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Background: Platelets play a crucial role in regulating coagulation. However, balancing the supply and clinical demands of platelet
concentrates is a tough challenge. It is urgent to explore a novel platelet substitute with biosafety and efficacy in traumatic hemorrhage.
Methods: The platelet-like PLGA-PSP nanoparticles were synthesized by covalently coupling the linear platelet-specific peptides
including CBP, VBP and FMP to the active carboxyl functional group of PLGA-PEG nanoparticles. The biosafety of the platelet-like
PLGA-PSP nanoparticles was assessed. Subsequently, in vitro experiments were conducted to verify the effects of PLGA-PSP
nanoparticles on platelet adhesion, aggregation and activation. Furthermore, the hemostatic efficacy of PLGA-PSP nanoparticles
was confirmed in the tail vein, liver and femoral artery hemorrhage of normal and thrombocytopenic mice.

Results: We successfully designed and synthesized the non-toxic PLGA-PSP nanoparticles with specific hemostatic ability that
significantly induced platelet adhesion and aggregation without triggering unexpected platelet activation. Moreover, the application of
PLGA-PSP nanoparticles was demonstrated to effectively reduce the bleeding time and blood loss in the tail vein, liver and femoral
artery of both normal and thrombocytopenic mice.

Conclusion: The novel platelet-like PLGA-PSP nanoparticles present a promising therapeutic option for the rapid hemostasis of
traumatic hemorrhage based on the biosafety and efficacy.
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Introduction
Traumatic hemorrhage is the major cause of prehospital death in both military and civilian settings,' and transfusion of platelet
components remains the primary treatment for traumatic hemorrhage. Platelets are blood cells continuously produced from
megakaryocytes mainly in the bone marrow and typically have a lifespan of 7-10 days in circulation.? They play a critical role
in various pathophysiological processes, such as traumatic hemostasis, bone marrow transplantation, leukemia, tumor
development and metastasis, and host defense.> Traditionally, platelet concentrates for transfusion are predominantly
sourced from blood donations.® However, the existing platelet concentrates fail to fully meet clinical requirements due to
their single source, the limited shelf life of 5 to 7 days, development of storage lesions, and risk of bacterial contamination.”*
Therefore, it is necessary to explore platelet substitutes for the treatment of traumatic hemorrhage.

In recent years, the advent of novel biomaterials has greatly propelled the research on hemostatic capability.” "> Naturally
derived hemostatic biomaterials such as collagen, gelatin, and thrombin can promote platelet activation and aggregation to
achieve rapid hemostasis, but their clinical application is limited by high cost and potential pathogenic risk."* Synthetically

1415 are widely used in various hemostasis

derived hemostatic biomaterials, typically based on cyanoacrylate and polyurethane,
operations because of the low immunogenicity and customizable properties. However, the toxic side effects and non-anticipatory
aggregate from these hemostatic materials cause local irritation and inflammation.” Hence, there is an urgent need to develop

a novel platelet substitute that combines biosafety and therapeutic efficacy for the management of traumatic hemorrhage.
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The development of nanomedicine offered promising solution for the traumatic hemostasis.'® Specifically, poly
lactide-co-glycolic acid (PLGA) and polyethylene glycol (PEG) nanoparticles have garnered significant attention
because of the enhanced biocompatibility and drug penetration in vivo.'®'” Artificial platelets have been developed
using peptide-decorated nanoparticles to mimic the platelets adhesion or aggregation mechanism for homeostatic
application.'® The self-assembled peptides have the advantages of low immunogenicity, good biocompatibility and
modifiability.'”** Considering the development and clinical application of hemostatic biomaterials, it is difficult for
a single biomaterial to meet the complicated hemostasis requirements. Inspired by the physiological structure of
platelets, we designed and synthesized platelet specific polypeptides-decorated PLGA nanoparticles (PLGA-PSP)
based on the linear platelet-specific peptides: collagen-binding peptide (CBP), von Willebrand Factor binding
peptide (VBP) and fibrinogen-mimetic peptide (FMP). The biosafety and hemostatic efficacy of PLGA-PSP
nanoparticles in targeting vascular injury sites were systematically evaluated through in vitro and in vivo, and
further clarified the possible hemostatic mechanism, promising to provide a new strategy for clinical therapy of
traumatic hemorrhage.

