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Introduction: Paclitaxel (PTX), widely used chemotherapeutic agent, is limited by poor solubility, P-glycoprotein (P-gp) mediated 
efflux, and non-specific toxicity. To overcome these challenges, we developed a triple-functionalized nanocarrier system incorporating 
poly(lactide-co-glycolide) (PLGA)-based nanoparticles (PNs), D-α-tocopheryl polyethylene glycol succinate (TPGS) for P-gp inhibi-
tion, and platelet membrane (PM) coating for targeted tumor delivery.
Methods: The PM-coated TPGS-modified PNs with PTX (PTPNs) was characterized by particle size analysis, transmission electron 
microscopy (TEM), and protein assay to confirm PM coating. In vitro drug release studies were conducted under acidic conditions 
mimicking the tumor microenvironment. Cellular assays were performed to evaluate cytotoxicity and drug efficacy in multidrug- 
resistant MCF-7/ADR cells. In vivo biodistribution and xenograft studies assessed tumor accumulation and therapeutic outcomes.
Results: PTPNs exhibited a particle size of 221 ± 2 nm with a PDI of 0.090 ± 0.020 and a zeta potential of –30.5 ± 0.3 mV, indicating 
a homogeneous particle distribution and successful PM coating. The optimal PM-to-PLGA weight ratio was determined to be 0.005, 
which ensured structural stability and uniform coating in physiological conditions. Sustained PTX release was observed in acidic 
conditions, mimicking the tumor microenvironment. Cellular assays showed a 17-fold reduction in PTX IC50 in MCF-7/ADR cells 
compared to free PTX, attributed to the synergistic effects of TPGS-mediated P-gp inhibition and PM–based tumor targeting. In vivo, 
PTPNs demonstrated enhanced tumor accumulation and significantly reduced tumor burden, with final tumor volume 2.6-fold lower 
than that of TPNs and 3.6-fold lower than that of the PTX commercial product (Taxol®)-treated group. Tumor necrosis factor-α (TNF- 
α) levels were also reduced, reflecting decreased tumor-promoting cytokine activity.
Conclusion: The PTPNs enhanced PTX delivery by improving tumor specificity, overcoming multidrug resistance, and reducing 
systemic toxicity. These results suggested the potential of this biomimetic approach to advance cancer therapy.
Keywords: paclitaxel, platelet membrane, Poly(lactide-co-glycolide), nanoparticles, multidrug resistance, cancer therapy

Introduction
Paclitaxel (PTX) is a widely used chemotherapeutic agent for the treatment of breast and ovarian cancers. Its mechanism 
of action involves stabilizing tubulin polymerization into microtubules and inhibiting their depolymerization, which halts 
the cell cycle at the G2/M phase, ultimately inducing cancer cell death.1,2 Despite its therapeutic efficacy, PTX suffers 
from low aqueous solubility, poor membrane permeability, and susceptibility to P-glycoprotein (P-gp)-mediated efflux, 
leading to multidrug resistance and reduced efficacy.3,4 To improve its solubility, commercial formulations such as 
Taxol® (PTX commercial product) solubilize PTX using Cremophor EL, but this excipient is associated with severe 
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hypersensitivity reactions, nephrotoxicity, and neurotoxicity, requiring premedication, and limiting patient compliance.5 

Although alternative formulations such as Abraxane® (albumin-bound PTX) and Genexol-PM® (polymeric micelle- 
based PTX) have been developed to overcome some limitations. However, these systems are limited by micelle 
instability and poor tumor targeting, which can result in premature drug release, non-specific distribution, and systemic 
side effects.6

Nanoparticles based on poly(lactide-co-glycolide) (PLGA), a biodegradable and biocompatible polymer, offer 
a promising approach to overcoming limitations of PTX.7,8 PLGA nanoparticles (PNs) can encapsulate hydrophobic 
drugs like PTX, enhance solubility, and provide controlled drug release. Furthermore, by adjusting parameters such as 
molecular weight and the lactide-to-glycolide ratio, PLGA system can be tailored to achieve specific drug release 
profiles, improving therapeutic outcomes.9 Despite these advantages, conventional PNs faces significant challenges, 
including rapid opsonization and immune clearance due to their hydrophobic surfaces and negative charges.10 This can 
lead to premature removal by the mononuclear phagocytes system and non-specific distribution, increasing systemic 
toxicity and reducing drug delivery efficiency.11

To overcome these challenges, nanoparticle surface modifications have been investigated to improve colloidal 
stability and reduce premature clearance by the mononuclear phagocyte system (MPS), thereby limiting non-specific 
distribution. D-α-tocopherol polyethylene glycol succinate (TPGS), an amphiphilic molecule, has been widely studied as 
both a stabilizer and a P-gp inhibitor.12 TPGS enhances the colloidal stability of PLGA nanoparticles and inhibits P-gp– 
mediated drug efflux, thereby promoting intracellular drug retention and reducing multidrug resistance.13 In addition, its 
PEG moiety contributes to reduced opsonization and MPS uptake, which helps prolong systemic circulation. TPGS- 
modified PLGA nanoparticles loaded with PTX (TPNs) offer dual benefits: improved absorption and resistance 
modulation.14 However, while TPGS improves nanoparticle stability and reduces systemic clearance, it does not 
inherently confer tumor specificity.

