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Uncontrollable hemorrhage remains staple trouble in surgical procedures and a leading cause after major
trauma. The bleeding issue may trigger various pathologic scenarios that can lead to tissue morbidities
and mortalities, and currently available on-site hemostatic agents are confined to a narrow therapeutic
index and may carry the risk of immunogenicity. Inspired by the crucial role of platelets in the process
of thrombus, a platelet-mimetic plateletsome with wound targeting and blood coagulation properties is
developed for hemorrhage control. Plateletsome is formulated by integrating platelet membranes with
functionalized synthetic liposomes and exhibits superior wound targeting and effective hemostasis prop-
erties. It presents less blood loss and shorter hemostasis time than the platelet membrane vehicles or
the conventional liposomes in the mouse tail transection model. The strong homing of the biomimetic
plateletsome to the thrombus was also confirmed, demonstrating the potential of this engineered cell
membrane vesicle as a biomimetic hemostat for bleeding treatment.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Uncontrollable hemorrhage, a serious medical emergency, is the
leading cause of morbidity and mortality in traumatic and surgi-
cal injuries [1,2]. Approximately 80% of deaths were aroused from
massive hemorrhage via penetrating and truncal bleeding in acci-
dents or military operations [3]. Since most deaths occur during
the first-time phase of bleeding complications, patients often de-
mand coordinated, timely therapy to treat the bleeding befittingly.
Recent decades have witnessed the surge of various biomaterials
designed for on-site interventions such as tourniquets and topical
hemostatic dressings [4,5]. Nevertheless, for internal, diffuse, and
non-compressible bleeding, in addition to a few hemostatic agents
[6], transfusion of blood products (e.g., packed erythrocytes, fresh
frozen platelets) and coagulation factor concentrates remain the
mainstay clinical option for stanching hemorrhage [7]. Owing to
the stern challenge of massive hemorrhage and high blood pres-
sure aroused by the artery, trunk, and cavity hemorrhage, available
drugs with lower absorption, weaker tissue adhesion, and slower
activation could hardly meet these demands [8].

It is noteworthy that platelets play a profound physiological role
in hemostasis regulation, protecting the body against minor and
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life-threatening bleeding, and sticking up for the vascular system
[9,10]. Specifically, these small anucleate blood cells play a cru-
cial part in the formation of a primary hemostatic plug through
the interaction with fibrin to seal the ruptured vessels and fur-
ther avert excessive blood loss upon vessel injury [11,12]. Fur-
thermore, the platelet membrane possesses many receptors, such
as GPVI, GPIb-V-IX, 5HT2A, a2A, TP, protease-activated receptors
(PARs), P2Y1, P2Y12, and integrins, among others [13-15]. The mul-
titude of platelet functions derives from a distinct set of surface
moieties responsible for immune evasion [16,17], subendothelium
adhesion [18], and pathogen interactions [19,20]. However, fresh
frozen platelets, as one of the typical transfusion of blood prod-
ucts, have limitations such as short shelf life (around 5-7 days)
with strict storage stipulations, considerable prescreening to avoid
immunogenicity issues, as well as the potential risk of biological
contamination [21,22].

Accordingly, these years, attempts have been made to mimic
certain aspects of platelet-related vascular targeting [23-27]. Ear-
lier studies have reported that nanovehicles such as liposomes
were leveraged to be functionalized with fibrinogen or fibrinogen-
derived peptide ligands [28]. Since liposomes are phospholipid
vesicles composed of single or multiple concentric lipid bilayers
enclosing aqueous spaces [29], such resulting liposomes with their
biocompatible and biodegradable nature have received intense re-
search interest. However, these methods markedly deviate from
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Scheme 1. Schematic illustration on the preparation of LP and the underlying hemostasis process enhanced by the LP.

the criteria by which natural platelets function in two main ways.
These nanovehicles do not mimic the intricate biochemical inter-
actions that occur when natural platelets interplay with and bind
to the endothelium. On the flip side, liposomes and other poly-
mer nanoparticles do not mimic the biophysical disk-like structure
or the flexibility of natural platelets, which are essential for facil-
itating hemodynamic transport and efficient selective binding of
platelets to the edges of endothelial cells at the site of injury [30].

