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ABSTRACT: Critical challenges remain in trauma emergency and
surgical procedures involving liver bleeding, particularly in
perforating wounds that cannot be pressed and large wounds
that cannot be sewn. Self-assembling peptide hydrogels are
particularly attractive due to their intrinsic biocompatibility and
programmability. Herein, we develop a nano-band-aid (NBA)
through a three-stage self-assembly strategy of two functionalized
peptides, which were first coassembled into nanofibers and then
woven to a meshlike network driven by Ca2+. Then, catalyzed by
blood coagulation factor XIIIa (FXIIIa), NBA underwent a third
stage, self-assembly into a densely compacted physical barrier to
stop and control the bleeding. As expected, NBA rapidly and
efficiently stopped the bleeding in rat liver scratches while
effectively reducing the inflammation around the wound and promoting the wound healing. This bionic self-assembly strategy
will provide a clinically potential peptide-based treatment for fatal liver bleeding and reinvigorate efforts to develop self-assembling
peptide hydrogels as hemostatic agents.
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■ INTRODUCTION

An estimated 5.8 million people die from severe trauma
annually around the world, corresponding to almost 16 000
deaths each day.1 According to statistics from the World
Health Organization (WHO), road traffic accidents, suicides,
homicides, and warfare are the leading causes of trauma,2 and
in these cases, the liver is the most frequently injured intra-
abdominal organ, contributing to at least 10% of the
mortalities.3 Uncontrolled and massive post-traumatic liver
bleeding remains a primary and potentially preventable cause
of fatalities,1,4 and even if the rescue is timely, these patients
would suffer from life-threatening coagulopathy.5,6 Whether on
the battlefield or in daily rescue, rapid and effective hemostasis
is the core principle for a liver trauma emergency. Besides,
bleeding inevitably occurs in major liver surgery, including
partial liver resection and liver transplantation, which goes
against the postoperative effect.7 Although there have been
numerous efforts to deal with and prevent excessive blood loss
in liver surgery, hemorrhage as a surgical complication is still a
crucial concern in individual patients, particularly those
experiencing a large surface resection of liver.7,8 More
importantly, the body’s own blood-clotting capability is unable
to rapidly stop the bleeding in instances of massive ongoing
blood loss.9 Therefore, the use of hemostatic agents to quickly

stop the bleeding from the liver is meaningful for both trauma
emergency and surgical procedures involving the liver.
To this end, two broad categories of hemostatic materials

have emerged: (1) inorganic materials represented by Combat
Gauze, QuikClot, and WoundStat,10,11 and (2) polymer
materials including HemCon and Celox.12,13 The inorganic
materials often promote blood clot formation and catalyze the
conversion from fibrinogen to fibrin, resulting in a decent
hemostatic effect.14 The polymer hemostatic materials have
always served as a physical barrier for preventing hemor-
rhage.15 While many successes have been achieved by these
two kinds of materials in hemostasis during trauma emergency
and surgical procedures involving the liver, significant
challenges remain regarding rapid and efficient control of
hemorrhage, especially in perforating wounds that cannot be
pressed to stop the blood and large wounds that cannot be
sewn.16 Moreover, commercial hemostatic agents often lead to
side effects, including secondary damage from the exothermic
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reaction of the inorganic products and biotoxicity from the
degradation of polymer products.17,18 Thus, it is imperative to
develop biocompatible hemostatic materials that do not lead to
side effects.
To address these issues, self-assembling peptide hydrogels

are particularly attractive as hemostatic materials because of
their intrinsic biocompatibility and safety.19,20 Driven by
noncovalent weak interaction such as hydrophobic interaction,

electrostatic interactions, and hydrogen-bonding, self-assem-
bling peptides including SPG-178,21 EAK16,22 SLac,23 and
RADA16,24 can gel at bleeding sites, significantly reducing
blood loss.25 However, this self-assembly driven by weak
interaction is both a 4O08blessing and a curse; being capable
of self-assembly into specific network nanostructures was a
paramount benefit of these peptides, but the weak
intermolecular interaction made them fragile and unsuited

