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Abstract

Objective(s): An effective targeted cancer therapy should maximize drug accumulation within tumors while minimizing
off-target effects on healthy tissues. Folate receptors, frequently overexpressed in various malignancies, render folic
acid a promising targeting ligand for nanoparticle-mediated drug delivery.

Materials and Methods: For this study, folic acid (FA)-modified PLA-spermine-PEG-Fe;0, nanoparticles were
synthesized. These multifunctional nanoparticles were employed for the co-delivery of siRNA and paclitaxel (PTX) to
targeted sites. The structural and morphological properties of the fabricated nanoparticles were characterized using
Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), vibrating sample magnetometry
(VSM), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and dynamic light scattering
(DLS).

Results: TGA and FTIR analyses confirmed the successful synthesis of the PLA-spermine-PEG-FA (FPSP) copolymer.
TEM and SEM imaging revealed that the FPSPFe/siRNA-FAM/PTX micelles possessed a smooth, spherical
morphology. Additionally, VSM measurements indicated that the micelles exhibited suitable magnetic properties at
room temperature. The drug release behavior of the FPSPFe/siRNA-FAM/PTX micelles was evaluated under both
neutral and acidic conditions, demonstrating accelerated -release under acidic pH conditions. The MTT assay
demonstrated good biocompatibility of the micelles, while flow cytometry confirmed their ability to effectively deliver
SiRNA-FAM and PTX.

Conclusion: The results demonstrated the high efficiency of FPSPFe/siRNA-FAM/PTX micelles in delivering both
PTX and siRNA-FAM to MCF-7 cancer cells simultaneously.
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INTRODUCTION

Cancer remains one of the most pressing global
public health challenges, necessitating urgent and
collaborative efforts in prevention, treatment, and
research [1]. According to the 2023 GLOBOCAN
report on global cancer burden, breast cancer (BC)
has become the most frequently diagnosed cancer
among women, surpassing lung cancer [2].
Significant advancements in treatment
modalities—including  surgery, radiotherapy,
chemotherapy, and targeted therapies—have
contributed to improved overall survival rates [3].

Nanoparticle (NP)-based carriers and liposomal
formulations represent recent advancements in
drug delivery systems, offering enhanced
therapeutic efficacy and reduced systemic toxicity
[4]. Numerous studies have explored the
application of nanotechnology to develop
innovative delivery platforms for
chemotherapeutic agents [5]. By facilitating
selective drug accumulation in tumor tissues while
sparing healthy cells, nanocarriers play a pivotal
role in minimizing drug-associated adverse effects
[6]. Biocompatible and biodegradable polymeric
NPs—such as chitosan, human serum albumin
(HSA), and bovine serum albumin (BSA)—have
gained attention for their potential in therapeutic
and receptor-mediated delivery systems [7].
Micelles, typically amphiphilic and spherical, range
in size from 100 to 300 nm and are composed of
either biocompatible synthetic polymers or natural
macromolecules [8]. Common biodegradable
polymers used in micelle formation include
chitosan, polylactic acid (PLA), polyethylene glycol
(PEG), and poly(DL-lactic-co-glycolic acid) (PLGA).

Polyamines are vital for maintaining cellular and
physiological homeostasis [9]. They have been
shown to influence = the structure of
macromolecules, regulate ion channels, and
modulate nucleic acid and protein synthesis, as well
as gene expression, protein function, and cellular
defense mechanisms against oxidative stress [10].
Among them, spermine is a key polyamine in
mammalian cells, playing an essential role in
protein synthesis. Due to its non-toxic nature, high
adsorption capacity, excellent biocompatibility and
biodegradability, cost-effectiveness, rapid kinetics,
and chemical versatility, spermine has attracted
considerable interest as a functional component in
biomedical applications [11]. The presence of
multiple amine groups in certain compounds
facilitates strong electrostatic interactions with
siRNA, leading to the formation of compact
nanoparticles that protect the genetic material
from enzymatic degradation [12]. These siRNA-

loaded complexes exhibit enhanced cellular uptake
compared to naked siRNA, partly due to spermine’s
capacity to interact with cellular membranes [13].
Surface functionalization of nanoparticles with
biocompatible, hydrophilic, and neutral polymers
improves their solubility in the bloodstream and
minimizes undesirable interactions with plasma
polyanions [14]. Amphiphilic segmental
copolymers, which comprise both hydrophilic and
hydrophobic segments, have recently garnered
considerable attention due to their potential in
drug delivery applications and their unique phase
behavior in aqueous environments [11]. Due to
their broad polarity range and solubility in diverse
solvents, these copolymers can self-assemble into
various nanostructures depending on solvent
characteristics and copolymer composition [15].

Polyethylene glycol (PEG) and polylactic acid
(PLA) are widely utilized biocompatible polymers in
biomedical applications due to their non-toxic
nature and favorable biodegradability profiles [16].
PEG, a nonionic polyether, is particularly prominent
in pharmaceutical formulations, as it reduces
immunogenicity and prolongs systemic circulation
of therapeutic agents [16]. By shielding drugs from
proteolytic degradation and increasing their
molecular weight (MW), PEG alters
pharmacokinetics and decreases renal clearance
rates [17]. Moreover, PEG enhances drug solubility
by forming a hydration shell around the polymer,
thereby improving the aqueous dispersibility of the
drug.