To achieve tumor-targeted delivery, platelet membrane (PM) coating has been applied as a biomimetic strategy.15,16 

PM-coated nanoparticles combine the natural properties of PM with the controlled delivery capabilities of synthetic 
nanoparticles. The PM contains surface protein such as integrins and glycoproteins that aid in immune evasion and 
targeted delivery.17 Specifically, P-selectin, a glycoprotein present on PM, binds to CD44 receptors overexpressed in 
several tumors, enabling selective accumulation of the nanoparticles at the tumor site.18 This strategy not only enhances 
circulation time but also minimizes off-target effects, reducing toxicity to healthy tissues.19,20

The goal of this study was to develop PM-coated TPGS-modified PNs loaded with PTX (PTPNs) as a novel PTX 
delivery system to enhance solubility, inhibit P-gp-mediated efflux, and achieve tumor-specific targeting (Figure 1). The 
physicochemical properties of PTPNs were characterized, and their cellular uptake, cytotoxicity, biodistribution, and 
therapeutic efficacy were evaluated through in vitro and in vivo studies. By combining the advantages of PLGA, TPGS, 
and PM coating, PTPNs offer a multifaceted approach to overcoming the limitations of conventional PTX formulations 
and improving outcomes in cancer therapy.

Experimental Section
Materials
PTX was supplied by Korea United Pharm Inc (Seoul, Republic of Korea). PLGA (Resomer RG 502H: 50:50 lactic acid: 
glycolic acid, -COOH end groups) was purchased from Evonik Industries (Essen, Germany). Dichloromethane (DCM), 
dimethyl sulfoxide (DMSO) and formic acid (FA) were purchased from Samchun Chemical (Pyungtaek, Republic of 
Korea). High-performance liquid chromatography (HPLC) grade acetonitrile and methanol were purchased from J.T 
Baker (Philipsburg, NJ, USA). Polyvinyl alcohol (PVA; 87–90% hydrolyzed, average molecular weight 30,000–70,000), 
TPGS, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), coumarin 6 (C6) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Pierce protease inhibitor mini tablets, Pierce BCA protein assay kits, Hoechst 
33342 solution (20 mmol), Pierce CN/DAB Substrate Kit, and NuPAGE LDS Sample Buffer (4X) were purchased from 
ThermoFisher (Wilmington, DE, USA). Cyanine5.5 NHS ester (Cy5.5) was purchased from Lumiprobe (Hunt Valley, 
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MD, USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin, and 
trypsin-EDTA were provided from Gibco BRL (Gaithersburg, MD, USA).

Preparation of TPNs
TPNs was optimized with Box-behnken design (Supporting Information 1) and prepared as follows.21 Briefly, PTX 
(5 mg) and PLGA (116.4 mg) was dissolved in DCM (5 mL). The oil phase was then added into distilled water (DW; 
25 mL) containing PVA (1 w/v%) and TPGS (0.082 w/v%). Emulsification was performed using a Vibra-Cell probe 
sonicator (Sonics & Material Inc., Newtown, CT, USA) at an amplitude 150 W with 5:1 on/off cycle for 4.5 min. To 
remove the organic solvent, the oil-in-water emulsion was stirred overnight, resulting in a suspension. The suspension 
was then centrifuged at 21,206 g for 10 min at 10°C. After centrifugation, the supernatant was discarded, and DW was 
added to resuspend the nanoparticles. Additionally, TPNs without PTX (B-TPNs), C6-loaded TPNs (C6-TPNs), and 
Cy5.5-loaded TPNs (Cy5.5-TPNs) were prepared using the same procedure. The TPNs was characterized based on 
particle size, zeta potential, polydispersity index (PDI), encapsulation efficiency (EE), scanning electron microscopy 
(SEM), and transmission electron microscopy (TEM) analysis, as detailed in the Supporting Information 1.

Preparation of PTPNs
Fabrication of PTPNs with PM and TPNs
TPNs and PM were fused using a sonication method.22 For PM purification, whole blood was collected from rats into 
EDTA-containing Vacutainer blood collection tube (Becton Dickinson, Franklin Lakes, NJ, USA). The blood was 
centrifuged at 100 g for 20 min at room temperature twice to separate red blood cells and white blood cells. Platelet 
rich plasma (PRP) was then isolated, and phosphate buffer saline (PBS) containing EDTA (1 mmol), prostaglandin E1 
(2 µmol), and a protease inhibitor was added to the PRP. The resulting PRP was pelleted twice by centrifugation at 800 
g for 20 min at room temperature (RT) and resuspended in PBS. To prepare PM, the PRP was subjected to three freeze— 

Figure 1 PM-coated TPGS-modified PLGA nanoparticles loaded with PTX (PTPN) designed for the treatment of multidrug-resistant breast cancer. The mechanism involves 
selective targeting of tumor cells via P-selectin on the PM binding to CD44 receptors overexpressed on cancer cells. Following receptor-mediated endocytosis, the 
nanoparticles escape the endo-lysosomal pathway and release PTX in the acidic tumor microenvironment, stabilizing microtubules and inducing apoptosis.
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thaw cycles by freezing at −80°C and thawing at RT. The processed PRP was then pelleted and then centrifuged at 100 
g for 20 min twice at RT to separate by centrifugation at 4000 g for 3 min. The resulting PRP pellet, identified as the PM, 
was resuspended in PBS, and sonicated for 5 min using a batch sonicator operating at a frequency of 42 kHz and a power 
of 100 W. For the fusion process, TPNs and PM suspensions were mixed and further sonicated under the same conditions 
(42 kHz, 100 W) for 3 min. The fused nanoparticles (PTPNs) were then purified by centrifugation at 21,206 g for 10 min 
using the same procedure, PTPNs without PTX (B-PTPNs), C6-loaded PTPNs (C6-PTPNs), and Cy5.5-loaded PTPNs 
(Cy5.5-PTPNs) were also prepared.

