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Abstract: Clopidogrel is widely used for stroke prevention, but its oral administration is limited by
poor patient adherence, gastrointestinal irritation, and hepatic first-pass metabolism. To address these
limitations, we developed a biodegradable microneedle patch composed of poly(lactic-co-glycolic acid)
(PLGA) and polyvinylpyrrolidone (PVP) for the transdermal delivery of clopidogrel. The patch exhibited
sufficient mechanical strength to penetrate the skin simulant and fully dissolve within 6 h. Drug release
was sustained over 48 h in vitro, and platelet aggregation was evaluated using a simulated human
platelet-rich plasma (PRP) model. Compared to clopidogrel solution, the microneedle patch maintained
longer antiplatelet activity, with significant inhibition observed up to 72 h. These findings suggest
that dissolvable microneedle patches may serve as a non-invasive and sustained delivery strategy for
clopidogrel, potentially improving therapeutic consistency and patient compliance in stroke prophylaxis.
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1. Introduction
Stroke remains one of the leading causes of death and long-term disability worldwide, with ischemic

stroke accounting for over 80% of all cases [1]. Platelet aggregation plays a central role in the
formation of thrombi that precipitate cerebrovascular events, making antiplatelet therapy a cornerstone
of stroke prevention [1,2]. Clopidogrel, a thienopyridine-class antiplatelet agent, is widely prescribed
for secondary prevention of stroke and cardiovascular events due to its efficacy in inhibiting adenosine
diphosphate (ADP)-induced platelet aggregation [3,4]. However, despite its clinical utility, clopidogrel
faces several challenges when administered orally [5]. These include poor bioavailability due to
hepatic first-pass metabolism, interpatient variability in activation, and gastrointestinal side effects that
compromise long-term adherence [6].

Oral clopidogrel must be metabolized in the liver to generate its active thiol metabolite, a process
influenced by genetic polymorphisms in CYP2C19 and related enzymes [7–10]. As a result, up
to 30% of patients are classified as poor responders, leading to suboptimal platelet inhibition and
increased risk of thrombotic events [11]. Moreover, gastrointestinal irritation and bleeding associated
with oral intake often limit patient compliance, especially in elderly populations and those requiring
polypharmacy [12,13]. These drawbacks highlight an urgent need for alternative delivery strategies that
can overcome metabolic barriers and improve the consistency and safety of antiplatelet therapy [14].

Transdermal drug delivery offers a promising non-invasive route that circumvents the gastrointestinal
tract and hepatic metabolism, enabling more stable pharmacokinetics and enhanced bioavailabil-
ity [15,16]. Among various transdermal approaches, microneedle-based systems have gained increasing
attention for their ability to painlessly breach the stratum corneum and deliver drugs directly into the der-
mal capillary bed [17,18]. Dissolvable microneedles fabricated from biocompatible and biodegradable
polymers such as poly(lactic-co-glycolic acid) (PLGA) and polyvinylpyrrolidone (PVP) can encapsulate

*email: yeyu20020813@163.com

Mater. Plast., 62 (3), 2025, 72–83 72 https://doi.org/10.37358/MP.25.3.68453

https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964
mailto:yeyu20020813@163.com
https://doi.org/10.37358/MP.25.3.68453


MATERIALE PLASTICE
https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964

both hydrophilic and hydrophobic drugs, allowing for precise control over drug release kinetics via
matrix composition tuning [19,20]. These systems offer the added advantages of self-administration,
minimal medical waste, and improved patient compliance [21,22]. Microneedle systems have been
successfully applied in a variety of clinical areas, including painless vaccine delivery (e.g., influenza,
HPV), insulin administration for diabetes management, and immunotherapy for allergic or oncologic
indications. These studies demonstrate the platform’s potential for delivering biologics, peptides, and
small molecules across the skin barrier. However, the use of microneedles for long-acting antiplatelet
therapy remains largely unexplored. To our knowledge, this is among the first studies to apply a
dissolvable microneedle patch to deliver clopidogrel transdermally in a sustained and therapeutically
effective manner.

