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Abstract

Background and Objective: Drug-eluting stents (DES) have become a crucial strategy for improving the outcomes of patients with
coronary artery disease (CAD). This work aimed to evaluates the therapeutic efficacy of metoprolol-loaded poly (lactic-co-glycolic
acid)–poly(trimethylene carbonate)–poly (glycolic acid) (PLGA–PTMC–PGA) DES (Meto-PLGA/PTMC DES) in a rabbit model of
CAD. Methods: A total of 30 New Zealand white rabbits (male, weighing 4–6 kg) were randomly divided into three groups: Sham
group (chest suturing without intervention), Model group (CAD animal model without DES), and stent group (treatment with the Meto-
PLGA/PTMC DES). The blood samples were collected at regular intervals to assess the serum inflammatory markers, cardiac function
parameters, hemodynamic parameters and coronary remodeling. Statistical analysis was performed using One-way analysis of variance
(ANOVA), followed by a post hoc Tukey’s test to compare the differences between groups (p< 0.05 indicated statistically significance).
Results: TheMeto-PLGA/PTMCDES, through its unique co-polymer structure, achieved stableMeto loading in vivo. This stent enabled
the gradual release of Meto, thus maintaining sustained drug concentrations and optimizing CAD treatment. The animal experiment
results indicated that the sent group (Meto-loaded DES) exhibited markedly lower levels of interleukin-8 (IL-8), tumor necrosis factor-
alpha (TNF-α), vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-1) relative to the model
group (p < 0.05). In terms of cardiac function, compared with the model group, the stent group exhibited significantly elevated left
ventricular systolic pressure (LVSP), ±dp/dtmax, arterial systolic blood pressure (BPs), and diastolic blood pressure (BPd), along with
a marked reduction in left ventricular end-diastolic pressure (LVEDP) compared with the model group (p < 0.05). The coronary tissue
morphology in the stent group revealed notably reduced intimal thickness, intimal area and degree of stenosis versus the Model group,
with a prominent increase in lumen area (p < 0.05). Conclusion: The Meto-PLGA/PTMC DES not only effectively provides sustained
drug release and exhibits superior mechanical properties and excellent blood compatibility. Animal experiments further validated the
crucial role of the Meto-PLGA/PTMC DES in reducing inflammatory responses, improving cardiac function and alleviating coronary
artery stenosis.
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1. Introduction

Coronary artery disease (CAD) is a leading cause of
mortality and disease burden [1]. The CAD results in my-
ocardial ischemia and cardiac functional impairment, pos-
ing a considerable threat to life and health [2]. Although
percutaneous coronary intervention with stenting is widely
adopted due to its minimal invasiveness and rapid recov-
ery, conventional bare-metal stents are prone to restenosis
and thrombotic complications [3,4]. Consequently, drug-
eluting stents (DES) have increasingly become a focal point
of research in recent years [5–7].

TheDES have been applied for treating cardiovascular
diseases, particularly demonstratingmarked efficacy in pre-
venting coronary artery restenosis [8]. Conventional DES
typically loads antiproliferative drugs, such as sirolimus
or paclitaxel, to inhibit neointimal hyperplasia [9]. How-
ever, the potential of β-blockers like Metoprolol (Meto)

to reduce cardiovascular event rates has garnered research
interest. Meto, a widely utilized β-blocker, effectively
reduces cardiovascular events by lowering heart rate and
blood pressure (BP) while also exerting anti-inflammatory
effects, making it a promising candidate for improving pa-
tient outcomes when incorporated into DES [10,11]. Tra-
ditional oral administration methods face challenges such
as rapid drug metabolism, short duration of effect and poor
patient compliance, which limit their application in chronic
cardiovascular disease treatment. Against this backdrop,
researchers have begun exploring the integration of Meto
with stents to achieve localized sustained release via DES,
aiming to extend drug action time, reduce cardiovascular
event rates and lower the risk of coronary artery resteno-
sis [12]. Research on Meto-eluting stents is still in its
early stages. Existing studies primarily focused on opti-
mizing stent materials and drug release systems to achieve
stable and sustained release of Meto with prolonged ef-
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ficacy. Poly (lactic-co-glycolic acid)-poly (trimethylene
carbonate)-poly (glycolic acid) (PLGA-PTMC-PGA) is an
emerging biodegradable material that, due to its excel-
lent mechanical properties, biocompatibility and control-
lable degradation, represents an ideal matrix for DES [13].
By loading Meto onto a PLGA-PTMC-PGA DES (Meto-
PLGA/PTMCDES), researchers aimed to achieve localized
sustained drug release, reducing systemic side effects and
extending the duration of action. The Meto-PLGA/PTMC
DES facilitates the controlled release of Meto, thereby
maintaining its cardiovascular event-reducing effects and
effectively decreasing the risks of thrombosis and restenosis
following stent implantation. Additionally, the biodegrad-
able nature of this stent obviates the need for permanent
implants, thereby minimizing long-term risks associated
with permanent devices and eliminating the need for sec-
ondary surgical removal, thus reducing procedural risks and
costs. Combined with Meto’s anti-inflammatory and anti-
myocardial remodeling effects, this DES holds promise for
improving overall outcomes in patients with CAD, partic-
ularly those at high risk. Thus, Meto-PLGA/PTMC DES
represents not only a novel therapeutic strategy but also a
significant advancement in stent technology.

