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Abstract

Introduction: Nanotechnology addresses the challenge of targeted delivery of drugs and
nucleic acids to cancer cells by designing smart delivery systems. This approach enables
improved precision and efficiency in the delivery of therapeutic agents. This study
focuses on the design and evaluation of a folic acid (FA)-functionalized,
PLA/Chitosan/PEG-based multifunctional nanocarrier with tumor-targeting capability
and synergistic co-delivery of paclitaxel (PTX) and siRNA to breast cancer cells (MCF-
7), aiming to enhance selective uptake and therapeutic efficiency compared to
conventional delivery systems.

Methods: PCPF nanoparticles were synthesized and co-loaded with PTX and Survivin-
targeting siRNA. FTIR and DLS characterized physicochemical properties. Cargo release
was evaluated at different pH values, while cytotoxicity and apoptosis were assessed in
MCEF-7 and MCF-10A cells using MTT and Annexin V/PI assays, respectively.

Results: FTIR confirmed successful PCPF nanoparticle synthesis. Particle size increased
from 162 = 6 nm to 256 + 11 nm after PTX/siRNA loading, while zeta potential remained
mainly negative. Nanocapsules exhibited pH-responsive sustained release, with greater
cargo release at pH 5.0. Cytotoxicity studies demonstrated enhanced selectivity for MCF-
7 cells, with PCPF/PTX/siRNA inducing the highest apoptosis, whereas free PTX caused
the greatest necrosis.

Conclusion: Folic acid-targeted PCPF nanoparticles enhanced PTX/siRNA co-delivery,
promoting selective cytotoxicity, apoptosis, and improved anticancer efficacy.

Keywords: Apoptosis, Controlled drug/gene release, MCF-7, Paclitaxel, Polymeric
nanoparticles, and Simultaneous drug/gene delivery.
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Introduction

Breast cancer is the most common invasive
malignancy among women and remains a major
cause of cancer-related mortality worldwide.
Despite significant advances in surgery,
radiotherapy, chemotherapy, and hormone
therapy, the clinical management of breast
cancer continues to face substantial challenges,
including non-specific drug distribution,
systemic toxicity, damage to healthy tissues,
and the development of drug resistance, all of
which can limit therapeutic efficacy (1). These
limitations highlight the need for more effective
treatment strategies that selectively target
cancer cells while minimizing adverse effects
on normal tissues. Nanotechnology-based drug
delivery systems have emerged as promising
approaches to overcome these challenges by
improving the targeted delivery of therapeutic
agents, enhancing treatment efficacy, and
reducing systemic toxicity (2). Among these
strategies, the co-delivery of chemotherapeutic
agents and gene-silencing molecules has
attracted considerable attention because it
enables simultaneous intervention in multiple
pathways involved in tumor progression and
resistance. Small interfering RNA (siRNA) can
selectively suppress the expression of disease-
associated genes, including Survivin (BIRCSY),
a key regulator of tumor cell survival,
proliferation, and resistance to therapy. In
parallel, paclitaxel (PTX), a widely used
anticancer drug, inhibits microtubule dynamics,
disrupts cell division, and induces apoptosis in
cancer cells (3). Therefore, the combined
delivery of PTX and siRNA may provide a
synergistic therapeutic effect and improve
treatment outcomes in breast cancer. The
successful co-delivery of these therapeutic
agents requires a carrier system with high
biocompatibility,  stability,  gene-loading
capability, and tumor-targeting efficiency.
Polylactic acid (PLA) is a biodegradable and
biocompatible polymer widely utilized in drug
and gene delivery applications due to its
favorable safety profile and controlled-release
properties (4). Chitosan possesses cationic
characteristics that facilitate nucleic acid
complexation and enhance gene transfer
efficiency. At the same time, polyethylene
glycol (PEG) improves nanoparticle stability,
prolongs circulation time, and reduces rapid
clearance by the immune system (5). In
addition, folic acid (FA) can promote selective
cellular uptake through folate receptor-

mediated targeting, as folate receptors are
frequently overexpressed in breast cancer cells
(6).

