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ABSTRACT: Uncontrolled hemorrhaging resulting from trauma, surgery, and disease-associated or drug-induced blood disorders
can cause significant morbidities and mortalities in civilian and military populations. Self-assembling peptide nanofibers are
particularly attractive due to their rapid and efficient hemostasis, biocompatibility, and wound-healing properties. In this study, we
designed two types of 12-residue peptides by using a strong fishnet-like peptide sequence and a pro-cell adhesion sequence (Arg-Gly-
Asp, RGD). The peptides are HN2-X-Ser-Phe-Cys-Phe-Lys-Phe-Glu-X-Arg-Gly-Asp-OH (where X is Pro or Tyr), which dissolve in
deionized (DI) water and form stable and transparent functional hydrogels. Transmission electron microscopy and scanning electron
microscopy demonstrated that the two peptides self-assemble into nanowebs and nanofibers, forming a fishnet-like and three-
dimensional network structure. Circular dichroism and Fourier transform infrared spectroscopy analysis demonstrated that the self-
assembled peptides mainly adopt a β-sheet structure with β-turn and α-helix as auxiliary assembly growth. 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide assay and SEM analysis showed that the cell survival rates were very good, delivering an obvious
promotion of cell proliferation of fibroblasts and hepatocytes. Importantly, in vivo hemostasis delivered that the self-assembled
peptide nanowebs and nanofibers had a good hemostatic effect on rat saphenous vein and liver bleeding, achieving 38 s faster
hemostasis, which was better than commercial “Instantaneous” hemostatic powder. Accoupling the fast hemostasis and effective
promotion of liver defect rapid repair, the peptide self-assembly strategy offers a clinically promising treatment option for life-
threatening liver bleeding and serves as a renewed impetus for the development of peptide hydrogels as effective hemostatic agents.

1. INTRODUCTION
The design and production of a topical hemostatic agent
should be convenient and adaptable to various surgical and
postoperative situations, exhibiting rapid efficacy, complete
biocompatibility, resorbability, ease of use, and cost-effective-
ness.1−4 Researchers have been exploring the use of natural
structural motifs to create nanobiomaterials for hemostasis and
tissue engineering. One promising new class of peptide self-
assembling topical hemostats, including RADA16, appears to
meet all of the desired criteria. Products such as PuraStat and
PuraBond, which contain 2.5% RADA16 formulations, have
obtained CE certification as Class III medical devices for
hemostatic use in humans.5−11 Recently, PuraSinus, a novel
2.5% aqueous RADA16 formulation, received clearance from
the FDA in 2019 as an intraoperative wound dressing designed
to promote hemostasis, prevent adhesion formation, and
enhance wound healing following nasal surgery or trauma
repair (US Food and Drug Administration, 2021).2,12

However, the nanofibers in this study exhibited unique
features of long lengths and straight alignment, allowing

them to stack together to form a porous network without the
formation of visible nanowebs.13,14 Therefore, it remains a
challenge to develop peptide-based hemostatic materials with
precisely controlled mechanical properties that can rapidly and
effectively arrest severe ongoing bleeding.

Peptide N-Pro-Ser-Phe-Cys-Phe-Lys-Phe-Glu-Pro-C has
been recently reported by Zhao et al. and others.13,15 The
peptide contains only half-sequence ionic self-complementar-
ity, along with turn-making residues of Pro at its termini, to
generate turns or bended structures. This results in self-
complementary cohesive or staggering ends that facilitate the
knitting and tethering of peptide components. The two
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structurally distinguishable elements consist of two oppositely
charged residues, Glu and Lys, which generate electrostatic
attraction in an antiparallel strand orientation. The second
element contains the key residues Phe-Cys-Phe, serving as the
hydrophobic module. At high concentrations, the half-chain
complementary peptide can form typical 3D mats or scaffolds
with fully packed peptide components. Upon sonication
disruption, these 3D mats can be broken down into a “naked
mainframe” resembling a nanoscale knitted fabric (nanowebs).
Notably, this knitted fabric can be rapidly populated by broken
fragments or small-molecule aggregates, reforming the 3D mats
through an intermediate interwoven fabric. Due to this
property, the peptide-formed hydrogel exhibits self-healing
capabilities, enabling it to rapidly stop hemorrhage within
minutes. More importantly, the presence of Pro residues at the
N and C termini is significant, as Pro lacks N−H moieties
available for hydrogen bonding due to its ring structure. This
feature often acts as a β-sheet breaker, facilitating the
formation of helical structures instead.12,13 Therefore, the
proline residue can effectively hinder β-sheet expansion and
prevent the formation of extra fibrils by disrupting the
extension of the hydrogen bonding network. Additionally, it
bends the peptide chain by forming turns, promoting interfiber
staggering and tethering, which are essential for the
stabilization of peptide structures.
Furthermore, the Arg-Gly-Asp (RGD) peptide was exten-