Materials and Methods

Materials

PLGA 10K-PEG 3400-NHS was provided by Ruixi Biological Technology (Xi’an, China). The peptides
TRYLRIHPQSWVHQI (VBP), [GPO]; (CBP) and HHLGGAKQAGDV (FMP) were custom-synthesized by Jitai
Peptide Technology (Jiangsu, China). N, N-Dimethylformamide (DMF), triethylamine, busulfan, adenosine 5’-
diphosphate (ADP) sodium salt, thrombin and dialysis tube were purchased from Sigma-Aldrich (Merck KGaA,
Germany). Dimethyl sulfoxide (DMSQO) was purchased from Solarbio (Beijing, China). Cell plasma membrane staining
kit with Dil (red fluorescence) and Calcein AM cell viability assay kit (green fluorescence) were obtained from Beyotime
(Shanghai, China). The collagen-coated 96-well plate and cell counting kit were obtained from WHB Scientific
(Shanghai, China) and 7Sea Biotech (Shanghai, China), respectively.

PLGA-PSP Synthesis

The liner peptides assembled into nanoparticles were produced as follow, 100 mg PLGA 10K-PEG 3400-NHS and VBP,
CBP, FMP (1.1 eq) were dissolved in 3 mL DMF solution, respectively, then triethylamine (3.0 eq) was added and
reacted at room temperature for 12 h. Linear peptides conjugation PLGA 10K-PEG 3400-VBP-NH,, PLGA 10K-PEG
3400-CBP-NH, and PLGA 10K-PEG 3400-FMP-NH, were obtained and transferred to dialysis tubing (molecular weight
cut-off 2000 Da) for 24 h, the dialysis solution was collected and freeze-dried to obtain the products. Next, 3 mg of each
linear peptide conjugation was dissolved in 500 uL DMSO solution, the mixture was added to 4.5 mL double distilled
water drop by drop, and stirred continuously (500 r/min) for 2 h at room temperature, and dialysis was performed
overnight with double distilled water (molecular weight cut-off 3500 Da). The characterization of synthesized PLGA-
PSP nanoparticles was verified by the UV-vis absorption spectrum (Epoch, BioTeK, USA), Nanoparticle Tracking
Analysis (NTA, Zetaview, Particle Metrix, Germany) and Transmission Electron Microscopy (TEM, HT7800/HT7700,
HITACH]I, Japan).

Mice

Age- and weight-matched Kunming (KM) male mice were purchased from the Animal Center of Fourth Military Medical
University (Xi’an, China). All mice were maintained under specific pathogen-free conditions and offered food and water
ad libitum. The animals were fed adaptively for one week before being used in experiments. All experimental procedures
were approved by the Ethics Committee of Fourth Military Medical University and strictly followed the National
Research Council’s guidelines for the care and use of laboratory animals.
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Platelet-Rich Plasma (PRP) Preparation

This study was approved by the Second Affiliated Hospital of the Fourth Military Medical University and conformed to
the principles outlined in the Declaration of Helsinki. All volunteers provided informed consent. Peripheral venous blood
samples were collected from healthy volunteers with no medication use within the preceding 14 d, PRP was then isolated
by centrifugation at 1500 g for 15 min under ambient temperature conditions. The platelet counts in PRP were monitored
using automatic blood cell analyzer (XN-350, Sysmex, Japan), and counts were maintained at 150,000/uL (lower limit of

normal human platelet count).

Cytotoxicity Assays

Human Umbilical Vein Endothelial Cells (HUVEC) were obtained from the American Type Culture Collection. Cells in
the logarithmic growth phase were harvested and cultured in a humidified incubator at 37°C with 5% CO,. HUVECs
were seeded in 96-well plates at a density of 3,000 cells per well. Following adhesion, cells were treated with
nanoparticles 10 pL (1.8 mg/mL) and maintained in a humidified incubator for 24 h, 48 h and 72 h, added 10 pL/well
7Sea-cell counting kit solution and continue to incubate in the incubator for 2 h, the formazan intensity (cell metabolic
viability) was quantified with UV-visible spectrometry at 450 nm (Epoch, BioTeK, USA).

Erythrocyte Osmotic Fragility Assays

The freshly isolated erythrocytes from the peripheral blood of volunteers were suspended in PBS at a density of 6x10°
cells/mL, the osmotic fragility of erythrocytes was measured with a series of osmotic fragility solutions (0.2—-0.9% NacCl).
50 pL erythrocyte suspension treated with 10 pL nanoparticles (1.8 mg/mL) was added to 450 uL NaCl, and the cell
suspension was allowed to equilibrate at 37°C for 30 min. After centrifugation at 800 g for 10 min, the supernatant was
determined for absorbance (A) at 540 nm. Erythrocytes treated with double distilled water were regarded as 100%
hemolysis. The rate of hemolysis was calculated using the following formula:*'

%hemolysis = (Asample - Ablank)/(AIOO% hemolysis — Ablank) x 100%.

