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Objective: One of the leading causes of death following traumatic injury is
exsanguination. Biological material-based hemostatic agents such as fibrin,
thrombin, and albumin have a high risk for causing infection. Synthetic
peptide-based hemostatic agents offer an attractive alternative. The objective
of this study is to explore the potential of h9e peptide as an effective hemo-
static agent in both in vitro and in vivo models.
Approach: In vitro blood coagulation kinetics in the presence of h9e peptide
was determined as a function of gelation time using a dynamic rheometer.
In vivo hemostatic effects were studied using the Wistar rat model. Results
were compared to those of the commercial hemostatic product Celox�, a
chitosan-based product. Adhesion of h9e peptide was evaluated using the
platelet adhesion test. Biocompatibility of h9e peptide was studied in vivo
using a mouse model.
Results: After h9e peptide solution was mixed with blood, gelation started
immediately, increased rapidly with time, and reached more than 100 Pa
within 3 s. Blood coagulation strength increased as h9e peptide wt% concen-
tration increased. In the rat model, h9e peptide solution at 5% weight con-
centration significantly reduced both bleeding time and blood loss,
outperforming Celox. Preliminary pathological studies indicate that h9e pep-
tide solution is biocompatible and did not have negative effects when injected
subcutaneously in a mouse model.
Innovation: For the first time, h9e peptide was found to have highly efficient
hemostatic effects by forming nanoweb-like structures, which act as a pre-
liminary thrombus and a surface to arrest bleeding 82% faster compared to the
commercial hemostatic agent Celox.
Conclusion: This study demonstrates that h9e peptide is a promising hemo-
static biomaterial, not only because of its greater hemostatic effect than
commercial product Celox but also because of its excellent biocompatibility
based on the in vivo mouse model study.
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INTRODUCTION
Exsanguination is one of the leading causes

of death in traumatic injuries.1–7 The human body
addresses bleeding by the process of hemostasis (the
coagulation cascade),8 which is not always adequate
to control the amount of bleeding during traumatic
injuries. To assist with the body’s natural process of
hemostasis, research has been conducted over the
past 40 years on hemostatic agents, several of which
have become commercially available.

Hemostatic agents stop bleeding either through
their own mechanical methods or by reinforcing
the coagulation cascade.8 Most of the hemostatic
agents currently available on the market are de-
rived from biological sources, including, but not
limited to, purified bovine serum albumin, bovine
thrombin,9,10 fibrin,11 and crustacean chitin.8 Be-
cause the components of these homeostatic agents
are obtained from biological sources, allergic reac-
tion or infection from contaminated biological sys-
tems is a common concern.8,12

Self-assembling peptides offer an attractive al-
ternative because these peptides possess the ability
to form nanofibers and/or hydrogels and have
shown promise in wound healing and hemosta-
sis.13–15 Compared with biological hemostatic
agents, synthetic peptides reduce the risk of neg-
ative immune response and infection. Charbon-
neau et al. used the ideal amphipathic peptide
(IAP), a peptide sequence composed of only lysine
and leucine residues (KLLKLL), coupled with a
biocompatible polymer hydrogel matrix surface to
form a hemostatic material.15 Their study indicated
that the use of IAP reduced bleeding time from 250 s
(negative control) to 180 s in a rabbit ear model
and was potentially safer than the commercial zeo-
lite powder agent QuikClot.15 Ruan et al. created
nanowebs using an amphiphilic peptide sequence
(N-PSFCFKFEP-C) that contains proline (P) resi-
dues at both terminals, which add turning function
of the sequence, and therefore can link peptide
components to arrest bleeding faster than both
1% chitosan solution and gauze.14 Others peptides,
such as the collagen-mimicking peptide (Pro-Lys-
Gly)4(Pro-Hyp-Gly)4(Asp-Hyp-Gly)4, also showed
improved hemostatic control.16

Among the existing peptide-based hemostatic
materials, the most popular is RADA16 (AcN-
RADARADARADARADA-CONH2).13,17,18 The
RADA16 peptide sequence is composed of alter-
nating hydrophobic and hydrophilic amino acid
residues that, in an aqueous environment, possess
the ability to form a stable b-sheet structure.17,18