sively modified to enhance the speed of hemostasis and wound
recovery. This peptide targets integrin receptors on the cell
membrane, promoting cell migration and expediting the
formation of granulation tissue.16−21 In a rat liver injury
model, the application of 1% RADA16 coupled with the RGD
sequence led to more extensive wound healing after 2 weeks
compared to thermocautery control sites.2,22,23 Therefore, it is
highly desirable to incorporate the functional moieties RGD
within the hydrogel scaffold to maximize the healing efficacy of
wound blooding materials. Located at the tenth type III
repeating domain of fibronectin, RGD serves as a crucial
peptide ligand for the integrin receptor, enhancing cell
adhesion and promoting wound healing.24 It has been
established that RGD is a significant motif involved in cell
adhesion by interacting with various integrins.17,25,26 There-
fore, hemostatic materials that have been functionalized with
RGD exhibit significant potential for specifically sealing blood
flow at the site of internal injuries on demand.27,28

A series of peptide self-assembling hydrogels was reported
recently. The substance can not only have strong biocompat-
ibility but also improve body damage by intervening in a
variety of ways and has a high application prospect in various
diseases.29−32 Herein, we design two types of 12-residue
peptides (HN-X-Ser-Phe-Cys-Phe-Lys-Phe-Glu-X-Arg-Gly-
Asp-OH, where X is Pro or Tyr, P1 and P2 are shown in
Figure 1) that P1 peptide contains only half-sequence ionic
self-complementarity, along with Pro residues that promote
turns and the cell adhesion sequence RGD. Notably, the Pro
residues at the N and C termini of P1 lack N−H moieties
available for hydrogen bonding due to their ring structure,
often serving as β-sheet breakers. In this study, we conducted a
series of experiments to verify the hemostatic effect of peptide
hydrogels.

2. MATERIALS AND METHODS
2.1. Materials. The peptides were designed and synthe-

sized by Wuhan Haode Biotechnology Co., Ltd. using standard

Fmoc Solid-Phase Chemistry. The peptides were then purified
using high-performance liquid chromatography (HPLC) and
analyzed using capillary electrophoresis-electrospray mass
spectrometry (CE-ESI-MS).29,31 The amino acid sequences
of the peptides are HN-Pro-Ser-Phe-Cys-Phe-Lys-Phe-Glu-
Pro-Arg-Gly-Asp-OH (molecular weight 1429.9 Da, purity
95.93%, named as P1) and HN-Tyr-Ser-Phe-Cys-Phe-Lys-Phe-
Glu-Tyr-Arg-Gly-Asp-OH (molecular weight 1561.7 Da, purity
95.35%, named as P2). The peptide hydrogels were prepared
at a concentration of 10−15 mg/mL (1−1.5 wt %/vol) in DI
water (18.2 M, Milli-Q; Millipore) by adjusting the pH to 7.5.
The hydrogels were stored at 4 °C until further use. All other
chemical reagents used in this study were analytical grade.

The fibroblast cells (L929) and hepatocytes were procured
from Hunan Fenghui Biotechnology Co., Ltd. and were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
that was supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin. These cells were incubated in a
humidified chamber with 5% CO2 and maintained at 37 °C.
The culture media was replaced every other day. The DMEM,
live−dead assay kit, and live cell labeling kit were purchased
from Thermo Fisher Scientific. Additionally, the Cell Counting
Kit-8 (CCK-8) was acquired from Dojindo Laboratories
(Japan).
2.2. Transmission Electron Microscopy. The peptide

hydrogels were diluted 20-fold and applied directly onto
Quantifoil R1.2/1.3 holey carbon mesh on copper grids.
Images of the dried grids were captured by using a
transmission electron microscope (TEM, JEM-2010, Japan).
2.3. Scanning Electron Microscopy. The peptide

hydrogels were diluted 10-fold and then freeze-dried. To
enhance the surface conductivity, they were sputter coated
with a gold conductive layer. The specimens were imaged by
using scanning electron microscopy (SEM, Czech, TENSCAN,
MIRA3). Prior to scanning, all specimens were coated with a
conductive layer of sputtered gold to enhance the surface
conductivity. The operating voltage and current used were 20
kV and 10 mA, respectively.
2.4. Circular Dichroism. The following samples were

analyzed using circular dichroism (CD) analysis on a CD
spectrometer (Chirascan, Applied Photophysics) equipped