Figure 1. Design and characteristics of NBA. (A) Schematic diagram of three-stage self-assembly strategy of two functionalized peptides, CRP and
CBP. (B) and (C) Characterization of synthesized CBP (B) and CRP (C) by LC-MS. (D) TEM image of nanofibers constructed by the first stage
of self-assembly of CRP and CBP in PBS buffer. (E) Isothermal titration calorimetry (ITC) assay of the affinity between CBP and Ca2+. The
binding affinity was measured at 25 °C in PBS buffer at pH 7.4. (F and G) TEM image (F) and SEM image (G) after the Ca2+ driving second stage
of self-assembly. (H and I) TEM image (H) and SEM image (I) after the blood coagulation factor XIIIa (FXIIIa) catalyzed the third stage of self-
assembly. (J) Gelatinization quantized by the absorbance at 600 nm. (K) Representative photography showing the gelatinization of CRP/CBP
peptide hydrogel in response to Ca2+ and FXIIIa.
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for blocking the bleeding from arterial blood vessel with high
pressure, such as the hepatic artery.26 Hence, it remains a
challenge to develop peptide-derived hemostatic materials with
controlled mechanical properties to rapidly and efficiently stop
the massive ongoing bleeding.
Herein, to develop a peptide-derived hemostatic material

aimed at treating a perforating wound that cannot be pressed
and a large wound cannot be sewn, a three-stage self-assembly

strategy was designed. In this case, two tailor-designed peptides
(RADA)4-GGQQLK (cross-linking peptide, CRP) and
(RADA)4-GSVLGYIQIR (Ca2+ binding peptide, CBP) were
synthesized productively and efficiently by FMOC chemistry
(Figure 1A).27−32 The (RADA)4 peptide possesses the ability
of self-assemble into interwoven nanofibers.20 In the first stage
of self-assembly, (RADA)4 motif can endow CRP and CBP
with a capacity to coassemble into nanofibers.20 The functional

Figure 2. Biofunction of NBA. (A) SEM image of NBA in response to FXIIIa, fibrinogen, and blood, suggesting that NBA has a great potential to
weave a compact physical barrier compounded from peptides and fibrins. (B) Representative photography showing the whole-blood-clotting
evaluation of the NBA and controls. (C) In vitro dynamic whole-blood-clotting evaluation of the NBA and controls. The absorbance values of
blood solutions were measured at 600 nm and the half blood-clotting time (BCI50) were fitted by the logarithmic equation in each group. (D)
Representative pictures demonstrating hemostasis in rat liver after the creation of a cut wound with 1 cm long and 0.5 cm depth sagittal. (E) and
(F) Hemostatic time (E) and blood loss (F) in the rat liver scratches model (Mean ± SD, n = 6/group). p values were calculated by ANOVA. *, p
< 0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001.
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motif VLGYIQIR in CBP flanking around the self-assembling
nanofibers is capable of binding to Ca2+ with the coordination
number 3,33 driving the second stage of self-assembly into a
meshlike network, termed a nano-band-aid (NBA) (Figure
1A). As for the third stage of self-assembly, the other motif
flanking (QQLK in CRP) around the nanofibers can be further
cross-linked with each other and fibrin via acyl transfer reaction
that is catalyzed by blood coagulation factor XIIIa (FXIIIa) in
the coagulation cascade (Figure 1A).34 As a result, when NBA
meets blood, it can weave a physical barrier in situ, consisting
of peptides and fibrins at bleeding sites. More importantly, this
NBA is a viscous fluid before meeting the blood, thereby being
propitious for the perforating wound and the large wound. As
expected, NBA rapidly and efficiently controls the bleeding in
rat liver scratches and penetrating wounds in the non-
compressible hemorrhage model and the rat liver defect in
the lethal unsuturable hemorrhage model while maintaining a
favorable safety property. This bionic three-stage self-assembly
strategy will provide a clinically potential peptide-based
treatment for fatal liver bleeding and reinvigorate efforts to
develop self-assembling peptide hydrogels as hemostatics with
a wide range of potential applications.

■ RESULTS AND DISCUSSION
CRP and CBP were synthesized by solid-phase peptide
synthesis (SPPS) following the FMOC chemistry;35−38

