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ABSTRACT

Autologous vein grafts have attracted widespread attention for their high transplantation success rate and low
risk of immune rejection. However, this technique is limited by the postoperative neointimal hyperplasia,
recurrent stenosis and vein graft occlusion. Hence, we propose the platelet membrane-coated Poly(lactic-co-
glycolic acid) (PLGA) containing sildenafil (PPS). Platelet membrane (PM) is characterised by actively targeting
damaged blood vessels. The PPS can effectively target the vein grafts and then slowly release sildenafil to treat
intimal hyperplasia in the vein grafts, thereby preventing the progression of vein graft restenosis. PPS effectively
inhibits the proliferation and migration of vascular smooth muscle cell (VSMCs) and promotes the migration and
vascularisation of human umbilical vein endothelial cells (HUVECs). In a New Zealand rabbit model of intimal
hyperplasia in vein grafts, the PPS significantly suppressed vascular stenosis and intimal hyperplasia at 14 and
28 days after surgery. Thus, PPS represents a nanomedicine with therapeutic potential for treating intimal hy-

perplasia of vein grafts.

1. Introduction

Atherosclerotic occlusive diseases, such as lower extremity arterial
occlusive disease and coronary artery atherosclerotic heart disease, are
becoming increasingly prevalent and significantly impact individual
health and quality of life (Charakida and Tousoulis, 2013; Cole, 2017;
Shishehbor and Jaff, 2016). Arterial bypass surgery is a crucial thera-
peutic approach for these conditions, with autologous vein grafts being
the preferred choice (Beerkens et al., 2022). Nevertheless, vein grafts
may lead to recurrent stenosis, affecting long-term treatment outcomes
(Neufang et al., 2018; Royse et al., 2022). The recurrence of stenosis and
occlusion in vein grafts associated with to early thrombus formation,
mid-to-late-stage neointimal hyperplasia and the development of
atherosclerosis (Yao et al., 2014). Mid-to-late-stage intimal hyperplasia
is the main contributor to vein graft failure (Tang et al., 2022). Surgical

procedures for vein graft liberation, ligation, division, transplantation
and vascular bypass reperfusion cause varying degrees of endothelial
damage, accompanied by the accumulation of platelets and neutrophils
as well as release of cytokines and chemokines (Dashwood et al., 2007;
Ladak et al., 2022; Ward et al., 2017). This process leads to hyper-
proliferation of smooth muscle cells, resulting in intimal hyperplasia and
restenosis of vein grafts (Qi et al., 2017). Currently, postoperative
restenosis of vein grafts has attracted clinical attention, yet effective
therapeutic approaches remain elusive.

Phosphodiesterase-5 (PDE-5) inhibitors, such as sildenafil and
tadalafil, represent a significant class of cardiovascular therapeutic
agents (Nilsson et al., 2023). Clinically, they are utilized to treat disor-
ders such as erectile dysfunction, pulmonary arterial hypertension
(PAH) and heart failure (Guazzi, 2008; Hamzehnejadi et al., 2022; Lan
et al., 2018). The mechanism of PDE-5 inhibitors is related to nitric
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oxide (NO) and mainly acts through the nitric oxide-cyclic guanosine
monophosphate (NO-cGMP) signaling pathway (Mo et al., 2004). NO is
known for its vasodilatory property, antiplatelet aggregation, anti-
oxidative stress, anti-inflammation, anti-proliferation and pro-
fibrinolytic effects (Lordan et al., 2021). PDE-5 inhibitors, a potential
therapy for postoperative vein graft stenosis, attenuate intimal hyper-
plasia in vein grafts by modulating the NO-cGMP signaling pathway and
inhibiting smooth muscle cell migration and proliferation (Degjoni
et al., 2022; Reffelmann and Kloner, 2003). At present, sildenafil has
been approved for the treatment of PAH in adult patients (Vizza et al.,
2017). Previous studies have indicated that sildenafil exerts positive
effects on inhibiting intimal hyperplasia, suggesting it might be an ideal
drug for reducing vein graft restenosis.

Poly(lactic-co-glycolic acid) (PLGA) nanoparticles are widely used in
pharmaceutical delivery systems due to their excellent biocompatibility
and controlled release properties (Mohebali and Abdouss, 2020).
Encapsulation of sildenafil into PLGA nanoparticles offers several ad-
vantages. Firstly, it improves the solubility and stability of the drug,
thereby enhancing its bioavailability. Secondly, the controlled release of
sildenafil from PLGA nanoparticles can lead to sustained drug levels in
the bloodstream, thereby reducing the frequency of dosing and mini-
mizing side effects (Liang et al., 2024; Stipa et al., 2021). Current studies
of sildenafil-loaded PLGA nanoparticles have focused on pulmonary
disease (e.g. PAH), and most of the loading methods used are emulsified
solvent volatilisation. These studies have shown promising results in
terms of enhanced delivery, sustained release and improved therapeutic
efficacy of PLGA nanoparticles containing sildenafil (Lazo et al., 2023;
Rashid et al., 2017; Restani et al., 2020; Shahin et al., 2021). It has been
shown that PLGA nanoparticles loaded with sildenafil have significantly
higher bioavailability, longer circulation time and outstanding thera-
peutic effects in PAH compared to free sildenafil (Rashid et al., 2017). In
conclusion, PLGA nanoparticles containing sildenafil display great po-
tential for improving drug delivery and efficacy.

Effective delivery of drug-loaded nanoparticles to the injury site is
conducive to reducing the side effects of the drug and enhancing their
therapeutic efficacy (Zhang et al., 2023). Platelets play a pivotal sentinel
role in monitoring vascular damage and defending against invasive
microorganisms, which inspire the innovative design of functional
nanocarriers (Holinstat and Reviews, 2017; Hu et al., 2015). The
mechanisms of platelet aggregation, and in particular their ability in
response to vascular impairment, have contributed to the development
of a platelet mimetic delivery system capable of showing significant
targeted therapeutic potential in the areas of vascular repair, inflam-
mation response, and cancer treatment (Kulkarni et al., 2000). Platelet
membrane (PM)-coated nanoparticles exhibit exceptional biocompati-
bility, which can mimic cellular functions, evade immune system
detection, and specifically deliver drug-loaded nanoparticles to the
desired location, thereby achieving targeted therapeutic objectives and
enhancing treatment efficacy (Hu et al., 2015; Xu et al., 2023). Espe-
cially for patients after vein graft surgery, these PM-coated nanoparticles
are considered an ideal choice for targeted drug delivery to damaged
vessels thanks to their strong specificity.