Iron oxide nanoparticles (FesOs NPs) have
gained attention as promising nanocarriers for
targeted drug and gene delivery—especially for
small interfering RNAs (siRNAs)—due to their
unique features, including excellent
biocompatibility, superparamagnetic behavior, and
highly tunable surface chemistry [18]. These
nanoparticles are capable of overcoming key
therapeutic challenges such as rapid siRNA
degradation, nonspecific cellular uptake, and poor
endosomal escape, thereby markedly enhancing
the overall efficiency of RNA interference (RNAI)-
based therapies [19]. FesO, nanoparticles offer
superior targeting efficiency compared to non-
magnetic delivery systems, as they respond to
external magnetic fields, enabling precise spatial
control and active guidance to tumor sites. In
contrast to passive carriers that rely solely on the
enhanced permeability and retention (EPR) effect,
Fes04-based systems can overcome physiological
barriers such as blood flow, thereby facilitating
enhanced local drug accumulation. Furthermore,
their surface can be functionalized with targeting
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ligands (e.g., antibodies), enabling dual active—
passive targeting strategies that significantly
improve delivery specificity [18]. Previous studies
have demonstrated that nanoparticles targeted to
receptors overexpressed on cancer cells—such as
folate receptors (FRs)—can enhance accumulation
in tumor tissues while minimizing distribution to
healthy organs [20]. Folic acid (FA) has emerged as
a key targeting ligand for siRNA delivery due to its
high binding affinity for FRs, which are abundantly
expressed in various cancers and inflammatory cells
but show limited expression in normal tissues [21].
Notably, FR expression in MCF-7 breast cancer cells
is approximately eight times higher than in normal
mammary epithelial cells (p < 0.01) [22].
Conjugation of FA to nanocarriers—including
liposomes, polymers, or inorganic nanoparticles—
enables the selective delivery of siRNA to FR-
positive cells via receptor-mediated endocytosis,
thereby enhancing intracellular uptake and
reducing off-target effects [23]. This targeted
approach enhances gene silencing efficacy while
reducing systemic toxicity, capitalizing on the
inherent biocompatibility and low immunogenicity
of FA [24]. Consequently, FA-functionalized lipid
and polymer-based nanoparticles have been widely
utilized to achieve precise targeting of cancer cells
in drug delivery applications.

The incorporation of cationic spermine into an
amphiphilic PLA-PEG framework, functionalized
with folic acid (FA), offers a multifaceted solution to
key limitations in combinatorial cancer- therapy.
The protonatable amine groups of spermine
facilitate electrostatic complexation with siRNA,
thereby shielding it from enzymatic degradation
and promoting endosomal, escape via the proton
sponge effect. * Concurrently, the PLA-PEG
copolymer matrix serves dual functions: (i)
encapsulation of hydrophobic paclitaxel (PTX)
within its hydrophobic PLA core, and (ii) extension
of systemic circulation time through PEG-mediated
steric stabilization. This synergistically engineered
nanoparticle, further enhanced by folate receptor-
mediated active targeting, enables
spatiotemporally  controlled co-delivery  of
therapeutic agents [25].

Small interfering RNA (siRNA) has emerged as a
powerful tool in gene delivery, particularly in the
context of cancer therapy. Operating through the
RNA interference (RNAi) pathway, siRNA leverages
the cell’s endogenous machinery to degrade
specific messenger RNA (mRNA) molecules,
thereby silencing the expression of genes
implicated in carcinogenesis [26]. This targeted
approach holds substantial promise for cancer
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prevention and treatment by enabling precise
downregulation of oncogenes and upregulation of
tumor suppressor genes [27]. Advances in delivery
technologies—such as viral vectors and lipid-based
nanoparticles—have further enhanced the stability
and bioavailability of siRNAs in vivo, significantly
increasing their therapeutic potential [26].
Continued research into siRNA-based therapeutics
not only paves the way for innovative cancer
treatments but also aligns with the vision of
personalized medicine, where therapeutic
regimens are tailored to the unique genetic profile
of individual tumors [28].

Paclitaxel (PTX), a widely used
chemotherapeutic agent-originally isolated from
the bark of the Pacific yew tree, has become a
cornerstone in the . treatment of several
malignancies, including ovarian, breast, and lung
cancers [29].-ts anticancer activity primarily stems
from its ability to stabilize microtubules, thereby
disrupting mitotic spindle formation and effectively
inhibiting cell division [30]. This mechanism not
only suppresses tumor cell proliferation but also
induces apoptosis, ultimately contributing to tumor
regression [28]. Extensive clinical trials have
validated PTX as a key component in combination
chemotherapy regimens, leading to improved
overall survival and enhanced quality of life in
cancer patients [31]. Nonetheless, its clinical use is
frequently associated with notable adverse effects,
necessitating careful patient monitoring and
supportive care.

Combination therapy, which involves the use of
multiple therapeutic agents with complementary
mechanisms of action, has emerged as a promising
strategy to enhance treatment efficacy and
overcome drug resistance in oncology. By
simultaneously  targeting distinct molecular
pathways, this approach enhances therapeutic
synergy and reduces the likelihood of resistance
development [32]. The co-delivery of siRNA and PTX
exemplifies a novel therapeutic paradigm that
leverages the mechanistic complementarity of
these two agents. While PTX induces G2/M phase
cell cycle arrest through microtubule stabilization,
siRNA enables precise gene silencing of targets
implicated in tumor progression, such as
antiapoptotic proteins and chemoresistance-
related genes [33]. This multifaceted strategy
promotes tumor cell apoptosis via synergistic
mechanisms and addresses one of the major
obstacles in cancer therapy: the emergence of
treatment resistance.

Amid continued advancements in formulation
strategies and delivery platforms, paclitaxel (PTX)
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remains a cornerstone of oncologic treatment with
expanding potential in cancer therapeutics.

In this study, we investigated the therapeutic
efficacy of folic acid (FA)-functionalized PLA-
spermine—PEG—Fe304 polymeric nanoparticles for
the targeted co-delivery of PTX and SsiRNA.
Following successful synthesis and physicochemical
characterization of the nanocarriers, their impact
on the proliferation and viability of MCF-7 breast
cancer cells was systematically evaluated.

MATERIALS AND METHODS
Preparation of Methanolic Extracts from Silybum
marianum Plants

The methanolic extract of Silybum marianum
was prepared by adding 10 g of powdered leaves to
100 mL of 80% methanol. The mixture was
subjected to sonication at 30 kHz and 150 W for 10
minutes, followed by continuous shaking at 37 °C
for 24 hours. The resulting extract was then
centrifuged to remove plant debris and
subsequently filtered through standard filter paper
to obtain a clear methanolic extract [34].

Green synthesis of iron oxide (Fe30s4) nanoparticles

FesO4 nanoparticles were synthesized using a
co-precipitation method. A three-necked 250 mL
round-bottom flask was charged with 3.3 g of
iron(lll) chloride hexahydrate (FeCl;-6H,0) and‘3.3
g of iron(ll) chloride tetrahydrate (FeCl,-4H,0),
followed by the addition of 100 mL of deionized
water. After mounting a thermometer in one neck,
nitrogen gas was purged into the system to create
an inert atmosphere. The solution was stirred at
80 °C for 10 minutes. Subsequently, 15 mL of
hydroalcoholic S.marianum extract was gradually
added under continuous stirring. After 10 minutes,
60 mL of 1 M NaOH solution was introduced
dropwise. The formation of Fe3O, nanoparticles
was indicated by a color change from brown to
black. The nanoparticles were collected using an
external magnet and thoroughly washed with
deionized water to remove residual impurities [35].