Figure 1. Chemical structures of two designed peptides (HN-X-Ser-
Phe-Cys-Phe-Lys-Phe-Glu-X-Arg-Gly-Asp-OH, where X is Pro or Tyr,
P1 and P2).
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with a 0.1 cm path length quartz cuvette: DI water, 0.20 mg of
P1 hydrogel, and 0.15 mg of P2 hydrogel in 350 μL of DI
water with pH at 7.5. Initial spectra were recorded at between
190 and 360 nm.
2.5. Fourier Transform Infrared Spectroscopy. The

secondary structures of the peptide hydrogels were charac-
terized by using a Fourier transform infrared (FT-IR)
spectrophotometer (Nicolet-iS50, Thermo Scientific). The
freeze-dried peptides were mounted onto a “Golden Gate”
diamond window and their spectra were acquired in the
spectral region of 800−3500 cm−1.
2.6. Cell Proliferation and Adhesiveness. The cell

proliferations of the P1 or P2 hydrogel were assessed using the
CCK-8 (Dojindo Molecular Technologies, Kumamoto, Japan)
assay. 50 μL of the P1 or P2 hydrogel was added to 96-well
plates. Prior to the cell test, the hydrogels were sterilized using
electron beam sterilization radiation followed by immersion in
PBS overnight. 100 μL of mouse fibroblast (L929) cell
suspension (with a density of 1 × 105 cells/mL) was added to
every sample, continuously incubating at 37 °C with 5% CO2.
The culture medium (DMEM with 10% FBS and 1%
penicillin/streptomycin) was changed every 2 days. The
proliferation rate of L929 cells on hydrogels was tested by a
CCK-8 assay following the manufacturer’s protocol at
scheduled time periods (days 1, 4, and 7).
For the live−dead staining assay (Dojindo Molecular

Technologies, Kumamoto, Japan), L929 cells and hepatocytes
after days 1, 4, and 7 were stained with Calcein-AM and
propidium iodide (PI), respectively, and then observed using a
confocal laser scanning microscope. Then, live cells (calcein-
AM-stained green) were distinguished from dead cells using PI
stained.
SEM observation was continued to exhibit L929 cells

culturing on the P1 and P2 hydrogels, with 4 and 7 days fixed
with 4% paraformaldehyde and dehydrated with gradient
alcohol of 50, 70, 80, 90, 95, and 100%. The dehydrated cells
on gels were sprayed gold with a thickness of approximately 5
× 10−6 cm using a Hitachi IB-2 coating unit under a vacuum of
0.1 Torr and examined through SEM observation.
2.7. In Vivo Rapid Hemostasis and Liver Injury

Healing. All experimental designs for the animal study were
reviewed and approved by the Zhejiang Chinese Medical
University Laboratory Animal Research Center (IACUC-
20210906-09). The hemostasis experiments in SD rats are
divided into two actions. Among them, one is for rapid
hemostasis of the great saphenous vein, and the other is for
rapid hemostasis and wound healing of the injured liver. For
rapid hemostasis of the great saphenous vein, eight male SD
rats (200−250 g) were taken and performed with 1%
pentobarbital sodium at a dose of 30 mg/kg. Under sterile
conditions, bilateral great saphenous veins were exposed from
the inguinal approach. After separation of the great saphenous
vein, immediately press it with gauze for 3 s and then cover it
with hemostatic material. “Instantaneous” hemostatic powder
was used as the control group on the left, and P1 or P2
hydrogel was used on the right (4 rats each). No obvious active
bleeding at the broken end of the vein was used as the
hemostatic standard, and the hemostatic time of each group
was recorded, respectively.
Meanwhile, the hemostatic effect of peptide hydrogels on

hepatic incision bleeding in rats was investigated. Sixteen male
SD rats weighing 200−250 g were taken. Anesthesia was
performed with 1% pentobarbital sodium at a dose of 30 mg/