Collectively, it is hypothesised that sildenafil may exert therapeutic
effects in preventing restenosis after vein graft surgery by inhibiting
intimal hyperplasia. Therefore, the aim and novelty of this study is to
develop for the first time a platelet membrane-encapsulated PLGA
nanoparticle containing sildenafil for the treatment of vascular stenosis
due to intimal hyperplasia after vein grafting. As a drug carrier, PLGA
can prolong the duration of the drug efficiency. Encapsulation with PM
enhances drug uptake by damaged blood vessels, significantly
improving target delivery and therapeutic efficacy in vascular injury.
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In this work, we chose sildenafil as the therapeutic drug, loaded
sildenafil onto PLGA by nanoprecipitation (SNP) and covered platelets
on the surface of SPN by extruder to obtain platelet membrane-
encapsulated PLGA nanoparticles containing sildenafil (PPS). The PPS
demonstrated targeting capability towards vein grafts, allowing for the
slow release of sildenafil in the body to exert its therapeutic effects.
Results from in vitro and in vivo animal studies indicated that the PPS
assisted in avoiding vascular stenosis, promoting endothelial repair,
inhibiting intimal hyperplasia and inflammatory responses.

2. Materials and methods
2.1. Materials

Poly (lactic-co-glycolic acid) (PLGA) (lactide:glycolide 50:50,
10,000-15,000 Da, Xfnano, 103,390, Nanjin,China), Sildenafil citrate
(Aladdin, A2329533, Shanghai, China), Poloxamer 188 (Sigma, P5556,
Shanghai, China), Acetone (Sigma, 904,082, Shanghai, China), Rabbit
Peripheral Blood Platelet Separation Reagent Kit (Solarbio, P1730,
Beijing, China), BSA-FITC(qiyuebio, Q-0176281, Xian, China),
Enhanced Cell Counting Kit-8 (CCK-8, Beyotime, C0042, Shanghai,
China), 1,1’-Dioctadecyl-3,3,3',3 -Tetramethylindodicarbocyanine,4-
Chlorobenzenesulfonate Salt (DiD, Beyotime, C1039, Shanghai, China),
Calcein-AM/PI Staining Kit (Beyotime, C2015M, Shanghai, China), Anti-
CD68 antibody (ab125212), Anti-alpha Smooth Muscle Actin (a-SMA)
antibody (ab7817) and Anti-CD31 antibody (ab182921,) were pur-
chased from Abcam (Shanghai, China), Rabbit Proliferating Cell Nuclear
Antigen (PCNA) ELISA kit (Tzybiotech, TK06247, Wuhan, China),
Rabbit vascular endothelial growth factor (VEGF) ELISA KIT (SEKRT-
0009), Rabbit platelet-derived growth factor (PDGF) ELISA KIT (SEKRT-
0400) and Rabbit TNF-a ELISA Kit (SEKRT-0009), Rabbit IL-1f ELISA Kit
(SEKRT-0019) were purchased from Solarbio (Beijing, China). DMEM
medium, fetal bovine serum (FBS) and phosphate buffered saline (PBS)
were purchased from the Bionove-gene Biomedical Technology Co., Ltd.
(Shanghai, China). Pentobarbital sodium, heparin and saline were pro-
vided by the Experimental Animal Centre of Wenzhou Medical Univer-
sity. All other chemicals were reagent grade and used as received.
HUVECs and VSMCs purchased from the BHcell Biotechnology Co., Ltd.
(Guangzhou, China).

2.2. Methods

2.2.1. Synthesis of PLGA loaded with sildenafil

Nanoprecipitation method was employed to prepare sildenafil-
loaded PLGA nanoparticles (Hu et al., 2015; Wei et al., 2018; Zhao
et al., 2021). Briefly, a solution containing PLGA (10 mg) and sildenafil
(4 mg) in acetone (1 mL) was added dropwise to an aqueous solution
containing 0.05% (wt/vol) poloxamer 188 (5 mL). The mixture was
stirred for 6 h and the residual acetone was further removed by rotary
evaporation. The unencapsulated drug was separated from the nano-
particles by centrifugation at 3000 x g for 30 min using a ultrafiltration
tube (molecular weight cut-off at 10000 Da, Cobetter). The separated
nanoparticles were resuspended by adding appropriate amount of pure
water. The resuspended solution was collected and lyophilized in a
freeze-dryer to obtain sildenafil-loaded PLGA nanoparticles (SPN).

The excess unencapsulated sildenafil was separated and The con-
centration of free sildenafil was then obtained by measuring the absor-
bance at 290 nm using high performance liquid chromatography (HPLC)
(Jung et al., 2011; Salama et al., 2016). The amount of sildenafil loaded
in the SPN nanoparticles was quantified according to the following
equation:
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Amount of sildenafil contained in nanoparticles = Cy x Vo — C; x V;

Co: concentration of sildenafil at the start of the reaction; Vg: volume
of solution at start of reaction; C;: concentration of sildenafil at the end
of the reaction; V1: volume of solution at end of reaction.

The drug loading efficiency and drug-loading were calculated ac-
cording to the following formulae:
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suspension on a 200-mesh copper grid and then negatively stained with
freshly prepared 1 wt% uranyl acetate. The size distribution and zeta
potential of nanoparticles were determined using dynamic light scat-
tering (DLS, Zetasizer Nano-ZS, Malvern, UK) (n = 3 per group). The
absorption spectrum of nanoparticles was recorded using a UV-Visible
spectrophotometer (Cary 60, China).

2.2.5. In vitro release experiment

Loading efficiency = (1 — Amount of unencapsulated sildenafil/Total amount of sildenafil added) x 100%.

Drug — loading = Amount of sildenafil contained in nanoparticles/Total weight of nanoparticles x 100%.

Record the PPS containing 1 mg of sildenafil as 1 unit.