Optimization of PM/PLGA Ratios Within PTPNs
The optimal PM to PLGA (PM/PLGA) ratio (w/w) for PTPNs was determined based on particle size changes after adjustment 
in PBS or plasma.23 Various PTPNs were prepared with varying PM/PLGA ratios ranging from 0.00125 to 0.02. The PM 
content was quantified using the Pierce BCA assay kit. Following synthesis, the PTPNs were adjusted with PBS or plasma, 
and their particle size was measured as described in the Supporting Information 1. During the adjustment process, PTPN 
pellets were collected by centrifugation at 21,206 g for 10 min at 10°C, and the supernatant was discarded. The resulting 
pellets were redispersed in PBS or plasma. The coated structure of PTPNs was confirmed via TEM as detailed in the 
Supporting Information 1. The optimal PM/PLGA ratio was selected based on particle size changes and TEM imaging results.

Characterization of PTPNs
Particle Size and Morphology
The PTPNs was characterized based on particle size, PDI, zeta potential, and TEM, as detailed in the Supporting 
Information 1 (n=3).

Western Blot for CD41 Antigen
PM, PTPNs and bovine serum albumin (BSA) were normalized to equivalent total protein concentration using Pierce 
BCA protein assay kits. Western blotting was performed to confirm the presence of the CD41 antigen, a platelet-specific 
protein marker.24 Samples were prepared in LDS sample loading buffer, heated to 70°C for 10 min, and subsequently 
loaded onto a 10% polyacrylamide gel. Protein separation was carried out at 100 V for 90 min. Following electrophor-
esis, the samples were transferred onto a polyvinylidene difluoride (PVDF) membrane at 80 V for 180 min. The 
membranes were blocked with BSA (5 w/v%) at room temperature for 1 h and then incubated overnight at 4°C with 
a primary integrin αIIb horseradish peroxidase (HRP) antibody (1:1000 dilution; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA). The membranes were subsequently incubated with a secondary mouse IgG Fc binding protein conjugated to 
HRP antibody (1:1000 dilution; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at room temperature for 1 h. Protein 
bands were visualized using the Pierce CN/DAB Substrate kit.

In vitro Release of PTX
The cumulative drug release of PTX from TPNs and PTPNs was evaluated under controlled conditions.25 Briefly, 
centrifuged pellets obtained from TPNs and PTPNs suspension (2 mL) were transferred into microcentrifuge tubes and 
dispersed in buffer (1 mL). The tubes were placed in a shaking water bath at 100 rpm and maintained at 37°C. At 
predetermined time intervals, the samples were centrifugated at 21,206 g for 10 min at 10°C. An aliquot of the 
supernatant (100 μL) was collected and replaced with an equal volume of fresh buffer to maintain sink conditions. 
The buffers used were pH 4.5, 6.8, and 7.4, supplemented with sodium dodecyl sulfate (2% w/v). All experiments were 
performed in 3 replicates (n=3). Sampling was performed over 96 h, and the PTX concentrations were quantified using 
a liquid chromatography-tandem mass spectrometry (LC-MS/MS) system in Supporting Information 2.

Cell Study
Cell Culture
Human breast cancer cell (MCF-7) and breast cancer resistance cells (MCF-7/ADR) were obtained from the Korean Cell 
Line Bank (Seoul, Republic of Korea). Both MCF-7 and MCF-7/ADR cells were cultured in DMEM supplemented with 
FBS (10 v/v%) and penicillin-streptomycin (1% v/v). The cells were maintained in 5% CO2 incubator at 37°C.
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Cell Viability Study
MCF-7 and MCF-7/ADR cells were seeded at a density of 3×104 cells per well in a 96-well plate and incubated for 
24 h under 5% CO2 at 37°C. Free PTX, B-TPNs, B-PTPNs, TPNs, and PTPNs were diluted with DMEM to achieve 
various PTX concentrations. Following incubation for 24 h and 48 h, 30 μL of MTT solution (5 mg/mL) was added to 
each well, and the plates were incubated for an additional 3 h. After incubation, the medium was carefully removed, and 
DMSO (200 μL) was added to dissolve the formazan crystals. Absorbance was measured at 565 nm using a microplate 
reader (Multiskan skyhigh, ThermoFisher Scientific, Waltham, MA, USA).25 Cell viability was calculated using the 
following equation:

In this equation, ODsample represents the absorbance value of cells treated with test formulations, while ODcontrol 

corresponds to the absorbance value of cells cultured in DMEM alone. All experiments were performed in 5 repli-
cates (n=5).

Flow Cytometry
The cellular uptake of C6 from free C6, C6-TPN, and C6-PTPNs in MCF-7 and MCF-7/ADR cells was evaluated.16 

MCF-7 and MCF-7/ADR cells were seeded in 6-well plates at a density of 3×104 cells/well in medium (2 mL) and 
cultured in a CO2 incubator for 24 h. Following incubation, the medium in each well was removed, and the cells were 
washed with PBS. Subsequently, 2 mL of free C6, C6-TPNs, or C6-PTPNs (200 ng/mL in DMEM) was added to the 
wells, and the cells were incubated for 2, 6, and 24 h. After the designated incubation times, the cells were harvested, and 
a fluorescence assay was performed (n = 3). Fluorescence quantification of C6 uptake from free C6, C6-TPNs, and C6- 
PTPNs was analyzed using flow cytometry (FACS Canto II, Becton Dickinson, Franklin Lakes, NJ, USA).

In vivo Evaluation
Animals and Tumor Model
Female BALB/c nude mice (Orient, Seoul, Republic of Korea) were housed under standard conditions in a light- 
controlled room at 22°C. The xenograft model was established by subcutaneously injecting 5×106 MCF-7/ADR cells 
suspended in 50% Matrigel Matrix solution (Corning, Tewksbury, MA, USA) in PBS into the right flank of the mice.26 

Prior to cell injection, mice were pretreated with 3 mg/kg of 17β-estradiol (Sigma-Aldrich, St. Louis, MO, USA) two 
weeks in advance.27 All animal experiments were approved by the Local Ethical Committee of Chungnam National 
University (Approval No. 202310A-CNU-193) and conducted in accordance with the guidelines established by the 
Chungnam National University Institutional Animal Care and Use Committee (Daejeon, Republic of Korea).