kg. Under sterile conditions, the skin, subcutaneous tissue,
fascia, and muscle layer were separated layer by layer from the
incision under the right costal margin to expose the liver.
Resection of the surface of the right liver 5 × 5 mm liver tissue
to make a model of liver bleeding. Press the gauze for 3 s and
immediately cover it with hemostatic material. In the same
way, 8 rats in the control group were treated with
“Instantaneous” hemostatic powder, and 4 rats were treated
with P1 or P2 peptide hydrogel, respectively. The hemostatic
time of each group was recorded with no active bleeding in the
liver defect area as the hemostatic standard. After 1 week of
hemostasis, SD rats with the above liver bleeding model were
killed. The hemostatic properties and injury healing of the liver
defect were observed by H&E staining.
2.8. Statistical Analysis. The statistical analysis was

conducted using IBM SPSS Statistics 20.0 (SPSS, Chicago,
IL) and Origin 8.0 (Origin Lab) software. The results are
expressed as the mean ± the standard deviation. Multiple
comparisons were performed by using a one-way analysis of
variance (ANOVA). The P-value less than 0.05 was considered
statistically significant.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of Designed

Peptide Hydrogels. In this work, we design two types of 12-
residue peptides (HN-X-Ser-Phe-Cys-Phe-Lys-Phe-Glu-X-Arg-
Gly-Asp-OH, where X is Pro or Tyr, P1 and P2 are shown in
Figure 1) that contain only half-sequence ionic self-
complementarity together with turn-making residues of Pro
and pro-cell adhesion sequences Arg-Gly-Asp (RGD). RGD
peptide, as the recognition site of the interaction between
integrin and its ligand, mediates the interactions between cells,
extracellular matrix, and cell adhesion. Phe-Lys-Phe-Glu
peptide shows a strong tendency of β-sheet structure to self-
assemble into nanofibers. Cys strengthens the cross-linking and
interaction between peptides and fibers, improves mechanical
properties and self-healing ability, and also enhances the
interaction with cells and tissues. Meanwhile, Pro residue from
P1 does not have N−H moieties available for hydrogen
bonding by virtue of its ring structure, often conducive to the
turning and connection of peptide self-assembling nanofibers
to form a complex network structure.13,15 In contrast, Tyr from
P2 is more inclined to β-sheet structure and is conducive to the
formation of linear fiber structure.

We dissolved P1 and P2 into DI water with ultrasound and
standing to find the supramolecular hydrogel formation. The
weights of P1 and P2 are 14.3 and 10.4 mg, respectively,
dissolve in DI water with the aid of ultrasound. It was found
that P1 dissolved completely after about 1 min and presented a
transparent, viscous solution. After ultrasonication for half a
minute, P1 statically completes its self-assembly into trans-
parent hydrogels. Meanwhile, P2 is still difficult to dissolve
after several minutes of ultrasound. Because Tyr is more
hydrophobic, resulting in the enhancement of the overall
hydrophobicity of the peptide, it is difficult to dissolve under
neutral conditions. Therefore, NaOH solution is slowly added
to P2 suspension until the peptide is completely dissolved at
pH about 9. Then, dilute HCl solution is added dropwise until
a small number of flocs appear, and the ultrasonic dispersion is
uniform at pH of about 7.5. After incubation for complete self-
assembly, P1 and P2 formed stable and transparent hydrogels
in several minutes, as shown in Figure 2.
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Macroscopic research showed that the peptide hydrogel had
good stability and self-healing. Under strong external force, the
hydrogels were damaged and became gelatinous. However, it
can self-heal and form complete hydrogels in 5 min. The
complete microstructures of P1 and P2 by diluted 20 times are
shown in Figure 1. The TEM image (Figure 2A−D) showed
that P1 and P2 presented different nanowebs or nanofibers.
Figure 2A,C shows the microstructure of P1 nanomaterials, as
a fishnet-like structure of nanowebs. The nanofiber size and
pore size of the nanoweb are homogeneous, with the diameter
of nanofiber about 20−40 nm and the pore size of the fishing
net about 100−300 nm. Meanwhile, Figure 2B,D shows the
microstructure of P2 nanomaterials, as a dense network
structure of nanofibers. The nanofibers are uniform with a
diameter of about 20−30 nm, and the network structures are
complex and dense. Thus, the microstructures of P1 nanowebs
and P2 nanofibers are far smaller than the size of cells. The
microstructures show it is beneficial to blocking cells and
playing a hemostatic role. The SEM image (Figure 2E−H) also
presented the microstructures of P1 and P2 self-assembling
hydrogels. As shown in Figure 2E,G, the P1 hydrogel showed
regular and dense nanofiber and nanoweb structures. The
nanofiber diameter was about 500 nm with the pore size of the
fishing net about 100−300 nm. The P2 hydrogel showed a

fiber network structure with a uniform nanofiber size of 1 μm
from Figure 2F,H. The bigger difference in the size from SEM
and TEM is the characterization, attributed to the big size of
gold particles, leading to the diameter of fiber being especially
larger.