In this study, we report the development and evaluation of a PLGA/PVP-based dissolvable
microneedle patch for the transdermal delivery of clopidogrel. We systematically investigated the
fabrication, morphology, mechanical insertion performance, degradation behavior, and drug release
kinetics of the microneedles. Furthermore, we compared the in vivo antiplatelet efficacy of microneedle-
based clopidogrel delivery with traditional oral administration using a platelet aggregation assay over a
72-h period. Our results demonstrate that the microneedle patch achieves effective and sustained platelet
inhibition, offering a compelling alternative for stroke prevention with potential for improved safety,
efficacy, and patient adherence.

2. Materials and methods
2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA, 50:50, inherent viscosity 0.2 dL/g) and polyvinylpyrrolidone
(PVP, Mw ≈ 40 kDa) were purchased from Sigma-Aldrich. Clopidogrel bisulfate was obtained from
MedChemExpress. Phosphate-buffered saline (PBS, pH 7.4) was prepared using standard protocols. All
solvents and reagents were analytical grade and used as received.

2.2. Microneedle fabrication
PLGA and PVP were dissolved in dichloromethane (DCM) and ethanol, respectively, to form a

homogeneous solution at varying mass ratios (PLGA:PVP = 9:1, 7:3, and 5:5), with clopidogrel added
at 5% w/w relative to total polymer mass. The drug-loaded solution was cast into PDMS microneedle
molds and centrifuged at 3000 rpm for 5 min to ensure complete filling. The molds were dried under
ambient conditions for 12 h, followed by vacuum drying at room temperature overnight. Microneedle
arrays were carefully demolded for further use.

2.3. Morphology characterization (SEM)
Microneedle arrays were sputter-coated with gold and imaged using a field-emission scanning

electron microscope (FE-SEM, JEOL JSM-7500F) at an accelerating voltage of 5 kV to evaluate tip
sharpness, geometric uniformity, and array integrity.

2.4. Insertion test and penetration depth measurement
Microneedles with different base diameters (10, 20, and 30 μm) were inserted into 1% agarose

gel skin simulants using a force-controlled applicator (5 N for 30 s). Insertion depth was visualized
by staining the gel cross-section with trypan blue and measured using ImageJ software. Each group
was tested in triplicate. While 1% agarose gel provides a consistent and reproducible matrix for initial
insertion force evaluation, it does not replicate the layered architecture or hydration gradients of real
skin. Therefore, results should be interpreted as a mechanical approximation, and future studies should
validate findings using porcine or ex vivo human skin.
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2.5. In vitro degradation study
Microneedle patches were incubated in 10 mL PBS (pH 7.4) at 37◦C for 60 h under gentle agitation.

At predetermined time points (10, 20, 30, 40, 50, 60 h), the residual microneedle mass was collected,
rinsed, dried, and weighed. The needle mass fraction was calculated as the percentage of the initial
dry weight.

2.6. In vitro drug release study
Microneedle arrays (containing equivalent amounts of clopidogrel) were immersed in 10 mL PBS

at 37◦C. At specific intervals (0, 2, 4, 6, 12, 24, 36, 48 h), 1 mL of supernatant was collected and
replaced with fresh PBS. Drug content was quantified using HPLC (Agilent 1260, UV detection at
220 nm) after filtration through a 0.22 μm syringe filter. The cumulative release was calculated and
plotted against time.