Measurement of Platelet Adhesion

The PRP was further centrifuged at 13,000 g for 5 min to obtain the platelets precipitated at the bottom. The platelets
were washed by PBS for 3 times and stained with Calcein AM cell viability assay kit at room temperature for 30 min
away from light. 10 uL nanoparticles (1.8 mg/mL) were mixed with cell plasma membrane staining kit with Dil and were
added to 96-well collagen-coated plates, incubated at room temperature and away from light for 20 min. Finally, platelets
with fluorescent labeling were placed in 96-well plates and incubated with nanoparticles for 5-10 min at room

temperature, washed and observed by immunofluorescence microscopy (Eclipse Ti2-A, Nikon, Japan).

Detection of Platelet Aggregation

50 uL PRP suspension and 10 pL nanoparticles (1.8 mg/mL) were placed into 96-well plates and incubated at room
temperature for 5 min. Next, ADP with final concentration of 20 pM was added and mixed thoroughly. Then the mixture was
poured on microscopy slides, and platelet aggregation was observed under optical microscope (Eclipse ci, Nikon, Japan).

Analysis of Platelet Activation

The PRP was further centrifuged to obtain platelets precipitated at the bottom and washed by PBS for 3 times. The platelets
(2x10"/mL,100 uL) were incubated with 10 pL nanoparticles (1.8 mg/mL) at 37°C for 15 min, thrombin 0.1 U/mL was
added and incubated for 5 min. Then the treated platelets were co-incubated with PE-conjugated anti-CD62p antibodies for
15 min in the dark, and cells were collected and analyzed by flow cytometry (FACSCalibur, BD, USA).
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Tail-Transection Bleeding Hemostasis Mice Model

100 pL nanoparticles were injected via mice tail vein at a concentration of 200/nL.** A 5 mm distal tail amputation was
performed using sterile surgical blades after administered for 5 min, the transected tail was immediately immersed in
37°C normal saline (0.9% NaCl). Bleeding time was quantitatively measured from moment of transection until complete
hemostasis using a digital stopwatch and collected blood was subsequently analyzed by the automatic blood cell analyzer.
Mice were euthanized at the end of experiments, major organs (liver, lung, kidney and spleen) were fixed in 4%
paraformaldehyde and routinely paraffin embedded and processed. Hematoxylin-eosin (H&E) staining was performed on
organs section. The inflammation infiltration and thrombus in organs were assessed by optical microscope (Eclipse ci,
Nikon, Japan).

Liver Bleeding Hemostasis Mice Model

The mice were administered 100 puL nanoparticles (200/nL) through tail vein and anesthetized with isoflurane after
20 min. Midline laparotomy was performed using a sterile scalpel to expose the hepatic lobes, a 3 mm incision was
created on the left hepatic lobe using scissors. The pre-weighed sterile absorbent gauze was placed in the abdominal
cavity to collect hepatic hemorrhage, upon achieving complete hemostasis at the hepatic injury site, both bleeding time
and blood loss were recorded by a digital stopwatch.

Femoral Artery Bleeding Hemostasis Mice Model

The mice were anesthetized with isoflurane for 20 min after injecting 100 pL nanoparticles (200/nL) through tail vein.
The skin and muscle at the groin of the mice were removed with a medical scalpel, and the femoral artery was exposed,
a femoral artery hemorrhage model was established by puncturing of the mid-femoral arterial segment with a 26-gauge
needle, the bleeding time and blood loss were recorded by a digital stopwatch.

Statistical Analysis

All data presented as means + standard from three separate experiments were analyzed using GraphPad Prism version 9.
Statistical differences were evaluated using two-tailed Student’s f-test or two-way ANOVA. p<0.05 was considered
statistically significant.