Recently, Cheng et al. added tyrosine-isoleucine-
glycine-serine-arginine and glycine-arginine-glycine-

aspartic acid-serine motifs to RADA16, to improve
its functionality.13 They found that both the motif-
added version and the original RADA16 sequence
possessed the ability to induce hemostasis, with no
significant difference in effect.13 However, the
acidic isoelectronic pH of RADA16-based peptides
may cause local inflammation.13,17,18 A safer pep-
tide than RADA was designed and named T45K.
When it comes into contact with blood, T45K utilizes
the charges from amino acids to form a barrier to
block blood flow and achieve hemorrhage control
within a few seconds to a few minutes.19 However,
T45K does not adhere to or interact with blood
components, so bleeding could easily reoccur. The
formed barrier also requires pressure, stitches, or
gauze wrapping.

Recently, Sun and Huang developed a highly
biocompatible and safe peptide named h9e, which
combines two native protein domains: the b-spiral
motif of the spider flagelliform silk protein20 and
the calcium binding motif of the human muscle
protein.21 Under neutral pH at room or body tem-
perature, h9e can self-assemble into nanofibers and
then transform into a sol-gel reversible hydrogel
through shearing force such as pipetting or syring-
ing.21,22 H9e and its derived hydrogels have been
used primarily for three-dimensional cultures of
various cancer cells23–26 and secondarily for safe
in vivo delivery of drugs, antigens, and viruses.27–29

One of our earlier studies also showed that h9e
formed hydrogel when mixed with blood serum,
suggesting a hemostatic effect.23 The objective of
this study is to explore the potential of h9e as a
hemostatic agent in both in vitro and in vivo mod-
els. As study results showed, when h9e peptide
solution was mixed with blood, gelation started
immediately. Compared with the commercial he-
mostatic agent Celox� (a chitosan-based product),
h9e solution at a peptide concentration higher than
5% formed hydrogel faster in a rat model and re-
duced both bleeding time and blood loss. H9e pep-
tide solution is biocompatible and did not have
negative effects when injected subcutaneously in a
mouse model.

CLINICAL PROBLEM ADDRESSED

Hemorrhage is one of the leading causes of death
in traumatic injury. For decades, hemostatic
agents have been developed to stop bleeding. He-
mostatic agents currently available on the market
include, but are not limited to, purified bovine se-
rum albumin, bovine thrombin, fibrin, chitosan,
and gelatin-based products. These products have
low hemostatic efficiency and can cause inflam-
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mation and allergy. Although synthetic fibrin or
collagen proteins have recently been investigated
and evaluated, to date, their hemostatic function
has not been confirmed. Self-assembling peptides
offer an attractive alternative because peptides
possess the ability to form nanofibers and/or hy-
drogels and have shown promise in wound healing
and hemostasis. To date, no peptide-based hemo-
static agent is available due to either strong ad-
hesion or no adhesion or acidic pH. In this study,
we propose a novel h9e peptide that forms
nanoweb-like structures at a physiological pH and
temperature, is biocompatible, and causes no po-
tential damage to surrounding tissues.

MATERIALS AND METHODS
Materials and animals

As described in Carter,30 h9e peptide was syn-
thesized at the Biomaterials and Technology La-
boratory at Kansas State University following the
procedure by Huang et al.22 The purity of the h9e
peptide used was ‡85% as confirmed by high-
performance liquid chromatography. H9e peptide
solutions at 1%, 3%, and 5% peptide concentrations
by weight were prepared by dissolving the freeze-
dried peptide powder in 100 mM NaHCO3. Wistar
rat whole blood and Wistar rat blood components
were purchased from Innovative Research (Novi,
MI). Male Wistar rats for in vivo bleeding studies
and Friend leukemia virus B (FVB) female mice for
pathological studies were ordered from Charles
River Laboratories International (Wilmington, MA).
Moore Medical CELOX� Hemostatic Granules was

obtained from Medtrade Products Ltd. (Electra
House, Crewe, UK).

Coagulation kinetics
As described by Carter,30 time sweep dynamic

rheology was conducted on the mixture of h9e so-
lutions (at 1, 3, and 5 wt% peptide concentrations)
and Wistar rat whole blood or blood components
(serum, plasma, and red blood cells) at a mixing
ratio of 1:1 to yield final h9e concentrations of 0.5%,
1.5%, and 2.5%. Two hundred microliters of the
appropriate wt% of the h9e peptide solution was
added to 200 lL of Wistar rat whole blood or its
components in a small vial. The mixture was ho-
mogenized and immediately added to the rheome-
ter for evaluation. The elastic modulus G¢ of the
h9e/blood hydrogel was determined using a C-VOR
150 rheometer (Malvern Instruments, Malvern,
Worcestershire, UK). A plate 20 mm in diameter
was used with 1% strain and 1 Hz frequency at
37�C temperature for 30 min.