Preparation of spermine-PLA-spermine

The spermine—PLA—spermine copolymer was
synthesized via amide bond formation between the
amine groups of spermine and the carboxylic acid
groups of COOH-PLA-COOH, using N-
hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) as
coupling agents in methanol. After 2 hours of
reaction, 1 mL of ethylenediamine was added to
further crosslink terminal groups, and the mixture
was stirred at room temperature overnight.

Subsequently, the activated COOH-PLA-COOH was
dissolved in dimethyl sulfoxide (DMSO), and the
reaction was allowed to proceed for an additional
48 hours. The final product was purified by dialysis
using a membrane with a molecular weight cutoff
(MWCO) of 11 kDa for 12 hours at 4 °C against
deionized water to remove unreacted species [14].

Preparation of FA-PLA-Spermine-PEG copolymer
nanoparticles (FPSPs)

For nanoparticle assembly, 2 g of spermine—
PLA-spermine and 4 g of COOH-PEG—FA were each
dissolved separately in 20 mL of chloroform. The
COOH-PEG-FA solution was then slowly added
dropwise to the spermine—PLA—spermine solution
under continuous stirring. The resulting mixture
was stirred at 50°C for 24 hours to facilitate
conjugation. Afterward, the organic solvent was
gradually  replaced = with  methanol and
subsequently with deionized water. The final
product-was purified by dialysis against water at
4 °C for 48 hours to remove unreacted compounds
and solvent residues [36].

Preparation of FPSPFe/PTX, FPSPFe/siRNA-FAM,
and FPSPFe/PTX/siRNA-FAM micelles

Micelles containing FPSPFe/PTX, FPSPFe/siRNA-
FAM, and FPSPFe/PTX/siRNA-FAM were prepared
using a solvent diffusion method. Briefly, 20 mg of
FPSP copolymer and 2 mg of FesO, were dissolved
in 4 mL of chloroform and sonicated (60 kHz, 100
W) with 0.5 mL of an aqueous solution containing
250 pg of siRNA-FAM and 1 mg of PTX (either
separately or in combination). To the resulting
emulsion, 6 mL of 1% polyvinyl alcohol (PVA)
solution was added, followed by an additional 2
minutes of sonication under the same conditions.
Subsequently, 30 mL of 0.3% polyvinylpyrrolidone
(PVP) solution was introduced into the system.
After 5 hours of mixing, chloroform was removed
by rotary centrifugation at 12,000 x g for 10
minutes. The nanoparticles were then collected by
centrifugation at 15,000 rpm for 30 minutes,
freeze-dried, and stored at —20°C for further
characterization and biological evaluation [37].

Characteristics of synthesized nanoparticles
Fourier-transform infrared spectroscopy (FTIR;
ABB Bomem MB) and thermogravimetric analysis
(TGA; TG-DTA-32, Japan) were performed to
characterize the PSPF  copolymers. TGA
measurements were conducted under atmospheric
air from 25°C to 600°C at a heating rate of
20°C/min. The morphological features of the
synthesized nanoparticles were examined using
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scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Particle
size distribution and zeta potential were measured
using dynamic light scattering (DLS). Magnetic
properties of the nanoparticles were evaluated
using a vibrating sample magnetometer (VSM; Lake
Shore Model 7400, Tokyo, Japan).

Determination of the drug encapsulation
efficiency of synthesized nanoparticles

The encapsulation efficiency (EE%) of siRNA-
FAM and paclitaxel (PTX) within FPSPFe
nanoparticles was determined
spectrophotometrically using a Bio-Rad
SmartSpec™ Plus spectrophotometer (USA). After
nanoparticle preparation, the suspension was
centrifuged, and the absorbance of the resulting
supernatant was measured at 230 nm for PTX and
490 nm for SsiRNA-FAM to quantify the
unencapsulated drug. The EE% was calculated by
comparing the concentration of free drug in the
supernatant to the initial amount used in the
loading process (1 mg), using the following
equation [26]:

EE%= (W initial p1x/siknA — W free pTx/siRNA/W initial PTX/SiRNA)

Kinetics of drug release from nanoparticles

An in vitro drug release study was performed
under two different pH conditions (acidic and
neutral) to simulate the physiological environments
of cancerous and normal tissues.” Nanoparticle
suspensions were prepared by dispersing the
samples in 10 mL of phosphate-buffered saline
(PBS) at the desired pH and incubated at 37 °C for
predetermined time intervals (12, 24, 36, 48, 60,
and 72 hours). At each time point, the samples were
centrifuged at 15,000 rpm for 30 minutes to
separate the nanoparticles. The supernatant was
collected to quantify the released amounts of
paclitaxel (PTX) and siRNA-FAM. The nanoparticles
were then re-dispersed in fresh PBS and returned
to incubation until the next time point. The
concentrations of PTX and siRNA-FAM in the
collected supernatants were determined using the
previously described spectrophotometric method
[20]:
Drt+ Drt+1

Cumulative release percentage = DE

Dr'= The measured amount of drug in the
supernatant at any time (t)

Drt*l= The measured amount of drug in the
supernatant at time t+1;

De= The amount of drug encapsulated in the
nanoparticles
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Cell culture

The MCF-7 human breast cancer cell line was
obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM;
Sigma-Aldrich, USA) supplemented with 10% fetal
bovine serum (FBS). Cells were maintained at 37 °C
in a humidified incubator with 5% CO, and 21% O,.