2.2.2. Platelet isolation and platelet membrane derivation

Suitable adult male New Zealand rabbits were selected and blood
was collected through marginal ear vein using citrate buffer as an
anticoagulant. According to the instructions provided in the rabbit pe-
ripheral blood platelet separation kit (Solarbio, P1730, China), platelets
were isolated. Briefly, dilute fresh anticoagulated whole blood with
equal volumes of PBS. In the centrifuge tube, 4 mL of isolation solution
was added first, followed by 2 mL of 60% isolation solution (1200 pL
isolation solution +-800 pL tissue dilution solution, the kit provides both
reagents), and then finally add the diluted whole blood (note: the total
volume of the mixture should not exceed two-thirds of the centrifuge
tube, or else the separation will be influenced). The mixture was
centrifuged (300 g, 25 min) at room temperature. After centrifugation,
the mixture was divided into 6 layers from top to bottom, and the
platelet layer (second layer) was carefully pipetted into a clean centri-
fuge tube, then 10 mL PBS was added and centrifuged (500 g, 20 min),
the supernatant was discarded. Platelets were obtained, resuspended in
an adequate volume of PBS and subjected to repeated freeze-thaw cycles
to extract platelet membranes (PM). The platelets were frozen at —80 °C
and then thawed at room temperature, followed by centrifugation at
4000 xg for 3 min. The platelet suspension was frozen and thawed at
least three times (Hu et al., 2015). Finally, the PM was resuspended in
PBS.

2.2.3. Platelet membrane-coated SPN

PM were sonicated at a frequency of 40 kHz and 100 W power for 5
min in a covered EP tube. The resulting suspension was sequentially
extruded through 400 nm and 200 nm porous polycarbonate membranes
using an Avanti mini-extruder (Avanti Polar Lipids, AL, USA) in 10 cy-
cles to obtain PM-coated SPN (PPS). PM extracted from 1 mL of rabbit

Using the same procedure as described above, 1 mg of sildenafil
loaded nanoparticles were added to 2 mL PBS at 37 °C and gently
shaken. At predetermined time points, the above solution was centri-
fuged (5000 rpm, 10 min) and 50 pL of supernatant was collected
Determination of Sildenafil Content in the Collected Supernatant by
HPLC. Finally, the in vitro release of sildenafil was calculated based on
sildenafil content in supernatant (n = 3 per group).

2.2.6. Cytotoxicity assay

Human umbilical vein endothelial cells (HUVECs) were cultured in a
humidified cell culture incubator with 5% carbon dioxide at 37 °C. Cells
were cultured in DMEM medium (Gibco, USA) supplemented with 10%
(v/v) fetal bovine serum (FBS) (Gibco, USA). The cytotoxicity of the PPS
was tested in HUVECs via an CCK-8 assay. HUVECs were seeded in 96-
well plates with a density of 5 x 10* cells per well. After cell attachment,
the cells were treated with DMEM medium with or without PPS (1 unit)
and incubated in a cell culture incubator for 12 and 48 h. After washing
with PBS, medium (200 pL) containing 20 pL of CCK-8 was added to
each well and incubated at 37 °C for 4 h. The absorbance of each well at
450 nm was measured with enzyme markers and cell activity was
calculated (n = 5 per group). In 48 h, according to the manufacturer's
instructions, HUVECs were stained with calcein-AM/PI staining kit. The
fluorescence images were captured by a fluorescence microscope.

2.2.7. Cell scratch experiment

When the HUVECs and vascular smooth muscle cells (VSMCs) den-
sity approximately reached 100% in 6-well plates, and then the cell
monolayers were scratched using a 200 pL pipette tip. Cells were then
incubated in serum-free DMEM with sildenafil (1 mg/mL) or PPS (1unit)
for 12 and 48 h. Cell migration was recorded microscopically and the
width of the scratch at each time point was analyzed using image J to
calculate the cell migration rate (n = 3 per group).

Migration rate = (Initial distance — migration distance)/Initial distance x 100%.

blood was extruded with PLGA containing 1 mg of sildenafil in a 1:1
ratio by solution volume (Xiao et al., 2022). Specifically, 1 mL of 35.3
pg/mL PM was extruded with 1 mL of 1.60 mg/mL SPN through a film
extruder so that the PM coated the SPN. Empty platelet membrane
vesicles were prepared by a similar method.

2.2.4. Characterization of the nanoparticles

The morphology of nanoparticles was observed by transmission
electron microscope (TEM, Hitachi, HT7800, Japan). Before performing
TEM imaging, the samples were prepared by depositing the nanoparticle

2.2.8. Tube formation experiment

Fifty pL of Matrigel (Corning, USA) was applied to a 24-well plate in
an even distribution to avoid air bubbles and incubated at 37 °C for 30
min or polymerized for 1 h at room temperature. 500 pL of HUVECs cell
suspension was seeded at a density of 1 x 10° cells per well. Cells were
treated with medium containing sildenafil (1 mg/mL) or PPS (1lunit) or
neither. Staining of HUVECs cell using calcein-AM. The formation of
HUVECs forming tubes was observed for 8 h using a microscope (Nikon,
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Japan). Finally, the number of tube-forming cells in each group was
counted (n = 3 per group).

2.2.9. Cell proliferation assay

VSMCs were inoculated into 96-well plates at a density of approxi-
mately 3 x 10%/well. Old medium was aspirated after cell apposition
and the cells were washed 3 times with PBS, after which they were
treated with medium containing sildenafil (1 mg/mL) or PPS (1 unit) or
neither, and incubated for 48 h. The cells were washed with PBS 3 times
and then 200 pL of serum-free medium containing 20 pL of CCK-8 so-
lution were added to each well and then the cells were incubated for 1 h.
After incubation, the absorbance was measured at 450 nm. Finally, the
cell proliferation rate was calculated (n = 3 per group).

Proliferation rate = Absorbance at 48 h/
Initial moment of absorbance x 100%.

2.2.10. Hemolysisi assay

Blood from healthy adult New Zealand rabbits were taken through
marginal ear veins and placed into tubes containing sodium citrate
anticoagulant. The blood samples were gently centrifuged (1500 rpm,
10 min) to remove the supernatant and the remaining precipitated
erythrocytes were washed with an appropriate amount of saline and
then centrifuged as described above until the supernatant did not show
any red color. The resulting erythrocytes were prepared as a 2% eryth-
rocyte suspension in saline. Four EP tubes with 1 mL of 2% erythrocyte
suspension were taken and then 100 pL of saline was added as negative
control group, 1% Triton X-100 as positive control group,1 mg/mL sil-
denafil and 1 unit of PPS as two experimental groups, respectively, and
then placed them in a 37 °C water bath for 8 h. After gentle centrifu-
gation (1500 rpm for 10 min), the EP tube supernatant color was
observed and photographed. Then 100 pL of supernatant was carefully
pipetted into a 96-well plate and the absorbance was detected at 540 nm
via an enzyme marker (n = 5 per group).