In vivo hemostatic efficiency in rat model
As described by Carter,30 similar to the method

used by Mortazavi et al., 30 rats were randomly
divided into 5 groups of 6 animals each.5 Male
Wistar rats were kept on an AIN-93 diet with free
access to water and under 12 h-light/12-h dark cy-
cles for one week. Before their tails were excised,
the rats were anesthetized and maintained with
3% isoflurane (Fig. 1, arrow A) until the eyelid
closure reflex was lost and there was no reactive
reflex in response to a toe pinch. To maintain the
rats’ appropriate body temperatures during anes-
thesia, a circulating water blanket was used at a

Figure 1. Illustration of hemorrhage in vivo experiment to determine bleeding time and amount (A 3% isoflurane; B water blanket with temperature of
41–43�C; C Rat tail; D vial containing different treatment). Color images are available online.
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temperature of 41–43�C (Fig. 1, arrow B). Follow-
ing anesthesia, animals’ tails were cut off at a
thickness of 5 mm using a pair of mortuary scissors
(Fig. 1, arrow C). The cut tail was immediately in-
serted into a small vial containing different treat-
ment (Fig. 1, arrow D). The 1st group received
topical saline solution (negative control) and the
2nd to 4th groups received topical h9e peptide so-
lutions at 1, 3, and 5 wt% concentrations, respec-
tively. The 5th group received topical application of
a commercially available hemostatic agent as a
positive control (Moore Medical CELOX Hemo-
static Granules, Medtrade Products Ltd., Electra
House). After treatment, the volume of blood loss
was measured using a scaled test tube. Bleeding
time was measured using a stopwatch. Before the
procedure was performed, the weight of each ani-
mal and the mean weight of animals used in each
testing group were recorded. At the conclusion of the
study, the rats were sacrificed using a carbon diox-
ide chamber. All animal testing was done in accor-
dance with procedures approved by the Institutional
Animal Care and Use Committee (IACUC protocol
no. 3276) at Kansas State University.

Morphological imaging
At high concentration, h9e is viscous with thick

nanofibers. Therefore, for all imaging experiments,
0.5% wt concentration of h9e was used to clearly
observe its interactions with blood components.

Transmission electron microscopy. As described
by Carter,30 the morphology of rat blood and 1%
h9e solution (1:1 ratio) with final h9e concentra-
tion of 0.5% was observed using transmission
electron microscopy (TEM). Exactly 6 mL of the
samples was placed onto a negative glow discharge
carbon-coated copper grid for 2 min. The remaining
sample was removed by blotting with a Kimwipe
(Kimberly Clark Professional, Roswell, GA). The
grid was then placed into 2% uranyl acetate for
2 min. Extra stain was removed by blotting with
tissue paper. The wet grids were allowed to air dry
for several minutes before being examined under
TEM. Samples were imaged using an FEI Technai
G2transmission electron microscope at an electron
acceleration voltage of 200 KeV. Images were cap-
tured using a standardized, normative electron
dose and a constant defocus value from the carbon-
coated surfaces.

Confocal microscopy. As described by Carter,30

10 lL of rat blood and 1% h9e solution (1:1 ratio)
with final h9e concentration of 0.5% were placed
onto a glass slide and covered with a cover slip. The

samples were observed under an Olympus spinning
disk confocal inverted microscope, and images were
captured using slide book version 5.5 (3i-Intelligent
Imaging Innovations, Inc., Tokyo, Japan).