In vitro cytotoxicity studies

Cytotoxicity was assessed using the MTT assay,
a colorimetric method based on the ability of
metabolically active cells “to reduce 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide (MTT) into insoluble formazan crystals,
indicative of mitochondrial enzymatic activity.
MCEF-7 cells were seeded at a.density of 7,500 cells
per well into 96-well plates and incubated at 37 °C
in a humidified atmosphere with 5% CO, for 24
hours to " allow cell attachment and initial
proliferation. After incubation, the culture medium
was removed.-and replaced with fresh medium
containing varying concentrations of
FPSPFe/siRNA-FAM/PTX micelles, corresponding to
PTX concentrations of 20, 40, 60, and 80 nM. The
cells were then incubated for an additional 24 hours
under the same conditions. Following treatment,
20 pL of MTT reagent was added to each well, and
the plates were incubated for 4 hours. The resulting
formazan crystals were dissolved in DMSO, and the
absorbance was measured at 570 nm using a
microplate reader (BioTek Instruments, Winooski,
VT, USA). Cell viability (%) was calculated using the
following equation [38]:

0D of samples at 570 nm
0D of control sample at 570 nm

Cell viability (%) = X100

Cell apoptosis analysis

Externalization of phosphatidylserine (PS) from
the inner to the outer leaflet of the plasma
membrane is a hallmark of early apoptosis. This
event can be detected by fluorescence staining
using Annexin V, which specifically binds to PS on
the cell surface [39]. The apoptotic response of
MCF-7 cells treated with FPSPFe/siRNA-FAM,
FPSPFe/PTX, and FPSPFe/siRNA-FAM/PTX micelles
was assessed using flow cytometry. Cells were
stained with the Annexin V-Dy634 Apoptosis
Detection Kit with Propidium lodide (PI)
(Immunostep, Spain), following the manufacturer’s
protocol. Data acquisition was performed using a
FACSVerse flow cytometer (BD Biosciences, USA),
and results were analyzed with Flowlo software
(version 10; FlowlJo LLC, USA) [40].
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SiRNA protection assay

To evaluate the nuclease protection capability
of FPSPFe/siRNA-FAM/PTX micelles, 8 uL of the
nanoparticle suspension (containing 1-6 ug of
siRNA) was incubated with either 8 uL of fresh
mouse serum or 4 uL of ribonuclease A (RNase A,
20 pug/mL). The mixtures were incubated at 37 °C
for up to 24 hours. Following incubation, the
residual siRNA was analyzed by 2% agarose gel
electrophoresis containing 1% NP-40.
Electrophoresis was performed at 80 V, and siRNA
bands were visualized to assess integrity and
degradation resistance [41].

Transfection assay

To evaluate the cellular uptake of siRNA-FAM,
MCF-7 cells were seeded into 24-well plates at a
density of 2 x 10* cells/mL in DMEM supplemented
with 10% fetal bovine serum (FBS) and incubated at
37 °Cin a 5% CO, atmosphere for 24 hours. After
incubation, FPSPFe/siRNA-FAM micelles containing
siRNA-FAM at final concentrations of 100, 200, and
300 pg/mL were added to the wells in triplicate.
Naked siRNA (5 pg) was used as a negative control.
Following a 7-hour incubation period under the
same conditions, the medium was replaced with

fresh DMEM containing 10% FBS. Cellular
internalization of siRNA-FAM was then assessed

using flow cytometry and fluorescence microscopy
[37].

Statistical analysis
All quantitative data were obtained from a
minimum of three independent replicates.

Statistical analyses were performed using SPSS
software (version X.X; IBM Corp., Armonk, NY,
USA). One-way analysis of variance (ANOVA) was
employed to assess differences among groups,
followed by Duncan’s multiple range test for post
hoc comparisons at a significance level of p < 0.05.
The normality of data distribution was evaluated
using the Kolmogorov=Smirnov. test. Results are
expressed as mean * standard deviation (SD).

RESULTS
Characteristics of the PLA-spermine-PEG/folic acid
copolymer (PSPF)

The chemical structure and thermal stability of
the PSPF . copolymer were characterized using
Fourier-transform infrared (FTIR) spectroscopy and
thermogravimetric analysis (TGA).
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FT-IR spectroscopy

FTIR analysis of FesO4 nanoparticles and the
PEG, PLA, and PLA-spermine copolymers revealed
characteristic vibrational peaks corresponding to
their functional groups. In the spectrum of Fe;0,4, a
prominent peak at 570 cm™ was attributed to Fe—O
bond stretching, while a peak at 2950 cm™ was
assigned to C—H stretching vibrations (Figure 1A).
The PEG spectrum exhibited absorption bands at
980 and 1483 cm™, corresponding to C—H and C-O—
C stretching vibrations, respectively (Figure 1B). For
PLA, distinct peaks were observed at 1759 cm™
(C=0 stretching), 2955 cm™ (C—H stretching), and
3100 cm™, consistent with its chemical structure
(Figure 1C). The spectrum of spermine showed a
peak at 1640 cm™, corresponding to C=0 stretching
(amide 1), and another at 1560 cm™, attributed to
N-H bending (amide II) (Figure 1D). Additional
peaks at 1080 cm™ and 3340 cm™ were assigned to
C—O0 stretching and O—H groups, respectively. Upon
conjugation of spermine to PLA, the appearance of
a new peak at approximately 1560 cm™ further
confirmed the formation of amide bonds (amide Il)
(Figure 1D). The final PSPF copolymer spectrum
(Figure 1E) retained nearly all characteristic peaks
of PLA—spermine and PEG—FA, indicating successful
chemical incorporation of each component into the
copolymer structure.

TGA curves

Figure 2 presents the thermogravimetric
analysis (TGA) curves of PLA, PEG-FA, PLA-
spermine, PLA-spermine—PEG—FA, and spermine.
The results indicate that copolymers containing
multiple polymer segments exhibited thermal
degradation at higher temperatures compared to

individual components. Spermine, for instance,
demonstrated a two-step decomposition pattern
(Figure 2A). The initial weight loss occurred
between 100°C and 350 °C, likely due to the
evaporation of adsorbed water molecules. A
second, more significant weight loss was observed
between 350 °C and 480 °C, corresponding to the
thermal degradation of the spermine backbone.
PLA showed a similar two-phase weight loss
pattern, consistent with its known thermal profile
(Figure 2A). In the case of PEG—FA, multiple stages
of thermal decomposition were detected. The first
degradation phase initiated. at around 100 °C,
followed by a second stagethat began near 320 °C,
and a final, slower decomposition phase that
occurred above 370 °C. These observations confirm
the multistep thermal behavior of the synthesized
polymers —and suggest that the copolymer
structures exhibit -enhanced thermal stability
compared to the individual monomers.