Hemolysis rate = (absorbance of sample
— absorbance of negative control)/
(absorbance of positive control
— absorbance of negative control) x 100%.
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intraoperative anaesthetic dose added at 1/10 to 1/6 of the anaesthetic
dose if the operation lasted longer than 50 min. New Zealand rabbits
were placed supine on a rabbit operating table, while their necks were
exposed routinely prepared, disinfected and covered with a sterile cavity
towel. In the midline of the rabbit's neck, between the sternum and the
mandible, the skin and subcutaneous tissue were dissected in layers to
expose and separate the external jugular vein. A segment of the vein was
harvested as the graft vein and saline solution containing 6000 U/L of
heparin was used to flush out residual blood in the cavity to prevent
thrombus formation. Simultaneously, heparin saline solution (200 U/
kg) was injected into the marginal vein of the ear for systemic hep-
arinization. A homemade cannula was made using a 4F catheter sheath
(Terumo), which was secured at both ends of the graft vein and
immersed in heparin saline after fabrication. Next, further dissection of
the subcutaneous connective tissue was performed until the carotid ar-
tery was exposed. The blood flow at both ends of the carotid artery was
occluded using atraumatic artery clamps. With a sharp blade, the carotid
artery wall was gently incised and the prepared graft vein was inserted
into both ends of the carotid artery. The inserted catheter was securely
fixed with sutures to prevent slippage. Successful placement of the
catheter was confirmed upon observing a strong pulsation.

The first day of surgery was recorded as 1 day, and the New Zealand
rabbits were kept until 28 days after surgery. Sixteen rabbits were
divided into four groups: the blank group underwent sham operation,
the sildenafil group injected with sildenafil (1 mg/kg), the PPS group
injected with PPS (1 unit/kg) and the control group injected with an
equivalent volume of saline solution. Postoperatively, injections were
administered via the marginal vein of the rabbit's ear every Monday and
Thursday.

2.2.12. Vascular ultrasound

Rabbits were anesthetized with 3% sodium pentobarbital (1 mL/kg)
solution and immobilized on a dissecting table. The fur on the neck area
of the rabbits was removed using a shaver followed by an adequate
amount of coupling agent was applied to enhance image visualization.
The ultrasonographic images of the grafted vessels in each group of
rabbits were recorded using a portable color ultrasound machine
(SonoSite, M-Turbo). Changes in the vessel diameter and blood flow
signals were observed and documented (n = 3 per group).

Vascular stenosis rate = vessel diameter at the time of testing/initial vessel diameter x 100%.

2.2.11. Vein graft animal model

In this study, general grade New Zealand rabbits, weighing between
3.0-3.5 kg, were selected from the Animal Experiment Centre of
Wenzhou Medical University. All rabbits were housed in rabbit cages in
the general grade animal room of the Animal Experiment Centre of
Wenzhou Medical University. Animals are housed in the facility at an
indoor temperature of about 18-25 °C with a daily temperature differ-
ence of + 5 °C and humidity levels maintained at 50% at cage level.
Animals were housed under a 12 h-12 h light-dark cycle and food and
water were provided ad libitum. Animal maintenance and procedures
were performed in accordance with the Ethics Committee of Wenzhou
Medical University and the Experimental Animal Management Com-
mittee of Zhejiang Province (Approval No.: wydw2023-0233).

The New Zealand rabbit autologous vein graft model was established
using the “cuff” method. The rabbit external jugular vein was grafted to
the ipsilateral common carotid artery (Bongaarts et al., 2020; Wong
et al., 2008; Wu et al., 2018). The surgical procedure was as follows:
rabbits were anesthetized using 3% sodium pentobarbital (1 mL/kg)
intravenously through the ear margins, with an additional

2.2.13. HE and Masson staining

Following the completion of treatment at different time points, the
rabbits in each group were euthanised. Vascular tissues and major or-
gans (heart, liver, spleen, lungs and kidneys) were excised, fixed in
routine 4% paraformaldehyde solution, embedded in paraffin and
sectioned. Subsequently, staining was conducted with hematoxylin and
eosin (HE) and masson trichrome stain for further observation by an
optical microscope. The slices were quantitatively analyzed using Image
J software (n = 3 per group).

2.2.14. In vivo imaging targeting assey

The cell membrane dye DiD-labelled PPS was prepared for in vivo
targeting experiments. Specifically, DiD dye (10 pM) was mixed with
PPS (1 unit/kg) and incubated for 6 h at 4 °C in a light-proof shaker,
followed by dialysis in PBS solution for 12 h to remove excess free DiD
dye. After intravenous administration of the DiD-labelled PPS, in vivo
tracking of PPS was conducted using an in vivo imaging system (IVIS
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Spectrum, PerkinElmer, USA). Rabbits were euthanised at a pre-
determined time, and the major organs (heart, liver, spleen, lungs and
kidneys) along with the grafted vessels as well as the contralateral
normal vessels were collected for imaging. The fluorescence intensity of
major organs and vessels was counted and analyzed (n = 3 per group).

2.2.15. In vivo pharmacokinetic release assay

Sildenafil (1 mg/kg) or PPS (1 unit/kg) was administered via the
marginal ear vein. At a predetermined time point, at least 1 mL of blood
sample was withdrawn from the marginal ear vein of the rabbits and
added to the tubes containing heparin (n = 3 per group). The blood
sample was centrifuged and a clear plasma layer was separated. 100 pL
plasma was thoroughly mixed with 50 pL of borax(0.1 N), 1 mL of ether
and 50 pL of nifedipine in acetonitrile solution (200 pg/mL) as an in-
ternal standard. The mixture was vortexed for 3 min and centrifuged
(10,000 xg, 10 min) to precipitate the proteins. The residue was redis-
solved in the mobile phase. The resulting solution (20 pL) was analyzed
by HPLC (Agilent, USA) equipped with a Phenomenex Gemini-NX 5u
C18 analytical column (0.5 pm, 25 cm x 0.46 cm, Phenomenex, USA).
The mobile phase consisted of 20 mM KH,PO4 and acetonitrile (70:30,
v/v). The eluent was monitored at a flow rate of 1.0 mL/min at 290 nm.
The release of sildenafil was then calculated from the standard curve (Al-
Hroub et al., 2016; Dahshan et al., 2019; Jung et al., 2011).

2.2.16. Immunohistochemical staining

After 4 and 12 weeks, the rabbit blood vessel samples, were subjected
to routine immunohistochemical steps including 4% paraformaldehyde
fixation, antigen detection, antibody conjugation and chromogenic
visualization. The following primary antibodies were used: anti-CD68
(1:500), a-SMA (1:500) and anti-CD31 (1:500). Photographs of repre-
sentative fields were taken using an optical microscope and positive
areas in each image were quantified using Image J (n = 3 per group).