Based on these considerations, the present
study was designed to develop a folic acid-
functionalized PLA/PEG—chitosan nanocarrier
for the co-delivery of paclitaxel and siRNA to
MCF-7 breast cancer cells. Subsequently, the
physicochemical characteristics, drug and gene
loading capacity, release behavior,
biocompatibility, cytotoxicity, and targeting
efficiency of the developed nanoparticles were
systematically evaluated to identify an
optimized delivery platform with enhanced
therapeutic performance and reduced toxicity
for targeted breast cancer treatment.

Materials and Methods

Synthesis of PLA-Chitosan-PEG-FA
(PCPF) nanoparticles

Chitosan (100 mg; 50,000 Da; DDA 90%) was
dissolved in 20 mL of 1% (w/v) acetic acid. In
parallel, folic acid-functionalized PEG (50 mg;
2000 Da) was activated with EDC (25 mg) and
NHS (15 mg) in 10 mL DMSO for 2 h at 25 °C.
The activated PEG-FA was then added to the
chitosan solution, and the pH was adjusted to
5.5 using 1 M NaOH. The reaction proceeded
for 24 h at 40 °C under stirring at 500 rpm. The
product was precipitated with cold ethanol,
dialyzed against deionized water for 48 h with
periodic water changes, and freeze-dried. For
nanoparticle synthesis, chitosan—PEG-FA (30
pmol) and acrylated PLA (10 pmol) were
separately dissolved in chloroform (3 mL). The
PLA solution was added dropwise to the
chitosan-based solution at 4045 °C under
stirring, followed by 24 h of mechanical
stirring. The formed nanoparticles were
purified by dialysis for 2 days and then freeze-
dried.

Preparation of PCPF/PTX, PCPF/siRNA,
and PCPF/PTX/siRNA nanocapsules

PCPF-loaded nanocapsules containing
paclitaxel (PTX), siRNA, or their combination
were prepared via a solvent diffusion method.
Briefly, 20 mg of PCPF was dissolved in 4 mL
of chloroform to form the organic phase. For
dual-loaded systems, 1 mg PTX and 250 pg
siRNA (0.5 mL aqueous phase) were added,
followed by 2 min probe sonication (KH 30, 5s
pulses) to form a pre-emulsion. Then, 6 mL of
1% (w/v) PVA was added and sonicated for 2
min, followed by the addition of 30 mL of 0.3%
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(w/v) PVP under stirring. The dispersion was well plates 24 h before treatment to ensure
left for 5 h for solvent diffusion. Residual proper cell attachment.
chloroform was removed by centrifugation Cell viability was assessed using the MTT
(10,000 rpm, 10 min), and nanocapsules were assay, and ICso values were calculated for
collected at 15,000 rpm for 30 min, then freeze- different formulations. The Selectivity Index
dried and stored at -20 °C. Single-loaded (SI) was also determined to evaluate
formulations were prepared similarly using preferential cytotoxicity toward cancer cells.
PTX or siRNA alone. Apoptosis induction in MCF-7 cells was
analyzed by Annexin V/PI staining followed by
Physicochemical Characterization of flow cytometry.
Nanoparticles
The presence of functional groups was Statistical Analysis
confirmed by Fourier-transform infrared All experiments were conducted in triplicate.
spectroscopy (FTIR). In addition, particle size Data were analyzed using SPSS version 22
and zeta potential were determined using through one-way analysis of variance
dynamic light scattering (DLS). (ANOVA) followed by Duncan’s multiple
range test at a significance level of p < 0.05.
Drug and Gene Release Kinetics Results are presented as mean =+ standard
The release profiles of PTX and siRNA were deviation.
evaluated under physiological (pH=7.4) and
tumor-mimicking (pH=5.0) conditions at 37°C. Results
Release data were analyzed wusing the FTIR
Korsmeyer—Peppas kinetic model to investigate FTIR spectroscopy was used to identify
the release mechanism. functional groups and confirm the formation of
PCPF nanoparticles. The spectra of PLA,
Cell Culture and Biological Evaluation chitosan, PEG, and folic acid exhibited
In this study, MCF-7 human breast cancer cells characteristic absorption bands corresponding
and MCF-10A normal human breast epithelial to ester carbonyl, hydroxyl, amino, ether, and
cells were used to evaluate anticancer activity aromatic groups (Fig. 1A-D). In the FTIR
and selective cytotoxicity of the developed spectrum  of PCPF nanoparticles, the
formulations. MCF-10A cells were cultured in characteristic peaks of all constituent
DMEM/F-12 medium supplemented with 5% components were simultaneously observed
horse serum, insulin (10 pg/mL), epidermal (Fig. 1E). After loading of PTX and siRNA, the
growth factor (20 ng/mL), hydrocortisone (0.5 appearance of additional bands and variations
pg/mL), and antibiotics. MCF-7 cells were in peak intensities were detected. Specifically,
maintained in DMEM containing 10% fetal characteristic bands corresponding to the
bovine serum (FBS) and 1% antibiotics. Both carbonyl and aromatic groups of PTX, as well
cell lines were incubated under standard as phosphate-related bands attributed to siRNA,
conditions (37 °C, 5% CO;) and seeded in 96- were observed in the spectra (Fig. 1 F-H).
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Figure 1: FTIR spectra of nanoparticles A) PLA, B) chitosan, C) PEG, D) folic acid, and E) PCPF nanoparticles, F) PCPF/PTX, G)
PCPF/siRNA, and H) PCPF/PTX/siRNA, respectively.
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DLS

