel-Okra@PNS using a standard rat liver hemorrhage 

wound model, as depicted in Fig. 6A and B. In the group of 
Gel-Okra@PNS, bleeding diminished rapidly and came to a 
complete stop, with minimal blood stains on the �lter paper. 
However, the control group experienced uncontrolled bleeding. 
Quantitative analysis revealed that the hemostasis time of Gel-
Okra@PNS and Gel-Okra was notably shorter compared to 
that of the remaining 2 groups (Fig. 6C). Additionally, the total 
blood loss in the Gel-Okra@PNS and Gel-Okra groups was 
markedly lower in the remaining 2 groups (Fig. 6D). Notably, 
the Gel-Okra@PNS group exhibited the shortest hemostasis 
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Fig. 5. The in vitro blood coagulation assays and SEM of activated platelets. (A) Images depicting clot formation over time. (B) Photos of coagulation conditions after mixing 
normal whole blood, blood sample mixed with gelatin, Gel-Okra scaffold powder, and Gel-Okra scaffold powder for 15 min. (C) SEM images of gelatin, Gel-Okra scaffold, and 
Gel-Okra@PNS scaffold mixed with whole blood at different magnifications. (D) SEM image illustrating red blood cells (red), platelets (blue), and Gel-Okra scaffold (green). 
(E) Quantitative data of the clotting time in each group. Scale bars, 25 μm (C, left) and 5 μm (C, right). *P < 0.01, **P < 0.01, ***P < 0.001, and ns, not significant; compared 
with the Control group.
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time and least blood loss among all groups, con�rming the 
synergistic coagulation e�ect of Okra and PNS.

We conducted further investigations to assess the in vivo 
wound healing capacity of Gel-Okra@PNS sca�olds using a rat 
skin wound model (Fig. S7). As shown in Fig. 7A and C, wound 
area gradually decreased in all groups over time, but the Gel-
Okra@PNS group exhibited the most e�ective wound closure 
among all groups, in sharp contrast to the phosphate-bu�ered 
saline (PBS) and gelatin groups. Tissue regeneration was fur-
ther assessed by histological analysis, as shown in hematoxylin 
and eosin (H&E) staining results, which revealed that the Gel-
Okra@PNS group exhibited thicker regeneration tissue and 
smaller wound edges compared to other groups (Fig. 7B, D, 
and E).

Masson's trichrome staining was employed to visualize 
deposition of collagen at the wound site (Fig. 8A and D). �e 
Gel-Okra@PNS and Gel-Okra groups revealed higher collagen 
deposition compared to the others. Considering the known 
role of PNS saponins in promoting angiogenesis, we performed 
immuno�uorescence staining for CD31 to assess the impact of 

the sca�old on angiogenesis. As depicted in Fig. 8B and E, the 
Gel-Okra@PNS group demonstrated the highest expression 
level of CD31. Moreover, the in�ammation marker interleu-
kin-6 (IL-6) in each group was examined. As shown in Fig. 8C 
and F, the expression in the Gel-Okra@PNS group was the low-
est. In summary, these �ndings collectively indicated that the 
Gel-Okra@PNS hydrogel sca�old has the prospective to greatly 
improve wound healing by promoting neovascularization, facili-
tating collagen deposition, and reducing in�ammation.

Discussion
In this research, we proposed a natural material hydrogel scaf-
fold (Gel-Okra@PNS) through 3D printing for rapid hemo-
stasis and promotion of wound healing. The scaffold was 
composed of okra, gelatin, and total saponins of Panax notogin-
seng. Okra has an adhesive e�ect and contains various bioactive 
components, which promote hemostasis and wound healing. 
�e addition of gelatin facilitates a smoother printing process. 
The total saponins of Panax notoginseng are beneficial to 
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Fig. 6. In vivo hemostatic ability of Gel-Okra@PNS scaffold. (A) Schematic illustration of the hemostasis of rat liver wounds using Gel-Okra@PNS. (B) Photographs showing 
liver hemostasis with different treatments in each group. (C) Hemostasis time in different groups. (D) Total blood loss (n = 4). *P < 0.01, **P < 0.01, ***P < 0.001, and ns, 
not significant; compared with the Control group. 
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angiogenesis. With these properties, the Gel-Okra@PNS scaf-
fold showed signi�cant tissue adhesion, procoagulation, cell 
migration, and tube formation, as con�rmed by in vitro experi-
ments. In in vivo experiments, we also showed procoagulant 
and rapid hemostasis functions and enhanced neovasculariza-
tion and collagen formation during wound healing. In addition, 
customized micro�uidic 3D bioprinting platforms can be fur-
ther adapted to create patient-speci�c wound dressings with 
the required geometry, composition, and functionality for 
various wound types [59–61]. �ese results validated the great 
promise of the sca�old for applications in rapid hemostasis and 
tissue repair.