2.2.17. Enzyme linked immunosorbent assay (ELISA)

Vascular tissue samples were collected from each group and filter
paper was used to absorb the surface moisture. Equal amounts of
vascular tissue was then excised from each group and thoroughly dis-
rupted using a high-throughput tissue grinder (SCIENTZ-48 L, China).
For each 1 mg of tissue 10 pL of RIPA lysing solution was added, and the

() PLGA
s1ldenafll

e~ _ _ platelet
¢ membrane
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mixture was lysed for 10 min on ice, followed by centrifuged (10,000 g,
5 min). The supernatant was taken and the concentrations of PCNA,
CD34, VEGF, PDGF, TNF-a and IL-p in the supernatant were detected
according to the manufacturer's instructions using the appropriate
ELISA kit (n = 3 per group).

2.2.18. Statistical analysis

Experiments were carried out at least three times for statistical
analysis , and the results were expressed as mean =+ standard deviation.
Statistical significance was assessed using one-way ANOVA. In this
study, *p < 0.05, **p < 0.01, ***p < 0.001 and they were considered
statistically significant.

3. Results and discussion
3.1. Preparation and characterization of PPS

The PPS nanoparticles targeting vein grafts were prepared by
nanoprecipitation and extrusion encapsulation methods (Fig. 1).
Initially, sildenafil and a small amount of poloxamer were encapsulated
onto PLGA nanoparticles (SPN) through a nanoprecipitation method,
and subsequently, platelet membranes (PM) were coated onto the sur-
face of SPN via the extrusion process, ultimately forming the PPS. In
order to verify that PM were successfully encapsulated on the surface of
SPN, the morphology of the bare PLGA, SPN and PPS were characterised
using TEM, showing the core-shell structure of synthesized PPS with
platelet membranes fully enveloping them (Fig. 2A). Additionally,
empty platelet membrane vesicles were also characterised by TEM
(Fig. S1A). The changes in the particle size and zeta potential of the
nanoparticles during synthesis process were measured using Dynamic
Light Scattering (DLS) (Fig. 2B). The original PLGA had a particle size of
88.47 + 1.60 nm and a zeta potential of —40.46 + 2.06 mV. After drug
loading, the PLGA particle size increased to 105.66 + 3.21 nm and the
potential decreased to —35.36 + 0.97 mV, indicating successful incor-
poration of sildenafil into PLGA. Following thorough extrusion of the PM
with SPN, the nanoparticle diameter further increased to 122.67 + 4.04
nm and the zeta potential was further decreased to - 30.53 &+ 1.46 mV,
similar to the zeta potential of PM vesicles (—30.27 + 0.80 mV), sug-
gesting a complete coverage of SPN by the PM. The nanoparticles were

e e m e

graft vein

target migration

Fig. 1. Schematic diagram of PPS synthesis and its therapeutic process in the treatment of intimal hyperplasia in rabbit vein graft.
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characterised by UV-Vis spectrophotometry (Fig. 2C), where sildenafil
exhibited a typical absorption peak at 290 nm (Daraghmeh et al., 2001;
Fejos et al., 2014). After loading sildenafil, PLGA showed a absorption
peak between 260 and 280 nm. The PPS, integrating SPN and PM, dis-
played a broad absorption peak ranging from 240 to 300 nm, indirectly
indicating the successful encapsulation of SNP by PM, which was
consistent with previous experimental outcomes. The presence of key
PM protein CD61 on the nanoparticles was confirmed via Western blot
(Wu et al., 2020), demonstrating that PPS possessed an external protein
environment very similar to PM (Fig. S1B). In addition, the hydropho-
bicity of PLGA was able to effectively encapsulate sildenafil into it. The
loading efficiency of sildenafil in PLGA was 62.37% and the drug-
loading was 16.51% as determined by high performance liquid chro-
matography (HLPC). The resulting PPS solution appeared as a slightly
milky solution (Fig. 2D). Based on the drug-loading of the PPS, it was
calculated that 6.06 mg of PPS contained 1 mg of sildenafil. For better
quantitative analysis, the PPS containing 1 mg of sildenafil was desig-
nated as 1 unit.

To evaluate the drug release from PPS in vitro, the detection of free
sildenafil using HLCP and the in vitro drug release curve of PPS at 37 °C
was investigated (Fig. 2E) (Rescignano et al., 2016). In SNP, approxi-
mately 40% of the drug was released from PLGA within 16 h, while it
took about 36 h for PPS to release 40% of the drug. The release rate of
sildenafil from PLGA by PPS was slightly slower than SNP, but there was
little difference in the efficiency of the final drug release between SNP

and PPS. This demonstrated that nanoparticles encapsulated by PM
could release the drug more slowly.

3.2. Invitro cellular experiment and biosafety of PPS

Good cytocompatibility is a prerequisite for PPS application.
Therefore, to evaluate the cytocompatibility of PPS in vitro, HUVECs
were co-cultured with sildenafil or PPS, respectively, and the cell
viability was assessed by CCK-8 assay at 12 and 48 h. The cell viability of
the HUVECs showed no significant difference compared to the control
group (Fig. 3A). Additionally, live/dead staining of HUVECs was also
performed at 48 h (Fig. S2) and the results were consistent with the
results of CCK-8 assay, which indicated that PPS had good cellular
compatibility.

The migratory capacity of HUVECs and VSMCs plays a crucial role in
vascular healing and intimal hyperplasia (Ma et al., 2017). In the cell
scratch experiment, we evaluated the effects of PPS on the migration of
HUVECs and VSMCs at 12 and 48 h. Firstly, PPS had a promoting effect
on the migration of HUVECs (Fig. S3A). Compared to the control group,
PPS increased HUVECs migration rate by 24.22% and 20.11% at 12 and
48 h, respectively (Fig. 3B), suggesting that PPS supported the endo-
thelial repair process by promoting cell migration. This result indicated
that sildenafil might play a positive role in angiogenesis and endothelial
repair. In contrast, PPS inhibited the migration of VSMCs (Fig. S3B). In
the VSMCs cell scratch assay, migration rate of PPS-treated cells was
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slower, with a decrease of 16.23% and 18.97%, compared with that in
the control group at 12 and 48 h, respectively. This suggested that PPS
might reduce the risk of endothelial hyperplasia by inhibiting smooth
muscle cell migration implying sildenafil might have a potential thera-
peutic role in preventing vascular diseases such as blood vessel stenosis
and atherosclerosis. Overall, the cell scratch assay demonstrated that
PPS effectively promoted the migration of HUVECs and significantly
inhibited the migration of VSMCs.