Results

Synthesis and Characterization of PLGA-PSP Nanoparticles

The platelet-like PLGA-PSP nanoparticles consisted of PLGA block copolymer cores conjugated with PEG arms
terminated by CBP, VBP and FMP (Figure 1A and B). The UV-vis absorption spectrum of PLGA-PSP nanoparticles
increased significantly in the 201-250 nm region compared to PLGA-PEG, which was consistent with the strong
absorption characteristics of the three platelet-specific peptides including PLGA-FMP, PLGA-VBP and PLGA-CBP in
this wavelength range (Figure 1C). Particularly at ~204 nm and ~230 nm, the absorption spectrum of PLGA-PSP
nanoparticles exhibits two absorption peaks, corresponding to the characteristic absorption peaks of peptides PLGA-
FMP, PLGA-VBP, and PLGA-CBP in the respective wavelength bands. The UV-vis absorption spectrum indicated that
the three platelet-specific peptides have been successfully conjugated to the PLGA-PSP structure. The average particle
size of the platelet-like PLGA-PSP nanoparticles was 120 nm, which was consistent with the expected size of artificially
synthesized platelets (Figure 1D). TEM showed that the PLGA-PSP nanoparticles had morphologically flexible vesicles
similar to natural platelets (Figure 1E), and still had relatively complete vesicle-like structures after 6 months of
conventional storage at 4°C (Figure 1F).

Biosafety Analysis of PLGA-PSP Nanoparticles
The biosafety of the synthesized PLGA-PSP nanoparticles was verified by in vitro experiments and found that it was not

cytotoxicity for human umbilical vein endothelial cells (Figure 2A). Erythrocyte osmotic fragility is an indirect method to

21,23

assess oxidative stress, the effect of PLGA-PSP nanoparticles on erythrocytes osmotic fragility was further
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Figure | Synthesis and characterization of PLGA-PSP nanoparticles. (A) The synthesis and scheme of liner PLGA-FMP. (B) The process for synthesis of PLGA-PSP
nanoparticles. (C) Ultraviolet spectra of PLGA-PEG, PLGA-FMP, PLGA-VBP, PLGA-CBP and PLGA-PSP nanoparticles. The red and blue arrows indicated characteristic
absorption peaks of PLGA-PSP nanoparticles at ~204 nm and ~230 nm compared with PLGA-PEG, respectively. The red circle indicated absorption peaks of PLGA-PSP
nanoparticles, the blue circle indicated absorption peaks of peptides PLGA-FMP, PLGA-VBP and PLGA-CBP. (D) Particle size detection of PLGA-PSP nanoparticles by NTA
technology. (E-F) TEM images of freshly prepared PLGA-PSP nanoparticles and PLGA-PSP nanoparticles stored for 6 months at 4°C, respectively. Scale bar = 100 nm.
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Figure 2 Biosafety analysis of PLGA-PSP nanoparticles. (A) Cytotoxicity assessment of PLGA-PSP nanoparticles co-cultured with HUVEC for 24 h, 48 h and 72 h (N=5),
respectively. (B and C) Osmotic fragility curves by PLGA-PSP nanoparticles co-cultured with erythrocytes for 24 h and 48 h (N=5), respectively. (D) H&E staining of liver,
lung, kidney and spleen were performed at 5 min after tail intravenous injection. Scale bar = 0.2 mm.

investigated, and the results showed that there was no change in the osmotic fragility curve after 24 h (Figure 2B) and
48 h (Figure 2C) of PLGA-PSP nanoparticles co-culture with erythrocytes. In addition, we also studied the effect of
intravenous injection of PLGA-PSP nanoparticles on the microcirculation of tissues and organs in mice.
Histopathological analysis (Figure 2D) showed that PLGA-PSP nanoparticles did not cause inflammation and micro-
thrombus in major organs (liver, lung, kidney and spleen). These data indicated that PLGA-PSP nanoparticles were non-
cytotoxic, did not cause oxidative damage to erythrocyte, as well as micro-thrombosis and inflammatory reactions in
tissues and organs, and may be safe for human beings.

PLGA-PSP Nanoparticles Enhanced Collagen-Induced Platelet Adhesion

Adhesion to the injured vascular site is an important step for platelets to play a hemostatic role, which is a rapid process
that takes place within seconds.* To determine whether PLGA-PSP nanoparticles have an impact on platelet adhesion,
immunofluorescence staining was used to detect the effects of PLGA-PSP nanoparticles on platelet adhesion. The
polypropylene plate was coated with collagen to simulate collagen exposure at the damaged site after vascular injury.
We observed that PLGA-PEG nanoparticles showed comparable effects to PBS, failing to induce platelet adhesion. In
contrast, PLGA-PSP nanoparticles demonstrated significant platelet adhesive effects (Figure 3). The results suggested
that PLGA-PEG nanoparticles had no significant effect on platelet adhesion, but PLGA-PSP nanoparticles played an
important role in platelet adhesion to the vascular injured site.