However, the combination of natural materials and 3D print-
ing technology needs to pass strict preclinical and clinical test-
ing and comply with relevant medical device regulations and 
standards. Overall, greater e�orts need to be made to apply this 
hemostatic sca�old to clinical settings.

Materials and Methods

Materials
Gelatin was obtained from Shanghai Aladdin Co. Ltd., China. 
PNS was procured from Beijing Solarbio Technology Co. Ltd. 
Okra was purchased from a local vegetable market. HUVECs 
and endothelial cell medium (ECM) were acquired from 
ScienCell. Cell Counting Kit-8 (CCK-8) was acquired from 

Beyotime Biotechnology Co. Ltd. Sprague Dawley rats were 
provided by Beijing Vital River Laboratory Animal Technology 
Co. Ltd. Ultrapure water (18.2 MΩ cm−1, Millipore) was used 
throughout the experiments. All experimental protocols men-
tioned in this article have received approval from the institution 
where they are conducted (wiucas23033001).

Characterization
�e optical photographs of the sca�olds were captured by 
Olympus SZX-16. SEM (SU8010, Hitachi) was employed to 
observe the microstructure of the sca�old. �e adhesive strength 
of the gel was evaluated using an electronic universal testing 
machine (5944, Instron). A rheometer was utilized to assess the 
rheological properties of each gel sample. Fluorescence images 
were screened by Axio Vert.A1.

Preparation of Gel-Okra@PNS scaffold and 
its extract
A �uid injection chip was assembled with a glass slide and a 
cylindrical glass capillary. �e capillary was tapered with an 
ori�ce diameter of 580 to 600 μm and was �xed on a glass slide. 
�e printing feedstock was prepared by mixing okra (20% w/v), 
gelatin (7% w/v), and PNS (1 mg/ml) with deionized water. �e 
gel was injected via the chip using a programmed syringe pump 
at an appropriate �ow rate (4 ml/h). �e 3D printer was set 
to a moving speed of 3 mm/s. �e syringe outlet is heated to 

A B
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Fig. 7. In vivo wound healing capacity of Gel-Okra@PNS scaffolds. (A) Photographs of skin wounds after 11 d of different treatments and relative changes in wound area. 
(B) Hematoxylin and eosin staining images on day 11. (C) Quantitative analysis of the wound area on day 11 (n = 7). (D) Measurement of wound width at day 11 (n = 7). 
(E) Quantitative measurement of dermis thickness of wounds on the 11th day. Scale bars, 5 mm (A), 1 mm (B, left), and 100 μm (B, right). *P < 0.01, **P < 0.01, ***P < 0.001, 
and ns, not significant; compared with the Control group.
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facilitate the smooth passage of the gel through the tube. As 
the gel moves, its temperature gradually decreases. Eventually, 
the �laments emerging from the chip outlet can be collected 
and stacked in a dry Petri dish to form a sca�old. �e as-
prepared sample was frozen at −80 °C. Finally, Gel-Okra@PNS 
sca�olds were obtained through lyophilization.

In vitro drug release assays
Gel-Okra@PNS sca�olds (20 mm × 20 mm × 2 mm) were 
immersed in 2 ml pf PBS at 37 °C. PNS concentration was 
determined by measuring absorbance at 205 nm using an ultra-
violet (UV)-visible spectrophotometer. �e drug release per-
centage was calculated using the following formula: drug 
release (%) = (cumulative released drug amount/total drug 
amount) × 100%.