Atomic force microscopy. As described by Car-
ter,30 morphology of rat blood and h9e solution was
observed using Innova Atomic Force Microscope
(AFM; Bruker, Camarillo, CA) in the Biomaterials
and Technology Laboratory, Department of Grain
Science and Industry, Kansas State University.
Ten microliters of rat blood and 1% h9e solution
(1:1 ratio) with final h9e concentration of 0.5% were
placed evenly on the surface of a clean mica slide.
The sample was allowed to dry on the slide for
roughly 60 s. The slide was then rinsed using
100 lL of distilled water. Rinsing was repeated 3
times. The sample was then placed in a covered
Petri dish to air dry. The microstructure images
were scanned using the contact mode with a Bur-
ker’s sharp nitride lever probe. The probe combines
the sharpness of a silicon tip with a low spring
constant of 0.12 N/m and a nominal tip radius of
*2 nm. Experiments were carried out in air at a
scan rate of 2 Hz, and a vertical deflection of 2 V
was applied. All AFM images with 512 · 512 pixels
were obtained.

Platelet adhesion test
Fresh human platelet-rich plasma (PRP) con-

taining an anticoagulant was supplied by Zen-Bio,
Inc. (Research Triangle Park, NC). The platelet
concentration of PRP was 10 · 106 platelets/mL as
counted by a hemocytometer. H9e solution with
concentration of 0%, 1%, 3%, and 5% was mixed
with a gel trigger solution (PGworks, PepGel LLC)
at a ratio of 5.25:1. The mixtures were precoated
onto a 4-well chamber slide system and set at 37�C
for 30 min. PRP was prewarmed to 37�C and added
to the 4-well chamber slide. After 120-min incuba-
tion at 37�C, the wells were washed three times with
phosphate-buffered saline (PBS) (fresh PBS each
time) with mild shaking to remove nonadherent
platelets. For scanning electron microscopy (SEM)
examination (Model 2250N; Hitachi, Japan), plate-
lets adhering to the h9e-coated surfaces were fixed
with 2.5% glutaraldehyde (Gibco Laboratories,
USA) for 20 min at room temperature. After thor-
ough washing with PBS, the platelets were freeze-
dried overnight. Platelet-attached surfaces were
gold deposited in vacuum and examined by SEM.
Platelet density on the surfaces was also estimated
by SEM. Different fields were randomly counted
and values were expressed as the average number of
adhered platelets per high-power field.
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Biocompatibility test with in vivo mouse
model

Subcutaneous injection and tissue fixation. Treat-
ment was injected subcutaneously into the mam-
mary fat pad of FVB mice. Three groups of three
animals each were used. One group received 1% of
h9e solution in PBS (200 lL per animal), one group
received PBS only (200 lL per animal), and one
group received no-injection treatment. Implanta-
tion of the h9e peptide solution was monitored for 2
weeks, and tissues were harvested on day 14.
Mammary fat pads at the inguinal region were
removed and fixed in a solution of 4% formaldehyde
and embedded into paraffin before being sectioned
into 5 lm thickness for immunohistochemistry
analysis. Husbandry of animals is conducted by the
Comparative Medical Group (CMG) at the College
of Veterinary Medicine at Kansas State University.
Animal care and use protocols were approved by
the IACUC at Kansas State University (Protocol
Number: 3643).

Immunohistochemistry. Five micron sections
were dewaxed and subjected to antigen retrieval
under low-pressure heating for 2 min in 1 M urea
for chemokine (C–C motif) ligand 2 (CCL2), 2 M
urea pH6.8 for transforming growth factor beta
(TGF-b), or 10 mM sodium citrate pH 6.0 for all
other antigens. Endogenous peroxidases were
quenched by incubation in a PBS buffer containing
20% methanol/3% H2O2. For TGF-b, slides were
processed for 3,3¢-diaminobenzidine staining using
the Mouse on Mouse Kit (cat. no. BMK-2202; Vec-
tor Laboratories) according to the manufacturer’s
instructions. For other antigens, slides were
blocked in PBS/3% fetal bovine serum and then
incubated overnight in a blocking buffer with pri-
mary antibodies at 1:100 dilution to arginase-1
(cat. no. 20150; Santa Cruz Biotechnology), a-
smooth muscle actin (a-sma, cat. no. 7187; Abcam),
F4/80 (cat. no. ab6640; Abcam), and Von Will-
ebrand Factor 8 (VWF8; cat. no. Ab7356; Milli-
pore), or 1:5 dilution to fibroblast-specific protein 1
(FSP1; cat. no. 75550; Abcam). To detect arginase-
1, a-sma, FSP1, and VWF8, slides were incubated
with secondary rabbit biotinylated antibodies at a
1:1,000 dilution for 2 h. To detect CCL2, slides were
incubated with secondary anti-goat biotinylated
antibodies at a 1:1,000 dilution. Secondary anti-
bodies were bound to streptavidin-peroxidase (cat.
no. PK-4000; Vector Laboratories) and incubated
with 3,3¢-diaminobenzidine substrate (cat. no.
SK-4100; Vector Laboratories). Slides were coun-
terstained in Mayer’s hematoxylin for 1 min, de-
hydrated, and mounted with Cytoseal. Five images