The tube formation assay is important for studying vascular diseases
and therapeutic strategies for vascular-related diseases (Pyriochou et al.,
2007). The role of PPS in promoting angiogenesis and tissue repair was
evaluated through a tube formation assay using HUVECs. Compared
with the untreated control group, the sildenafil and PPS groups exhibi-
ted more tubular structures (Fig. 3D), which was clearly confirmed
through quantitative analysis of tube formation (Fig. 3E). These exper-
imental results indicated that the PPS possessed the capability to
enhance the tube formation in HUVECs. Furthermore, this discovery
revealed the potential of PPS in promoting vascular endothelial cell
function. Intimal hyperplasia is a primary cause of late stenosis and
occlusion formation in vein grafts, whereas the overgrowth of VSMCs is
the main cause of intimal hyperplasia (Feng et al., 2022). At 48 h, the
proliferation rate of the control group reached approximately 129.59%,
while that of the PPS group was close to 95.94% (Fig. S4), indicating PPS
could effectively inhibit the overproliferation of VSMCs (Tantini et al.,
2005). These experimental results suggested that inhibiting the over-
proliferation of VSMCs possibly served as an important mechanism for
PPS to inhibit intimal hyperplasia. To sum up, in vitro cellular experi-
ments have confirmed the potential application value of PPS in treating
vascular diseases.

To investigate the in vivo safety of PPS, a hemolysis test was per-
formed with 1 mL of rabbit blood taken from the marginal ear vein, and
the PPS was co-incubated with blood at 37 °C for 8 h (Fig. 3F). It can be
seen that PPS did not cause obvious haemolysis compared with the
negative control group and the haemolysis rate was much lower than the
5% critical value (Fig. 3G), demonstrating excellent haemocompatibility
of PPS. Furthermore, we injected PPS into the mice through the marginal
ear vein and then collected tissue samples from major organs including
the heart, liver, spleen, lungs and kidneys at 1 and 28 days after injection
to perform HE staining (Fig. 3H-I). Compared to the healthy group, no
obvious pathological differences were observed in these organs after PPS
treatment, indicating its prominent biocompatibility in vivo. In sum-
mary, these experimental results suggested that PPS offered a good
safety profile for in vivo applications.

3.3. Evaluation of the targeting ability of PPS in vein graft model

Platelet membrane-coated nanoparticles could be recruited at the
site of vascular endothelial injury. During the vein graft surgery, me-
chanical injury to the vascular endothelium was responsible for the
exposure of subendothelial extracellular matrix (ECM), which in turn
recruited platelets. Furthermore, platelets bound to the damaged vessels
through multifactor receptor-ligand interactions (Wang et al., 2020).
Therefore, the ability to target vein graft could be achieved by encap-
sulating PM on the surface of nanoparticles. The targeting ability of PPS
was evaluated using a rabbit model of vein graft. Control and experi-
mental group rabbits (after vein grafting) were administered PPS
labelled with DiD dye intravenously via the marginal ear vein. Fluo-
rescence signals were detected in the vein grafts, contralateral normal
blood vessels along with in the major organs (heart, liver, spleen, lungs
and kidneys) of the rabbits at different time points after injection
(Fig. 4A). In the experimental group rabbits, significant fluorescence
signals were observed on the vein graft, while there were no significant
fluorescent signals in the contralateral normal vein and normal blood
vessels in the healthy group, suggesting that PPS could target vein graft.
This indicates that PPS can target vein graft. Meanwhile, obvious fluo-
rescence signals were also observed in the liver, kidney and spleen of
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rabbits. Quantitative analysis of the fluorescence intensity (Fig. 4B-D)
showed that the average fluorescence intensity was the strongest in the
vein grafts, followed by the liver with the fluorescence intensity grad-
ually diminishing over time. At 6 h, a distinct fluorescence signal
appeared on the vein graft, with the intensity decreasing over time
(Fig. 4E). At 12 h, the fluorescence intensity of the vein graft was
decreased by approximately 39.89% (Fig. 4F). These results further
confirmed that the platelet membrane-encapsulated nanoparticles
exhibited certain targeting ability to the vein graft, making them ideally
suited for targeted delivery of anti-intimal hyperplasia drugs to the
desired site. However, the PPS also accumulated in some organs and
drug concentrations decreased markedly within 24 h owing to meta-
bolism in organs, such as the liver (Cai et al., 2020; Jin et al., 2024; Shen
et al., 2020).

In addition, to understand the release of sildenafil in vivo, rabbits in
the two experimental groups were administered with either sildenafil or
PPS via the marginal ear vein and plasma sildenafil levels were
measured by HLPC at different time points (Fig. 4G). After direct
intravenous injection of sildenafil, plasma levels of sildenafil peaked
rapidly and declined to low levels after 4 h. Compared to direct sildenafil
injection, the plasma concentration of sildenafil peaked at about 8 h
after PPS injection and the blood concentration of sildenafil could be
maintained in the desired range within 48 h. These experimental results
demonstrated that PPS could slowly release sildenafil in vivo and
maintained effective blood concentrations for a long time. The slow
release behaviour of PPS provided a certain level of nanoparticles at the
vein graft site before drug released, and meanwhile reduced the risk of
side effects caused by the premature and excessive release of sildenafil
before the PPS reached the target location, as well as minimized the
number of administrations as compared to direct intravenous injection
of sildenafil.