DLS Analysis

Based on DLS results (Table 1), the smallest
and largest nanoparticles were PCPF (16246
nm) and PCPF/siRNA/PTX (25611 nm),
respectively. Encapsulation of PTX and siRNA
increased particle size. Zeta potential analysis
showed that most formulations were negatively

charged except PCPF/PTX. The most negative
value was observed for PCPF/siRNA (-11.6 £
0.7 mV). At the same time, PTX reduced the
surface charge. Regarding the PDI, it increased
from 032 in PCPF to 049 in
PCPF/siRNA/PTX, indicating a progressive
increase in heterogeneity and particle size
distribution upon drug and siRNA loading.

Table 1: Size, zeta potential, and particle dispersion index (PDI) of synthesized nanoparticles

Nanocapsule type Size Star}dgrd Zeta potential Stal}de}rd PDI Stal}de}rd
(nm) deviation (mV) deviation deviation
PCPF 162 +6 -4.14 +0.34 0.32 +0.08
PCPF/siRNA 181 +7 -6.11 +0.17 043 +0.07
PCPF/PTX 199 +12 +1.54 +0.52 0.41 +0.05
PCPF/siRNA/PTX 256 +11 -1.50 +0.50 0.49 +0.09

Drug and siRNA Release Profile

The release behavior of PTX and siRNA from
the synthesized nanocapsules was evaluated
under physiological (pH=7.4) and acidic tumor-
mimicking (pH=5.0) conditions. A biphasic
release pattern was observed, consisting of an

initial rapid release followed by a sustained
release phase. Both PTX and siRNA exhibited
significantly higher release rates under acidic
conditions than at physiological pH (Fig. 2-A,
B).
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Figure 2: siRNA and PTX release graphs from different NPs in PBS buffer with A) pH=4.7 and B) pH=5
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Selectivity Index (SI)

Among all formulations, PCPF/PTX/siRNA
exhibited the highest selectivity index (SI =
1.81), indicating superior selective toxicity
toward MCF-7 cancer cells compared with

lowest SI (1.08) due to its toxicity toward
normal cells (Table 2). PCPF/PTX displayed
moderate selectivity (SI = 1.43), whereas PCPF
and PCPF/siRNA showed no selective
anticancer activity (SI=1).