The adhesion strength between the skin tissue and 
Gel-Okra gel
A piece of porcine tissue was placed on a horizontal platform. 
�e surface of the gel was wetted with a PBS solution and then 

brought into contact with the skin tissue for 1 min under a 
pre-pressure of 5 N. �e pressure sensor located on the upper 
side was pulled upward at a velocity of 20 mm/min. �e stretching 
process was manually terminated when the gel separated from 
the skin tissue. �e maximum pulling force can be obtained 
from the force–displacement curve.

Rheology test
Rheological tests were conducted using a DHR-2 rotational 
rheometer. Viscosity test was measured through the shear rate 
sweep from 0.1 to 1,000 s−1. At an unchanging angular fre-
quency of 10 rad s−1, the rheological amplitude sweep tests were 
experimented with increasing applied strain increasing from 
0.1 to 1,000%.

Scaffolds' cytotoxicity evaluation
Cytotoxicity of okra gel powder was assessed using CCK-8. 
Fibroblasts (3T3) were added in 96-well plates at 1 × 103 cells 
per well. �en, it was in a cell culture incubator for 24 h subse-
quently. Cells were cultured in each group of hydrogel leachates 
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Fig. 8. Wound histopathological analyses on day 11. (A) Images depicting Masson staining of wounds in various groups. (B) Immunofluorescent staining (red fluorescence) 
for CD31. (C) Immunohistochemical staining for IL-6 (red fluorescence). (D) Measurement of collagen deposition area. (E) Quantification of CD31. (F) Expression of IL-6 in 
different groups. All scale bars are 50 μm. *P < 0.01, **P < 0.01, ***P < 0.001, and ns, not significant; compared with the Control group.
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for 1, 2, and 3 d. �e sample solution is discarded and replaced 
with a mixture of CCK-8 reagent and fresh culture medium in 
a 1:9 ratio. �e mixture was subsequently incubated in the incu-
bator for an additional 2 h. �e microplate reader was set to 
450 nm, and absorbance was measured. Each sample underwent 
testing in 4 independent cultures, and the cytotoxicity assess-
ment was repeated 3 times.

Cell scratch healing assay
HUVECs were cultured in 24-well plates of 1 × 105 cells per 
well. �en, each well is supplemented with either fresh cell 
culture medium or the leachate of each group of materials, 
followed by overnight incubation. A single scratch was utilizing 
a 200-μl pipette tip a�er a 12-h incubation. �e wells were 
washed twice with PBS to eliminate unattached cells. �en, 
leaching solution speci�c to each group of sca�olds was replaced, 
and each group was incubated individually. Images were cap-
tured at regular intervals to determine the relative migration 
area, calculated as (1 − W/W0) × 100%, where W symbolizes 
the wound area at speci�c time points and W0 symbolizes the 
wound area a�er scraping.

Transwell migration assay
HUVECs were cultured in transwell inserts with �lters of 8-μm 
pore size. Cells (1 × 104) were dropped into the upper chamber, 
while 600 μl of sca�old leachate was loaded in the lower layer, 
and the cells were continued to be cultured for 1 d. A�er the 
culture medium was discarded, the cells were �xed with an 
appropriate amount of paraformaldehyde. Cells on the upper 
surface were carefully wiped away. �e cells that moved to the 
bottom of the �lter were stained with 0.1% crystal violet, and 
pictures were taken (Nikon, Japan).

Tube formation assay
�e 24-well plate was precoated with Matrigel matrix (BD, 
USA). �en, each well was seeded with 5 × 104 HUVECs per 
well with 250 μl of culture medium. �e cells were exposed to 
various groups of sca�old leachate for a duration of 6 h and 
subsequently observed under a microscope. A�er staining with 
calcein-AM, the tube formation of HUVECs was visualized 
using a �uorescence microscope (Zeiss).