As illustrated in Figure 2B, the PSPF copolymer
exhibited the most pronounced weight loss stages
among the samples, suggesting the presence of
multiple constituent components within the
copolymer structure. Comparative analysis of TGA
curves (Figure 2A vs. 2B) in the temperature range
of 380-420 °C revealed that PEG-FA displayed
lower thermal resistance than PLA—spermine.
Consequently, incorporation of PEG-FA into the
PLA—spermine backbone slightly reduced the
thermal stability of the resulting PSPF copolymer
within this temperature range. This thermal
behavior supports the successful chemical
integration of PEG—FA, confirming the formation of
the intended copolymer.
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Fig. 2. TGA diagram; A) Spermine, PLA, and PEG-FA polymers, B) PLA-Spermine and PLA-Spermine-PEG-FA (PSPF).
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respectively.

Table 1. Results of DLS and the zeta potential of the nanoparticles

Nanoparticles Size Zeta Potential
FPSPFe 187 +8.93 nm +4.2 mv
FPSPFe/PTX 206+ 6.10 nm +3.5mv
FPSPFe/siRNA-FAM 228 +2.11 nm -3.3mv
FPSPFe/siRNA-FAM/PTX 259 4.6 nm +2.2 mv

Morphological characteristics of the micelle
nanoparticles
TEM and SEM

Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) analyses
confirmed that FPSPFe/siRNA-FAM, FPSPFe/PTX,
and FPSPFe/siRNA-FAM/PTX micelles exhibited a
uniform, spherical morphology with smooth
surfaces. The particle sizes of all three micelle
formulations were found to be within the range of
150-200 nm (Figure 3). Moreover, no significant
morphological differences were observed among
the three formulations, indicating that co-loading
of PTX and siRNA-FAM did not affect the overall
structural integrity of the micelles.

Zeta potential and nanoparticle size

Dynamic light scattering (DLS) analysis was
performed to evaluate the hydrodynamic diameter and
zeta potential (surface charge) of FPSPFe nanoparticles
and their micellar formulations containing PTX, siRNA-
FAM, or both. The average particle sizes of FPSPFe,
FPSPFe/PTX, FPSPFe/siRNA-FAM, and FPSPFe/siRNA-
FAM/PTX nanoparticles were measured as
187+8.93nm, 206+6.10nm, 228+2.11nm, and
259 + 6.4 nm, respectively (Table 1; Figure 4A-D). While
the observed size differences were not statistically
significant, a gradual increase in nanoparticle diameter
was noted upon the encapsulation of PTX, siRNA-FAM,
and their combination. These results suggest that the
incorporation of therapeutic agents has a slight
influence on the overall size of the micelles, without
compromising their nanoscale range.

Nanomed J. 12: 1-, 2025
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Zeta potential is a critical parameter in
nanoscience and biology, used to characterize the
surface properties of nanoparticles. It specifically
refers to the electrical charge at the interface of
nanoparticles suspended in a solution and is
influenced by various factors, including material
type, particle size, pH, and electrolyte
concentration [42]. Based on the results of this
study, the zeta potentials of the FPSPFe copolymer
nanoparticles and the micellar formulations—
FPSPFe/PTX, FPSPFe/siRNA-FAM, and
FPSPFe/siRNA-FAM/PTX—were measured as +4.2,
+3.5, -3.3, and +2.2 mV, respectively (Table 1 and
Figure 4E—H). The positive zeta potential of FPSPFe
copolymer nanoparticles was attributed to the
presence of cationic polymers. However, the
incorporation of folic acid and Fe304 nanoparticles
reduced the overall surface charge. Furthermore,
the incorporation of PTX, siRNA-FAM, or their
combination into the micellar nanoparticles led to

Nanomed J. 12: 1-, 2025

a reduction in zeta potential. Notably, the addition
of siRNA-FAM resulted in a negative surface charge,
which can be attributed to the presence of
negatively charged functional groups on the siRNA
molecules. Interestingly, co-loading PTX with
siRNA-FAM partially restored the surface potential,
increasing its value. Based on the observed size and
zeta potential profiles, the synthesized
nanoparticles demonstrate favorable
characteristics for the efficient delivery of both
therapeutic agents and genetic material.

Magnetic Properties of Micellar Nanoparticles
Due to their strong magnetic characteristics,
Fes04 nanoparticles have significant applications in
targeted drug delivery and imaging systems [19].
The saturation magnetization of the studied
samples ranged from 18.4 to 36.8 emu/g
(electromagnetic units per gram). However, coating
Fes04 nanoparticles with FPSP micelles resulted in



S. Mohajeri, H. Yaghoubi / Folate-magnetic nanocarriers for combinatorial therapy

a noticeable reduction in their magnetic properties.
These findings are consistent with previous studies.
Specifically, the saturation magnetization values of
FPSPFe/siRNA-FAM, FPSPFe/PTX, and
FPSPFe/siRNA-FAM/PTX micelles were 18.4, 20.3,
and 19.6 emu/g, respectively, lower than those of
bare Fe3O, nanoparticles (Figure 5). As with most
magnetic  nanoparticles, encapsulation with
nonmagnetic compounds leads to a decline in
overall magnetic response.

SiRNA loading and release patterns from the
FPSPFe copolymer

The analysis of loading efficiency revealed that
siRNA-FAM exhibited a higher loading percentage
than PTX in both FPSPFe copolymers and FPSPFe-
based micelles. Moreover, the encapsulation
efficiency of siRNA-FAM was enhanced when co-
delivered with PTX in FPSPFe/PTX micelles,
compared to encapsulation using the FPSPFe
copolymer alone. Specifically, the loading efficiency
of siRNA-FAM decreased from 85% to 75% when
co-encapsulated with PTX. Conversely, the
encapsulation efficiency of PTX increased from 49%
to 60% when delivered alongside siRNA-FAM in
FPSPFe-based micelles (Figure 6).

-8000 -6000 4000 2000

Magnetization {emuw/g)

—FPSPFe isIRNA-FAMPTX  —FPSPFe SIRNA-FAM  —FPSPFe/PTX —Fed04

Applied field (Oe)

2000 4000 6000 8000

Fig. 5. VSM images of the Fe30a, FPSPFe/siRNA-FAM, FPSPFe/PTX and FPSPFe/siRNA-FAM/PTX micelles.