PLGA-PSP Nanoparticles Promoted ADP-Induced Platelet Aggregation

Upon vascular injury, the platelets adhering to the damaged site would recruit the neighboring platelets to aggregate and
form blood clots to reduce bleeding, therefore we further explored the effect of PLGA-PSP nanoparticles on platelet
aggregation. Data from platelet aggregation assays showed that PLGA-PSP nanoparticles with “resting” platelets, no
spontaneous platelet aggregation was recorded for any of the groups tested as compared with the PBS (Figure 4A).
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Platelet Nanoparticles

PBS

PLGA-PEG

PLGA-PSP

Figure 3 PLGA-PSP nanoparticles enhanced collagen-induced platelet adhesion. Platelet adhered to collagen-coated surfaces was assessed by immunofluorescence staining
of platelet (green) and nanoparticles (red). Representative images were shown for the end of the experiment for each condition. Scale bar = 5 um. All images were taken at
the same magnification.

Platelets can be activated by numerous stimuli from various origins, such as the platelets themselves that secrete
activating agonists like ADP after adhesion to the endothelium.”> Considering that ADP occurs naturally in human
body and plays a role in maintaining normal hemostasis and thrombosis, a concentration of 20 pM was chosen to
stimulate platelet aggregation in our studies.”® Consistent with our expectation, PLGA-PSP nanoparticles could sig-
nificantly promote platelet aggregation compared with the PLGA-PEG nanoparticles and PBS (Figure 4B). These results
indicated that PLGA-PSP nanoparticles promoted platelet aggregation in the presence of platelet stimulants, without
causing spontaneous platelet aggregation.

PLGA-PSP Nanoparticles Did Not Trigger Thrombin-Induced Platelet Activation
P-selectin (CD62p) is a membrane protein stored in platelet a-granules and transferred to the membrane surface and
plasma with platelet activation, forms a marker of activation coupled degranulation.’”*® To investigate the effect of
PLGA-PSP nanoparticles on platelet activation, flow cytometry was used to detect the expression of P-selectin on platelet
surface. Not surprisingly, in the presence of platelet activating agonists like thrombin, PLGA-PSP nanoparticles failed to
affect platelet activation (Figure SA and B). The results showed that the artificial synthetic PLGA-PSP nanoparticles did
not trigger platelet activation.
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Figure 4 PLGA-PSP nanoparticles promoted ADP-induced platelet aggregation. (A) Platelet aggregation at rest was evaluated under an optical microscope. Scale bar =20 um.
(B) Platelet aggregation in the presence of platelet activating agonists ADP under an optical microscope. The red arrow indicated aggregated platelet. Scale bar = 20 pm.
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Figure 5 PLGA-PSP nanoparticles did not trigger thrombin-induced platelet activation. (A) Flow cytometry was used to investigate thrombin-induced platelet activation, the
expression of P-selectin on platelet surface was detected by CD62p (N=5). (B) Statistical results of PE-CDé2p fluorescence intensity based on (A), N=5.

PLGA-PSP Nanoparticles Enhanced Hemostasis in Traumatic Hemorrhage Model of Mice
The hemostatic ability of PLGA-PSP nanoparticles in vivo was explored by traumatic hemorrhage model in mice. In the
experiments, bleeding time and blood loss were measured at 5 min after tail intravenous administered. PLGA-PEG nanoparticles
showed no decrease in clipped tails of bleeding time compared with PBS, while PLGA-PSP nanoparticles treated mice
significantly shorten the bleeding time (p < 0.01, Figure 6A). We deemed that red blood cell (RBC) represented the blood
loss. Consistent with the tail-transection bleeding time, the blood loss (p < 0.01, Figure 6B) decreased significantly in PLGA-PSP
nanoparticles treated mice. In addition to injured veins bleeding which is a type of traumatic hemorrhage, we also studied visceral
and artery hemorrhage, respectively. PLGA-PSP nanoparticles significantly improved the bleeding time (p < 0.001, Figure 6C)
and blood loss (p < 0.01, Figure 6D) of liver injury. Surprisingly, the liver bleeding time in the PLGA-PEG nanoparticles treated

11498 ‘e International Journal of Nanomedicine 2025:20



Fu et al

>
vy
@)