Coagulation time test
Four groups of sca�old materials were pulverized into powder 
and weighed. Dispense into each well of a 96-well plate at 5 mg 
per well. Citrated blood was transferred to an Eppendorf tube, 
followed by the addition of calcium chloride (0.1 M) at 1:9 ratio 
(calcium chloride:citrated blood). �e mixture was agitated 
using a vortex shaker for 10 s. Subsequently, 50 μl was dis-
pensed into each well of the 96-well plate, and then the plate 
was allowed to rest during the subsequent clotting process. �e 
coagulation process was interrupted by rinsing each well with 
saline every minute for a total duration of 7 min. �e wells were 
rinsed repeatedly until the solution became clear. �e �nal clot-
ting time was recorded in wells where uniform clot formation 
occurred a�er completing the test.

Investigation of platelet activation
�e mechanism of sca�olds to enhance blood coagulation via 
platelet activation was assessed by comparing the morphologi-
cal alterations of platelets when they were combined with 

gelatin, Gel-Okra sca�old, or Gel-Okra@PNS sca�old in vitro. 
Each set of sca�olds (40 mg) was incubated with 1 ml of blood 
sample for 1 min. �e samples were �xed with 4% glutaralde-
hyde for 12 h. A�er, the samples were rinsed with PBS and 
subsequently dehydrated in di�erent concentrations of ethanol 
for 5 min each time. To observe the morphological alterations 
of activated platelets, the samples used a sputter coater to coat 
with gold and then examined using SEM.

In vivo hemostasis in rat liver
Female Sprague Dawley rats were used, and the liver lobes were 
selected. A wound with a depth of 2 mm was created on the 
liver of the Sprague Dawley rat using a circular blade (Φ8 mm). 
�e hydrogel sca�old was applied to the incision, and observa-
tions were continued for 2 min.

In vivo wound healing in rats
�e 7- to 8-week-old female Sprague Dawley rats, weighing 
180 to 200 g. A 15-mm-diameter skin wound was created on 
the back of each shaved rat using surgical scissors. �e hydrogel 
sca�old was promptly applied to cover the wound. �e daily 
skin wound area was documented using a camera and then 
computed as the wound area = Wt /W0 × 100%, where Wt
represents the wound area on day t (t = 0, 3, 6, 9, and 11) and 
W0 represents the wound area immediately a�er injury. All rats 
were sacri�ced, and tissue samples were collected on day 11. 
�e histological analysis involved standard H&E and Masson’s 
staining. Immunohistochemical analysis of CD31 and IL-6 was 
also performed to evaluate vascularity and in�ammation within 
the regenerated skin tissue. Tissue examinations were carried 
out with a �uorescence microscope.

Statistical analysis
�e above data were expressed as mean ± SD. Statistical signi�-
cance between single groups was analyzed by ordinary one-way 
analysis of variance (ANOVA).

Acknowledgments
Funding: �is work was supported by the National Key Research 
and Development Program of China (2020YFA0908200) and the 
National Natural Science Foundation of China (32271383).
Author contributions: L.S. conceived the conceptualization 
and designed the experiment. M.Z. and T.Y. conducted the 
experiments and data analysis. M.Z. wrote the paper. M.Z., T.Y., 
and L.S. contributed to the scienti�c discussion of the article.
Competing interests: �e authors declare that they have no 
competing interests.

Data Availability
All data are contained in the manuscript text and Supplementary 
Materials.

Supplementary Materials
Figs. S1 to S7 
Table S1

References

 1. Peña OA, Martin P. Cellular and molecular mechanisms of 
skin wound healing. Nat Rev Mol Cell Biol. 2024;25:599–616.

https://doi.org/10.34133/research.0446


Zhou et al. 2024 | https://doi.org/10.34133/research.0446 11

2. Zhang Q, Qi C, Wang X, Zhu B, Li W, Xiao X, Fu H, Hu S, 
Zhu S, Xu W, et al. Daytime radiative cooling dressings for 
accelerating wound healing under sunlight. Nat Chem Eng. 
2024;10:301–310.