B FA/PLA-Spermine/PEG/Fe
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Fig. 6. Comparison chart of the average encapsulation efficiency of siRNA-FAM and PTX in FPSPFe and FPSPFe/siRNA-FAM or PTX
copolymers.
*Different letters indicate significant differences (at the 5% probability level) among the treatments at each of the studied time points.
Specify statistical test (ANOVA, Duncan)
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To evaluate the drug half-life and release profile
of the micellar nanoparticles in“both systemic
circulation and tumor environments, in Vvitro
release studies were conducted under acidic (pH
6.0) and physiological (pH “7.5) conditions. A
biphasic release pattern was observed for both PTX
and siRNA (Figure 7). The iinitial phase involved a
rapid release of a substantial portion of the
encapsulated agents, followed by a sustained and
slower release over an extended period. This
release behavior aligns with previous reports
suggesting that during the encapsulation process,
therapeutic agents can localize within different
micellar compartments, contributing to staged
release dynamics. Due to the greater exposure of
the micelle surface layer to the polar buffer
environment, this layer undergoes faster
degradation, resulting in the rapid release of
surface-encapsulated drugs. In contrast, the inner
layers or core of the micelle degrade more slowly
due to the gradual infiltration of water, resulting in
sustained drug release. Drug release studies
revealed that both PTX and siRNA exhibited
significantly higher release rates in acidic
phosphate-buffered saline (pH 6.0) compared to
neutral conditions (pH 7.5). This observation is

Nanomed J. 12: 1-, 2025

71

umulutive siRNA release (%)

=
s
v
=

Cumulative siRNA release (%5)

=4=FPSPEe/iRNA  ~B-FPSPFePTXN/GENA

! =

25 22

=

-

36 48 (11 T
Time (hovrs)

—+=FPSPTe/sRNA  ~B=FPSPLePTX/SRNA

[ 12 24 36 4 60 n
@ Time (hours)

Fig. 7. Release profiles of siRNA and PTX from different nanoparticles.in PBS buffer at pH=7.4 (A and B) and pH=6 (C and D).

consistent with prior findings indicating that the
extracellular pH of most tumor tissues is
approximately 6.0, while that of normal tissues is
closer to 7.0. Therefore, the enhanced release of
therapeutics under acidic conditions suggests that
these nanoparticles may improve drug delivery to
tumor sites while minimizing off-target effects on
healthy tissues (Figure 7).

In vitro cytotoxicity assay

The half-maximal inhibitory concentration (ICso)
is a widely used parameter for assessing the impact
of drugs or chemical compounds on cellular and
organismal biological activity [43]. In the context of
cancer therapy, ICso represents the concentration
of a compound required to inhibit the viability of a
specific cancer cell type by 50%, making it a critical
metric for evaluating the efficacy of anticancer
agents [44]. In this study, FPSPFe and
FPSPFe/siRNA-FAM nanoparticles demonstrated
low cytotoxicity, with I1Cso values of 71.24 and 43.17
ug/mL, respectively (Figures 8 and 9). However, a
marked increase in cytotoxicity was observed
following PTX encapsulation, resulting in reduced
ICso values of 29.83 and 34.88 pg/mL, respectively.
These findings suggest that incorporation of PTX
significantly enhances the cytotoxic potential of the
nanoparticles (Figure 9). Free PTX was included as a
positive control for comparison.
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Cellular apoptosis

Apoptosis, or programmed cell death, is a tightly
regulated process by which cells are eliminated in a
controlled manner without triggering inflammation
or harming surrounding tissues. This mechanism is
essential for maintaining tissue homeostasis and
eliminating damaged or unnecessary cells.
Targeted micelles have shown potential in
promoting apoptosis selectively in cancer cells
while minimizing off-target effects. In the present
study, following the determination of ICso values,
the pro-apoptotic effects of the formulations were
investigated. The results revealed that treatment
with free PTX led to the highest percentage of

12

necrotic cells (29.11%), indicating substantial
cytotoxicity (Figure 10 and Figure 11E).
Furthermore, consistent with previous reports, the
elevated percentage of necrotic cells observed in
the control group may be attributed to the rapid
proliferation of the MCF-7 cell line and competition
for nutrients under in vitro conditions (Figures 10
and 11A). In contrast, the low percentage of
necrotic cells in the FPSPFe/siRNA-FAM-treated
group suggests minimal off-target effects and good
biocompatibility of both the micellar carrier and
siRNA-FAM (Figure 10 and Figure 11B). Notably, the
highest percentages of cells in the early and late
apoptotic phases—15.76% and 11.23%,

Nanomed J. 12: 1-, 2025
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respectively—were observed following treatment
with FPSPFe/PTX (Figures 10 and 11C). These
findings support the role of the FPSPFe nanoparticle
system in enhancing programmed cell death and
improving the therapeutic efficacy of PTX. As
illustrated in Figure 10, treatment with free PTX
resulted in a high percentage of necrotic cells, while
the proportions of cells undergoing early and late
apoptosis were comparatively low. In contrast,
encapsulation of PTX within FPSPFe nanoparticles
significantly reduced necrosis and promoted

apoptosis, as evidenced by increased percentages
of cells in both apoptotic phases. These
observations suggest that FPSPFe nanoparticles
enhance the apoptotic response while mitigating
nonspecific cytotoxic effects associated with free
PTX. Due to their unique physicochemical
properties, nanoparticles can exert diverse effects
on the apoptotic pathway, either enhancing or
inhibiting it, depending on their size, shape, surface
characteristics, and composition.

Necrotic (%) = Early apoptotic (%) ®late apoptotic (%)

5;,’ 35
f: 30
5 b
g 20
g
2 de
g : o de
: % ’ §% ;
2 s
Z B B
CO(\‘(O\ S A¢Y A M
.

Treatment

Fig. 10. Percentages of MCF-7 cells in the necrotic, pre- and post-apoptosis stages affected by the calculated ICso concentrations of
FPSPFe/siRNA-FAM, FPSPFe/PTX, FPSPFe/siRNA-FAM/PTX, PTX nanoparticles and the control treatment.
*Different letters indicate significant differences (at the 5% probability level) among the treatments at each of the studied time points.
Specify statistical test (ANOVA, Duncan)
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Fig. 12. Effect of FPSPFe micelles on neutralizing the negative charge of siRNA: A) siRNA, B) FPSPFe/siRNA-FAM, and FPSPFe/siRNA-

FAM/PTX.