per slide per sample were captured at 10 · magni-
fication using an FL Auto Imaging System (In-
vitrogen). Immunostaining was quantified by
ImageJ using methods previously described.31

Statistical analysis
Data from experiments carried out in triplicate

were analyzed through analysis of variance and
least significant difference at the 0.05 level ac-
cording to procedures in the SAS statistical soft-
ware package (SAS Institute 2005, Cary, NC).

Figure 2. Time sweep test: storage modulus versus time of Wistar rat
whole blood samples with 1%, 3%, and 5% h9e peptide concentrations (1:1
ratio of blood to h9e solution). Color images are available online.

Figure 3. Storage modulus versus time of Wistar rat blood components
with 1% h9e peptide (1:1 ratio of blood components to h9e solution). Color
images are available online.
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RESULTS
Coagulation kinetics

H9e peptide solutions at all concentrations (1%,
3%, and 5%) formed hydrogel immediately after
mixing with Wistar rat whole blood samples at 1:1
mixing ratio (final h9e concentration was 0.5%,
1.5%, and 2.5%, respectively) (Fig. 2). Gel strength
reached above 100 Pa within 3 s for all h9e peptide
concentrations. Gel strength of h9e at 3% and 5%
peptide concentrations had a sharp increase at
1 min, reached about 1,700 and 1,900 Pa respec-
tively by 30 min, and continued increasing after-
ward. The high elastic modulus (G¢) indicates
strong interactions between h9e peptide and blood
and strong coagulation, which suggest that h9e
peptide at 3% concentration and above has a sig-
nificant hemostatic effect.

To examine which blood components interacted
with h9e solution and led to coagulation, we inves-
tigated the coagulation kinetics of h9e at 1% peptide
concentration with Wistar rat blood serum, plasma,
and red blood cells at a ratio of 1:1 (final h9e con-

centration was 0.5%). Figure 3 shows that a gelation
response was induced with all three components.30

Gel strength reached up to 310, 280, and 125 Pa
within 30 min for red blood cells, blood plasma, and
blood serum, respectively. Since blood serum is ob-
tained by intentionally removing the body’s natural
clotting factors from blood plasma, the difference in
gel strength between plasma and blood serum
samples was attributed to the clotting factors.30

Given the coagulation strength (*500 Pa) of h9e at
0.5% final peptide concentration at 30 min with
Wistar rat whole blood (Fig. 2), red blood cells, and
blood plasma (including clotting factors and blood
serum), all contributed to h9e’s coagulation effect.30

In vivo hemostatic effect in rat model
H9e solutions at all peptide concentrations (1%,

3%, and 5%) showed hemostatic effects compared to
the sterile saline negative control (Table 1). As the
concentration of h9e solution increased, hemostatic
effect significantly increased as judged by blood loss
(Table 1).30 Five percent h9e solution was able to
control bleeding most effectively with the lowest
blood loss (0.75 mL), significantly outperforming
( p £ 0.05) the commercial positive control hemo-
static agent Celox granules (1.53 mL blood loss).
Furthermore, 5% h9e solution was the most efficient
hemorrhage control agent, achieving a 94-s average
bleeding time, again significantly outperforming
( p £ 0.05) Celox granules (about 225 s).

Morphological observations
Under AFM, h9e solution and Wistar whole

blood mixture showed a uniform structure with
randomly distributed small particles (Fig. 4A).

Table 1. Average weight of rats, blood loss evaluation,
and time evaluation for hemostatic effect

Test Group
Animal Body
Weight (g)

Blood
Loss (mL)

Bleeding
Time (seconds)

Saline (negative control) 245.85* 2.76* 521.33*
1% h9e solution 239.33* 2.20* 203.33**
3% h9e solution 252.05* 1.87* 226.00**
5% h9e solution 253.45* 0.75** 94.00***
Celox� (positive control) 254.91* 1.53* 225.20**

Means with different asterisks in the same column are significantly
different at p £ 0.05.