To address these issues, this work developed a Meto-
PLGA/PTMC DES using PLGA-PTMC-PGA as the mate-
rial. This novel DES controls the slow release of the drug,
maintaining stable drug concentrations over extended peri-
ods and thereby enhancing therapeutic efficacy. Addition-
ally, the Meto-PLGA/PTMC DES exhibited excellent bio-
compatibility and degradability, gradually breaking down
into non-toxic byproducts that are fully absorbed and me-
tabolized by the body. This work aimed to explore the adop-
tion potential of this DES in the treatment of cardiovascular
diseases and to evaluate its impact on the efficacy and safety
of Meto.

2. Materials and Methods
2.1 Study Area

The study was conducted at Kashi Prefecture Second
People’s Hospital (Xinjiang, China) from May, 2023 to
March, 2024.

2.2 Synthesis of PLLA-PTMC-PGA Complex
The L-lactic acid (Catalog No. L0165, TCI Amer-

ica, Portland, OR, USA) was employed as the starting
material to synthesize lactide oligomers via a dehydra-
tion polycondensation methodology. The lactide oligomers
were then depolymerized into L-lactide (LLA) under high-
temperature vacuum conditions at 50–130 °C. Following
crystallization through washing with anhydrous ether and
vacuum drying at 35 °C to constant weight, poly LLA
(PLLA) was obtained. Using diethyl carbonate (Catalog
No. 436131000, Thermo Scientific Chemicals, Waltham,
MA, USA) and 1,3-propanediol as raw materials, PTMC
oligomers were synthesized through polycondensation un-

der high-temperature vacuum conditions at 180 °C after
ethanol removal. The crude product was dissolved in ether
and acetonemixture, repeatedly crystallized five times in an
ice water bath, washed with anhydrous ether and then vac-
uum filtered and dried at 25 °C to constant weight, yield-
ing PTMC. Using carboxylic acid as the raw material, the
mixture was heated to 140 °C in oil. After dehydration be-
tween hydroxy acetic acid molecules, stannous octoate was
added under vacuum conditions at 200 °C to yield pale yel-
low crystals. The product was recrystallized five times us-
ing ethyl acetate, washed once with anhydrous ether and
vacuum-dried at 35 °C to constant weight, resulting in poly
(glycolic acid) (PGA). Under nitrogen protection, PLLA,
PTMC, and PGA were melted and mixed uniformly (the
mass ratios of PLLA:PTMC:PGA were 1:1:1, 1:1:2 and
1:1:3, respectively), then cooled and solidified in an ice-
water bath. Themixture was subjected to vacuum treatment
for 3 hrs and reacted at 130 °C for 72 hrs. The copoly-
mer was dissolved in a Dichloromethane solution (Catalog
No. D807825, Shanghai Macklin Biochemical Technol-
ogy Co., Ltd., Shanghai, China), precipitated with ethanol
and vacuum-dried at 60 °C to constant weight, yielding the
PLLA-PTMC-PGA composite.

2.3 Fabrication and Characterization of
Meto-PLGA/PTMC DES

A 5% (w/v) solution of PLLA-PTMC-PGA was dis-
solved in 1,4-dioxane (Catalog No. D116356, Aladdin In-
dustrial Corporation, Shanghai, China) and stirred for 3 hrs
using a magnetic stirrer (Catalog No. 85-2, Shanghai Sile
Instrument Co., Ltd., Shanghai, China). Deionized water
(prepared using a Milli-Q water purification system, Cata-
log No. Direct-Q 3, Merck KGaA, Darmstadt, Germany)
was then applied and stirring continued for an additional
2 hrs. Metoprolol (Meto, Catalog No. M1013, Sigma-
Aldrich, St. Louis, MO, USA) was incorporated and stirred
for 1 hr to ensure its uniform distribution within the stent
material. The temperature wasmaintained at approximately
5 °C above the cloud point using a constant temperature wa-
ter bath (Catalog No. HH-S2, Jintan Medical Instrument
Factory, Jintan, China) and then slowly decreased to the gel
point for 2 hrs. The clear solution was quickly transferred
to liquid nitrogen (Nanjing Special Gas Factory Co., Ltd.,
Nanjing, China) for 1 hr to freeze rapidly, ensuring stable
binding ofMetowith thematerial and preventing separation
or drug precipitation.