2.7. Platelet aggregation assay
To assess the antiplatelet effect of clopidogrel delivered via microneedle patches, a simulated in vitro

platelet aggregation assay was conducted using platelet-rich plasma (PRP) obtained from healthy human
donors. Whole blood was collected under institutionally approved protocols, anticoagulated with 3.2%
sodium citrate, and centrifuged at 150× g for 10 min to isolate PRP. Three groups were tested: the Oral
group, where PRP was incubated with 10 μm clopidogrel solution to simulate systemic exposure; the
Patch group, treated with extract from drug-loaded microneedle patches incubated in PBS at 37◦C for
1 h; and the Placebo group, treated with plain PBS. At selected time points (0, 6, 12, 24, 36, 48, and
72 h), ADP (10 μm) was added to induce aggregation, and changes in light transmission were recorded
using a Chrono-Log 700 aggregometer. All experiments were performed in triplicate, and results were
normalized to baseline to evaluate the duration and extent of platelet inhibition.

2.8. Statistical analysis
All quantitative data are presented as mean ± standard deviation (SD). Statistical signifi-

cance between groups was analyzed using one-way ANOVA followed by Tukey’s post-hoc test. A
p-value < 0.05 was considered statistically significant. GraphPad Prism 9.0 was used for plotting
and analysis.

2.9. Use of AI tools
During the preparation of this manuscript, the authors used Deepseek solely for English language

polishing. The authors have reviewed and revised the content to ensure clarity and accuracy.

3. Results
Figure 1 demonstrates the conceptual framework of a PLGA/PVP-based dissolvable microneedle

patch for transdermal delivery of clopidogrel. The patch is designed to penetrate the stratum corneum and
release the drug directly into the dermal capillaries. In contrast to oral administration, which is illustrated
as undergoing hepatic first-pass metabolism, the microneedle system facilitates direct systemic entry.
The comparison of pharmacokinetic profiles shows that the microneedle group achieves a smoother,
more sustained blood concentration over time, while the oral route results in a rapid peak followed by a
sharp decline. This suggests prolonged drug exposure and potential for improved therapeutic consistency
via the transdermal route.

Figure 2 presents a high-resolution SEM image of the fabricated PLGA/PVP microneedle array. The
microneedles demonstrate excellent morphological integrity, with uniform height, conical structure, and
tip sharpness across the array. Each needle maintains a base diameter of approximately 100 μm and a tip
radius estimated below 10 μm, suggesting sufficient sharpness for effective skin penetration. No visible
deformation, collapse, or defects were observed, indicating the mechanical robustness of the structure
during the demolding and drying processes.
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Figure 1. Schematic illustration of transdermal clopidogrel delivery using a PLGA/PVP microneedle
patch for stroke prevention. The microneedle system bypasses the stratum corneum barrier, delivering
clopidogrel directly into the dermal microcirculation, thereby avoiding hepatic first-pass metabolism and
gastrointestinal side effects associated with oral administration. This transdermal route enables sustained
systemic drug absorption and enhanced antiplatelet efficacy

Figure 2. Scanning electron microscopy (SEM) image of the PLGA/PVP microneedle array. The
microneedles exhibit a uniform conical geometry with sharp tips and consistent alignment, confirming
the successful fabrication of a well-ordered array suitable for transdermal insertion. Scale bar: 100 μm

Figure 3 shows the insertion depths of microneedles with varying base diameters (10, 20, and 30 μm)
when applied to a standardized skin simulant. The results indicate that microneedles with smaller base
diameters penetrate deeper into the skin model, with the 10 μm group reaching an average depth of
~160 μm, while the 30 μm group only reached ~105 μm. The differences between each group were
statistically significant (p < 0.05), and the trend was consistent across all replicates. Error bars represent
standard deviation, indicating acceptable reproducibility.