Biodistribution Assay
To evaluate the dynamic distribution of the formulations, PTX was replaced with the fluorescent probe Cy5.5.28 When 
the tumor volume reached approximately 100 mm3, nude mice were randomly divided into four groups (n=3): free Cy5.5, 
Cy5.5-TPNs, and Cy5.5-PTPNs. The formulations were dispersed in distilled water by sonication and administered 
intravenously at a dose of 0.01 mg/kg of Cy5.5. Fluorescence intensity was monitored using the VISQUE In Vivo Smart- 
LF (Vieworks, Anyang, Republic of Korea) at 2, 4, 6, 12, and 24 h post-injection.26 After 24 h, the mice were sacrificed, 
and major organs (liver, heart, spleen, kidney, and lungs) as well as the tumor tissue were excised for fluorescence 
imaging. Fluorescence intensities were measured at an excitation wavelength of 630–680 nm and an emission wave-
length of 690–740 nm.

Antitumor Activity Study
The antitumor efficacy of the formulations was evaluated in a xenograft mouse model.26 Mice were intravenously 
administrated with PBS, PTX commercial product, TPNs, or PTPNs, each dispersed in distilled water by sonication, once 
every three days at a PTX dose of 5 mg/kg. Tumor length and width were measured using a Vernier caliper, and tumor 
volume was calculated using the following equation: Tumor volume = 0.5 × length (mm) × [width (mm2)]2. Once the 
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tumor volume exceeded 100 mm2, the mice were randomly divided into four groups (n = 5). Tumor volume and body 
weight were monitored daily throughout the experiment. On day 14, the mice were sacrificed, and blood and tumor 
tissues were collected. Tumor tissues were weighed and photographed for analysis.

Blood samples were centrifuged to obtain serum, and enzyme-linked immunosorbent assay (ELISA) was performed 
to quantify tumor necrosis factor-α (TNF-α) levels, a cytokine related to tumor immunity, using a Mouse TNF-α ELISA 
kit (Invitrogen Life Technologies, Gaithersburg, MD, USA). (n=5).29

Statistical Analysis
All results are presented as mean ± standard deviation (SD). Statistical significance between groups was determined 
using one-way analysis of variance (ANOVA) and two-way ANOVA, followed by pairwise comparisons using the 
Student’s t-test. Differences were considered statistically significant at p < 0.05, with significance levels indicated as 
follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results and Discussion
Characterization of TPNs
The physicochemical properties of TPNs were evaluated to confirm their suitability as a PTX delivery system. The 
optimized TPNs exhibited a particle size of 208 ± 6 nm and a PDI of 0.087 ± 0.014, indicating uniform size distribution. 
These results are considered appropriate for nanoparticle intended for systemic drug delivery, as particles in this size 
range are known to enhance circulation time and tumor accumulation via the enhanced permeability and retention 
effect.30 The EE of PTX in TPNs was measure as 68.9 ± 2.4%, demonstrating the effectiveness of the PLGA matrix in 
encapsulating hydrophobic drugs such as PTX. This high EE is attributed to the properties of PLGA, which can 
accommodate hydrophobic drugs, and the inclusion of TPGS, which enhances encapsulation by reducing interfacial 
tension during the emulsification process.31

Morphological analysis using SEM and TEM confirmed that TPNs was spherical and had smooth surfaces (Figure 2a 
and b). The particle size observed in the images was consistent with dynamic light scattering measurements, supporting 
their uniformity and stability. Such structural integrity is critical for achieving predictable drug release and stability under 
physiological conditions.32 These findings established TPNs as a promising candidate for systemic delivery of PTX.

Optimization of PM Coating
To enhance the functionality of TPNs, PM coatings were applied to prepare PTPNs. PM coating provides immune 
evasion and tumor-targeting capabilities, improving the therapeutic potential of nanoparticles.33 The stability of PTPNs 
was optimized by determining the appropriate PM/PLGA ratio. Several PTPNs were prepared at varying PM/PLGA 
ratios from 0.00125 to 0.02, and their stability was assessed by measuring particle size changes in PBS and rat plasma, 
which simulate physiological environments.

For uncoated TPNs (PM/PLGA ratio = 0), the particle size increased from 203 ± 1 nm in DW to 245 ± 3 nm in PBS, 
indicating aggregation due to ionic strength (Figure 2c). In contrast, PTPNs with PM/PLGA ratios of 0.00125 to 0.02 
exhibited improved stability. At a ratio of 0.005, the particle size changed minimally from 221 ± 2 nm in DW to 234 ± 3 
nm in PBS, corresponding to a size change rate of less than 10%. This indicated that a PM/PLGA ratio of 0.005 
effectively prevented aggregation in PBS. Similarly, in rat plasma, the size of PTPNs with a ratio of 0.005 increased to 
245 ± 3 nm, which was significantly smaller than the 362 ± 5 nm observed for PTPNs with a 0.0025 ratio. These results 
demonstrated that a PM/PLGA ratio of 0.005 provided the necessary stability for systemic administration.