The resulting Meto-PLGA/PTMC DES was obtained
through freeze-drying for 24 hrs using a freeze dryer (Cat-
alog No. FD-1A-50, Beijing Boyikang Experimental In-
strument Co., Ltd., Beijing, China). The stent material
was placed in 10 mL of Dimethyl Sulfoxide (DMSO, Cat-
alog No. D8371, Sigma-Aldrich, St. Louis, MO, USA)
and stirred at 37 °C for 1, 3, 6, 12, 24, 48 and 96 hrs us-
ing a thermostatic shaker (Catalog No. THZ-320, Shang-
hai Jinghong Laboratory Equipment Co., Ltd., Shanghai,
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China). At each time, 2 mL of release solution was sampled
(buffer replenished) and analyzed for Meto release using
a UV-1901 ultraviolet Spectrophotometer (Shanghai Leng-
guang Technology Co., Ltd., Shanghai, China).

2.4 Biocompatibility Testing of Meto-PLGA/PTMC DES

The Meto-PLGA/PTMC DES samples were individ-
ually dissolved in dichloromethane (Catalog No. D8418,
Sigma-Aldrich, St. Louis, MO, USA) to prepare solutions
at 10 ng/mL. As 300 µL aliquot of each sample was ap-
plied to clean glass slides (Catalog No. 7101, Thermo
Fisher Scientific, Waltham, MA, USA), vacuum-dried to
constant weight using a vacuum dryer (Catalog No. DZF-
6050, Shanghai Jinghong Laboratory Equipment Co., Ltd.,
Shanghai, China) and then UV-sterilized for 30 min using a
UV sterilizer (Catalog No. SW-CJ-2FD, Suzhou Antai Air
Technology Co., Ltd., Suzhou, China). The samples were
extracted using either physiological saline (Catalog No.
P1400, Solarbio Science & Technology Co., Ltd., Beijing,
China) or DMEM (Catalog No. 12100046, Thermo Fisher
Scientific, Waltham, MA, USA) at a liquid-to-membrane
ratio of 1 mL/6 cm2 for 72 hrs at 37 °C under sterile con-
ditions in a CO2 incubator (Catalog No. BB15, Thermo
Fisher Scientific, Waltham, MA, USA), filtrated through
a 0.22 µm pore filter (Catalog No. SLGP033RB, Merck
Millipore, Darmstadt, Germany). Rabbit cardiac fibrob-
lasts (Catalog No. KL-C1025, Shanghai Kanglang Bio-
Tech Co., Ltd., Shanghai, China) were cultured under stan-
dard conditions and prepared as a cell suspension at 1 ×
104 cells/mL. As 100 µL aliquot of suspension was seeded
in a 96-well plate and incubated for 24 hrs. Cell morphol-
ogy was observed under an inverted microscope (Catalog
No. IX73, Olympus, Japan). The rabbit cardiac fibrob-
lasts exhibited a typical spindle-shaped morphology with
uniform size, clear cytoplasm and intact cell membranes,
consistent with the characteristic phenotype of fibroblasts.
Surface marker identification was performed using flow
cytometry (Catalog No. FACSCanto II, BD Biosciences,
Sussex, NJ, USA). The cells were positive for vimentin
(≥95%) and negative for CD31 (<2%) and α-smooth mus-
cle actin (<5%), confirming their identity as cardiac fi-
broblasts. Mycoplasma detection was conducted using a
mycoplasma detection kit (Catalog No. MP0030, Sigma-
Aldrich, St. Louis, MO, USA). The result was negative,
indicating the absence of mycoplasma contamination in the
cell culture. The original medium was then removed and
replaced with a 1:1 ratio of medium containing the sam-
ple extract. Cells were further incubated for 12, 24, 36,
48 and 96 hrs, with 20 µL of a 5 mg/mL methyl thiazolyl
tetrazolium (MTT) reagent (Shanghai Enzyme Linked Bio,
China) applied. After a 6 hrs incubation, the supernatant
was discarded and 150 µL of DMSO (Sigma-Aldrich, St.
Louis, MO, USA) was applied and shaken for 10 min using
a microplate shaker (Catalog No. TS-100, BIOSAN, Riga,
Latvia). Absorbance at 570 nm was measured via a mi-

croplate reader (Catalog No. Multiskan FC, Thermo Fisher
Scientific, Waltham, MA, USA) and the relative prolifera-
tion rate was calculated.

Rabbit blood (Guangzhou Ruite Biotechnology Co.
Ltd., China) was anticoagulated and mixed with physio-
logical saline (Catalog No. P1400, Solarbio Science &
Technology Co., Ltd., Beijing, China) at a 4:5 ratio. The
mixture was centrifuged at 1500 rpm for 10 min using a
centrifuge (Catalog No. 5810R, Eppendorf AG, Hamburg,
Germany) to collect supernatant. A 10 mL aliquot of the
Meto-PLGA/PTMC DES sample extract was incubated at
37 °C for 30 min in a water bath (Catalog No. HH-S4,
Jintan Medical Instrument Factory, Jintan, China), mixed
with 200 µL of fresh anticoagulated blood and incubated
for an additional hour. The mixture was centrifuged at 3000
rpm for 5 min using a centrifuge (Catalog No. 5810R, Ep-
pendorf AG, Hamburg, Germany) and the supernatant’s ab-
sorbance was measured at 540 nm employing a microplate
reader (Catalog No. Multiskan FC, Thermo Fisher Scien-
tific, Waltham, MA, USA).