3. Yao L, Gao H, Lin Z, Dai Q, Zhu S, Li S, Liu C, Feng Q, Li Q, 
Wang G, et al. A shape memory and antibacterial cryogel with 
rapid hemostasis for noncompressible hemorrhage and wound 
healing. Chem Eng J. 2022;428:131005.

4. Sun C, Yue P, Chen R, Wu S, Ye Q, Weng Y, Liu H, Fang Y. 
Chitin-glucan composite sponge hemostat with rapid shape-
memory from Pleurotus eryngii for puncture wound. 
Carbohydr Polym. 2022;291:119553.

5. Hickman DA, Pawlowski CL, Shevitz A, Luc NF, Kim A, 
Girish A, Marks J, Ganjoo S, Huang S, Niedoba E, et al. 
Intravenous synthetic platelet (SynthoPlate) nanoconstructs 
reduce bleeding and improve ‘golden hour’ survival in a porcine 
model of traumatic arterial hemorrhage. Sci Rep. 2018;8(1):3118.

6. Jiang J-J, Gao C, Mao J-F, Yang G-Y, Huang J, Yu X-H, Tan Y, 
Zhang J-C, Zheng X-F. E�ect of endoscopic therapy and 
drug therapy on prognosis and rebleeding in patients with 
esophagogastric variceal bleeding. Sci Rep. 2024;14(1):7364.

7. Alali M, Cao C, Shin JH, Jeon G, Zeng CH, Park JH, Aljerdah S, 
Aljohani S. Preliminary report on embolization with quick-
soluble gelatin sponge particles for angiographically negative 
acute gastrointestinal bleeding. Sci Rep. 2024;14(1):6438.

8. Markiewicz-Gospodarek A, Kozioł M, Tobiasz M, Baj J, 
Radzikowska-Büchner E, Przekora A. Burn wound healing: 
Clinical complications, medical care, treatment, and dressing 
types: �e current state of knowledge for clinical practice. Int J 
Environ Res Public Health. 2022;19(3):1338.

9. He H, Zhou W, Gao J, Wang F, Wang S, Fang Y, Gao Y, 
Chen W, Zhang W, Weng Y, et al. E�cient, biosafe and 
tissue adhesive hemostatic cotton gauze with controlled 
balance of hydrophilicity and hydrophobicity. Nat Commun. 
2022;13(1):552.

 10. Zou F, Wang Y, Zheng Y, Xie Y, Zhang H, Chen J, Hussain MI, 
Meng H, Peng J. A novel bioactive polyurethane with 
controlled degradation and L-Arg release used as strong 
adhesive tissue patch for hemostasis and promoting wound 
healing. Bioact Mater. 2022;17:471–487.

 11. Chen G, Wang F, Zhang X, Shang Y, Zhao Y. Living 
microecological hydrogels for wound healing. Sci Adv. 
2023;9(21):eadg3478.

 12. Kwon JW, Savitri C, An B, Yang SW, Park K. Mesenchymal 
stem cell-derived secretomes-enriched alginate/ extracellular 
matrix hydrogel patch accelerates skin wound healing. 
Biomater Res. 2023;27(1):107.

 13. Xia X, Xu X, Wang B, Zhou D, Zhang W, Xie X, Lai H, Xue J, 
Rai A, Li Z, et al. Adhesive hemostatic hydrogel with ultrafast 
gelation arrests acute upper gastrointestinal hemorrhage in 
pigs. Adv Funct Mater. 2021;32(16):2109332.

 14. Xia L, Wang S, Jiang Z, Chi J, Yu S, Li H, Zhang Y, Li L, Zhou C, 
Liu W, et al. Hemostatic performance of chitosan-based 
hydrogel and its study on biodistribution and biodegradability 
in rats. Carbohydr Polym. 2021;264:117965.

 15. Lin X, Wang J, Wu X, Luo Y, Wang Y, Zhao Y. Marine-derived 
hydrogels for biomedical applications. Adv Funct Mater. 
2023;33(6):2211323.

 16. Ning T, Yang F, Chen D, Jia Z, Yuan R, du Z, Liu S, Yu Y, Dai X, 
Niu X, et al. Synergistically detachable microneedle dressing 
for programmed treatment of chronic wounds. Adv Healthc 
Mater. 2022;11(11):2102180.