The optimization of PM coating was also confirmed through TEM imaging (Figure 2d–g). PTPNs prepared at PM/ 
PLGA ratios of 0, 0.0025, and 0.005 exhibited distinct morphological differences. At a ratio of 0.0025, PM appeared as 
clustered aggregates around the nanoparticles, indicating incomplete coating. However, at a ratio of 0.005, a uniform PM 
layer approximately 20 nm thick was observed, confirming successful coating. This uniform coating is crucial for 
achieving biomimetic properties and ensuring efficient tumor targeting.
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Figure 2 (a) SEM image of TPNs. (b) TEM image of TPNs. (c) Particle size change of PTPNs coated with varying PM to PLGA ratios (w/w) measured after dispersed in 
deionized water, after adjusting to PBS buffer solution, and after adjusting to plasma (n = 3). (d–g) TEM images of PTPNs at varying PM/ PLGA ratio (w/w): (d) 0 (control; 
TPNs); (e), 0.0025; (f), 0.005; (g) PM. The top is an image at low magnification, and the bottom is an image at high magnification. 
Abbreviation: PM, Platelet membrane.
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Characterization of PTPNs
The characterization of PTPNs were investigated through particle size, PDI, zeta potential measurements, Western blot 
analysis, and TEM imaging (Figure 3). The particle size of TPNs was measured as 203 ± 1 nm, while PTPNs exhibited 
a slightly increased size of 221 ± 2 nm, reflecting an 18 nm increase after PM coating (Figure 3a). This increase in 
particle size after coating was consistent with findings from previous studies, supporting the conclusion that the PM 
successfully coated the TPNs.23,34 The PDI values were 0.088 ± 0.013 for TPNs and 0.090 ± 0.020 for PTPNs, indicating 
narrow size distributions for both formulations. For zeta potential, TPNs exhibited a value of −16.0 ± 1.5 mV, while 
PTPNs showed a more negative value of −30.5 ± 0.3 mV, closely aligning with the zeta potential of PM, measured at 
−32.9 ± 1.5 mV (Figure 3a). This similarity in zeta potential between PTPNs and PM confirmed the successful coating of 
PM onto PTPNs, in accordance with previously reported characteristics of PM-based nanoparticles.17,19 To further assess 
the physical robustness of the PTPNs, colloidal stability was monitored over 14 days in both PBS and 50% mouse plasma 
at 37°C. The particle size showed only modest increases (from 219 to 237 nm in PBS and from 225 to 256 nm in 
plasma), and the zeta potential remained relatively stable (from –30.7 to –29.3 mV in PBS and –29.8 to –27.7 mV in 

Figure 3 Characterization of PTPNs. (a) Particle size and zeta potential of TPNs, PTPNs, and PM (n = 3). (b) protein contents of PM, TPNs, and bovine serum albumin 
(BSA) visualized on a Coomassie blue stained SDS-PAGE gel. (c) Western blot analysis presenting CD41 protein bands in PM and PTPNs. BSA was used as a negative control. 
(d) TEM images of optimized PTPNs negatively stained with uranyl acetate. Left image: scale bar = 200 nm; right image: scale bar = 100 nm. (e) In vitro release profiles of 
PTX from TPNs and PTPNs: A, the cumulative released% of PTX from TPNs and PTPNs for 96 h in pH 4.5, 6.8, 7.4 buffer with 2% SDS (n = 3). p values: *p < 0.05, ****p < 
0.0001. 
Abbreviation: ns, not significant.
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plasma), indicating good colloidal stability under both storage and physiologically relevant conditions (Supporting 
Information 3). Hemocompatibility of PTPNs was also evaluated by measuring hemolysis after 3 h incubation with 
red blood cells. The hemolysis percentage increased in a concentration-dependent manner, ranging from 0.1 ± 0.1% at 
0 µg/mL to 3.5 ± 0.5% at 200 µg/mL. All values remained below the 5% threshold, which is commonly used as 
a criterion for acceptable blood compatibility (Supporting Information 4). Platelet-mimicking systems have been 
increasingly explored for drug delivery applications due to their ability to evade immune detection and prolong 
circulation, which is critical for improving therapeutic efficacy, particularly against multidrug-resistant tumors.4,17,20 

The purification of PM was further validated through Western blot analysis by detecting CD41, a known protein marker 
for PM. A distinct CD41-specific band was observed in both PM and PTPNs, indicating that PM was successfully 
purified and coated on the TPNs (Figure 3b and c). Finally, the PTPNs were negatively stained with uranyl acetate and 
observed using TEM. A membrane structure approximately 15 nm thick was visualized, providing additional confirma-
tion (Figure 3d–g). This membrane is presumed to have formed through spontaneous fusion of PM vesicles onto the 
surface of TPNs. The coating likely occurred via hydrophobic interactions and membrane fluidity–driven self-assembly, 
as described in previous studies on PM–based nanocarriers.15,23 Additionally, recent studies suggest the significance of 
functional platelet proteins on the nanoparticle surface, which contribute to enhanced targeting of circulating tumor cells 
and tumor microenvironments.19,20 This approach enables the nanoparticles to acquire surface proteins from platelets, 
which contribute to prolonged circulation, immune evasion, and potentially improved therapeutic outcomes, particularly 
for challenging cancers such as triple-negative breast cancer.8