MCF-10A normal cells. Free PTX showed the

Table 2: Selectivity index of synthesized nanocapsules and free PTX
sDifferent letters indicate significant differences (at the 5% probability level) between treatments at each

of the time points studied.

ICso ICso
Treatment (MCF-7) (MCF-10A) SI
PCPF >400 * >400 * 1
PCPF/siRNA >400 * >400 * 1
PCPF/PTX 278.45°¢ >400 * 1.43
PCPF/siRNA/PTX 221.34° >400 * 1.81
PTX 186.14 ¢ 201.45° 1.08
Cellular Apoptosis significantly exceeding all other treatments. In
PCPF/PTX/siRNA  induced the highest contrast, free PTX produced the highest

percentages of early and late apoptotic MCF-7 necrotic cell population (30.59%) (Fig. 3).

cells (25.32% and 19.85%, respectively),
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Figure 3: Percentage of necrotic MCF-7 cells, before and after apoptosis, affected by ICs) concentrations of PCPF/siRNA,
PCPF/PTX, PCPF/siRNA/PTX NPs, and free PTX
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Discussion

The folic acid-functionalized
PLA/Chitosan/PEG nanocarrier exerts its
therapeutic effect through a synergistic

integration of active targeting and co-delivery
of PTX and siRNA, rather than isolated
contributions of each component.
Mechanistically, PTX disrupts microtubule
dynamics, leading to G2/M cell cycle arrest and
activation of mitochondria-mediated apoptotic
pathways (7). In parallel, siRNA suppresses the
expression of genes involved in cell survival
and drug resistance, thereby attenuating anti-
apoptotic signaling and enhancing tumor cell
susceptibility to chemotherapeutic stress (8).
The convergence of these pathways results in
disruption of cellular survival networks and a
reduced apoptotic threshold.

Importantly, previous studies have similarly
reported that co-delivery of PTX and siRNA
enhances anticancer efficacy by overcoming
drug resistance and promoting apoptosis (9),
which is in agreement with the findings of the
present study.

Furthermore, folate receptor-mediated
targeting significantly improves intracellular
delivery efficiency. Due to the overexpression
of folate receptors on MCF-7 cells, the
nanocarrier is preferentially internalized via
receptor-mediated endocytosis, thereby
enhancing intracellular accumulation of both
therapeutic agents. This observation is
consistent with earlier reports demonstrating
improved cellular uptake and selectivity of
folate-functionalized nanocarriers (10).
Overall, the combined effect of active targeting
and synergistic drug—gene interaction enhances
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mitochondria-dependent apoptosis and
improves the therapeutic index, highlighting
the superiority of this multifunctional
nanoplatform for breast cancer therapy.

Conclusion

The folic acid-functionalized PLA-PEG
nanoparticles demonstrated pH-responsive co-
delivery of PTX and siRNA, suggesting a
promising strategy for enhancing selective
anticancer efficacy under in vitro conditions.
The reduced viability of MCF-7 cells compared
to MCF-10A cells indicates potential cancer-
selective cytotoxicity; however, these results
are limited to in vitro experiments and should
therefore be interpreted with caution. The
increased apoptotic response further supports a
potential synergistic interaction between PTX
and siRNA within the nanocarrier system.
Nevertheless, the lack of direct evaluation of
gene knockdown efficiency represents a key
limitation of this study, as the molecular
contribution of siRNA could not be fully
quantified. From a translational perspective,
although the present findings highlight the
potential of this targeted nanoplatform, further
in vivo studies are required to assess
biodistribution,  pharmacokinetics,  tumor
accumulation, and systemic safety. In addition,
validation of gene-silencing efficiency and
long-term therapeutic outcomes will be
essential for establishing its clinical relevance.
Overall, these findings suggest that the
developed multifunctional nanocarrier may
serve as a potential platform for targeted breast
cancer therapy, pending further preclinical
validation.
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Figure 3: FTIR spectra of PCPF nanoparticles after loading with (A) paclitaxel (PTX), (B) siRNA, and