 17. Nepal A, Tran HDN, Nguyen NT, Ta HT. Advances in haemostatic 
sponges: Characteristics and the underlying mechanisms for rapid 
haemostasis. Bioact Mater. 2023;27:231–256.

 18. Zhao X, Liang Y, Huang Y, He J, Han Y, Guo B. Physical double-
network hydrogel adhesives with rapid shape adaptability, fast 
self-healing, antioxidant and NIR/pH stimulus-responsiveness 
for multidrug-resistant bacterial infection and removable 
wound dressing. Adv Funct Mater. 2020;30(17):1910748.

 19. Wu SJ, Wu J, Kaser SJ, Roh H, Shiferaw RD, Yuk H, Zhao X. A 
3D printable tissue adhesive. Nat Commun. 2024;15(1):1215.

 20. Liu B, Li H, Meng F, Xu Z, Hao L, Yao Y, Zhu H, Wang 
C, Wu J, Bian S, et al. 4D printed hydrogel sca�old with 
swelling-sti�ening properties and programmable deformation 
for minimally invasive implantation. Nat Commun. 
2024;15(1):1587.

 21. Guo B, Dong R, Liang Y, Li M. Haemostatic materials for wound 
healing applications. Nat Rev Chem. 2021;5(10):773–791.

 22. Kang K, Ye S, Jeong C, Jeong J, Ye YS, Jeong JY, Kim YJ, Lim S, 
Kim TH, Kim KY, et al. Bionic arti�cial skin with a fully 
implantable wireless tactile sensory system for wound healing 
and restoring skin tactile function. Nat Commun. 2024;15(1):10.

 23. Zhang YS, Khademhosseini A. Advances in engineering 
hydrogels. Science. 2017;356(6337):eaaf3627.

 24. Cai L, Chen G, Wang Y, Zhao C, Shang L, Zhao Y. Boston ivy-
inspired disc-like adhesive microparticles for drug delivery. 
Research. 2021;2021:9895674.

 25. Zhang Y, Li C, Guo A, Yang Y, Nie Y, Liao J, Liu B, Zhou Y, Li L, 
Chen Z, et al. Black phosphorus boosts wet-tissue adhesion 
of composite patches by enhancing water absorption and 
mechanical properties. Nat Commun. 2024;15(1):1618.

 26. Jiang Y, Wang J, Zhang H, Chen G, Zhao Y. Bio-inspired 
natural platelet hydrogels for wound healing. Sci Bull. 
2022;67(17):1776–1784.

 27. Shan J, Che J, Song C, Zhao Y. Emerging antibacterial 
nanozymes for wound healing. Smart Med. 2023;2:e20220025.

 28. Li W, Bei Y, Pan X, Zhu J, Zhang Z, Zhang T, Liu J, Wu D, Li M, 
Wu Y, et al. Selenide-linked polydopamine-reinforced hybrid 
hydrogels with on-demand degradation and light-triggered 
nanozyme release for diabetic wound healing. Biomater Res. 
2023;27(1):49.

 29. Ito T, Otani N, Fujii K, Mori K, Eriguchi M, Koyama Y. 
Bioadhesive and biodissolvable hydrogels consisting of 
water-swellable poly (acrylic acid)/poly (vinylpyrrolidone) 
complexes. J Biomed Mater Res B Appl Biomater. 
2020;108(2):503–512.

 30. Ou W, Qiu H, Chen Z, Xu K. Biodegradable block poly 
(ester-urethane) s based on poly (3-hydroxybutyrate-
co-4-hydroxybutyrate) copolymers. Biomaterials. 
2011;32(12):3178–3188.

 31. Teodorescu M, Bercea M, Morariu S. Biomaterials of PVA and 
PVP in medical and pharmaceutical applications: Perspectives 
and challenges. Biotechnol Adv. 2019;37(1):109–131.

 32. Wyrwa R, Otto K, Voigt S, Enkelmann A, Schnabelrauch M, 
Neubert T, Schneider G. Electrospun mucosal wound 
dressings containing styptics for bleeding control. Biomater 
Adv. 2018;93:419–428.