2.5+ *k 400+ kK
* %% *
_ 2.0+ 300-
3 T — T «
o 1.54 »
= °
- £ 2004
O 1.0 =
2 "
0.54 1004
0.0 0
) ] Q =3 (] Q
¢ v& v’qg € v’Q’ vg%

*
%00 e 400+ 1000- B
* %
[} ’J,‘ ~
3 ) 2 6004
- O A [
s £o I T
S 100+ = T 400+
< 100- 2
200+
0 o .
2] O Q
& &L L £ &
o o & &

Figure 6 PLGA-PSP nanoparticles enhanced hemostasis in traumatic hemorrhage model of mice. Bleeding time (A) and blood loss (B) were evaluated after tail intravenous
injection of PBS, PLGA-PEG and PLGA-PSP nanoparticles at 5 min. Liver bleeding time (C) and blood loss (D) were assessed at 20 min after tail vein injection of PBS, PLGA-
PEG and PLGA-PSP nanoparticles. Femoral artery bleeding time (E) and blood loss (F) were shown at 20 min after administration of PBS, PLGA-PEG and PLGA-PSP
nanoparticles. N=5. *p < 0.05, *p < 0.01, **p < 0.001.

mice was significantly reduced by 30% compared to PBS (p < 0.05). Moreover, compared with PBS, PLGA-PSP nanoparticles
significantly improved the femoral artery bleeding time (p < 0.01, Figure 6E) and blood loss (p < 0.05, Figure 6F), while there
was only a downward trend without statistical significance compared with PLGA-PEG nanoparticles of bleeding time. Whether
PLGA-PEG nanoparticles contributed to hemostasis at the site of visceral and artery injury remains to be studied. Overall, the
results demonstrated that PLGA-PSP nanoparticles enhanced hemostasis in traumatic hemorrhage model of mice.

PLGA-PSP Nanoparticles Accelerated Hemostasis in Traumatic Hemorrhage Model of

Thrombocytopenic Mice

In order to investigate whether PLGA-PSP nanoparticles had the same hemostatic effect in traumatic hemorrhage of
thrombocytopenic animals, the hemostatic efficacy of PLGA-PSP nanoparticles further evaluated in mice that were rendered
thrombocytopenic by intraperitoneally administration with busulfan (2 mg/kg) once a day for 14 d (Figure 7A). The
thrombocytopenic mice model was successfully established when the platelet counts decreased by 50~60% compared with
normal mice (p < 0.0001, Figure 7B). The hemostatic effect of PLGA-PSP nanoparticles was assessed by tail-transection
bleeding of thrombocytopenic mice. As expected, the tail vein bleeding time of PLGA-PSP nanoparticles treated mice was
reduced by 40% compared with PBS (p < 0.001, Figure 7C), and only decreased trends of the blood loss were observed
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Figure 7 PLGA-PSP nanoparticles accelerated hemostasis in traumatic hemorrhage model of thrombocytopenic mice. (A) Scheme showing traumatic hemorrhage model of
thrombocytopenic mice. (B) Platelet counts in normal (wild-type) mice and busulfan induced thrombocytopenic mice. Bleeding time (C) and blood loss (D) in
thrombocytopenia mice were evaluated after tail intravenous injection of PBS, PLGA-PEG and PLGA-PSP nanoparticles at 5 min. Liver bleeding time (E) and blood loss
(F) were assessed at 20 min after tail vein injection of PBS, PLGA-PEG and PLGA-PSP nanoparticles. Femoral artery bleeding time (G) and blood loss (H) were shown at
20 min after administration of PBS, PLGA-PEG and PLGA-PSP nanoparticles. N=10. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

compared with PLGA-PEG nanoparticles (Figure 7D). Meanwhile, PLGA-PSP nanoparticles were also found to have the
same hemostatic effect on liver bleeding time (p < 0.0001, Figure 7E) and the blood loss (p < 0.01, Figure 7F) in
thrombocytopenia mice. Moreover, compared with the PBS, PLGA-PSP nanoparticles significantly reduced the femoral
artery bleeding time (p < 0.05, Figure 7G) and blood loss (p < 0.05, Figure 7H) in thrombocytopenia mice. These data proved
that PLGA-PSP nanoparticles had a good hemostatic ability on traumatic hemorrhage model of thrombocytopenia mice.