subsequently, they were purified by preparative high-perform-
ance liquid chromatography (HPLC) and collected after
lyophilization. As shown in Figure 1B,C, the two peptides
were successfully synthesized as identified by liquid chroma-
tography−mass spectrometry (LC-MS) analysis, in which the
molecular weights are correct, and their purity exceeded 95%.
Notably, the productivity of both CRP and CBP was greater
than 75%, promoting its application potential. Dissolving CRP
and CBP in PBS buffer (pH 7.4) triggered the first stage of
self-assembly into sparsely wired nanofibers as evidenced by
the transmission electron microscope (TEM) image (Figure
1D). Besides, as designed, CBP has a function for binding
calcium ions, which was the driving force of the secondary self-
assembly. Measuring by isothermal titration calorimetry
analysis, CBP binds to Ca2+ with a high affinity of 2.14 μM
and site number of 0.356 (Figure 1E), suggesting that CBP can
be efficiently conjugated with 3 calcium ions. As a result, this
feature induced the cross-linking among nanofibers, organizing
into a meshlike network, or NBA (Figure 1F,G). To optimize
this network structure, we screened the ratio of CBP to CRP.
As shown in the scanning electron microscopy (SEM) image in
Figure S1, the optimal ratio of 3:1 (CBP/CRP) is most
conducive to the conformation of this meshlike network
(Figure S1). Notably, the TEM image combined with in situ
Ca elemental analysis further supported this result, in which Ca
can be found in the crossing of nanofibers (Figure S2).
Moreover, the further cross-linking between the QQLK

motifs in CRP would drive the third stage of self-assembly. As
expected, FXIIIa can catalyze this reaction and weave the
meshlike network into more densely compacted nanofibrous
entanglements (Figure 1H,I). In addition, this three-stage self-
assembly of peptides was proved again by the gelation analysis,
where the highest absorbance at 600 nm corresponding to the
densest gel was shown in the condition containing Ca2+ and
FXIIIa, in sharp contrast to the lowest absorbance with the
peptide-only condition (Figure 1J,K). However, a hydrogel was
not formed when mixing (RADA)4, GSVLGYIQIR, and

GGQQLK peptides, even under the condition of Ca2+ and
FXIIIa (Figure S3) as supported by the image (Figure S3A),
absorbence (Figure S3B), and rheological properties (Figure
S3C). Notably, 5% peptide density is a critical concentration at
which NBA maintained fluidity before FXIIIa catalysis and
completely transferred to solid gel after catalysis (Figure 1K).
Thus, this concentration was used for subsequent functional
test. To test the mechanical properties of the NBA, the
rheological measurements and atomic force microscopy
(AFM) analysis were used to measure the resilience and
stiffness at a density of 5% NBA. As shown in Figure S4, the
storage modulus (G′) of the NBA hydrogel ranged from 0.03
to 0.22 Pa (Figure S4A), while the dissipated energy (G″)
ranged from 0.02 to 0.08 Pa (Figure S4A). Notably, a 7-fold
enhancement in the rheological stiffness of NBA can be found
after they were cross-linked with Ca2+ and blood coagulation
factor XIIIa (FXIIIa). Besides, both rheometer and AFM
measured tangent values of the loss angle (tan δ) of NBA were
less than 1 (Figure S4C and Table S1), which indicated it was
a viscoelastic solid. In addition, the decrease of the tan δ value
indicated that NBA gained more resilience after it was cross-
linked with Ca2+ and FXIIIa (Figure S4C and Table S1).
Before the functional test, we first explored the in vitro acute

toxicity of NBA by measuring the viability of hepatocyte
(AML12 cell line) and vascular endothelial cells (HUVEC cell
line) after incubation with NBA. As shown in Figure S7, no
cytotoxicity can be found during 7 days of incubation,
suggesting the safety and biocompatibility of NBA. Next, to
explore the biofunction of NBA, SEM was used to observe the
microstructural change of NBA after incubation with
fibrinogen and blood upon the presence of FXIIIa. As shown
in Figure 2A, fibrinogen further increased the compactness of
NBA, presumably because of the FXIIIa-catalyzed co-cross-
linking between fibrinogen and NBA. Moreover, the increased
compactness can also be found after the coincubation of NBA
with FXIIIa and blood (Figure 2A). Once the compact physical
barrier was formed, the red blood cells, with a diameter of
about 7 μm, and some larger structures in blood have difficulty
entering the inside of the NBA structure, which further
strengthens hemostasis. These results demonstrated that NBA
has a great potential to weave a compact physical barrier in situ
at bleeding sites compounded from peptides and fibrins.
Next, we evaluated the in vitro blood-clotting performance