 33. Al-Mo�y SE, Karaly AH, Sarhan WA, Azzazy HME. 
Multifunctional hemostatic PVA/chitosan sponges loaded 
with hydroxyapatite and cipro�oxacin. ACS Omega. 
2022;7(15):13210–13220.

 34. Ito T, Yamaguchi S, Soga D, Ueda K, Yoshimoto T, Koyama Y.  
Water-absorbing bioadhesive poly(acrylic acid)/

https://doi.org/10.34133/research.0446


Zhou et al. 2024 | https://doi.org/10.34133/research.0446 12

polyvinylpyrrolidone complex sponge for hemostatic agents. 
Bioengineering. 2022;9(12):755.

 35. Elkhalifa AEO, Alshammari E, Adnan M, Alcantara JC, 
Awadelkareem AM, Eltoum NE, Mehmood K, Panda BP, 
Ashraf SA. Okra (Abelmoschus esculentus) as a potential 
dietary medicine with nutraceutical importance for sustainable 
health applications. Molecules. 2021;26(3):696.

 36. Huang Y, Fan C, Liu Y, Yang L, Hu W, Liu S, Wang T, 
Shu Z, Li B, Xing M, et al. Nature-derived okra gel as 
strong hemostatic bioadhesive in human blood, liver, 
and heart trauma of rabbits and dogs. Adv Healthc Mater. 
2022;11(18):2200939.

 37. Li Q, Jiang N, Mei X, Zu Y, Li Z, Qin L, Li B. E�ects of lime 
and oxalic acid on antioxidant enzymes and active components 
of Panax notoginseng under cadmium stress. Sci Rep. 
2022;12(1):11410.

 38. Kim K, Bae ON, Koh SH, Kang S, Lim KM, Noh JY, Shin S, 
Kim I, Chung JH. High-dose vitamin C injection to cancer 
patients may promote thrombosis through procoagulant 
activation of erythrocytes. Toxicol Sci. 2015;147(2):350–359.

 39. Sami R, Li Y, Qi B, Wang S, Zhang Q, Han F, Ma Y, Jing J, 
Jiang L. HPLC analysis of water-soluble vitamins (B2, B3, 
B6, B12, and C) and fat-soluble vitamins (E, K, D, a, and 
β-carotene) of okra (Abelmoschus esculentus). J Chem. 
2014;2014:831357.

 40. Bawa SH, Badrie N. Nutrient pro�le, bioactive components, 
and functional properties of okra (Abelmoschus esculentus 
(L.) Moench). In: Watson RR, Preedy VR, editors. Fruits, 
vegetables, and herbs: Bioactive foods in health promotion. 
Cambridge (MA): Academic Press; 2016. p. 365–409.

 41. Wang X, Jia J, Niu M, Li W, Zhao Y. Living Chinese herbal 
sca�olds from micro�uidic bioprinting for wound healing. 
Research. 2023;6:0138.

 42. Zhu P, Jiang W, He S, Zhang T, Liao F, Liu D, An X, Huang X, 
Zhou N. Panax notoginseng saponins promote endothelial 
progenitor cell angiogenesis via the Wnt/β-catenin pathway. 
BMC Complement Med �er. 2021;21(1):53.

 43. Qu J, Xu N, Zhang J, Geng X, Zhang R. Panax notoginseng 
saponins and their applications in nervous system disorders: A 
narrative review. Ann Transl Med. 2020;8(22):1525.

 44. Men S-Y, Huo Q-L, Shi L, Yan Y, Yang C-C, Yu W, Liu B-Q. 
Panax notoginseng saponins promotes cutaneous wound 
healing and suppresses scar formation in mice. J Cosmet 
Dermatol. 2020;19:529–534.

 45. Yu L, Xie J, Xin N, Wang Z. Panax notoginseng saponins 
promote wound repair of anterior cruciate ligament through 
phosphorylation of PI3K, AKT and ERK. Int J Clin Exp Pathol. 
2015;8(1):441–449.