Figure 4. AFM images of rat blood sample and 1% h9e solution (1:1 ratio) with final h9e concentration of 0.5%. (A) Contact image shows particles. (B) Tapping
image shows that particles are small clusters. (C) Closer view of the small particle clusters. AFM, atomic force microscopy. Color images are available online.
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Under close observation, the small particles are
aggregate clusters (Fig. 4B, C). TEM images
showed that h9e peptide hydrogels formed fibrous
networks (Fig. 5A, B), which is in agreement with
published data.22,23,29 Given this fibrous network,
the uniform structure shown in the AFM images
must have a very dense surface. This suggests
strong interactions between h9e and blood that
created an entangled fibrous network resulting in a

solid surface. Judging by the successful hemor-
rhage control in the rat in vivo study, we assumed
that the hydrogel formed from h9e solution and
blood provided an effective sealing surface; more-
over, the small aggregate clusters may have al-
lowed clotting factors to attach to the surface.

As described by Carter,30 h9e solution formed
aggregates with blood proteins and other compo-
nents in the serum and plasma (Fig. 5C–F). There

Figure 5. TEM images of (A) 0.5% h9e peptide solution at 500 nm scale; (B) 0.5% h9e peptide solution at 100 nm scale; (C) Wistar rat blood serum alone; (D)

Wistar rat blood plasma alone; (E) Wistar rat blood serum with 0.5% h9e (1:1 ratio of serum to 1% h9e); and (F) Wistar rat blood plasma with 0.5% h9e (1:1 ratio
of plasma to 1% h9e). TEM, transmission electron microscopy.
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is clear binding of blood serum components to h9e
fibers (Fig. 5E). Similar binding of plasma compo-
nents to h9e fibers was observed (Fig. 5F). By
contrast, Fig. 6A shows red blood cells suspended
freely in saline. When red blood cells were added to
0.5% h9e peptide solution, as shown in Fig. 6B, the
cells became trapped within the h9e fiber nanoweb.
The arrows in Fig. 6C indicate immobilized cells
within the nanoweb. These morphological results
confirmed the coagulation rheological findings that
blood plasma, serum, and red blood cells are all
important factors attributing to h9e’s hemostatic
effect.

Biocompatibility test in vivo mouse model
Foreign substances and chronic diseases such as

cancer can induce an inflammatory reaction in the
mammary gland, characterized by increased cyto-
kine expression, angiogenesis, recruitment of im-
mune cells, and fibrosis.32–34 To determine the
effect of h9e solution on the mammary gland, fixed
tissues were immunostained for expression of
CCL2 and TGF-b inflammatory cytokines35–38;
VWF8, an angiogenesis marker39,40; arginase-1, an
M2 macrophage marker41; and a-smooth muscle
actin and FSP1, two fibroblast markers.42,–45 FSP1
expression was significantly lower in PBS- and h9e
solution-treated mammary glands than in un-
treated glands, but there were no significant dif-
ferences in the expression of inflammatory
biomarkers between PBS- and h9e solution-treated
mammary glands (Fig. 7; Table 2). Saline solutions
are generally considered nontoxic and commonly
used to resuspend biological materials for in vivo
delivery.46,47 Some studies also indicate that saline
solutions can modulate fibroblast activity and
immune response,48,49 including exerting anti-

inflammatory effects.50 While no studies have been
reported on the effects of PBS on the adult mam-
mary gland, the doses and duration of treatment in
this study could have contributed to the differences
in FSP1 expression among groups. Regardless,
these results indicate that the administration of
h9e solution does not exert any more effects on the
microenvironment than PBS and does not induce
inflammation in the mammary gland. In addition,
mice weight and external body temperature were
measured daily and showed no deviation within 2
weeks of h9e solution injection. No lesion was ob-
served at injection sites.