The hemolytic ratio was calculated using [7]:

Hemolytic ratio =

( Sample absorbance − Saline absorbance )
( Distilled water absorbance − Saline absorbance )

× 100

TheMeto-PLGA/PTMCDES samples were dissolved
in dichloromethane (Catalog No. D8418, Sigma-Aldrich,
St. Louis, MO, USA) and evenly coated on the concave
center of a glass surface dish (Catalog No. xy085, Shang-
hai Yubo Biotechnology Co., Ltd., Shanghai, China), then
allowed to evaporate at 25 °C. Following this, 200 mL of
anticoagulated blood was applied. At 0, 0.25, 0.5, 1 and 2
hrs, the glass surface was gently washed with 100 µL of ul-
trapure water (prepared using a Milli-Q water purification
system, Catalog No. Direct-Q 5, Merck KGaA, Darmstadt,
Germany) and absorbance at 540 nm was measured via
HBS-1101 microplate reader (Nanjing Detie Experimental
Equipment Co., Ltd., Nanjing, China).

2.5 Animal Grouping and Treatment

A total of 30 adult male New Zealand white rabbits
(4–6 kg) were anesthetized for the procedure using 3%
sodium pentobarbital (Catalog No. P3761, Sigma-Aldrich,
St. Louis, MO, USA) at a dose of 0.05 g/kg, and the
animals were purchased from Shanghai Jiagen Biotech-
nology Co. Ltd., China. A constriction ring (custom-
made, Suzhou Weirui Medical Device Technology Co.,
Ltd., Suzhou, China) was placed at the distal end of the
left coronary artery under assisted breathing conditions us-
ing a small animal ventilator (Catalog No. SAR-830, CWE
Inc., Ardmore, PA, USA). Post-operative disinfection was
performed with 75% ethanol (Catalog No. E7023, Sigma-
Aldrich, St. Louis, MO, USA) and anti-inflammatory treat-
ment were administered with ceftriaxone sodium (Catalog
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No. C5793, Sigma-Aldrich, St. Louis, MO, USA) to es-
tablish a CAD animal model [14]. Two-dimensional ultra-
sound was employed using a small animal ultrasound sys-
tem (Catalog No. Vevo 2100, FUJIFILM Visual Sonics
Inc., Toronto, ON, Canada) to visualize the vascular orien-
tation, lumen endoscopy, vessel wall thickness and plaque
formation.

The thorax was directly sutured for the Sham group
using surgical sutures (Catalog No. 11-0, Ethicon Inc.,
Somerville, NJ, USA), while animals subjected to mod-
eling and atherosclerotic plaque formation were divided
into the Model group and the Stent group (treatment with
Meto-PLGA/PTMC DES), with 10 rabbits in each group.
Pre-operatively, the Stent group received aspirin (Catalog
No. A2093, Sigma-Aldrich, St. Louis, MO, USA) at
25 mg/day and clopidogrel (Catalog No. C3487, Sigma-
Aldrich, St. Louis, MO, USA) at 12.5 mg/day. Three days
post-operation, angiography was performed under X-ray
fluoroscopy using the 1725AX small animal X-ray imag-
ing system (Shanghai Yuyan Scientific Instrument Co. Ltd.,
Shanghai, China), with a microcatheter (Catalog No. MPC-
1.2F, Cook Medical Inc., Bloomington, IN, USA) intro-
duced and the DES positioned at the site of arterial steno-
sis. Routine intramuscular injections of 4.5 million U peni-
cillin (Catalog No. P3032, Sigma-Aldrich, St. Louis, MO,
USA) were administered for 3 days. After recovery, ani-
mals were housed in cages (Catalog No. RCC-01, Suzhou
Fengshi Laboratory Animal Equipment Co., Ltd., Suzhou,
China) and continued a high-fat diet (Catalog No. D12492,
Research Diets Inc., New Brunswick, NJ, USA) for 30
days. The 1725AX small animal X-ray imaging system
was sourced from Shanghai Yuyan Scientific Instrument
Co. Ltd., China.