Furthermore, we used CD and FT-IR analysis to character-
ize the secondary structure of the peptides, as shown in Figure
2. The P1 and P2 hydrogels were diluted 200 times and
dispersed to detect UV absorption from 190 to 360 nm for
investigation. For P1 solution, the negative characteristic wide
absorption band at 215 nm and the positive absorption band at
192 nm correspond to the β-sheet secondary structure in P1
nanofibers. The negative absorption band at 202 nm
corresponds to the β-turn structure in P1 nanofibers (Figure
3A). The β-turn structure may be mainly a result of the Pro
residue for turning and connection of peptide self-assembling
nanofibers into complex nanoweb structures.14,15 On the other
hand, the P2 solution showed the negative characteristic wide
absorption band at 217 nm and positive absorption band at
194 nm, corresponding to β-sheet formation in P2 nanofibers.
P2 nanofibers also show a weak α-helix secondary structure
attributed to the negative absorption band at 207 nm (Figure
3B). As shown in Figure 3C, the secondary structures in P1
and P2 hydrogels were detected by FT-IR spectroscopy. P1
and P2 hydrogels showed strong absorption in the β-sheet
secondary structure, complying with the characteristic
absorption of 1626 (amide I) and 1530 cm−1 (amide II) in
the FT-IR characteristic absorption spectrum. Meanwhile, the
P1 hydrogel shows a wide absorption peak at 1660−1698 cm−1

(amide I), delivering a β-turn secondary structure. The slope
peak at 1650−1658 cm−1 (amide I) shows that the P2
hydrogel has an α-helical secondary structure. Thus, the FT-IR
results are basically consistent with that of CD.

Peptide P1 mainly takes a β-sheet secondary structure,
orderly stacking growth of molecules through Electrostatic
action, hydrogen bond, and π−π conjugation to form
nanowebs structure. The Pro has great potential of β-turning
to the tendency of corner secondary structure, cooperating
with peptide molecular assembly to form a fishing net
nanofibers network. Therefore, as a replacement for Pro, Tyr
in peptide P2 has a weak tendency of α-helix secondary
structure without disturbing the linear nanofiber structure.
Meanwhile, Due to the existence of Cys and other amino acids,
there may be a strong interaction between nanofibers and
nanofibers network.
3.2. In Vitro Cytocompatibility of Designed Peptide

Hydrogels. To investigate the peptide hydrogels hemostasis,
it is necessary to systematically evaluate the in vitro and in vivo
biocompatibility to verify whether the material has good cell
compatibility in vitro and in vivo.33−35 Therefore, the
cytotoxicity, adhesion, and proliferation activities of peptide
hydrogels for fibroblasts are comprehensively evaluated.

P1 and P2 hydrogels were cocultured with L929 fibroblast.
After 1, 4, and 7 days, the proliferation of cells was observed by
CCK-8 methods, laser scanning confocal microscope (LSCM),
and SEM. Figure 4A shows that the CCK-8 test determined
that the survival rate of L929 fibroblast on P1 and P2 hydrogels
was very good in the cytotoxicity test, more than 100% of the
blank. As the proliferation time increased, L929 fibroblast
cultured on P1 and P2 hydrogels was obviously faster. On the
fourth day, the number of L929 cells on P1 and P2 hydrogels
was more than 5 times that of the first day. For the 7 days, the
number of L929 fibroblasts on P1 and P2 hydrogels was more

Figure 2. Peptide self-assembling hydrogels, nanowebs, and nano-
fibers. (A−D) TEM analysis of P1 and P2 self-assembling hydrogels,
nanowebs, and nanofibers; (E−H) SEM analysis of P1 and P2 self-
assembling nanowebs and nanofibers.
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than 6 times that for the first day, determining conducive cell
proliferation for P1 and P2 hydrogels (Figure 4B).
Figure 5 shows the results of LSCM. At the first day, the