Discussion

In recent years, platelet concentrates have struggled to meet the clinical needs of traumatic hemorrhage due to the
increased transfusion of platelet components and limited storage period of platelets. Development of the efficient hemo-
static materials is essential for the management of traumatic hemorrhage.?® Therefore, the purpose of this study was to
design and optimize a novel biosafety and efficacy platelet-like hemostatic material that can be administered intrave-
nously. PLGA-PSP nanoparticles were synthesized by covalently coupling the platelet-specific peptides (CBP, VBP and
FMP) to the surface of PLGA-PEG nanoparticles, mimicking the physical properties and biological functions of natural

platelets. The biosafety and hemostatic ability of the nanoparticles were subsequently verified by in vivo and in vitro
experiments.
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Within the wide range of polymeric materials that can be used to synthesize nanocarriers, PLGA is widely used for
nanoparticle synthesis which composed of poly(lactic acid) (PLA) and poly(glycolic acid) (PGA) monomers.’” PLGA
nanoparticles are ideal for constructing intravenously administered drug carriers because of the good biocompatibility,
biodegradability and targeted drug delivery capabilities.’’ However, the hydrophobic surface of PLGA nanoparticles
makes them to be easily recognized as hetero-antigen by organisms, leading to premature clearance by neutrophils and
macrophages from the bloodstream,” and the negative charge on the surface impedes their interaction with negatively
charged biological barriers.* PEG is a polymer with excellent hydrophilicity, which has the ability to undergo several
polymer conformations to evade neighboring protein molecules.>* The “stealth” effect of PLGA nanoparticles can be
achieved by attaching PEG chains on the surface.*> Coupling the non-platelet alternative coagulants Arg-Gly-Asp (RGD)
sequence to PLGA surface via 4600 Da PEG had a greatest platelet adhesion and aggregation.”> When the PEG arm
length exceeds 5000 Da, the polymer chain has enough repeat units to fold over and shield functional domains.>*
Considering these factors, PEG with a molecular weight 4300 Da was selected to synthesize PLGA-PEG nanoparticles.

The resting platelet is a generally biconvex discoid structure of 2-3 pm in diameter.*® Upon vascular injury, the
glycoprotein GP Ib on the surface of platelets reversibly bind to the damaged endothelium by interacting with von
Willebrand Factor (vWF) secreted by endothelial cells, then the glycoprotein GP Ia/Ila forms stable adhesion by binding
to collagen. Subsequently, platelet activation occurs and fibrinogen-mediated interactions with the integrin GP IIb/Ila on
the platelet surface, other locally activated platelets are recruited to aggregate, ultimately achieving effective hemostasis
at the wound site.?” It was reported that platelet-specific peptides was conjugated to a lipid-PEG molecule via amide to
form lipid-PEG-peptides conjugates.>’ Inspired by the hemostatic function of natural platelets, PLGA-PSP are peptide-
decorated nanoparticles targeted to sites of damaged vascular. CBP and VBP bind to exposed collagen and vWF,
respectively, and then FMP promoted platelet recruitment and aggregation at the injury site (Figure 8). Our data showed
that PLGA-PSP nanoparticles were non-toxic, injectable and did not cause microthrombi in organisms. We simulated

e Prar S e B A e e )

C O T 0 Y 0 3 O x0T O o>
O A o o ¢ Endothelial cell
Q « Active GP lib/llla

PLGA FMP CBP VBP PEG
Platelet 1]
ibrinogen
1% O s

o
Cmg%_/

GP Iallla‘g%

w >
ST S—
Traumatic hemorrhage Pl ST RN T

My
VWF Vascular endothelial injury Collagen

Intravenous injection \—<>.<\~£—\ WM
PLGA-PSP ‘-‘.

nanoparticles Inject PLGA-PSP

J nanopartlcles
\/—\ ’\://'\

\’-\—\,Nﬁ\a\m
Vascular endothelial injury

Hemostasis

Figure 8 Schematic illustration of synthesis and hemostatic function of artificial platelet-like PLGA-PSP nanoparticles.
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collagen exposure after vascular endothelial cells damaged in vitro. In the presence of PLGA-PSP nanoparticles, both
activated platelets and PLGA-PSP nanoparticles bind to injured endothelium, as well as to combine with each other. The
platelet adhesion in the PLGA-PSP nanoparticles treatment group was observed by immunofluorescence staining. In
addition, we also observed that incubation PLGA-PSP nanoparticles with “resting” platelets failed to result in any
apparent platelet aggregation. Studies had shown that PLGA-PEG nanoparticles with platelets stimulated by ADP did not
appear to influence the aggregation of the platelets,”® while PLGA-PSP nanoparticles in our data can significantly induce
platelet aggregation without affecting platelet activation function.