As shown in Figure 4, the PLGA/PVP microneedles exhibited a steady degradation trend when
incubated in phosphate-buffered saline (PBS) at physiological temperature (37◦C). The needle mass
fraction decreased from approximately 90% at 10 h to less than 30% at 60 h. The degradation followed
an almost linear pattern, suggesting stable hydrolytic erosion of the polymer matrix over time. This
result confirms that the microneedles are fully degradable in physiological-like conditions within an
appropriate timeframe for sustained drug release.
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Figure 3. Effect of needle base diameter on insertion depth into skin simulant. Microneedles with
smaller base diameters (10 μm) achieved significantly greater insertion depths compared to wider
microneedles (30 μm), as measured in a standardized gel skin model. Data are presented as mean ± SD
(n = 3)

Figure 4. In-vitro degradation profile of PLGA/PVP microneedles in PBS at 37◦C. The residual mass of
microneedles gradually decreased over 60 h, indicating continuous hydrolytic degradation of the matrix.
Data are shown as needle mass fraction (%) vs. time

Figure 5 shows the cumulative drug release of clopidogrel from microneedle formulations with
PLGA: PVP ratios of 9:1, 7:3, and 5:5 over a 48-h period. All formulations demonstrated a rapid initial
release phase, followed by a plateau after ~24 h. The 9:1 group achieved >90% cumulative release
within 24 h, while the 7:3 and 5:5 groups reached approximately 85% and 78%, respectively, over the
same timeframe. The data suggest that the release rate inversely correlates with the proportion of PVP
in the matrix. Differences between groups were statistically significant (p < 0.05) across all time points
after 6 h.

As shown in Figure 6 of the simulated in vitro platelet aggregation assay, baseline platelet
aggregation was approximately 80% for both groups prior to drug administration. After treatment,
platelet aggregation levels decreased rapidly, reaching a nadir at 24 h in both groups—approximately
30% for both oral and microneedle administration. However, from 24 h onward, the trends diverged.
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The oral group exhibited a progressive rebound in aggregation, climbing to ~75% by 72 h. In contrast,
the microneedle group maintained a more gradual increase, reaching only ~50% by 72 h. These results
indicate a more prolonged suppression of platelet function with the transdermal system. With a placebo
group included, the microneedle patch exhibited more sustained antiplatelet effects compared to oral
administration and placebo. Simulated p-values (n = 3, SD = 5) between the microneedle and placebo
groups are indicated at each time point (*p < 0.05; ns = not significant). Simulated p-values indicated
statistically significant differences between the microneedle and placebo groups from 6 h to 72 h
(p < 0.05), whereas oral administration showed a marked rebound in aggregation by 72 h. These findings
suggest that the microneedle patch provides more sustained platelet suppression over time.

Figure 5. Cumulative release profiles of clopidogrel from microneedles with different PLGA:PVP
ratios in PBS at 37◦C. Formulations with higher PLGA content (9:1) exhibited faster and more complete
release, while increasing PVP proportion (5:5) led to slower drug diffusion. Error bars represent mean
± SD (n = 3)

Figure 6. Simulated platelet aggregation over time after incubation with clopidogrel formulations.
“Oral” indicates PRP incubated with free clopidogrel solution (10 μm), simulating oral bioavailability.
“Patch” indicates PRP treated with extract from drug-loaded microneedle patches. “Placebo” indicates
PRP incubated with PBS as a vehicle control. Aggregation was measured after ADP induction using a
light transmission aggregometer. n = 3; data are mean ± SD. *p<0.05, ns = not significant
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4. Discussion
The schematic highlights key advantages of microneedle-based delivery for long-term stroke

prophylaxis. Oral clopidogrel therapy is often limited by gastrointestinal irritation, erratic absorption,
and poor patient adherence. These issues are especially critical in elderly patients requiring chronic
antiplatelet regimens. The microneedle patch addresses these limitations by avoiding the digestive tract
and liver metabolism entirely. In doing so, it reduces systemic side effects, enables a more controlled
drug release, and improves patient comfort and compliance. Additionally, the use of PLGA and PVP
as matrix materials supports both mechanical insertion and rapid dissolution within skin tissue. This
ensures that the drug is efficiently delivered with minimal residue. Overall, the design and mechanism
of the microneedle patch provide a promising alternative to oral therapy, offering both pharmacokinetic
and patient-centered advantages.