L929 fibroblasts were evenly distributed on P1 and P2
hydrogels. The L929 cells morphology were round or spindle.
After the fourth day of proliferation, the L929 cells of P1 and
P2 hydrogels migrated and sprouted into a network structure.
After that, the network structure P1 or P2 hydrogels and L929
cells filled the culture dishes in 7 days, delivering the cells grew
to 100% confluence. With the increase of cell culture time, the
morphology of L929 cells on P1 and P2 hydrogels do not
change significantly and remain highly proliferation active.
Moreover, it is consistent with the above LSCM results from
the SEM results (Figure 6). After 4 days of cultivation, the
L929 cells on the P1 and P2 hydrogels migrated into network-

like structures or cell aggregation packages. After 7 days of
coculture, the L929 cells on the P1 hydrogel were basically
fulfilled, and the P2 hydrogel was easy to reach saturation.
These data show that the L929 cells grow well when cultured
with P1 and P2 hydrogels.

Besides, hepatocytes were cocultured with P1 or P2
hydrogels before the next animal wound healing. Figure 7
shows the cell adhesion and proliferation after 1, 4, and 7 days
of coculture by LSCM. The coculture of Hepatocytes and P1
or P2 hydrogel on the first day showed a normal cellular state,
with less quantity of Hepatocytes but without dead. showing a
good state in the P1 or P2 hydrogels cocultured. After 4 days
of coculture, the number of hepatocytes showed an increasing
trend in P1 and P2 hydrogels. Meanwhile, after 7 days of
coculture, the surface of P1 or P2 hydrogel is covered with the
hepatocytes with a little amount of death. So, the P1 and P2
hydrogels are good biocompatibility for rapid hemostasis and
wound healing in vivo.
3.3. In Vivo Rapid Hemostasis of Injectable Peptide

Hydrogels. Herein, we further investigated the hemostatic
effect of peptide hydrogels on bleeding of main veins and liver
incision, accoupling with wound healing of liver defect in SD
rats.35,36 It was showed that the rapid hemostatic performance
from P1 hydrogel, P2 hydrogel, and “Instantaneous”
hemostatic powder were very different (Figure 8A). P1 and
P2 hydrogels are injectable hydrogels during the animal
experimental model in SD rats. Figure 8Ai−iv demonstrated
the hemostatic effect of great saphenous vein blooding in SD
rats. The hemostatic time of P1 and P2 hydrogels were
significantly shorter than that of “instantaneous” hemostatic
powder. The fastest hemostatic time of P1 hydrogel was 26 s,
the longest was 49 s, and the average hemostatic time was
about 38 s. The fastest hemostatic time of P2 hydrogel was 28
s, the longest was 61 s, and the average hemostatic time was

Figure 3. CD spectra and FT-IR spectroscopy of self-assembling P1 and P2. (A) CD spectra of self-assembling P1. (B) CD spectra of self-
assembling P2. (C) FT-IR spectroscopy of the self-assembling P1 and P2.

Figure 4. Cytotoxicity and proliferation of L929 cells on P1 and P2
hydrogels and extracts. (A) Cytotoxicity of P1 and P2 hydrogel
extracts by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide method. The results showed P1 and P2 hydrogels could
significantly promote cell proliferation, but there was no significant
difference between them. (B) Proliferation of P1 and P2 hydrogel on
days 1, 4, and 7 by CCK-8 assay. The results showed that both P1 and
P2 hydrogels could effectively promote cell proliferation with time (p
<0.01).
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about 38 s. However, the fastest hemostatic time of
“instantaneous” hemostatic powder was 33 s, and the average
hemostatic time was 41 s in this study (Figure 8B). Figure
8Av−viii demonstrated their hemostatic effect on liver
blooding in SD rats. As shown in Figure 8Av−viii,B, the
hemostatic times of P1 and P2 hydrogels and “instantaneous”
hemostatic powder are similar for 5 × 5 mm liver bleeding.
Both of hemostatic effects are 38.5 s, achieving a 100%
hemostatic rate. Thus, the hemostatic effect of injectable
peptide hydrogels is better than that of commercialized
“instantaneous” hemostatic powder in liver blooding and
peripheral blood vessel rupture and bleeding, achieving a rapid
and good hemostatic effect.
Based on the characteristics of nanoweb structure, we

believe that self-assembling peptide nanomaterials can
effectively cover and adhere to bleeding points and

surrounding tissues and play a hemostatic role in rapid
bleeding caused by most arterial and venous rupture,
substantive organ injury, and large-area tissue defect.37,38