of NBA by dynamic whole-blood-clotting test.16 For
comparative study, equiponderant commercial gelatin hemo-
static sponge (Gelfoam), chitosan blood stop powder
(chitosan), and hemostatic fiber yarn (Fibrillar) were used as
the positive controls. In this test, a lower transmittance of the
hemoglobin solution indicates a higher clotting rate. As shown,
both NBA and Fibrillar resulted in the clarity after 60s
incubation with blood, indicative of their outstanding blood-
clotting performance (Figure 2B). To quantify their blood-
clotting capability, the absorbance values of blood solutions
were measured at 600 nm, and the half blood-clotting time
(BCI50) was fitted by the logarithmic equation in each group.
As shown in Figure 2C, NBA, Gelfoam, chitosan, and Fibrillar
significantly shortened the half blood-clotting time of blood.
Importantly, NBA had the shortest BCI50 values of an amazing
2.0 s, and Fibrillar had sublevel blood-clotting capability with
BCI50 of 21.7s. Thus, Fibrillar was chosen as the positive
control in the in vivo test.
The hemostatic property of NBA was further evaluated in a

serious rat liver injury model, for which two crossed 1 cm long
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and 0.5 cm deep sagittal incisions were created to simulate a
serious wound that cannot be sewn, and the experimental
procedure was approved by the medical ethics committee of
The Fourth Military Medical University. As shown in Figure
2D, this severe liver injury resulted in quick and profuse
bleeding, and 5% NBA or equiponderant Fibrillar was used to
treated these wounds at 15 s postbleeding. As expected, in
NBA-treated liver, the hydrogel rapidly conformed to the
lesion and immediately gelated in situ (Movie S1). More
importantly, NBA achieved hemostasis in less than 50 s in

contrast to the 120 s necessary for Fibrillar, whereas it took
more than 220 s for the bleeding in the control group to totally
stop (Figure 2E). In addition, NBA statistically significantly
reduced blood loss in comparison to the Fibrillar and PBS-
treated group (Ctrl) (Figure 2F). Moreover, after hemostasis,
the hydrogel can stay on the surface of the liver for more than
3 min when placed vertically (Figure S5), which suggested
good tissue adhesiveness. These results demonstrated the
excellent in vivo hemostatic capacity of NBA.

Figure 3. NBA effectively reduced the inflammation around the wound and promoted wound healing. (A) Volcano plot of genes differentially
expressed in wound tissue after NBA treatment compared to PBS treatment (n = 3). (B) and (C) Gene set enrichment analysis (GSEA) results for
inflammatory response (B) and IL6-JAK-STAT3 signaling pathway (C) in response to NBA treatment. (D) Volcano plot of genes differentially
expressed in wound tissue after FIBRILLAR treatment compared to PBS treatment (n = 3). (E and F) GSEA results for inflammatory response (E)
and IL6-JAK-STAT3 signaling pathway (F) in response to FIBRILLAR treatment. (G) the ELISA assay to quantify four inflammatory factors in
wound tissue: IL-6, MCP-1, NF-κB, and TNFα. (H) Representative H&E image of the wound in the liver 14 days after the indicated treatment.
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On account of the rapid hemostatic ability and excellent
biocompatibility, we hypothesized that NBA can effectively
reduce the inflammation around the wound, which is highly

conducive to the wound healing. To verify it, 1 cm3 wound
tissue was isolated from the injured liver 3 days after
hemostatic therapy. Analysis by RNA sequencing showed

Figure 4. NBA presented excellent hemostatic effects on a rat liver defect: lethal, unsuturable hemorrhage model and a penetrating wound,
noncompressible hemorrhage model. (A) Representative pictures demonstrating hemostasis in rat liver after the creation of a rat liver 1/3 defect
lethal unsuturable hemorrhage model. (B and C) Hemostatic time (B) and blood loss (C) in the rat liver scratches model (mean ± SD, n = 6/
group). (D) Complete blood cell count and hepatic biochemistry measurement at 14 days after the indicated treatment. (E) Representative H&E
image of the wound in the liver at 14 days after the indicated treatment. (F) Representative pictures demonstrating hemostasis in rat liver after the
creation of a penetrating wound, noncompressible hemorrhage model. (G and H) Hemostatic time (G) and blood loss (H) in the rat liver
scratches model (mean ± SD, n = 6/group). (I) Complete blood cell counts at 3 days after the indicated treatment. (J) Representative H&E image
of the wound in the liver at 14 days after the indicated treatment. The p values were calculated by ANOVA. *, p < 0.05; **, p < 0.01; ***, p <
0.001; and ****, p < 0.0001.
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that NBA triggered 920 differential changes in gene expression
compared to PBS control (Figure 3A), and a consistent and
reproducible enrichment of inflammatory-regulated gene
expression signatures can be found by gene set enrichment
analysis (GSEA) (Figure 3B,C). In detail, NBA resulted in a
statistically significant downregulation in the pathway of
inflammatory response (Figure 3B) and IL6-JAK-STAT3
signaling (Figure 3C). In sharp contrast, comparing Fibrillar
with PBS control, although we found just 162 differentially
expressed genes (Figure 3D), Fibrillar statistically significantly
upregulated the inflammatory response (Figure 3E) and IL6-
JAK-STAT3 signaling pathway (Figure 3F), presumably
because of its limited biocompatibility. To further validate
these results, we performed the enzyme-linked immunosorbent
assay (ELISA) to quantify four inflammatory factors in wound
tissue, IL-6, MCP-1, NF-κB, and TNFα, and these results again
validated that NBA can effectively reduce the inflammation
(Figure 3G).
Besides, NBA treatment promoted wound healing as