In this regard, our work leverages the intrinsic hemostatic ca-
pability of platelets to constitute a hybrid nano-hemostatic agent,
plateletsome, to halt the bleeding. We hypothesized that platelet-
somes (LP), liposomes hybridized with platelet membranes, could
combine the homing and hemostasis ability of platelets and
the superior physicochemical stability of the synthetic liposomes,
thus forming a nanoplatform for rapid hemostasis performance
(Scheme 1). By adopting the cell membrane heterozygous tech-
nique, we demonstrate that LP conforms to the biophysical design
criteria of platelet-mimetic morphology and flexibility, and exhibits
the ability to target an injured vascular site to render hemostasis.
Besides, their surfaces preserve the natural structures of platelet
membranes, making them a distinct class of biomimetic materials
that combine both natural and synthetic components. The hemo-
static efficacy of LP was studied both in vitro and in vivo, and spe-
cific coagulation mechanisms were discussed from the overall body
level to the protein level. The feasibility of our bioinspired nano-
design to achieve the enhanced hemostatic effect without systemic
toxicity is validated. In general, it is the first time to develop an
efficient and safe biomimetic hemostatic nanotherapeutics without
any drug loading, which can target injured blood vessels and con-
trol massive bleeding.

In the current study, LP was synthesized through the membrane
fusion of lipid membranes and PLT membranes, as illustrated in
Scheme 1. The fusion study was first verified by confocal fluores-
cent microscopy imaging. As shown in Fig. 1A and Fig. S1 (Sup-
porting information), liposomes (Lip) and platelet membranes (PV)
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Fig. 1. Verification of LP preparation. (A) Fluorescence images of the physical
mixture of liposomes and platelet membranes (up) and the LP (down) (Scale
bar = 2 pm) and (B) the corresponding fluorescence intensity profiles along the
dotted white line crossing the representative image. (C) The fluorescence spectra
of LP with different mass ratios of lipid membranes to platelet membrane pro-
teins. Rhodamine B-stained platelet membranes and coumarin 6-stained lipid mem-
branes were fused to generate LP. Lipy:Plt-membrane;, indicates the mass ratio
of lipid membranes to platelet membrane proteins. (D) Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the membrane proteins
in LP and PV. (E) The relative expression levels of typical membrane proteins in LP
and PV were analyzed by label-free quantification proteomics technology (n = 3).

were labeled with fluorescent dyes coumarin 6 and DiD, respec-
tively. There were few green fluorescence and red fluorescence sig-
nals overlap in the mixture of Lip and PV (Fig. 1B). In contrast, the
significant colocalization of two fluorescent signals was observed
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Fig. 2. Characterization of LP. (A) Diameter and (B) zeta potential of the obtained
Lip, LP and PV (n = 3). (C) Size stability of Lip, LP and PV over 7 days in 10% FBS at 4
°C (n = 3). (D) Transmission electron microscopy (TEM) of LP (scale bar = 100 nm).
(E) Fluorescence imaging of the blood at different time points after nanovesicle in-
jection and (F) the corresponding semi-quantitative fluorescence intensity of the
blood was plotted with the time (n = 3). (G) The quantitative pharmacokinetic pro-
files of Lip, LP and PV (n = 5). (H) Fluorescence imaging of the homogeneous solu-
tion of major organs at 48 h after nanovesicle injection and (I) the corresponding
semi-quantitative fluorescence intensity in major organs (n = 3). (J) The quantita-
tive analysis of the biodistribution of Lip, LP and PV (n = 3). (K) The half-life of Lip,
LP and PV in the blood determined from (G) (n = 5). ***P < 0.001. The abbreviation
“ns” indicates no significance between the two groups.

after fusion. Afterward, the fusion of platelet membranes and ar-
tificial liposomes was further validated by FRET. As the amount of
PV increased, the fluorescence intensity at 620 nm was increased
while the fluorescence intensity at 510 nm decreased, suggesting
the interspersing of PV in the lipid bilayer of Lip, triggering the
FRET interactions in the Lip (Fig. 1C). When LP was prepared at
the lipid:PLT membrane protein mass ratio of 10:1, the FRET effi-
ciency was about 30.6%. A pull-down experiment was performed
to validate the fusion of PLT membranes and lipid membranes.
Coumarin 6-labeled lipid membranes functionalized with biotin-
PEG-DSPE were fused with PLT membrane to form coumarin 6-
labeled LP. Then LP was pulled down by the streptavidin mag-
netic beads. As shown in Fig. S2 (Supporting information), around
85% LP was pulled down by the beads, indicating that the Lip
was not coated by the platelet membrane but fused with the
platelet membrane. SDS-PAGE analysis of LP and PV demonstrated
that both LP and PV exhibited the same membrane protein pro-
files (Fig. 1D), indicating the successful fusion of LP with PV with-
out the loss of membrane proteins. The protein composition of LP
and PV were determined by label-free quantification proteomics
(Fig. 1E). LP exhibited almost the same expression level of typi-
cal platelet membrane proteins as PV (e.g., GP Iba, GP Ibg, Inte-
grin $3, CD31, XIIl A, LAMTOR1, STOM, syntaxin binding protein 2,
Integrin «6, and Integrin $1). On the basis of this rationale, this
similar protein profile further verified the successful transfer of
platelet membrane moieties onto LP. In vitro clot formation assay
(Fig. S3 in Supporting information) revealed that after freeze-thaw,
ultrasonic, and extrusion, the platelet membrane vesicle retained
the physiological function of promoting coagulation and LP could
promote coagulation more effectively than the platelet membrane
vesicle.