3.4. Vascular ultrasound assesses the therapeutic efficacy of PPS

Subsequently, we studied the therapeutic effect of PPS on intimal
hyperplasia of vein graft in vivo. New Zealand rabbits are medium-sized
animals that are much easier to operate on than smaller animals, and
more cost-effective than larger animals. Therefore, they are highly
suitable for creating vein graft animal models (Anderson et al., 2018). In
this study, a rabbit vein graft model was established using the “cuff’
method to simulate clinical bypass surgery (Wong et al., 2008; Wu et al.,
2018). The overall animal experimental procedure is shown in Fig. 5. All
rabbits were divided into four groups: the blank group, the control
group, the sildenafil group and the PPS group. The blank group served as
a sham surgery group, where only the external jugular vein of the rabbits
was freed without further procedure and the remaining three groups
underwent vein grafting surgery (Fig. 6A). After the operation, the
control, the sildenafil and the PPS groups were injected with saline,
sildenafil, and PPS, respectively. Ultrasonography stands out for
vascular assessment due to its non-invasive nature, real-time function-
ality, and exceptional accuracy (Fig. 6B) (Somarathna et al., 2022).
Hence, ultrasound inspections of rabbits vessels was performed in each
group at different time points (Fig. 6C). Throughout the entire experi-
mental process, the vascular diameter remained unchanged in the blank
group, indicating that the sham operation did not induce any vascular
damage. In contrast to the blank group, the vascular diameter of the
grafted vein showed a notable increase post-surgery in the other three
groups. The increase in vascular diameter post-surgery in the trans-
planted veins is attributed to their adaptation and dilation to accom-
modate the higher pressure and flow rates associated with arterial
location. In the control group, a significant narrowing of the grafted
veins in rabbits was observed, likely due to the higher blood pressure
and flow velocity in arteries, leading to endothelial damage caused by
arterial impact, which is one of the contributing factors to intimal hy-
perplasia (Qiu et al., 2023). There was a significant improvement in the
narrowing of the vascular diameter in the sildenafil or PPS groups on 14
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Fig. 4. Evaluation of PPS targeting capability. (A). Distribution of DiD-stained PPS in vein graft, normal blood vessels and major organs (heart, liver, spleen, lungs
and kidneys). Quantitative analysis of the mean fluorescence intensity of the different organs in Fig. (A) was performed at 6 (B), 12 (C) and 24 (D) hours, respectively
(n = 3). (E). Fluorescence images of isolated blood vessels (6, 12 and 24 h) from rabbits in the PPS group. (F). Quantitative analysis of the mean fluorescence intensity
of isolated blood vessels (n = 3). (G). Plasma concentration-time curves after intravenous injection of sildenafil or PPS in rabbits of the experimental groups (n = 3).



F. Yang et al.

Extract the external
jugular vein

Separate the
carotid artery

Intravenous injection

/5

/%O Start

Surgery 1 week

Detection ~  » Nz

2 week

International Journal of Pharmaceutics: X 8 (2024) 100278

=

A
SR

e

N
a

N
Insert the Restore the
vein graft circulation

Injecting medication Monday
and Thursday every week

4 week

3 week
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and 28 days compared to the control group. Simultaneously, quantita-
tive analysis of vascular stenosis rate revealed no significant difference
between the sildenafil and PPS groups on day 14, but by day 28, the
stenosis rate in the PPS group was lower than that in the sildenafil group.
This suggested that the inhibitory ability of PPS on vascular stenosis
might be superior to that of direct sildenafil injection with prolonged
treatment duration. Moreover, the flow velocity of blood vessels was
detected by vascular ultrasound (Fig. S5, Fig. 6E). The reduced vascular
flow velocity observed in both the sildenafil and PPS groups,compared
to the control group, might be attributed to increased flow rates induced
by vascular stenosis in the control group, while effective inhibition of
vascular stenosis could result in a decrease in vascular flow velocity.
This also indirectly indicated that PPS could effectively inhibit vascular
stenosis caused by intimal hyperplasia.

3.5. Histological evaluation the therapeutic efficacy of PPS

The advantage of histological evaluation in assessing therapeutic
efficacy lies in its ability to visually observe changes in tissue structure,
thereby evaluating treatment outcomes. Next, we assessed the efficacy
of PPS in inhibiting intimal hyperplasia in a rabbit model of vein graft
intimal hyperplasia through histological staining. Firstly, we examined
whether the PPS could inhibit intimal hyperplasia of grafted vein in vivo
by HE staining (Fig. 7A). Compared to the control group, significant
inhibition of intimal hyperplasia development was observed in both the
sildenafil and PPS groups on 14 and 28 days (Fig. 7B). Quantitative
analysis of the intimal thickness showed that at 28 day, the control
group exhibited a thickness of 172.77 + 6.50 pm, whereas the PPS group
showed only 112.30 + 8.02 pm. Importantly, the intimal thickness in
the PPS group was lower than that in the sildenafil group (Fig. 7C),
consistent with previous vascular ultrasound findings. The ratio of in-
tima to media thickness serves as an indicator of the extent of intimal
hyperplasia (Orban et al., 2021), with an elevated ratio commonly
indicating vascular narrowing. By analysing the intima-to-media ratio in
each group, at 28 day, the intima-media ratio in the control group was
2.28 + 0.14, whereas in the sildenafil and the PPS groups, it was 1.83 +
0.11, 1.39 + 0.09, respectively (Fig. 7D), showing that the PPS group
could effectively inhibit the extent of intimal hyperplasia with its
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efficacy surpassing that of the sildenafil group. Intimal hyperplasia often
accompanies an increase in collagen fiber deposition and masson
staining, which highlights blue collagen fibers, aids in assessing the
severity of neointimal hyperplasia and its relationship with fibrosis
(Pelliccia et al., 2021). Masson staining showed that the severity of
intimal hyperplasia in the PPS group was significantly reduced
compared to the control group (Fig. 7E). Quantitative analysis of masson
staining, at 14 and 28 days, indicated that the collagen fiber content in
the PPS group was lower than that in the control group. An increase in
collagen deposition often leads to intimal thickening and reconstruction
of the vessel wall, thus aggravating the abnormal changes in the vessel
wall. The experimental findings demonstrated that the PPS could reduce
collagen deposition in the vessel wall and inhibit intimal hyperplasia. In
conclusion, PPS exhibits notable efficacy in inhibiting intimal hyper-
plasia in vivo.