 46. Yang B-R, Cheung KK, Zhou X, Xie RF, Cheng PP, Wu S, 
Zhou ZY, Tang JY, Hoi PM, Wang YH, et al. Amelioration of 
acute myocardial infarction by saponins from �ower buds of 
Panax notoginseng via pro-angiogenesis and anti-apoptosis.  
J Ethnopharmacol. 2016;181:50–58.

 47. Li C, Cui W. 3D bioprinting of cell-laden constructs for 
regenerative medicine. Eng Regen. 2021;2:195–205.

 48. Li J, Liang D, Chen X, Sun W, Shen X. Applications of 3D 
printing in tumor treatment. Biomed Technol. 2024;5:1–13.

 49. Zhu Y, Kong B, Liu R, Zhao Y. Developing biomedical 
engineering technologies for reproductive medicine. Smart 
Med. 2022;1(1):e20220006.

 50. Fabianová J, Šlosár M, Kopta T, Vargová A, Timoracká M, 
Mezeyová I, Andrejiová A. Yield, antioxidant activity and total 
polyphenol content of okra fruits grown in Slovak Republic. 
Horticulturae. 2022;8:966.

 51. Dantas TL, Alonso Buriti FC, Florentino ER. Okra 
(Abelmoschus esculentus L.) as a potential functional 
food source of mucilage and bioactive compounds with 
technological applications and health bene�ts. Plants. 
2021;10(8):1683.

 52. Xia F, Zhong Y, Li M, Chang Q, Liao Y, Liu X, Pan R. 
Antioxidant and anti-fatigue constituents of okra. Nutrients. 
2015;7(10):8846–8858.

 53. Arapitsas P. Identi�cation and quanti�cation of polyphenolic 
compounds from okra seeds and skins. Food Chem. 
2008;110(4):1041–1045.

 54. Sengkhamparn N, Sagis LMC, de Vries R, Schols HA, 
Sajjaanantakul T, Voragen AGJ. Physicochemical properties 
of pectins from okra (Abelmoschus esculentus (L.) Moench). 
Food Hydrocoll. 2010;24(Pt B)):35–41.

 55. Zan X, Yang D, Xiao Y, Zhu Y, Chen H, Ni S, Zheng S, 
Zhu L, Shen J, Zhang X. Facile general injectable gelatin/
metal/tea polyphenol double nanonetworks remodel 
wound microenvironment and accelerate healing. Adv Sci. 
2024;11(9):2305405.

 56. Montazerian H, Sampath RR, Annabi N, Khademhosseini A, 
Weiss PS. Polyphenolic gelatin-based bioadhesives. Acct Mater 
Res. 2023;4(7):627–640.

 57. Bao L, Zhang Z, Li X, Zhang L, Tian H, Zhao M, Ye T, Cui W. 
Bacteriosynthetic degradable tranexamic acid-functionalized 
short �bers for inhibiting invisible hemorrhage. Small. 
2023;19(47):2303615.

 58. Guo Y, Wang Y, Zhao X, Li X, Wang Q, Zhong W, 
Mequanint K, Zhan R, Xing M, Luo G. Snake extract–laden 
hemostatic bioadhesive gel cross-linked by visible light. Sci 
Adv. 2021;7:eabf9635.

 59. Ai F, Liu T, Liu Y, Yang K, Liu Y, Wang W, Yuan F, 
Dong L, Xin H, Wang X. A 3D printed wound cooling system 
incorporated with injectable, adsorbable, swellable and broad 
spectrum antibacterial sca�olds for rapid hematischesis 
processing. J Mater Chem B. 2018;6(37):5940–5948.

 60. Ding X, Yu Y, Yang C, Wu D, Zhao Y. Multifunctional GO 
hybrid hydrogel sca�olds for wound healing. Research. 
2022;2022:9850743.

 61. Zhang Q, Wang X, Kuang G, Yu Y, Zhao Y. Photopolymerized 
3D printing sca�olds with Pt(IV) prodrug initiator for 
postsurgical tumor treatment. Research. 2022;2022:9784510.

https://doi.org/10.34133/research.0446