The hemostatic efficacy of peptide-related materials has been recently demonstrated in a variety of traumatic hemorrhage
animal models.**** Liposomes modified with RGD peptide effectively activated platelets, augmented hemostasis and
shortened the bleeding time of mice tail.*' Functionally decorated platelet-like nanoparticles (PLNs) decreased the tail
bleeding time of mice by 65%, but increased the possibility of inducing pulmonary microthrombus.** Synthetic Platelet
(SP) nanoparticles reduced blood loss by 35% in von Willebrand disease type 2B mice.* Prophylactically administered
SynthoPlate™ efficiently improved the hemostatic defect in thrombocytopenia mice* and elevated survival rate in a porcine
model of traumatic arterial hemorrhage.** In this study, we optimized and synthesized PLGA-PSP nanoparticles which
significantly improved sub-acute bleeding (tail transection) in normal and thrombocytopenia mice. After observing the
promising hemostatic effects, we focused on evaluating the application of PLGA-PSP nanoparticles for hemostasis in liver
injury, a mouse model of visceral bleeding that better reflects the rescue of traumatic hemorrhage.*” In parallel, we observed
improved bleeding time and reduced blood loss in both normal and thrombocytopenia mouse models of liver bleeding
following intravenous administration of PLGA-PSP nanoparticles. Similarly, hemostatic effect of PLGA-PSP nanoparticles
was validated in mice model of massive acute bleeding, which also shown positive hemostatic ability in both normal and
thrombocytopenic mouse models of femoral artery bleeding. However, due to the large diameter and high flow rate of the
femoral artery, the hemostatic effect was less pronounced compared to tail transection and liver injury models. Above all, these
studies provided strong evidence toward the effectiveness of PLGA-PSP nanoparticles in vivo. In the following study, the
hemostatic effect of PLGA-PSP nanoparticles will be further verified in other rodents and large animals.

Our study provided evidences for the hemostasis of PLGA-PSP nanoparticles in traumatic hemorrhage, but there are
some limitations. Firstly, although PLGA-PEG nanoparticles have been reported to exhibit excellent biodegradability, the
metabolic cycle of PLGA-PSP nanoparticles in vivo remains unexplored. Furthermore, the optimal therapeutic concen-
tration and administration timing of PLGA-PSP nanoparticles for traumatic hemorrhage were not investigated in this
study. These limitations will also be the main research direction of our future work.

Rapid hemostatic effect, injectability, non-cytotoxicity, non-immunogenicity and absence of microthrombus formation are
the critical requirements for artificial mimic platelets.*> PLGA nanoparticles used in this study were approved by FDA, which
offer a new intravenous administration strategy for clinical therapy of traumatic hemorrhage. The novel platelet-like PLGA-PSP
nanoparticles have the potential to be developed as clinically safe and effective hemostatic materials in the context of long-term
shortage of platelet supply. However, hemostasis is only the initial step in wound healing process, which comprises multiple
dynamic and intricately intertwined stages, including inflammation, proliferation and remodeling.**® In the future, we will
further optimize PLGA-PSP nanoparticles, with a focus on achieving rapid hemostasis and high antibacterial performance.

Conclusion

In summary, inspired by the physiological structure of platelets, PLGA-PSP nanoparticles were synthesized in our study
by covalently coupling the platelet-specific peptides (CBP, VBP and FMP) to the surface of PLGA-PEG nanoparticles.
We found that PLGA-PSP nanoparticles had a good biological safety and significantly induced platelet adhesion and
aggregation without triggering unexpected platelet activation. Moreover, the application of PLGA-PSP nanoparticles was
also demonstrated to effectively reduce the bleeding time and blood loss in the tail vein, liver and femoral artery of both
normal and thrombocytopenic mice. Therefore, PLGA-PSP nanoparticles can achieve rapid hemostasis in traumatic
hemorrhage without side effects. However, wound healing progresses through four dynamically overlapping phases
without distinct boundaries, our subsequent research will focus on developing multifunctional nanoparticles that combine
robust antibacterial properties with hemostatic efficacy to address subsequent healing challenges. The novel platelet-like
PLGA-PSP nanoparticles emerge as a promising therapeutic platform for managing traumatic hemorrhage.
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