(C) co-loaded PTX/siRNA.
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Table 1: Size, zeta potential and particle dispersion index (PDI) of synthesized nanoparticles

. Zeta
Nanocapsule type Size Stand.arq potential Standarfi PDI Stand.arq
(nm) deviation deviation deviation

mV(
PCPF 162 +6 -4.14 +0.34 0.32 +0.08
PCPF/siRNA 181 +7 -6.11 +0.17 0.43 +0.07
PCPF/PTX 199 +12 +1.54 +0.52 0.41 +0.05
PCPF/siRNA/PTX 256 +11 -1.50 +0.50 0.49 +0.09




Ol 2! (i 5L lon ool alono | 0313 hunid 9 (srgfing

Size Distribution by Intensity Size Distribution by Intensity Stze Distribution by Intensity Slze Disteibution by Intensity
™ ) " "
) ®» L ® |
2 * .
X > S
<. 8 Ze £ z®
= 4 é z
- & < £
e Eo 2T -
E —
] ] o 2
‘ 0 ° ° 0
| My owm o W O 4 o owm w wm M o wm wm wm 0y » w o o
| Skze (nm) ‘ Skze (nm) Size (nm) Skze (nm)
Zeta Potential Distribution Zeta Potential Distribution Zcta Potential Distribution Zcta Potential Distribution
o o - o o
3 | £ 5 2
- S &
Z o < o % o Z oo
5 I ] § e §
£ = £ £ 3 £ o
1 = = H =
' [l =
' 0 S \( ) > N H
- - ¢ = =) » o ¢ » f » » ¢ bd b » - ¢ " P
Zeta Poteatial (Mv) Zeta Potential (Mv) Zeta Potential (Mv) Zeta Potcatisl (My)

9 PCPF/PTX .PCPF/SIRNA PCPF b JsusSeil ol (D U A &lhdgl Juwdliy o o3l :F i
PCPF/siRNA/PTX g PCPF/PTX . PCPF/siRNA PCPF (slaJgumaS 95U U j Jumnily (H G E PCPF/siRNA/PTX
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Figure 5: Comparison chart of the average loading efficiency of siRNA and PTX in PCPF copolymer and
PCPF/siRNA or PTX NPs.

*Different letters indicate significant differences (at the 5% probability level) between treatments at each of the time
points studied.
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Figure 7: Percentage of A) MCF-7 and B) MCF-10A cells viability under the influence of different
concentrations of PCPF nanoparticles containing PTX and siRNA drugs, as well as free PTX.

sxDifferent letters indicate significant differences (at the 5% probability level) between treatments at each of the time

points studied.
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Table 2: Selectivity index of synthesized nanocapsules and free PTX
«Different letters indicate significant differences (at the 5% probability level) between treatments at each of the time

points studied.

1Cso ICso
Treatment (MCF-7) (MCF-10A) SI
PCPF >400 ® >400 2 1
PCPF/siRNA >400 ® >400 2 1
PCPF/PTX 278.45° >400 ® 1.43
PCPF/siRNA/PTX 221.34° >400 ® 1.81
PTX 186.14 ¢ 201.45° 1.08
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Figure 8: Percentage of necrotic MCF-7 cells, before and after apoptosis, affected by ICso concentrations
of PCPF/siRNA, PCPF/PTX, PCPF/siRNA/PTX NPs, and free PTX

«Different letters indicate significant differences (at the 5% probability level) between treatments at each of the time

points studied.
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C) PCPF/PTX NPs, D) PCPF/siRNA/PTX NPs, and E) free PTX.
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