The particle size and polydispersity index (PDI) of LP were mea-
sured (Table S1 in Supporting information and Fig. 2A). LP had a
homogeneous size with a diameter of around 110 nm, similar to
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Fig. 3. In vivo targeting capability of LP to injury vessels (n = 3). Fluorescence
imaging of the tails of mouse models at 2, 24 and 72 h after LP injection at the
doses of (A) 8 mg/kg, (B) 16 mg/kg, and (C) 32 mg/kg. White circles indicate the
injured vessels. The targeting index of different formulations at the dose of (D)
8 mg/kg, (E) 16 mg/kg, and (F) 32 mg/kg. *P < 0.05, **P < 0.01. The abbreviation
“ns” indicates no significance between two groups.

Lip, while the size of PV was above 300 nm. All these three ve-
hicles are negatively charged (Fig. 2B). LP exhibited superior sta-
bility to Lip and PV and displayed little size change during stor-
age at 4 °C (Fig. 2C). TEM and cryo-EM revealed that LP had a
round vesicular structure and a relatively narrow size distribution
(Fig. 2D and Fig. S4 in Supporting information). Based on the par-
ticle size favorable for in vivo circulation (Table S1) and optimal
coagulation efficiency in the clot formation assay (Fig. S5 in Sup-
porting information), LP was prepared by fusing PLT membranes
with lipid membranes at the lipid:membrane protein mass ratio of
7:2. Fluorescence imaging of the blood after LP, Lip or PV injec-
tion demonstrated that the clearance of PV was very fast, but that
of LP or Lip was slow (Figs. 2E and F). It was shown the LP had
a similar pharmacokinetic profile to Lip, indicating that the pro-
longed circulation of LP was endowed by Lip (Fig. 2G and Table S2
in Supporting information). There were no differences in t1/2, MRT,
and AUC between LP and Lip. The t1/2 of LP was 9.25 h, which
was around 16.2 folds that of PV (Fig. 2K). Fluorescence imaging of
the homogeneous solution of major organs suggested that all these
three vehicles were mainly distributed in the liver, and a slight ac-
cumulation of nanovesicles was found in the heart, lung, and kid-
ney (Figs. 2H and I). Quantitative results revealed that the accumu-
lation of PV in the liver was 5.11 folds that of LP, and there was no
difference in the accumulation in major organs between LP and Lip
(Fig. 2]). These results suggested that LP had similar pharmacoki-
netic and biodistribution profiles to Lip.

The targeting capability of LP to vascular injury sites was inves-
tigated by in vivo fluorescence imaging in the mouse tail wound
model. All animal protocols were approved by the Animal Ethics
Committee of Fudan University. As shown in Fig. 3, regardless
of the high, medium, and low doses, the LP group showed the
strongest fluorescence signal at the injury vessel among the three
groups at 24 h or 72 h after injection. Intriguingly, at the medium
and low doses, the targeting index of LP reached above 4, which
was significantly higher than that of Lip and PV at 24 h or 72 h
after injection. Of note, at the high dose, the targeting index of LP
increased with time and reached 20.5 at 72 h after injection, which
was 8.38 folds and 13.61 folds that of Lip and PV, respectively.
These results suggested that LP has a much stronger targeting to
the injury site in vivo than Lip and PV, which could be attributed



H. Wang, Y. Zhu, L. Zhang et al.

Fig. 4. In vivo hemostatic efficacy of LP (n = 5). (A) Schematic depicting the regi-
men of LP treatment in a mouse tail transection model. (B) Bleeding time, (C) rel-
ative bleeding area, and (D) bleeding weight of model mice after Lip, LP, and PV
treatments. *P < 0.05, **P < 0.01, ***P < 0.001. The abbreviation “ns” indicates no
significance between the two groups.

to the long circulation bestowed from Lip and wound targeting ca-
pability endowed by PV.