2.6 Serological Indicator Detection

Post-treatment, 3 mL of venous blood was collected
from the ear margin using a 5 mL disposable syringe (Cat-
alog No. 100500, Shanghai Kohama Medical Devices
Co., Ltd., Shanghai, China) with a 22G needle (Catalog
No. 302220, BD Medical, Franklin Lakes, NJ, USA), an-
ticoagulated with heparin sodium (Catalog No. H3149,
Sigma-Aldrich, St. Louis, MO, USA) at a final con-
centration of 10 U/mL and centrifuged at 1200 rpm for
10 min using a centrifuge (Catalog No. 5810R, Eppen-
dorf AG, Hamburg, Germany).The supernatant was uti-
lized to measure serum Interleukin-8 (IL-8) levels via ra-
dioimmunoassay using an IL-8 radioimmunoassay kit (Cat-
alog No. RK00012, Shanghai Enzyme Linked Bio, Shang-
hai, China), while serumVascular Cell AdhesionMolecule-
1 (VCAM-1), Intercellular Adhesion Molecule-1 (ICAM-
1) and Tumor Necrosis Factor-Alpha (TNF-α) were as-
sessed using a double-antibody sandwich ELISA method-
ology with VCAM-1 ELISA kit (Catalog No. EK0577,
Shanghai Enzyme Linked Bio, Shanghai, China), ICAM-
1 ELISA kit (Catalog No. EK0395, Shanghai Enzyme

Linked Bio, Shanghai, China) and TNF-α ELISA kit (Cata-
log No. EK0525, Shanghai Enzyme Linked Bio, Shanghai,
China), respectively. The corresponding ELISA kits were
sourced from Shanghai Enzyme Linked Bio, China.

2.7 Cardiac Function Testing
Twelve hours after treatment, the animals were anes-

thetized with 0.05 g/kg of 3% sodium pentobarbital (Sigma-
Aldrich, USA). The right common carotid artery and left
femoral artery were isolated. A polyethylene (PE-20)
catheter was inserted through a right common carotid artery
into the left ventricle, with the other end connected to
a physiological recorder (Shanghai Renyi Biotechnology
Co. China). This setup measured Left Ventricular Sys-
tolic Pressure (LVSP), LV end-diastolic pressure (LVEDP)
and the maximum rates of pressure increase and decrease
(±dp/dtmax). Arterial systolic blood pressure (BPs) and di-
astolic BP (BPd) were assessed via catheterization of the
left femoral artery.

2.8 Morphological Examination of Coronary Artery Tissue
Twenty-four hours after cardiac function assessment,

the animals were euthanized under 3% sodium pentobarbi-
tal (Catalog No. P3761, Sigma-Aldrich, St. Louis, MO,
USA) anesthesia. Coronary artery tissues were fixed in 4%
paraformaldehyde (Catalog No. P6148, Sigma-Aldrich, St.
Louis, MO, USA) for 24 hrs. Tissues were rinsed twice
with PBS (pH 7.2, Catalog No. P1020, Solarbio Science &
Technology Co., Ltd., Beijing, China) , dehydrated through
a graded ethanol series (50%: Catalog No. E7023-500ML,
Sigma-Aldrich, St. Louis, MO, USA; 70%: Catalog No.
10009218, Sinopharm Chemical Reagent Co., Ltd., Shang-
hai, China; 80%: Custom-prepared, Sinopharm Chemi-
cal Reagent Co., Ltd., Shanghai, China; 90%: Custom-
prepared, Sinopharm Chemical Reagent Co., Ltd., Shang-
hai, China; 100%: Catalog No. 10009218, Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) and cleared
in xylene (Catalog No. X1500, Solarbio Science & Tech-
nology Co., Ltd., Beijing, China). They were embedded
in paraffin (Catalog No. P1461, Solarbio Science & Tech-
nology Co., Ltd., Beijing, China) using a tissue embedding
machine (Catalog No. EG1150H, Leica Biosystems, Wet-
zlar, Germany) and sectioned into 4 µm thick slices with a
microtome (Catalog No. RM2235, Leica Biosystems, Wet-
zlar, Germany).

Staining was conducted according to the instructions
of the Hematoxylin-Eosin staining kit (Catalog No. G1120,
Shanghai Enzyme Linked Bio, Shanghai, China).The coro-
nary artery tissue morphology was visualized via a CX23
Microscope (Olympus, Japan) equipped with a digital cam-
era (Catalog No. DP27, Olympus, Tokyo, Japan) and image
analysis software (Image-Pro Plus 6.0, Media Cybernetics,
Rockville, MD, USA) was employed to evaluate intimal
thickness, lumen area and stenosis severity.
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Fig. 1. Physicochemical properties of Metoprolol-loaded poly (lactic-co-glycolic acid)-poly (trimethylene carbonate)-poly (gly-
colic acid) drug-eluting stent (Meto-PLGA/PTMC DES). (a) Fourier Transform Infrared Spectroscopy (FTIR) spectrum; (b) Differ-
ential Scanning Calorimetry (DSC) curve; (c) Static mechanical properties (the x-axis labels 1, 2, and 3 represent the mass ratios of
PLLA:PTMC:PGA as 1:1:1, 1:1:2 and 1:1:3, respectively); (d) Dynamic mechanical properties; (e) Weight loss versus time curve in
water and (f) Weight loss versus time curve in proteinase K.

2.9 Statistical Methods

All data were presented as Mean ± Standard De-
viation and compared via One-way Analysis of Variance
with post hoc LSD-t tests, performed using SPSS 22.0 (In-
ternational Business Machines Corporation, Armonk, NY,
USA). A p < 0.05 meant statistically significant.