DISCUSSION

This study provides the first observation of h9e
peptide being highly efficient as a potential hemo-
static agent. H9e is an amphiphilic peptide and
self-assembles into nanofibers that can form a
nanoweb-like structure (Fig. 8). Amphiphilicity as
a physiochemical property has been known to in-
duce hemostatic responses by activating some of
blood’s natural clotting factors.17 Nanoweb-like
structures are known to seal bleeding surfaces in a
typical wound, preventing hemorrhage and rapidly
inducing hemostasis.51

H9e fibers are reinforced by blood components
within the blood plasma, as shown in TEM images
(Fig. 5).30 Red blood cells are entangled with h9e
fibers, as shown in confocal images (Fig. 6).30 In
addition, metal ions such as calcium and sodium,
although very low in blood, can promote h9e pep-
tide gelation.27 Collectively, these cause a strong
gelation response and the formation of a structure
similar to that of a blood clot (Fig. 8). The structure
can act as both a preliminary thrombus and a

Figure 6. Confocal images of (A) untreated red blood cells; (B) red blood cells with 0.5% h9e solution (1:1 ratio of cells to 1% h9e); and (C) red blood cells
with 0.5% h9e solution (1:1 ratio of cells to 1% h9e) at higher magnification. The arrows indicate immobilized cells within the nanoweb.
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surface upon which a thrombus can continue to
develop until bleeding is arrested.30 The nanoweb
structure formed by h9e peptide entangled with
blood is similar to a fibrin within the coagulation
cascade, mimicking the nanoweb-like structure of
fibrin and its ability to maintain a blood clot.

Furthermore, h9e peptide does not have strong
adhesion to blood components, so blood components
are not damaged during the formation of nanoweb-
like structures. In our platelet adhesion test, the
numbers of platelets adhering to the surface of
h9e-coated chamber slides were lower than those

Figure 7. H9e peptide does not affect the expression of inflammatory markers in the mammary gland. Native (untreated, 1F), PBS-treated (2F), and 1% h9e
solution (7F)-treated mammary glands were immunostained for expression of the indicated proteins. Expression was quantified by ImageJ and normalized to
hematoxylin staining. Statistical analysis was performed using one-way ANOVA with Bonferroni post hoc comparison. Statistical significance was determined
by p < 0.05. Scale bar = 400 lm. ANOVA, analysis of variance; ns, not significant; PBS, phosphate-buffered saline. Color images are available online.
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adhering to noncoated chamber slides (control) at
all peptide concentrations tested (Fig. 9). In an-
other experiment, according to morphological im-
ages, red blood cells maintained their ‘‘biconcave
disc’’ shape without shrinking or eryptosis for up to
at least 10 days in 0.5% h9e peptide hydrogel. On
the other hand, based on in vitro protease (i.e.,
trypsin) tests, different protease enzyme degraded
h9e hydrogel in a matter of hours or days; h9e
degradation rate was affected by protease doses. In
addition, in a subcutaneously injection for in vivo
biocompatibility study, we observed a small bump
at the injection site that disappeared in about a
week, leaving no lesion or inflammation, which
suggests that h9e peptide hydrogel can be de-

graded by proteases found in biological systems in
about a week (Result not shown). The immuno-
histochemistry studies described in this study
(Fig. 7; Table 2) showed no negative pathological
effect. Based on these findings, we speculate that
the h9e and blood-entangled nanoweb structure
can be easily removed, absorbed, or degraded at the
interface between the nanoweb and the injury tis-
sue surface, and can advance healing with minimal
scarring.

As described by Carter,30 commercially avail-
able Celox granules boast the ability to induce he-
mostasis in the presence of an anticoagulant. This
was confirmed by an experimental study per-
formed by Koksal et al.52 In the study, Celox in-
duced hemostasis in the presence of an orally
administered warfarin anticoagulant. The study
also indicated that Celox has the ability to clot
blood under hypothermic conditions.52 Although
rats used in our study were not treated with an oral
anticoagulant, the blood samples used for the rhe-
ology study (Fig. 2) were drawn using Alsevers, a
balanced isotonic salt solution and an anticoagu-
lant. Thus, we speculate that h9e is also able to
induce hemostasis in the presence of an anticoag-
ulant. Further studies are needed to confirm this
hypothesis.