SiRNA protection

The ability of nanoparticles to neutralize the
negative charge of siRNA is critical for its effective
cellular uptake and delivery to cancer cells [26]. To
assess this property, agarose gel electrophoresis
was performed to evaluate the mobility of siRNA in
the presence of FPSPFe nanoparticles. In this
system, spermine served as a cationic agent within
the copolymer structure, facilitating interaction
with the negatively charged siRNA. The results
showed that siRNA migration was inhibited
entirely, indicating successful complexation with
FPSPFe nanoparticles (Figure 12). This effect is likely
due to electrostatic interactions between the
amine groups of spermine and the phosphate
backbone of the siRNA. Notably, the co-loading of

|

PTX did not interfere with the ability of FPSPFe
nanoparticles to neutralize the negative charge of
siRNA-FAM (Figure 12).

Cellular transfection assay

The cellular uptake and delivery efficiency of
siRNA-FAM by FPSPFe micelles were evaluated in
MCEF-7 cells using flow cytometry and fluorescence
microscopy  (Figures 13-15). The results
demonstrated successful intracellular delivery and
release of siRNA-FAM. Furthermore, the
transfection efficiency was found to be
concentration-dependent, with transfection rates
of 42%, 51%, and 58% observed at nanoparticle
concentrations of 100, 200, and 300 ug/mL,
respectively (Figure 15).

200 pg

Fig. 13. Fluorescence microscopy images of A) control cells and B, C and D) cells treated with 100, 200, and 300 ug of FPSPFe/siRNA-
FAM micelles, respectively.
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Fig. 14. Flow cytometry images of control cells treated with siRNA-FAM and cells treated with 100, 200, and 300 pg of FPSPFe/siRNA-
FAM micelles.

14

Nanomed J. 12: 1-, 2025



S. Mohajeri, H. Yaghoubi / Folate-magnetic nanocarriers for combinatorial therapy

70
60
50
40
30
20
10 d

0
siRNA-FAM 100

200 300

FPSPFe/siRNA-FAM (ug/ml)

Treatment

Fig. 15. siRNA transfection rate into MCF-7 cells by siRNA-FAM and 100, 200, and 300 pg of FPSPFe/siRNA-FAM micelles after 24 h
*Different letters indicate significant differences (at the 5% probability level) among the treatments at each of the studied time points.
Specify statistical test (ANOVA, Duncan)

DISCUSSION

Cancer remains one of the most significant
global health challenges, with breast cancer
representing one of the most prevalent and lethal
malignancies among women [1]. Although
advances in diagnosis and treatment “have
improved  patient outcomes, conventional
therapies such as chemotherapy and radiotherapy
often lead to severe systemic side effects due to
their lack of selectivity. In recent vyears,
nanotechnology has emerged as a promising
approach for cancer therapy, offering the potential
for targeted drug delivery through the use of
intelligent nanocarriers [8]. Among these,
polymeric nanoparticles—particularly those based
on PLA-PEG copolymers—have demonstrated
excellent biocompatibility  and can be
functionalized with targeting ligands such as folic
acid (FA) to enhance specificity. Furthermore, the
incorporation of Fe30; nanoparticles enables
magnetic targeting and real-time imaging,
facilitating precise accumulation at tumor sites.
These innovations collectively improve therapeutic
efficacy while reducing off-target toxicity.

A promising and innovative strategy in cancer
therapy involves the co-delivery of siRNA alongside
chemotherapeutic agents such as PTX using
advanced nanocarrier systems. siRNAs possess
strong potential to silence oncogenes; however,
their clinical translation is limited by inherent
instability and inefficient cellular internalization
[30]. Polymeric nanoparticles offer a viable solution
by shielding siRNA from enzymatic degradation and
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enhancing its intracellular delivery. When co-
delivered with PTX, the system exerts a synergistic
therapeutic effect: PTX interferes with microtubule
dynamics, arresting cell division, while siRNA
downregulates anti-apoptotic genes, such as Bcl-2,
thereby overcoming chemoresistance. The
nanocarrier design further incorporates spermine
to promote endosomal escape and employs a pH-
responsive release mechanism tailored to the acidic
tumor microenvironment [31]. This multifunctional
platform not only amplifies treatment efficacy but
also underscores the transformative potential of
nanomedicine in enabling precise, combinatorial
cancer therapies.

In this study, PSPF copolymer nanoparticles
were developed in combination with Fe;O4
magnetic nanoparticles for the co-delivery of siRNA
and the chemotherapeutic agent PTX to MCF-7
breast cancer cells. Characterization of the
nanoparticles’ physicochemical properties using
Fourier-transform infrared spectroscopy (FTIR) was
essential for confirming their structural integrity
and chemical composition. The FTIR spectra
validated the presence of the anticipated functional
groups within the nanoparticle architecture (Figure
1). Specifically, the Fe—O stretching vibration of
Fes04 was observed at 570 cm™. Peaks at 980 cm™
and 1483 cm™ corresponded to the C-O—C and C—
H stretching vibrations of PEG, respectively, in
agreement with previous reports [45], thereby
confirming the successful integration of Fes04 into
the PEG-based copolymer matrix.
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Thermogravimetric analysis (TGA) is a crucial
technique for evaluating the physicochemical
properties of nanoparticles, offering insights into
their thermal stability, organic and inorganic
composition, and degradation behavior. TGA
analysis of PSPF nanoparticles revealed a two-step
thermal degradation profile for both spermine and
PLA components. Additionally, the PEG-FA
conjugate exhibited multiple weight loss events,
suggesting complex thermal decomposition
associated with the linkage between PEG and folic
acid (Figure 2).

Nanoparticle shape and morphology are crucial
parameters that influence the efficiency of targeted
gene delivery systems. Transmission electron
microscopy (TEM) and scanning electron
microscopy (SEM) images obtained in this study
(Figure 3D-F) confirmed that FPSPFe/siRNA-FAM,
FPSPFe/PTX, and FPSPFe/siRNA-FAM/PTX micelles
exhibited a uniform spherical morphology. Previous
studies have shown that spherical nanoparticles
offer superior cellular uptake and are more
effective in delivering therapeutic agents and
genetic material [46].

In targeted gene delivery, nanoparticle size and
surface charge are critical determinants that
significantly influence the efficacy and transfection
efficiency of gene-based  therapies. As
demonstrated in this study (Table 1; Figures 4A-D),
the measured sizes of FPSPFe, FPSPFe/PTX,
FPSPFe/siRNA-FAM, and FPSPFe/siRNA-FAM/PTX
micelles fall within the optimal range for efficient
gene delivery into eukaryotic cells [47].