After 1 week of injectable hydrogel implantation, the liver
bleeding SD rats were treated with the healing of the liver
defect by H&E staining. As shown in Figure 8C, the defective
liver area was filled with peptide nanofibers with a large
number of fibroblasts, and “hepatocyte-like cells” grew in.
Meanwhile, the new tissue in the hydrogel area is grid-like and
similar to the normal liver tissue, where a large number of
quasi-circular cells similar to hepatocytes can grow. These
injectable peptide hydrogels can be well conducive to the
repair of liver tissue defects.

4. CONCLUSIONS
In this study, we design two types of 12-residue peptides (HN-
X-Ser-Phe-Cys-Phe-Lys-Phe-Glu-X-Arg-Gly-Asp-OH, where X
is Pro or Tyr, P1 and P2) that contain only half-sequence ionic

Figure 5. Proliferation of L929 cells on P1 and P2 hydrogels by on Calcein-AM/PI live-stained LSCM. (A) Proliferation of L929 cells on P1
hydrogel on days 1, 4, and 7. The results showed that the cells proliferated massively over time (A−C). (B) Proliferation of L929 cells on P2
hydrogel on days 1, 4, and 7. The results showed that the cells proliferated massively over time (D−F).

Figure 6. Proliferation of L929 cells on P1 and P2 hydrogels by SEM.
(A) Proliferation of L929 cells on P1 hydrogel on days 4 and 7. The
results showed that the cells proliferated massively over time (A and
B). (B) Proliferation of L929 cells on P2 hydrogel on days 4 and 7.
The results showed that the cells proliferated massively over time (C
and D).

Figure 7. Proliferation of Hepatocytes on P1 and P2 hydrogels by on
Calcein-AM/PI live-stained LSCM. (A) Proliferation of hepatocytes
on P1 hydrogel on days 1, 4, and 7. The results showed that the cells
proliferated massively over time. (B) Proliferation of hepatocytes on
P2 hydrogel on days 1, 4, and 7. The results showed that the cells
proliferated massively over time.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08310
ACS Omega 2024, 9, 9247−9255

9252

https://pubs.acs.org/doi/10.1021/acsomega.3c08310?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08310?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08310?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08310?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08310?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08310?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08310?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08310?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08310?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08310?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08310?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08310?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


self-complementarity together with turn-making residues of
Pro and pro-cell adhesion sequences RGD. Peptide P1 and P2
can self-assemble into nanowebs and nanofibers hydrogels in
DI water with pH at 7.5, denoting Pro residue as a β-sheet
breaker. Then, P1 and P2 hydrogels show very good
biocompatibility to L929 cells and Hepatocytes. Under in
vivo hemostasis and wound healing procedures, it demon-
strates injectable P1 and P2 hydrogels had good hemostatic
effects on SD rat saphenous vein and liver bleeding, better than
commercial “instantaneous” hemostatic powder. Meanwhile,
injectable peptide hydrogels also showed great efficacy in
promoting liver tissue regeneration. Self-assembled peptide
hydrogel plays a hemostatic role through the nanoweb or mesh
structure barrier, which can be suitable for rapid bleeding
caused by most arterial and venous rupture, substantive organ
injury, and large-area tissue defects. Peptide hemostatic
nanomaterials can have a rapid and effective hemostatic effect,
reflecting great advantages and application prospects. In the
next step, we will continue to study the hemostatic effect of
peptide nanohemostatic materials in other cell and animal
models and their intrinsic mechanism of action.
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Figure 8. In vivo hemostasis and wound healing of great saphenous vein blooding and liver in SD rats using P1 and P2 hydrogels. (A) In vivo
hemostasis of great saphenous vein blooding and liver in SD rats using P1 and P2 hydrogels. (B) In vivo hemostasis time of great saphenous vein
blooding and liver in SD rats using P1 and P2 hydrogels. The results showed that P1 and P2 hydrogels showed similar hemostatic effects in the
veins, and both were superior to “instantaneous” hemostatic powder. The results showed no significant difference in the hemostatic effect of P1 and
P2 hydrogels and “instantaneous” hemostatic powder in the liver. (C) Wound healing of liver in SD rats by using P1 (i, iii) and P2 (ii, iv)
hydrogels.
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