3.6. Therapeutic effects of PPS

Intimal hyperplasia is closely associated with excessive proliferation
of smooth muscle cells, deposition of ECM and a persistent inflammatory
process (Maruf et al., 2019; Wang et al., 2019; Yang et al., 2022). Within
the pathological milieu of intimal hyperplasia, elevated levels of CD68
reflect active inflammation responses and cellular immune involvement,
typically positively correlated with the extent of intimal hyperplasia,
thus serving as a measurable indicator of disease severity and
inflammation-related pathological changes (Glass et al., 2019). Immu-
nohistochemical (IHC) staining of vascular tissues revealed the control
group exhibited increased CD68 expression in the vein graft, while the
PPS group showed decreased CD68 expression, compared to the blank
group (Fig. 8A). Alpha-smooth muscle actin (a-SMA) is a pivotal marker
protein for smooth muscle cells (SMCs), playing a crucial role in neo-
intimal hyperplasia. When the vascular intima is damaged or subjected
to pathological stimuli, SMCs transition from a contractile phenotype to
a synthetic phenotype, leading to increased expression of a-SMA and
subsequent intimal hyperplasia (Xie et al., 2018). IHC staining for
a-SMA indicated that the PPS group effectively reduced the expression
of a-SMA, compared to the control group (Fig. 8B). Vascular re-
endothelialization plays a critical role in preventing neointimal
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Fig. 7. Histological staining evaluation of therapeutic efficacy. (A). Diagram of Blood Vessel Layers. (B). HE staining of vein graft in rabbits at 14 and 28 days. Black
scale 1 mm, red scale 200 pm. (C). Intimal thickness of vein graft in rabbits at 14 and 28 days (n = 3). (D). The ratio of intima to media of vein graft in rabbits at 14
and 28 days (n = 3). (E). Masson staining of vein graft in rabbits at 14 and 28 days. Black scale is 1 mm, red scale is 200 pm. (F). Quantitative analysis of collagen
fibers stained with Masson in vein graft of rabbits at 14 and 28 days (n = 3). All data are shown as the mean + SD. Compared with Control group, *p < 0.05, **p <
0.01, ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

hyperplasia, including maintaining the integrity of the endothelium,
suppressing inflammatory responses, sustaining vascular barrier func-
tion, and regulating vascular tone. CD31 is an important indicator for
assessing the re-endothelialization processes (Bruggisser et al., 2020;
Zhao et al., 2023). Therefore, anti-CD 31 antibody was used for IHC
staining of blood vessels to assess the process of re-endothelialisation. In
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comparison with the normal vascular tissues in the blank group, the
control group showed lower expression of CD31, indicative of reduced
endothelialization, whereas both the sildenafil and PPS groups exhibited
increased CD31, signifying significantly enhanced endothelialization
(Fig. 8C). Subsequently, quantitative analysis of all IHC staining results
revealed (Fig. 8D-F) that compared to the control group, the PPS group
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demonstrated a decrease in CD68 and a-SMA expression intensities by
28.32% (14 day), 20.54% (28 day), and 21.09% (14 day), 36.32% (28
day), respectively, while CD31 expression intensity increased by 35.22%
(14 day), 30.31% (28 day). These findings indicated that the PPS could
effectively inhibit inflammatory responses and excessive proliferation of
vascular smooth muscle cells in vein graft in vivo, promote endothelial
maturation and restore endothelial function, thereby inhibiting intimal
hyperplasia.

In addition, to further evaluate the therapeutic effect of PPS on vein
graft. The contents of PCNA, VEGF, PDGF, TNF-a and IL-1p in the vein
grafts tissues were measured using appropriate enzyme-linked immu-
nosorbent assay (ELISA). PCNA, a marker of cell proliferation, exhibits
significantly increased expression during active proliferation of VSMCs
(Juan and Qian-Hui, 2018). At 14 and 28 days, compared to the control
group, both the sildenafil and PPS groups exhibited significantly
reduced PCNA levels in grafted vein tissues (Fig. 8G), with the PPS group
showing lower PCNA levels than the sildenafil group at 28 day, sug-
gesting that PPS acted to inhibit intimal hyperplasia by reducing VSMCs
proliferation and suppressing PCNA expression. VEGF, the main driver
of angiogenesis, exerts a vital influence on the vascular regeneration,
particularly in endothelial repair and re-endothelialization after
vascular injury (Liu et al., 2022). Compared to the control group, VEGF
content increased in vein graft tissues after treatment with sildenafil or
PPS, with the PPS group showing a 28-day increase of 21.51 + 1.78 pg/
mlL, akin to that of the sildenafil group (Fig. 8H). This result substanti-
ated this demonstration that PPS potentially increased the expression of
VEGF and promote the endothelial cell proliferation and migration to
the damaged area, which contributed to vascular repair and re-
endothelialisation post-injury, thus restoring normal vascular function
and preventing further development of intimal hyperplasia. Blocking or
modulating PDGF and its receptor is considered as a potential strategy
for the treatment of intimal hyperplasia (Hwang et al., 2023). By
examining PDGF level in the grafted vein tissues, PPS decreased PDGF
levels at 14 and 28 days compared to the control group, with reductions
of 15.74 + 4.29 pg/mL and 16.58 + 7.04 pg/mL respectively (Fig. 8I).
This indicated that PPS could inhibit the expression of PDGF, thereby
suppressing intimal hyperplasia and slowing down vascular narrowing
process. Endothelial injury typically triggers an inflammatory response,
wherein excessive or persistent inflammation leads to intimal hyper-
plasia and restenosis. TNF-o and IL-1p are key inflammatory markers
within the inflammatory responses (Fig. SOA—B). At 14 day post-vein
grafting, the content of TNF-a and IL-1§ in the vein grafts tissues of
the control group reached 86.07 + 6.38 pg/mL and 73.11 + 7.14 pg/
mL, respectively, but by 28 day, these levels decreased, likely related to
the natural decline of inflammatory factors as a result of the individual
immune responses. In the vein graft tissues of rabbits treated with sil-
denafil or PPS, compared to the control group, the contents of TNF-a and
IL-1p were significantly reduced, with reductions of 30.81 + 9.05 pg/mL
and 17.13 + 8.71 pg/ml, respectively, by 28 day. This indicated that
PPS possessed a significant effect in inhibiting the inflammatory
response in the vein graft.

In summary, PPS exhibits significant capabilities in inhibiting
intimal hyperplasia and inflammation, maintaining vascular patency,
and avoiding stenosis and occlusion of vein grafts. Moreover, compared
to using sildenafil alone, the therapeutic advantages of PPS on vein
grafts become increasingly evident with prolonged treatment duration.

4. Conclusion

After vein transplantation, intimal hyperplasia emerges as a signifi-
cant factor in vein grafts restenosis. In this study, we devised the platelet
membrane-coated PLGA nanoparticles loaded with sildenafil (PPS) for
precision treatment of post-transplant intimal hyperplasia. In vitro
cellular experiments validated the therapeutic potential of PPS in
inhibiting intimal hyperplasia. Furthermore, within an animal model of
intimal hyperplasia in vein graft, PPS demonstrated outstanding
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targeting precision, facilitating gradual sildenafil release, fostering
vascular endothelialization, curbing the migration and proliferation of
smooth muscle cells and modulating the inflammatory responses, thus
countering intimal hyperplasia. Notably, PPS exhibited favourable
biocompatibility. In conclusion, this biomimetic nanocarrier holds
tremendous promise in the treatment of intimal hyperplasia.
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