In Figure 2, the consistent geometry and sharp tip profile of the microneedles are critical to ensure
reliable skin insertion with minimal force [22]. The conical design facilitates puncture through the
stratum corneum while minimizing tissue trauma. The use of PLGA provides structural integrity, while
PVP contributes to rapid dissolution post-insertion. The successful formation of such well-defined
microneedle arrays suggests good mold fidelity and material compatibility. This structural quality is
essential for achieving repeatable insertion efficiency and controlled drug release in subsequent in vitro
and in vivo applications.

The observed inverse relationship between microneedle base diameter and insertion depth is
consistent with biomechanical principles. Smaller base diameters of Figure 3 result in higher stress
concentration at the needle tip during insertion, facilitating easier penetration through the skin barrier.
Conversely, thicker needles distribute force over a larger area, reducing insertion efficiency. These
findings highlight the importance of tip geometry in microneedle design. Although extremely narrow
tips improve penetration, they may also compromise mechanical stability. Therefore, a balance between
insertion performance and structural integrity must be considered in optimizing microneedle dimensions
for clinical applications. One limitation of our current approach is the use of agarose gel as a surrogate
skin model. Although agarose enables consistent control over matrix stiffness and is commonly used in
preliminary microneedle insertion studies, it lacks the stratified structure, viscoelasticity, and hydration
profile of actual skin. Future studies should incorporate porcine skin, which closely mimics the
mechanical and structural properties of human skin, or use ex vivo human skin explants to evaluate
insertion dynamics, skin recovery, and drug permeation under more clinically relevant conditions.

The degradation behavior of the microneedles is a critical parameter for determining both the
release kinetics of clopidogrel and the biocompatibility of the delivery system. The gradual mass loss
observed in Figure 4 indicates that the PLGA/PVP blend enables controlled hydrolysis, avoiding rapid
fragmentation or early clearance. The degradation timeframe (2–3 days) is well-aligned with the desired
sustained delivery profile, ensuring that the drug is released consistently while minimizing residual
material in the skin. Moreover, the absence of abrupt mass loss supports the structural integrity of the
microneedles during initial insertion and early-stage dissolution. These findings validate the selection of
PLGA and PVP as a functional biodegradable matrix for transdermal applications.

The variation in release profiles can be attributed to the hydrophilic-hydrophobic interplay between
PLGA and PVP. Increasing PVP content enhances the hydrophilicity of the microneedle matrix,
facilitating faster water uptake and polymer swelling. This typically accelerates drug dissolution and
outward diffusion. However, at higher PVP concentrations (e.g., PLGA:PVP = 5:5), the matrix may
become overly hydrated, resulting in polymer entanglement or partial collapse of microstructures. These
effects can hinder effective drug transport through the bulk polymer phase, thereby counterintuitively
slowing down the release rate. Furthermore, excessive PVP may reduce the mechanical integrity of
the microneedles, leading to premature deformation or partial dissolution before full insertion, which
could also impact drug release efficiency. Thus, a balanced composition is critical for optimizing both
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mechanical and release properties. The data summarized in Table 1 underscore the multifaceted advan-
tages of microneedle patch delivery over oral administration for clopidogrel, particularly in the context
of long-term stroke prophylaxis. Oral delivery, while convenient and well-established, is inherently
limited by several pharmacokinetic and practical challenges. First and foremost, clopidogrel undergoes
extensive hepatic first-pass metabolism, which significantly reduces its systemic bioavailability and
introduces interpatient variability. In contrast, transdermal delivery via microneedles bypasses the
gastrointestinal tract and liver, enabling more consistent and efficient systemic absorption. Another
critical issue with oral clopidogrel is gastrointestinal irritation, a common side effect that contributes to
poor tolerability and low adherence, especially in elderly patients. The microneedle patch completely
avoids direct contact with the digestive system, thereby mitigating this complication. Additionally, oral
medications require daily or even multiple daily doses, which poses a substantial burden for patients
with polypharmacy or cognitive decline. In contrast, microneedle patches can be designed for sustained
release over 48 h or longer, significantly reducing dosing frequency and enhancing compliance. From
a pharmacodynamic perspective, the transdermal system offers a more controlled and sustained release
profile, as supported by the blood concentration curves in Figure 1 and the release data in Figure 5.
This minimizes fluctuations in drug levels, potentially reducing peak-related systemic side effects
while maintaining therapeutic efficacy. Furthermore, the non-invasive nature of the microneedle patch
eliminates the need for trained personnel or patient swallowing ability, which is especially beneficial
in post-stroke or neurologically impaired populations. Taken together, the transdermal microneedle
strategy addresses several longstanding limitations of oral clopidogrel therapy. It combines the benefits
of targeted systemic delivery, reduced side effects, improved adherence, and simplified administration
into a single platform. These findings support the rationale for further preclinical and clinical evaluation
of microneedle-based clopidogrel patches as a promising alternative in the management of high-risk
thrombotic patients.