3. Results
3.1 Physical and Chemical Performance Testing of
Meto-PLGA/PTMC DES

Fig. 1a shows the Fourier Transform Infrared Spec-
troscopy (FTIR) spectrum of Meto-PLGA/PTMC DES.
The spectrum indicated a notable presence of PLLA in
Meto-PLGA/PTMC DES, with a prominent C = O peak
at 1758/cm and a notable -CH2 peak at 1431/cm. Fig. 1b
depicts that the glass transition temperature (Tg) of Meto-
PLGA/PTMC DES is 56.9 °C. Fig. 1c presents the tensile
strength is 1831.5 MPa. Fig. 1d illustrates the storage mod-
ulus of Meto-PLGA/PTMC DES as a function of tempera-

ture, showing a decreasing trend with increasing temper-
ature, with a sharp decline in storage modulus observed
above 40 °C. Fig. 1e displays the weight loss versus time
curves for Meto-PLGA/PTMC DES during degradation in
water and proteinase K. Over time, the weight loss of Meto-
PLGA/PTMC DES increased gradually (Fig. 1e), with a
higher weight loss rate in proteinase K compared to water
(Fig. 1f).

3.2 Biocompatibility Testing of Meto-PLGA/PTMC DES

Fig. 2a shows the results of cell proliferation assays for
rabbit cardiac fibroblasts cultured in a normal medium and
in extracts from Meto-PLGA/PTMC DES. Over time, pro-
liferation activity increased markedly in both conditions,
with higher proliferation in the normal medium. The ef-
fect of Meto-PLGA/PTMC DES on cell proliferation was
minimal, indicating good cytocompatibility and absence of
cytotoxicity. The hemolysis rate of Meto-PLGA/PTMC
DES was 3.09%, which was below the 5% threshold, in-
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Fig. 2. Cell compatibility of Metoprolol-loaded poly (lactic-co-glycolic acid)-poly (trimethylene carbonate)-poly (glycolic acid)
drug-eluting stent (Meto-PLGA/PTMC DES) complex. (a) Effect of Meto-PLGA/PTMC DES on the growth of rabbit cardiac fibrob-
lasts and (b) Dynamic clotting time curve of Meto-PLGA/PTMC DES.

Fig. 3. In vitro drug release characteristics of Metoprolol-loaded poly (lactic-co-glycolic acid)-poly (trimethylene carbonate)-poly
(glycolic acid) drug-eluting stent (Meto-PLGA/PTMC DES). (a) Cumulative drug release rate and (b) Amount of drug released.

dicating that the composite materials meet the hemolysis
requirements for medical biomaterials. Fig. 2b presents the
dynamic clotting time curve for Meto-PLGA/PTMC DES,
which shows a similar gradual decrease as observed in the
normal control, indicating comparable clotting behavior.

3.3 Meto-PLGA/PTMC DES In Vitro Drug Release
Detection

Fig. 3 shows the in vitro drug release curve of Meto-
PLGA/PTMCDES. Over time, the cumulative drug release
rate of the stent gradually increased (Fig. 3a), while the to-
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Fig. 4. Contrast of serum levels of related factors across groups. (a) Expression levels of Interleukin-8 (IL-8); (b) Expression levels
of Tumor Necrosis Factor-Alpha (TNF-α); (c) Expression levels of Vascular Cell Adhesion Molecule-1 (VCAM-1) and (d) Expression
levels of Intercellular Adhesion Molecule-1 (ICAM-1). #p < 0.05 vs Sham group and ▲p < 0.05 vs Model group.

tal amount of drug released gradually decreased (Fig. 3b),
indicating that the stent enables slow and sustained drug re-
lease with a stable release profile.

3.4 Therapeutic Effect of Meto-PLGA/PTMC DES
Implantation on Animals With Coronary Heart Disease

3.4.1 Serum Inflammatory Marker Levels in Each Group

The changes in the expression levels of IL-8 (Fig. 4a),
TNF-α (Fig. 4b), VCAM-1 (Fig. 4c) and ICAM-1 (Fig. 4d)

in the serum of animals from each group were measured.
The results revealed that IL-8, TNF-α, VCAM-1 and
ICAM-1 were greatly higher in Model group versus Sham
group (p < 0.05). These levels were substantially lower in
Stent group versus Model group (p < 0.05).

3.4.2 Cardiac Function Parameters in Each Group

Fig. 5 shows the differences in cardiac function pa-
rameters LVSP (Fig. 5a), LVEDP (Fig. 5b), +dp/dtmax
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Fig. 5. Comparison of cardiac function parameters across groups. (a) Left Ventricular Systolic Pressure (LVSP); (b) LV end-diastolic
pressure (LVEDP); (c) +dp/dtmax; (d) –dp/dtmax; (e) systolic blood pressure (BPs) and (f) diastolic BP (BPd). #p < 0.05 vs Sham group
and ▲p < 0.05 vs Model group.