Compared with most other published peptides
with potential for hemostasis,17,19 h9e is biocom-
patible, pH neutral, bioabsorbable, fibrin nanoweb
structure mimicking, and noncytotoxic in vivo, and
has no side effects according to the mouse model

Table 2. Inflammation analysis (ImageJ arbitrary unit)
of fixed tissue isolated from the mice injection site: 1F = without
treatment, 2F = treated with PBS buffer, and 7F = treated
with 1% h9e solution

1F 2F 7F
796 FVB normal
mammary gland

VWF8 0.015 0.020 0.030 0.050
Arginase-1 0.027 0.02 0.008 0.034
a-sma 0.038 0.042 0.026 0.020
FSP1 0.042 0.015 0.014 0.036
CCL2 0.038 0.028 0.025 0.024
TGF-b 0.050 0.030 0.022 0.020

Seven hundred ninety-six FVB normal mammary gland was used as
standard reference.

CCL2, chemokine (C–C motif) ligand 2; FSP1, fibroblast-specific protein 1;
FVB, Friend leukemia virus B; a-sma, a-smooth muscle actin; TGF-b,
transforming growth factor beta; VWF8, Von Willebrand Factor 8.

Figure 8. Diagram of h9e peptide blood clotting mechanism. CCL2, chemokine (C–C motif) ligand 2; TGF-b, transforming growth factor beta. Color images are
available online.
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studies. The h9e peptide sequence contains
no biological element, which eliminates the
risk of infection from contaminated bio-
logical sources.52,53 Furthermore, h9e gel
can be degraded and/or absorbed in about a
week in vivo. In in vitro rheology studies,
h9e peptide solutions coagulated with
blood samples and at 3 and 5 wt% formed
gels strong enough to arrest bleeding. This
hemostatic effect was confirmed in an
in vivo rat model where h9e at 5 wt% peptide con-
centration saved 73% blood in 94 s and was 82%
faster to arrest bleeding than the commercial he-
mostatic agent Celox, which saved 45% blood in
225 s at 57% rate of hemorrhage.

All in all, H9e peptide can form nanoweb-like
structures when mixed with all blood components,
including plasma, serum, and red blood cells. This
nanoweb-like structure, mimicking the fibrin na-
noweb, may act as both a preliminary thrombus
and a surface upon which a thrombus can continue
to develop until bleeding is arrested. This study
indicates that h9e peptide is a promising hemo-
static biomaterial.

INNOVATION

Current hemostatic agents are mostly from bio-
logical sources,9–11 which can cause allergic reac-
tion or infection.8,12 RADA16 peptide is one of the
most attractive peptide-based hemostatic agents to
reduce contamination; however, the acidic isoelec-

tronic pH of RADA16 causes local inflamma-
tion.13,17,18 We have recently discovered h9e peptide,
which is biocompatible and can self-assemble into
nanofibers and form a sol-gel reversible hydrogel
under physiological pH and temperature.21,22 This
study, for the first time, demonstrated that h9e
peptide, at a certain concentration, coagulated rap-
idly with blood components and formed a nanoweb-
like structure to arrest bleeding.
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Figure 9. Platelet adhesion to h9e at 0%, 1%, 3%, and 5% peptide concentrations: (A) SEM images; (B) quantitative analysis of SEM imaging data. Values are
mean – SD of triplicate experiments. Means with different superscripts are significantly different at p £ 0.05. HPF, high power field; SD, standard deviation; SEM,
scanning electron microscopy.

KEY FINDINGS

� H9e peptide delivers greater and faster hemostatic effect compared to
commercial hemostatic agent Celox.

� Red blood cell and blood plasma (i.e., clotting factors, serum) all
contribute to h9e’s hemostatic effect.

� H9e peptide is biocompatible; it can be degraded in about a week in
mouse and does not induce inflammation in the mammary gland.
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a-sma ¼ a-smooth muscle actin
AFM ¼ atomic force microscopy

ANOVA ¼ analysis of variance
CCL2 ¼ chemokine (C–C motif ) ligand 2
CMG ¼ Comparative Medical Group
FSP1 ¼ fibroblast-specific protein 1
FVB ¼ Friend leukemia virus B
HPF ¼ high power field

IACUC ¼ Institutional Animal Care and Use
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IAP ¼ ideal amphipathic peptide
ns ¼ not significant

PBS ¼ phosphate-buffered saline
PRP ¼ platelet-rich plasma

RADA16 ¼ AcN-RADARADARADARADA-CONH2

SD ¼ standard deviation
SEM ¼ scanning electron microscopy
TEM ¼ transmission electron microscopy

TGF-b ¼ transforming growth factor beta
VWF8 ¼ Von Willebrand Factor 8
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