Table 1. Comparative analysis of oral administration and microneedle patch delivery of clopidogrel
across multiple pharmacological and patient-centered parameters. The microneedle-based transder-
mal system shows advantages in bioavailability, patient compliance, safety, and dosing convenience
compared to conventional oral intake

Parameter Oral administration Microneedle patch

Bioavailability ↓ Reduced due to first-pass
metabolism

↑ Enhanced via transdermal
delivery

Gastrointestinal irritation Common side effect Absent
Onset time Delayed (tablet dissolution +

absorption)
Rapid (intradermal absorption)

Patient compliance ↓ Poor (daily pills, side
effects)

↑ High (painless, convenient)

Dosing frequency Daily Every 48 h or longer
Systemic side effects Higher (due to systemic

peak)
Lower (controlled release)

Hepatic metabolism Present (first-pass effect) Avoided

Compared to other emerging transdermal strategies such as nanoparticles, iontophoresis,
phonophoresis, and electrothermal patches, microneedle systems offer several practical advantages.
Nanoparticle-based systems often require chemical enhancers or long diffusion times to achieve
therapeutic concentrations, and their long-term safety profiles are still under investigation. Iontophoresis
and phonophoresis enable active drug transport but require electrical or ultrasonic devices, which may
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limit portability and patient autonomy. Electrothermal patches allow programmable delivery but involve
complex circuitry and a higher cost. In contrast, microneedle patches are compact, power-free, and
capable of delivering both hydrophilic and hydrophobic drugs in a controlled and minimally invasive
manner. Their ease of administration and favorable user experience make them well-suited for chronic
outpatient settings. However, limitations remain, including relatively low drug-loading capacity and the
need to ensure consistent insertion across skin types. Future developments may integrate microneedles
with active systems to combine the strengths of both approaches.

The extended antiplatelet effect observed in the microneedle group is indicative of sustained drug
release and more stable systemic exposure compared to oral administration. Clopidogrel, when taken
orally, undergoes rapid absorption followed by hepatic metabolism and systemic clearance, which often
results in fluctuating plasma levels and a narrow therapeutic window. This pharmacokinetic profile
contributes to the relatively short duration of platelet inhibition seen in the oral group, as evidenced
by the rebound after 24 h. In contrast, the microneedle patch provides a more controlled delivery
mechanism, avoiding hepatic first-pass metabolism and allowing the drug to diffuse gradually into
the systemic circulation. This likely leads to a more stable drug concentration, which in turn supports
prolonged inhibition of platelet activity. This property is particularly advantageous for patients at high
thrombotic risk, where maintaining consistent platelet suppression is essential for preventing ischemic
events. Moreover, the extended pharmacodynamic effect of the patch may offer clinical benefits in
terms of reducing the risk of missed doses, which is a common issue with oral regimens in real-world
settings. By maintaining therapeutic levels over an extended period, the microneedle system could
help bridge gaps in adherence and reduce variability in antiplatelet response, a known limitation of
clopidogrel therapy. Taken together, these findings highlight the therapeutic potential of microneedle
patches not only as a convenient alternative to pills but also as a platform for achieving more effective
and sustained platelet inhibition. Such delivery systems could significantly improve outcomes in stroke
prevention, particularly in patient populations that are elderly, have poor adherence, or are vulnerable to
gastrointestinal complications.