An in vitro release study was conducted to evaluate the release profile of PTX from TPNs and PTPNs (Figure 3e). 
The cumulative release percentage of PTX from TPNs in pH 4.5 buffer reached 103% over 96 h, suggesting complete 
drug release. In pH 6.8 buffer, the release percentage was 81%, while in pH 7.4 buffer, it was 48%, reflecting a pH- 
dependent release behavior. Similarly, the cumulative release percentage of PTX from PTPNs in pH 4.5 buffer was 100% 
over 96 h. In pH 6.8 buffer, the release percentage was 76%, whereas in pH 7.4 buffer, it was 44%. This trend in release 
rates before and after PM coating is consistent with findings from previous studies.35–38 Each pH condition represents 
a specific biological environment: the acidic lysosomal environment after cellular uptake (pH 4.5),39 the slightly acidic 
tumor microenvironment (pH 6.8),40 and the neutral physiological environment (pH 7.4).41 Drug release was faster in 
acidic conditions, which is attributed to the carboxylic acid end group of PLGA.42 In acidic environments, this group is 
protonated, accelerating polymer degradation and facilitating drug release. These results emphasize the controlled and 
pH-sensitive release, enabling selective drug release in acidic tumor environments while maintaining stability under 
neutral conditions. This pH-responsive behavior minimizes systemic toxicity and enhances therapeutic efficacy by 
facilitating drug release at the tumor site and limiting it in healthy tissues, demonstrating significant potential for 
improving cancer treatment outcomes.43–45 In addition, PTX release from PTPNs in 50% mouse plasma was evaluated 
to assess behavior under biologically relevant conditions. Compared to pH 5.5 buffer, which showed rapid release (98% 
over 96 h), plasma exhibited a more sustained pattern (81% over 96 h), which may be explained by protein interactions 
and the neutral pH environment (Supporting Information 5).

Cell Viability Study
Figure 4 demonstrates the cytotoxic effects of free PTX, B-TPNs, B-PTPNs, TPNs, and PTPNs on MCF-7 and MCF-7/ 
ADR cells after 24 and 48 h of treatment. In MCF-7 cells, the IC50 values for free PTX, B-TPNs, TPNs, and PTPNs were 
measured as 3.1 μg/mL, 465.3 μg/mL, 253.7 μg/mL, 13.5 μg/mL, and 5.0 μg/mL, respectively, at 24 h. After 48 h, these 
values decreased to 2.5 μg/mL, 313.3 μg/mL, 157.3 μg/mL, 3.0 μg/mL, and 1.6 μg/mL, respectively (Figure 4a and b). In 
MCF-7/ADR cells, which are known to exhibit resistance to PTX due to P-gp efflux, the IC50 values for free PTX were 
significantly higher, recorded at 78.9 μg/mL at 24 h and 46.8 μg/mL. Conversely, PTPNs displayed the lowest IC50 

values in MCF-7/ADR cells at 3.8 μg/mL and 2.6 μg/mL after 24 and 48 h, respectively (Figure 4c and d). The higher 
IC50 values observed in MCF-7/ADR cells for free PTX reflect the role of P-gp efflux pumps in reducing intracellular 
drug accumulation.46 Specifically, the IC50 of free PTX in MCF-7/ADR cells was 25.5-fold higher than in MCF-7 cells 
after 24 h and 18.9-fold higher after 48 h, demonstrating the extent of drug resistance. In contrast, TPNs and PTPNs, 
which incorporate TPGS as a P-gp inhibitor, significantly mitigated this resistance. The IC50 values for TPNs in MCF-7/ 
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ADR cells were 1.5-fold higher than in MCF-7 cells after 24 h and slightly lower (0.8-fold) after 48 h, respectively. 
These findings are consistent with previous studies showing that TPGS effectively inhibits P-gp efflux, thereby 
enhancing intracellular drug retention.47,48

PTPNs also exhibited higher cytotoxicity compared to TPNs in all conditions, indicating enhanced targetability. This 
is attributed to the interaction between P-selectin on the PM surface and CD44 receptors overexpressed on tumor cells, 
promoting greater cellular uptake of the nanoparticles.49 Recent advances also support the use of PM-coated nanopar-
ticles to achieve targeted delivery and immune evasion, offering significant advantages for overcoming multidrug 
resistance.17,19 Furthermore, the sustained drug release from the nanoparticles contributed to increased cytotoxicity 
after 48 h compared to 24 h, as the prolonged release ensured continuous drug exposure to the cells. Controlled and 
stimuli-responsive release profiles are increasingly recognized as key features for maintaining therapeutic drug concen-
trations within the tumor microenvironment and for overcoming resistance.4

Overall, these results emphasize that the combination of TPGS surface modification, PM coating, and sustained drug 
release effectively improves intracellular drug delivery, overcoming multidrug resistance mechanisms while enhancing 
the therapeutic efficacy of PTX. These findings support the potential application of PTPNs as a targeted and efficient 
drug delivery system for treating drug-resistant cancers.

Flow Cytometry
The cellular uptake of TPNs and PTPNs in MCF-7 and MCF-7/ADR cells was evaluated using C6 (coumarin 6) as 
a fluorescent probe instead of PTX. Intracellular fluorescence intensity, measured by flow cytometry at 2, 6, and 
24 h (Figure 5), showed time-dependent differences in uptake for the various formulations. Free C6 exhibited the 
highest fluorescence intensity at early time points, but its intensity decreased over time due to rapid cellular metabolism 
and elimination. In contrast, C6-TPNs and C6-PTPNs demonstrated sustained and increasing fluorescence intensity, 
reflecting the controlled release properties of PLGA-based nanoparticles. At 2 and 6 h, free C6 showed the highest 
fluorescence intensity, followed by C6-PTPNs and C6-TPNs (Figure 5a and b). However, after 24 h, the ranking shifted, 

Figure 4 Cytotoxicity of B-TPNs, B-PTPNs, TPNs, and PTPNs compared to free PTX. Cell viability assays were conducted against MCF-7 cells for (a) 24 h and (b) 48 h, and 
against MCF-7/ADR cells for (c) 24 h and (d) 48 h (n = 5).
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Figure 5 Cellular uptake of free C6, C6-TPNs, and C6-PTPNs in MCF-7 and MCF-7/ADR cells analyzed by flow cytometry at (a) 2 h, (b) 6 h, and (c) 24 h (n = 3). p values: 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
Abbreviation: ns, not significant.
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with C6-PTPNs exhibiting the highest fluorescence intensity, suggesting superior intracellular accumulation (Figure 5c). 
This improvement is attributed to the targeting capabilities of PTPNs, mediated by interactions between P-selectin on PM 
and CD44 receptors on cancer cells.50 Recent studies have shown that PM-coated nanoparticles not only improve cellular 
uptake through receptor-mediated pathways but also enhance intracellular retention by evading lysosomal degradation 
and immune recognition.4,19