(Fig. 5c), –dp/dtmax (Fig. 5d), BPs (Fig. 5e) and BPd
(Fig. 5f) across groups. In Model group, LVSP, +dp/dtmax,
–dp/dtmax, BPs and BPd were drastically inferior to Sham
group, while LVEDP was markedly higher (p < 0.05). In
Stent group, LVSP, +dp/dtmax, –dp/dtmax, BPs and BPd
were notably higher and LVEDP was greatly inferior to
Model group (p< 0.05). The LVSP and LVEDP reflect car-
diac contractility and diastolic dynamics, while ±dp/dtmax
measures ventricular pressure. These results indicated that
Meto-PLGA/PTMCDES can greatly improve cardiac func-
tion in coronary heart disease animal models.

3.4.3 Coronary Artery Remodeling and Morphological
Changes in Each Group

Fig. 6 shows the comparison of the intimal thickness
(Fig. 6a), lumen area (Fig. 6b), intimal area (Fig. 6c) and de-
gree of stenosis (Fig. 6d) across groups. The model group
exhibited notably greater intimal thickness and area and
considerably smaller lumen area relative to the Sham group
(p < 0.05). The Stent group showed drastically reduced
intimal thickness, area and stenosis degree, with a notably
larger lumen area versus the Model group (p < 0.05).

4. Discussion

This work explores the potential adoption value
of Meto-PLGA/PTMC DES in treating coronary heart
disease. Experimental results demonstrated that Meto-
PLGA/PTMC DES exhibited great advantages in terms of
mechanical properties, biocompatibility, drug release char-
acteristics, as well as anti-inflammatory and cardiovascular
protective effects.

The PLLA-based material offers excellent biocompat-
ibility and suitable mechanical properties, making it well-
suited for cardiovascular stent development. Cardiovascu-
lar stents require materials with specific mechanical prop-
erties, such as stiffness, strength, elongation, recoil, com-
pliance and degradability [15]. Previous studies confirmed
that PLLA-based stentmaterials canwithstand compression
forces of 1.3 bars, similar to the strength of metal stents
[16]. Kuriakose et al. [17] demonstrated that BPLPL-
PLGA-based nanoparticles possess excellent physical and
biological properties, making them viable as functional
nanocarriers for the treatment and diagnosis of cardiovas-
cular diseases. Kim et al. [18] reported that a polymer
mixture of PLLA and phospholipid polymers is used for
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Fig. 6. Comparison of coronary artery wall and intimal across groups. (a) Intimal thickness; (b) Lumen area; (c) Intimal area and
(d) Degree of stenosis. #p < 0.05 vs Sham group and ▲p < 0.05 vs Model group.

biodegradable cardiovascular stents, while Kim et al. [19]
also highlighted the use of PLLA material as a temporary
scaffold for vascular walls. In this study, the glass Tg,
tensile strength, elongation at break and Young’s modu-
lus of Meto-PLGA/PTMC DES demonstrated its sufficient
mechanical strength and flexibility to withstand the com-
plex stresses in the coronary blood flow dynamics. Particu-
larly, the material’s excellent cellular and blood compatibil-
ity suggested that the stent adapted well to the in vivo envi-
ronment, reducing foreign body reactions and stent-related

complications. Young’s modulus is a key physical prop-
erty for evaluating a material’s resistance to deformation
[20]. The results indicated that Meto-PLGA/PTMC DES
exhibited good tensile strength and deformation resistance.
Viscoelasticity, a distinctive feature of polymer materials,
shows strong time and temperature dependency [21]. The
synthesized Meto-PLGA/PTMC DES had a Tg above 50
°C, maintaining a frozen molecular state within the normal
body temperature range, thereby sustaining high mechani-
cal strength. This study further confirmed the mechanical
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performance and biocompatibility of Meto-PLGA/PTMC
DES, highlighting its mechanical support advantages and
its ability to maintain excellent cellular and blood compat-
ibility even after drug loading. These findings align with
existing literature and support the material’s potential ap-
plications in the cardiovascular field.