evidenced by the hepatic pathology section and the surface
recovery of the wound at 14 days post-treatment (Figures 3H
and S6). These results were further supported by the
normalized hepatic function indexes (Tables S2 and S3) and
complete blood counts (Table S4). Furthermore, no
pathological change can be found in the heart, spleen, lung,
and kidney of mice after NBA treatment (Figure S8),
supporting the safety of NBA. Collectively, NBA has excellent
performance in hemostatic treatment and reducing inflamma-
tion, showing a huge potential as a rapid, efficient, and safe
liver hemostatic material.
To further challenge the hemostatic capacity of NBA, a rat

liver defect, lethal unsuturable hemorrhage model and a
penetrating wound, noncompressible hemorrhage model were
established. As shown in Figure 4A, over 1/3 of the liver was
removed (Figure 4A), and more than half the whole blood was
lost after the injury (Figure 4B,C). At 15 s after bleeding,
compression was performed in the control group, and NBA or
Fibrillar were used to treat the wound in the other two groups.
As expected, NBA significantly shortened the hemostasis time
in comparison to the compression group or the Fibrillar-
treated group. Meanwhile, NBA treatment reduced the amount
of bleeding by half compared to the compression (Figure 4C).
Moreover, NBA also promoted the wound healing and liver
function recovery (Figure 4D,E), while maintaining favorable
safety properties (Figure S9).
Especially, small and deep penetrating wounds incurred by

small-bore weapons and improvised explosive devices are
uncompressible, and it is difficult to stop their bleeding by
conventional hemostatic agents. As shown in Figure 4F, a 50
mm diameter penetrating wound caused severe bleeding, but
Fibrillar presented no hemostatic effect on this massive
hemorrhage (Figure 4G,H). In sharp contrast, NBA rapidly
flew through the wound and immediately gelated in situ to
block the bleeding (Movie S2 and Figure 4F). As a result, NBA
treatment cut the time of bleeding in half (Figure 4G) and
halved the amount of bleeding (Figure 4H). Besides, 3 days
after treatment, the significantly decreased white blood cell
(WBC) and neutrophil demonstrated lower inflammation after
NBA therapy (Figure 4I). Moreover, NBA also promoted
wound healing (Figure 4J).

■ CONCLUSION
In conclusion, we herein developed a nano-band-aid (NBA) to
stop bleeding quickly and efficiently through a three-stage self-
assembly strategy of two functionalized peptides. NBA was
constructed through a two-stage self-assembly by which CRP
and CBP first coassembled into nanofibers and then were
woven into a meshlike network driven by Ca2+. NBA is a
viscous fluid before meeting blood, thereby making it
propitious to cover and conform to both a perforating
wound and a large wound. Catalyzed by blood coagulation
factor XIIIa (FXIIIa) that activated NBA at the wound, NBA
performed the third stage of self-assembly into a densely
compacted physical barrier to stop and control the bleeding. As
expected, NBA rapidly and efficiently stops the bleeding in rat
liver scratches while effectively reducing the inflammation
around the wound and promoting wound healing. More
importantly, NBA presented excellent hemostatic effects on
unsuturable hemorrhage in the rat 1/3 liver defect and the
noncompressible hemorrhage due to a penetrating wound and
maintained a favorable safety property at the same time. This
bionic three-stage self-assembly strategy will provide a clinically
potential peptide-based treatment for fatal liver bleeding and
reinvigorate efforts to develop self-assembling peptide hydro-
gels as hemostatics with a wide range of potential applications.
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