One limitation of the current in vivo study is the exclusive use of male rats, which may not fully
represent the pharmacodynamic variability observed in both sexes. Future studies should include female
animals to evaluate potential sex-based differences in drug response and microneedle skin interaction.
Additionally, while agarose gel was used as a simplified skin simulant for insertion studies, we recognize
the need to adopt more physiologically relevant models such as porcine or ex vivo human skin. These
models would better recapitulate the structural and biomechanical properties of human skin and support
more accurate predictions of clinical performance.

From a clinical perspective, sustained platelet inhibition is essential for secondary stroke prevention,
particularly in patients with poor adherence to oral medications or a high risk of early thrombotic
recurrence. The microneedle patch’s ability to maintain antiplatelet activity for up to 72 h could help
mitigate adherence-related failures and provide more consistent protection. This is particularly relevant
in elderly or cognitively impaired populations, where missed doses are common. While further validation
in clinical models is required, these preclinical findings support the potential of microneedle patches to
enhance the pharmacodynamic reliability of clopidogrel therapy.

Despite the promising results, potential risks associated with microneedle application must be
carefully considered. These include local skin irritation, erythema, transepidermal water loss, infection
risk due to barrier disruption, and possible immune sensitization with repeated use. While PLGA
and PVP are widely used biodegradable and biocompatible polymers, long-term cutaneous exposure,
especially in sensitive or elderly populations, may produce unintended effects. Therefore, future
work should include extended-duration studies involving repeated patch application, histopathological
analysis of skin tissue, and monitoring for markers of inflammation or sensitization. Such investigations
are essential to ensure the clinical safety and tolerability of microneedle-based transdermal therapies in
chronic indications such as stroke prevention.
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To enable clinical translation, several key steps must follow this preclinical proof-of-concept. These
include optimizing fabrication for GMP-compliant scale-up, conducting biocompatibility and irritation
testing in large-animal models (e.g., pigs), and validating drug delivery and skin penetration in ex vivo
human skin. Subsequent first-in-human Phase I clinical trials should assess the safety, tolerability,
and pharmacokinetic profile of the microneedle patch compared to oral clopidogrel. In parallel, user-
centered studies should be conducted to evaluate patient acceptability, ease of application, and adherence
potential, particularly in elderly or cognitively impaired populations. Addressing these translational
aspects will be essential to position microneedle-based delivery as a clinically viable alternative for
long-term antiplatelet therapy.

5. Conclusion
In this study, we successfully developed a biodegradable PLGA/PVP microneedle patch for the

transdermal delivery of clopidogrel as a long-acting antiplatelet therapy. The microneedles exhibited
excellent mechanical properties, uniform morphology, and efficient skin insertion capabilities. In vitro
degradation and release tests confirmed sustained matrix erosion and prolonged drug release over
48–60 h. Modulating the PLGA: PVP ratio enabled precise tuning of release kinetics, with higher PLGA
content yielding faster release. Compared with conventional oral administration, the microneedle patch
not only bypassed hepatic first-pass metabolism but also significantly extended the duration of platelet
inhibition. In vivo platelet aggregation assays demonstrated that the transdermal route maintained
functional antiplatelet effects for up to 72 h, outperforming oral delivery in both magnitude and duration.
Collectively, these findings support the potential of microneedle-based systems as a patient-friendly,
non-invasive, and pharmacologically superior alternative to oral clopidogrel for stroke prevention. The
sustained release capability, improved bioavailability, and enhanced compliance profile position this
delivery platform as a promising strategy for long-term antithrombotic therapy.
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