Beta-blockers are highly effective in controlling ven-
tricular arrhythmias associated with sympathetic nerve ex-
citation, which can be triggered by acute myocardial is-
chemia, electrolyte disturbances and both psychological
and physical stress, thus markedly preventing sudden car-
diac death. In various acute coronary syndrome treatment
guidelines, beta-blockers are prominently recommended
both for acute management and long-term maintenance
therapy, establishing them as one of the most used drugs
in cardiovascular medicine [22,23]. Dransfield et al. [24]
indicated that Meto is effective in preventing acute exacer-
bations of COPD. Dybro et al. [25] demonstrated that Meto
reduces LV outflow tract obstruction at rest and during ex-
ertion and alleviates symptoms in patients. Heck et al. [26]
reported that the beta-blocker Meto reduces myocardial tro-
ponin levels. Giannakopoulos and Noble [27] noted that
early intravenous administration of beta-blockers is safe in
hemodynamically stable patients and can prevent malig-
nant arrhythmias. Meto can alleviate heart failure and atrial
fibrillation [28,29]. As a widely applied beta-blocker, the
sustained-release characteristics of Meto have been thor-
oughly validated in this study. Research on a CAD animal
model demonstrated that Meto-PLGA/PTMC DES effec-
tively inhibits the release of serum inflammatory factors.
This not only confirms the anti-inflammatory effects of
Meto but also highlights its potential in alleviating vascular
inflammation and mitigating the progression of atheroscle-
rosis in CAD. Mandal et al. [30] reported a myocardial in-
farction patient who, after receivingMeto and stent therapy,
had stable vital signs. Beta-adrenergic blockers like Meto
remain the preferred treatment for heart failure, CAD, atrial
fibrillation and hypertension-related heart failure, angina or
previous myocardial infarction [31]. Studies noted that pa-
tients undergoing percutaneous coronary interventions with
balloon angioplasty and bare-metal stent implantation ex-
perience reduced IL-8 levels [32]. The stent materials used
clinically must possess good biocompatibility characteris-
tics, which primarily include cellular and hemocompatibil-
ity. Cellular biocompatibility involves evaluating the ma-
terial’s effects on cell adhesion, growth, differentiation and
apoptosis. Blood compatibility requires assessing the mate-
rial’s anticoagulant properties to minimize thrombosis for-
mation [33]. Thadani [34] demonstrated that stents coated
with Meto have a positive impact on chronic stable angina.
In vitro dynamic clotting time assays are used to assess
the material’s effect on coagulation function, primarily by
measuring the activation of intrinsic coagulation factors. A
dynamic clotting time curve that gradually declines over
an extended period indicates superior anticoagulant perfor-

mance of the material. Stent implantation not only provides
vascular support but also facilitates controlled drug release,
enhancing the therapeutic effect of the stent by regulating
the drug delivery [35]. The DES offer notable advantages,
including significantly reduced restenosis rates, resistance
to damage during expansion, independence from raw ma-
terial supply and timing constraints and low implantation-
related side effects [36].

The current study demonstrated that Meto-
PLGA/PTMC DES markedly inhibited the release of
serum inflammatory factors IL-8, TNF-α, VCAM-1
and ICAM-1 and enhanced cardiac function in animal
models, achieving stable and prolonged therapeutic effects.
This finding was in line with existing literature on the
anti-inflammatory and cardiovascular protective effects of
Meto. However, previous studies primarily focused on the
effects of Meto administered orally or by injection. This
study was the first to validate the sustained release prop-
erties and long-term therapeutic effects of Meto through a
stent-loaded form, filling a gap in the research in this field.
Additionally, this research extends the adoption of stent
technology in the treatment of CAD, demonstrating the
potential of drug release to improve coronary artery lesions.
Traditional stents primarily focus on providing physical
support. However, this study demonstrates that DES can
simultaneously exert anti-inflammatory effects and prevent
vascular remodeling, thereby offering a novel strategy
for the comprehensive therapy of CAD. The findings of
this study theoretically align well with the inflammation
theory of atherosclerotic lesions. The anti-inflammatory
action of Meto, achieved by reducing the expression of
inflammatory factors, directly intervenes in coronary artery
inflammation, which is consistent with the key mechanisms
in the pathological process of atherosclerosis. Moreover,
the sustained-release properties of the stent material
further support the theory of maintaining effective drug
concentrations locally over extended periods, contributing
to the long-term prevention of restenosis.

5. Conclusion
The Meto-PLGA/PTMC DES demonstrated excellent

cell and blood compatibility. When implanted at the site
of CAD lesions in animal models, the sustained release of
Meto effectively inhibited the release of serum inflamma-
tory factors, suppressed neointimal hyperplasia and reduced
the degree of vascular narrowing. This indicates that Meto
plays a crucial anti-inflammatory and vascular protective
role in the treatment of CAD. This work primarily focused
on the short-term sustained-release effects of Meto and has
not yet fully assessed the potential long-term impacts on
CAD patients. Future research should address the long-
term effects of Meto-eluting stents, including their impact
on restenosis, thrombosis and patient quality of life.
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6. Significance Statement
The Meto-PLGA/PTMC drug-eluting stent developed

in this study offers an efficient and safe drug release solu-
tion, ensuring stable drug release while demonstrating ex-
ceptional mechanical strength and favorable blood com-
patibility. These characteristics are critical for enhancing
the performance of medical implants. Furthermore, the
drug-eluting stent has shown significant effects in reducing
inflammation, improving cardiac function and alleviating
coronary artery stenosis, presenting a promising new ap-
proach to the treatment of cardiovascular diseases. This re-
search has the potential to advance the drug-eluting stent in
coronary heart disease, thus providing safer andmore effec-
tive therapeutic options for patients, with profound clinical
and scientific significance.
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