The in vivo hemostatic property of LP was investigated in a
mouse tail transection model (Fig. 4). As shown in Figs. 4B-D, LP
treatment showed a remarkable reduction in the bleeding time, the
bleeding weight, and the bleeding area at different doses compared
with saline, Lip, and PV treatments. For instance, 61.4% and 52.2%
reduction in the bleeding time were achieved for the LP group in
comparison with that for the Lip and PV groups at the dose of
8 mg/kg, respectively. And 82.4% and 68.5% reduction in the bleed-
ing area were achieved for the LP group in comparison with that
for the Lip and PV groups at the dose of 16 mg/kg, respectively. For
the bleeding weight, there was a 91.6% and 75.5% reduction for the
LP group compared with that for Lip and PV treatments at the dose
of 32 mg/kg, respectively. The hemostatic capability of LP increased
with doses. The Lip treatment showed the weakest hemostasis at
different doses among the three treatments. This is reasonable as
Lip does not have any preferable binding affinity toward platelets,
VWEF, or collagen. PV group possessed the ability to halt the hem-
orrhage, substantiating that the hemostatic effect arises primarily
from platelet membranes, in particular the key membrane proteins.
However, due to the short lifetime of PV in vivo, PV had compro-
mised hemostatic efficacy. The superior hemostatic efficacy of LP
could be attributed to the long circulation bestowed from Lip and
hemostatic activity endowed by PV.

The distribution of LP at the injury site was further studied to
understand the hemostasis mechanism. As shown in Fig. 5A, more
clots and more nanovesicles were located at the injury vessel for
the LP group compared with the Lip group or the PV group. More
importantly, almost all LP was located in the thrombus, and part of
LP was colocalized with fibrin (Figs. 5A and B). The results suggest
that LP could selectively target the damaged vessels and promote
the coagulation process through binding with fibrin-like platelets.
Considering that LP combing the advantages of Lip and PV demon-
strated much higher hemostatic efficacy than Lip and PV, LP pos-
sesses the potential to replace clinical platelet preparations and re-
duce the consumption of blood products for the hemorrhage treat-
ment.

Although LP displayed giant potential to the stoppage of bleed-
ing, the underlying hemostasis mechanism remained ambiguous.
To this end, we tested the coagulation cascade of LP. As shown in
Fig. 5C, LP treatment did not significantly alter the PT, the TT, as
well as the FIB but significantly reduced the APTT compared with
Lip and PV treatments, indicating that LP accelerated the hemosta-
sis mainly through promoting endogenous coagulation system to
work and LP may coordinate with platelets and enhance the coag-
ulation cascade upon the vessel injury.
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Fig. 5. (A) Representative fluorescence images of the injury vessels after LP treat-
ment (scale bar = 100 pm) and (B) the corresponding fluorescence intensity pro-
files along the dotted white line crossing the representative image. Blue, cell nu-
clei; Green, vesicles; Red, fibrin. (C) The coagulation cascade of LP by measuring the
prothrombin time (PT), activated partial thromboplastin time (APTT), and thrombin
time (TT), and the fibrinogen (FIB) test (n = 5). *P < 0.05. The abbreviation “ns”
indicates no significance between the two groups.

No differences in the AST, ALT, BUN, and CR were found in the
LP, Lip, and PV groups, and their values were in the normal range
(Fig. S6A in Supporting information), indicating LP treatment at the
high dose would not induce any deterioration in the kidney and
liver function. As expected, LP treatment at the high dose could not
cause significant changes in the WBC, RBC, HGB, and PLT level in
the blood compared with Lip and PV treatments (Fig. S6B in Sup-
porting information), suggesting that LP did not intervene in the
blood cells and is biocompatible for bleeding control. As revealed
in Fig. S6C (in Supporting information), no microthrombus or dam-
ages were found in any of the vital organs. These results showed
that the resulting LP was biocompatible and safe for bleeding con-
trol.

In conclusion, a plateletsome was developed for hemorrhage
control, and its wound targeting, hemostatic efficacy, as well as
related mechanisms, were investigated. The overall outcomes in-
dicate that this plateletsome could combine the advantages of
both liposomes and platelet membrane vesicles. It had long cir-
culation like liposomes and possessed the capability to target the
injury vessels and promote blood coagulation like platelets, re-
sulting in superior hemostatic efficacy in the murine model. Ad-
ditionally, the plateletsome was biocompatible and safe. In gen-
eral, this research firstly determined the hemostatic performance
of plateletsome and proposed a relatively clear hemostasis mech-
anism, providing an alternative approach for massive hemorrhage
control.
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