The gradual increase in fluorescence intensity of C6-TPNs and C6-PTPNs over time is consistent with their sustained 
release profiles, as confirmed in the in vitro PTX release study. Such prolonged intracellular fluorescence is in line with 
emerging evidence that sustained-release nanocarriers provide continuous payload delivery, which is advantageous for 
maintaining therapeutic levels in tumor cells over time.4

The difference in fluorescence intensity between MCF-7 and MCF-7/ADR cells was minimal for all formulations, 
because C6 is not a substrate for P-gp. However, the greater accumulation of C6-PTPNs compared to C6-TPNs 
emphasizes the role of PM coating in enhancing cellular uptake. These results are consistent with previous studies 
showing that receptor-mediated endocytosis plays an important role in nanoparticle internalization.

In summary, PLGA nanoparticles, particularly PTPNs, effectively maintain intracellular drug delivery. The integra-
tion of PM targeting and sustained delivery is increasingly recognized as a promising strategy for enhancing selective 
uptake and therapeutic retention in drug-resistant tumor cells.4,20 The combination of controlled release, surface 
modification with PTGS, and PM coating minimizes metabolic clearance while enhancing drug retention in cancer 
cells. This approach improves therapeutic efficiency and demonstrates potential for overcoming drug resistance in cancer 
treatment.

In vivo Distribution
Cy5.5 fluorescent dye was encapsulated in TPNs and PTPNs to investigate their biodistribution in tumors and major 
organs (Figure 6). Free Cy5.5, Cy5.5-TPNs, and Cy5.5-PTPNs were injected via the tail vein into BALB/c nude mice 
bearing MCF-7/ADR tumors, and their distribution was investigated. The tumor location, marked by a red dotted line in 
Figure 6a, showed no fluorescence in the untreated control group. In the free Cy5.5 group, minimal fluorescence was 
observed at the tumor site, indicating poor delivery efficiency. Most of the dye accumulated in other organs and was 
quickly cleared. For the Cy5.5-TPNs group, strong fluorescence was detected in the abdominal area containing major 
organs within 2 h of injection, but no accumulation was seen at the tumor site. By 24 h, fluorescence intensity diminished 
significantly, localizing primarily in the liver (Figure 6b).

In contrast, the Cy5.5-PTPNs group showed high fluorescence in the abdominal area within 2 h, with noticeable 
accumulation at the tumor site. Over time, fluorescence intensity at the tumor remained stable or increased, demonstrat-
ing effective targeting. After 24 h, mice were sacrificed, and fluorescence intensities were measured in tumors and major 
organs, including the liver, heart, spleen, lungs, and kidneys (Figure 6b and c). Cy5.5-PTPNs exhibited significant tumor 
accumulation, with fluorescence intensity comparable to that observed in the spleen, lungs, and kidneys, confirming their 
tumor-targeting capability. These findings indicate that the PM coating on PTPNs contributes to tumor-specific accumu-
lation, a result that is in agreement with recent studies reporting enhanced biodistribution and immune evasion of PM- 
coated nanoparticles through interactions with tumor-associated receptors.17,19,20

Although PTPNs exhibited a particle size greater than 200 nm, which may increase the likelihood of macrophage 
uptake, fluorescence imaging showed limited accumulation in liver and spleen, suggesting minimal interaction with the 
mononuclear phagocyte system. While these results provide indirect evidence of Reticuloendothelial system (RES) 
evasion, additional studies are planned to directly assess macrophage uptake using in vitro and in vivo methods.

In vivo Antitumor Activity Study
The anticancer efficacy of PTX in various formulations was evaluated in BALB/c nude mice bearing MCF-7/ADR 
tumors. TPNs, PTPNs, and the PTX commercial product were administered intravenously every 3 days, and tumor 
volume and body weight were monitored over 14 days (Figure 7a and b). The red dashed lines indicate the PTX injection 
time points. As shown in Figure 7a, tumor volume increased by 299% in the PBS control group after 14 days. In 
comparison, the tumor volume increased by 221% in the PTX commercial product group, 246% in the TPNs group, and 
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161% in the PTPNs group. PTPNs demonstrated significantly enhanced tumor growth inhibition compared to both TPNs 
and PTX commercial product. This enhanced efficacy can be attributed to the tumor-targeting effect of the PM coating, 
as supported by the biodistribution data. Recent research indicates that PM -coated carriers may also influence the tumor 
microenvironment by reducing immunosuppressive interactions, thereby contributing to improved therapeutic 
responses.17,19

Figure 7b illustrates body weight changes to assess the side effects of the formulations. The PBS group showed 
a 107% increase in body weight after 14 days, reflecting tumor and natural body growth in the mice. Conversely, the PTX 
commercial product group exhibited a 98% body weight change. TPNs and PTPNs maintained body weight at 104% and 
101%, respectively, after 14 days, suggesting that the PLGA, PVA, TPGS, and PM components appear to be well 
tolerated at the tested dose, without inducing significant observable toxicity during the study period.