Effective optimization of nanocarriers for gene
and drug delivery. necessitates a comprehensive
understanding of how environmental and chemical
factors modulate their performance. Among these,
pH is a critical parameter, as the acidic
microenvironment of tumor tissues (pH 4.5-6.5)
contrasts with that of healthy tissues (pH 7.4),
enabling the design of pH-responsive delivery
systems. Experimental analysis of FPSPFe
nanoparticles demonstrated that, due to
electrostatic interactions, the loading efficiency of
siRNA (85%) exceeded that of PTX (49%). However,
simultaneous co-loading resulted in a slight
reduction in siRNA loading (to 75%) and a notable
increase in PTX loading (to 60%), indicative of
competitive binding dynamics. Drug release
exhibited a biphasic profile, characterized by an
initial burst release from the nanoparticle surface
followed by a sustained release from the core.
Importantly, release rates under acidic conditions
(pH 6.0) were 1.5- to 2-fold higher than those at
neutral pH (7.4). These findings underscore the
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promise of pH-responsive nanocarriers in enabling
precise, synergistic cancer therapies through
controlled co-delivery of genetic and
chemotherapeutic agents [48].

In  contrast, the results of this study
demonstrated that FPSPFe and FPSPFe/siRNA-FAM
micelles exhibited significantly lower cytotoxicity
compared to PTX-containing formulations, namely
FPSPFe/PTX and FPSPFe/siRNA-FAM/PTX (Figures 8
and 9). The increased cytotoxicity in the latter
groups can be attributed to the well-established
mechanism of PTX, which inhibits cell division by
disrupting microtubule dynamics and preventing
the formation of the mitotic spindle. This
interference ultimately halts the proliferation of
cancer cells [5].

Compared to conventional lipid- and polymer-
based nanoparticle  systems, the Fe3;0s-loaded
micellar  nanoparticles  exhibited favorable
biocompatibility, as evidenced by their toxicity
profiles (Figures 8 and 9). While lipid-based carriers
such as liposomes are generally biocompatible,
they may induce toxicity at high concentrations due
to lipid degradation. Similarly, polymer-based
nanoparticles—particularly cationic variants—are
known to provoke inflammatory responses. In
contrast, the Fe;04-micelle platform demonstrated
reduced cytotoxicity by limiting direct exposure to
iron oxide, suppressing the generation of reactive
oxygen species (ROS), and offering a balanced
combination of lipid safety and polymer stability.
However, potential long-term risks related to iron
accumulation  warrant further investigation.
Overall, this hybrid system represents a promising
candidate for applications involving high or
repeated dosing regimens [49].

The higher cytotoxicity observed in PTX-
containing micelles compared to empty micelles is
primarily attributed to the rapid initial release of
PTX and its inherent cytotoxicity (Figures 8 and 9).
This burst release likely causes localized drug
accumulation in the culture medium, leading to
cellular stress and functional disruption [50].
Notably, the co-encapsulation of siRNA and PTX
within a single, targeted nanocarrier enables
synchronized intracellular delivery, as supported by
enhanced cytotoxic effects in MCF-7 cells (MTT
assay) and efficient cellular uptake (flow cytometry
analysis). Moreover, the accelerated release of
therapeutic agents under acidic conditions
highlights the system’s responsiveness to tumor-
specific microenvironments, enhancing therapeutic
synergy while minimizing unintended effects on
healthy tissues.
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Consequently, the typically negative charges on
both the gene sequence and the cell membrane are
neutralized to some extent, reducing electrostatic
repulsion and facilitating cellular  uptake.
Moreover, electrostatic interactions between
siRNA and the FPSPFe nanoparticles promote the
condensation of siRNA into a stable, compact
spherical structure. This not only enhances gene
transfer efficiency but also protects siRNA from
degradation by nucleases and other destabilizing
factors in the circulatory system. As previously
reported, enzymatic digestion of siRNA requires
access to specific binding sites by restriction
enzymes [51]. In this study, the interaction
between FPSPFe and siRNA effectively shielded the
siRNA from enzymatic cleavage (Figure 12).
Consistent with prior findings, the physical
compression and reduced surface exposure of
siRNA within the nanoparticle complex appear to
limit enzyme accessibility, thereby preventing the
degradation of siRNA.

CONCLUSION

This study aimed to develop a dual-functional
micellar nanocarrier capable of simultaneously
delivering siRNA and paclitaxel (PTX) to cancer cells.
The synthesized FPSPFe nanoparticles
demonstrated high gene transfer efficiency with
minimal toxicity and adverse effects. Drug release
analysis under physiological (pH 7.4) and acidic (pH
6.0) conditions revealed a pH-responsive release
profile, characterized by rapid release in acidic
environments and sustained release under neutral
conditions.  This _behavior is  particularly
advantageous_for cancer therapy, as it facilitates
increased drug release-within the acidic tumor
microenvironment while minimizing off-target
exposure in healthy tissues. Overall, the FPSPFe
nanocarrier system presents a promising platform
for synergistic and targeted cancer treatment
through the co-delivery of chemotherapeutic and
gene-silencing agents. Consequently, the FPSPFe
nanoparticles not only enhance selective
cytotoxicity toward cancer cells but also minimize
adverse effects on healthy tissues. Our findings
confirm that siRNA molecules effectively interact
with the micellar structure, resulting in partial
neutralization of their negative charge. This
interaction plays a critical role in improving
endosomal escape and facilitating intracellular
delivery. Furthermore, the successful co-delivery of
PTX and siRNA by the FPSPFe system may
contribute to overcoming drug resistance
mechanisms, highlighting its potential for advanced
combination therapies in cancer treatment.
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SUGGESTIONS FOR FUTURE STUDIES

1) Pharmacokinetics and Biodistribution

- Plasma half-life, assessment of clearance and
tumor accumulation in orthotopic breast cancer
mouse models via fluorescence (siRNA-FAM) and
high-performance liquid chromatography (HPLC)
(PTX)

- Dual labelling (e.g., Cy5.5 for nanoparticles +
3H-PTX) can distinguish the biodistribution of the
carrier from that of the free drug.

2) Efficacy and Safety

- Tumor growth inhibition and survival studies,
PSPF/siRNA/PTX with single-drug treatments and
comparisons with controls

- Toxicity assessment via blood/biochemical
markers and significant organ histopathology

3) Mechanistic validation

- Ex vivo tumor tissue analysis, confirmation of
siRNA-mediated gene silencing (gqPCR/Western
blot), and PTX-induced apoptosis (TUNEL assay).
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