Figure 6 In vivo and ex vivo imaging of free Cy5.5, Cy5.5-TPNs, and Cy5.5-PTPNs in nude mice bearing MCF-7/ADR tumors. (a) Fluorescence images captured at various 
time points up to 24 following intravenous injection (n = 3). Red dashed line indicates the xenografted tumor tissue in mice. (b) Ex vivo fluorescence images of tumors and 
major organs 24 h post-injection. (c) Quantitative analysis of fluorescence intensities in tumors and major organs (n = 3). p values: *p < 0.05. 
Abbreviation: ns, not significant.
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Tumor tissues excised after 14 days of treatment (Figure 7c and d) confirmed the therapeutic outcomes. The measured 
tumor volumes were 509 mm3 (control), 264 mm3 (PTX commercial product), 418 mm3 (TPNs), and 196 mm3 (PTPNs), 
while the corresponding tumor weights were 283 mg, 139 mg, 195 mg, and 75 mg, respectively. PTPNs showed 
significant reductions in both tumor size and weight compared to all other groups.

The effect of TNF-α, a cytokine linked to tumor progression, was also evaluated after days (Figure 7e). TNF-α levels 
in serum were 75.0 pg/mL (PBS; control), 24.3 pg/mL (PTX commercial product), 37.0 pg/mL (TPNs), and 10.4 pg/mL 
(PTPNs). The TNF-α levels correlated with tumor volume and weight, with PTPNs showing the lowest concentration: 
7.2-fold lower than control, 3.6-fold lower than TPNs, and 2.3-fold lower than PTX commercial product. These findings 
indicate that the PM coating enhances tumor suppression by reducing TNF-α, which promotes cell survival and tumor 
growth via nuclear factor kappa B- (NFκB-), phosphoinositide-3-kinase–protein kinase B/Akt – (PI3K-PKB/Akt-), and 
mitogen-activated protein kinase– (MAPK-) dependent pathways.51

Some studies have proposed that high concentrations of TNF-α (2000–8500 ng/mL) may exert anti-tumor effects by 
inducing apoptosis and triggering immune-mediated tumor destruction.52,53 However, the TNF-α levels observed in this 
study (<100 pg/mL) are far below this threshold and indicate that TNF-α primarily acted as a tumor-promoting 
factor.54,55 At these lower concentrations, TNF-α is known to contribute to tumor progression by promoting cell survival, 
proliferation, and angiogenesis through the activation of NFκB-, PI3K-PKB/Akt-, and MAPK-dependent signaling 
pathways.56,57 Nanoparticle systems with sustained release profiles have been shown to gradually attenuate pro- 
inflammatory cytokines such as TNF-α, supporting long-term suppression of tumor-promoting pathways.4,20 This dual 
role of TNF-α, as both a tumor promoter at lower levels and a potential anti-tumor agent at higher levels, indicates the 
complexity of its biological functions and highlights the importance of context-dependent modulation.

The findings of this study demonstrate that PTPNs effectively reduce TNF-α levels in the tumor microenvironment, 
resulting in significant inhibition of tumor growth. By minimizing systemic side effects while targeting tumor-promoting 

Figure 7 In vivo antitumor efficacy of control (PBS), PTX commercial product (Taxol®), TPNs, and PTPNs in nude mice bearing MCF-7/ADR tumors. (a) Tumor growth 
curves according to volume changes over 14 days, with formulations administered intravenously every 3 days (red dashed lines indicate injection time points) (n =5). (b) 
Body weight changes of mice in each experimental group during the treatment period (n =5). (c) Representative images of tumors excised from mice after 14 days of 
treatment. (d) Average tumor weights recorded from the excised tumors after 14 days of treatment (n =5). (e) TNF-α levels in serum after 14 days of treatment (n = 5). 
p values: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (mean ± SD; n = 5). 
Abbreviation: ns, not significant.
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factors, PTPNs present a promising strategy for enhancing therapeutic efficacy in cancer treatment. Collectively, the 
findings support the use of PTPNs as an effective platform for targeted chemotherapy and suggest a broader utility in 
addressing drug-resistant cancers by modulating inflammatory signaling and improving nanoparticle–tumor interactions.

Conclusion
This study presents the development of PTPNs as a tumor-targeted drug delivery system with potential application in the 
treatment of drug-resistant cancers. The nanoparticles were successfully prepared and thoroughly characterized by 
particle size measurements, TEM, and Western blot analysis, confirming the presence of a functional PM coating. The 
resulting formulation exhibited pH-sensitive drug release, improved intracellular uptake, and enhanced cytotoxic effects 
against both drug-sensitive and multidrug-resistant breast cancer cells. Furthermore, in vivo biodistribution analysis 
revealed preferential accumulation of PTPNs at tumor sites with limited off-target distribution. These findings support the 
utility of PM camouflage, TPGS-mediated efflux inhibition, and sustained release properties as complementary strategies 
for improving the precision and efficacy of PTX delivery.

Nevertheless, several limitations should be noted. The in vivo evaluation was limited to a single xenograft model and 
did not include orthotopic or metastatic tumor models, which may better reflect the clinical complexity of drug-resistant 
cancers. Biodistribution analysis relied on a fluorescent surrogate rather than direct quantification of PTX, and long-term 
pharmacokinetics, toxicity, and immunogenicity were not assessed. Additional preclinical studies incorporating various 
tumor types, drug quantification, and systemic safety evaluations will be essential to support clinical translation.

In summary, the PTPNs developed in this study represent a promising nanoparticle platform for targeted chemother-
apy. By combining biomimetic targeting, intracellular retention, and controlled drug release, this system offers a strategic 
solution for overcoming multidrug resistance and improving therapeutic selectivity. The findings provide a rational basis 
for further development of PM–based nanotherapeutics aimed at enhancing treatment outcomes in cancer and other 
pathologies requiring targeted drug delivery. Future studies will focus on evaluating therapeutic efficacy in orthotopic and 
metastatic tumor models, performing quantitative biodistribution using the active drug, and assessing long-term phar-
macokinetics and safety to facilitate clinical translation.
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