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ARTICLE INFO ABSTRACT

Keywords: Background: Developing targeted drug delivery; while reducing
Folic Acid o ) toxicity is undertaken to enhance therapeutic efficacy. This study
Superparamagnetic iron  oxide focused on engineering a nanocomposite used to selectively deliver
nanoparticles . . .

Camptothecin camptothecin (CPT), an effective anticancer drug, to prostate cancer

Prostate cancer cells via folic acid receptors.

Methods: Nanocomposite, composed of supermagnetic iron oxide-
dextran-camptothecin-folic acid nanoparticles (SPION-DEX-CPT-
FA), was synthesized by co-precipitation. The nanocomposites were
characterized using dynamic light scattering (DLS), transmission
and scanning electron microscopy, vibrating sample magnetometry
(VSM), and Fourier transform infrared spectroscopy (FTIR). Drug
encapsulation, pH-responsive release kinetics, cellular uptake, selective
cytotoxicity (MTT assay), and apoptosis (by flowcytometry) were
performed to evaluate the in vitro effect on prostate cancer cells and
prostate normal cells.

Results: The synthesized nanocomposite had an average spherical
diameter of 64.38 nm and a strong negative zeta potential of -43.8 mV. With
a magnetic strength of 58 emu/g FTIR analysis, the successful coupling
of all components was confirmed. The nanocomposite exhibited superior
magnetic properties. It also demonstrated a very high drug encapsulation
efficiency. The system exhibited a pH-stimulated release pattern, with
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Introduction

Prostate cancer remains a significant global
health challenge, also a leading cause of cancer-
related mortality in men (1). Conventional
treatment, as well as chemotherapy, radiation,
and androgen-deprivation therapy (ADT), are
frequently hampered by extensive limitations such
as systemic toxicity, deficiency of specificity, the
development of medicine resistance (2). Traditional
chemotherapeutic representatives indiscriminately
affect both malevolent and healthy rapidly dividing
cells, leading to severe side effects that weaken the
patient’s quality of life and narrow the therapeutic
window. These challenges underscore the vital
need for innovative therapeutic strategies that
can precisely target cancer cells while carefully
preserving healthy tissue (3-5).

Nanomedicine has developed as a transformative
approach to statement the shortcomings of
conventional cancer therapy. Nanomaterials can also
be used to treat bacterial infections of the urinary
tract (6). Nanoparticle-based drug delivery systems
(DDS) have the potential to revolutionize behavior by
improving the pharmacokinetic properties of drugs,
protecting them from premature degradation, and
enhancing their uptake at the tumor site (6). This can
be achieved through equally passive targeting, which
leverages the greater permeability and retention
effect of tumor vasculature, and active targeting,
which involves functionalizing the nanoparticle’s
external surface with ligands that bind to specific
receptors overexpressed on cancer cells. Such
besieged strategies promise to maximize therapeutic
efficacy while minimizing off-target toxicity (7-9).

Camptothecin (CPT) as a multifunctional
nanocomposite has been utilized for the targeted
delivery and is considered a potent topoisomerase
inhibitor through its broad-spectrum anticancer
activity (10). The clinical utility of CPT is severely
limited by way of its poor aqueous solubility,
predictability of'its active lactone ring at physiological
pH, and frequent addition of significant side effects.
Encapsulating CPT into nanocarriers can overcome
these challenges by its solubility, stability and
bioavailability (11-13). A core of superparamagnetic
iron oxide nanoparticles (SPIONs), which are
biocompatible too offer theranostic potential have
been designed for magnetic resonance imaging
(MRI) and magnetic hyperthermia (14-16).

To achieve biocompatibility and energetic
targeting, the SPION central is coated with dextran,
a biodegradable polysaccharide that enhances
stability and offers a matrix for drug loading, and
functionalized through folic acid (FA) (17). Folic acid
serves as an aiming ligand for the folate receptor (FR),

which is frequently overexpressed on the surface
of several cancer cells, including prostate cancer,
but requires limited expression in normal tissues.
This approach aims to activate receptor-mediated
endocytosis for the discriminating internalization
of the nanocomposite added to cancer cells, thereby
concentrating the therapeutic freight where it is
most needed (18, 19). The principal objective of this
research was to synthesize and comprehensively
distinguish the supermagnetic iron oxide-dextran-
camptothecin-folic acid nanoparticles (SPION-DEX-
CPT-FA) platform and to evaluate its potential for
targeted, pH-responsive drug delivery, as well as
selective cytotoxicity against prostate cancer cells
in vitro (20). Also, SPION@DEX-CPT-FA SPION
was synthesized by the co-precipitation method to
control cancer cells using CPT and the biodegradable
dextran (DEX) under acidic conditions.

Materials and Methods

SPIONs served as the core material; whilet the
SPION@DEX-CPT-FA nanocomposite was
synthesized using a co-precipitation method. First,
50 mg of DEX powder was dissolved in 1 mL of a
1% (w/v) acetic acid solution containing the SPION
suspension. Subsequently, 10 mg of CPT was mixed
with the Dex-iron oxide solution. This mixture was
added dropwise into 50 mL of double-distilled water
(DDW) preserved at 60°C. Concurrently, 1 mL of
a 20% (w/w) sodium citrate solution was gently
introduced to maintain a neutral pH, and the feedback
proceeded for an additional 20 minutes. The resultant
nanoparticles were separated with a strong external
magnet, washed multiple times with isopropanol, and
dried overnight at 65°C. To end, the nanocomposite
stayed functionalized by incorporating 5 mg/mL of
FA added to the mixture. A drug-free construction
(SPION-DEX) was also prepared using the matching
protocol for comparative purposes. Dynamic Light
Scattering (DLS) analysis was utilized to discover
the iron oxide (Fe,0,) nanoparticles.

The dynamic diameter and zeta potential of
the nanocomposite were determined using a Zeta-
Sizer. The sample was organized by dispersing 1
mg/mL of the nanocomposite in double-distilled
water, in addition to sonicating for 15 seconds in
an ice bath. The internal morphology was assessed
using transmission electron microscopy (TEM) at
120 kV. A diluted solution of the nanoformulation
was deposited against a carbon-coated copper net
for imaging. The surface morphology was assessed
using scanning electron microscopy (SEM). The dry
sample was fixed to aluminum tips, coated with a
gold-palladium layer, and imaged at an accelerating
voltage of 25 kV. The magnetic appearances of the
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nanoparticles were evaluated using a Vibrating
Sample Magnetometer (VSM) to regulate the
magnetization of the sample when exposed to an
external magnetic field. Fourier Transform Infrared
(FTIR) spectra confirmed the chemical composition
and positive conjugation. Samples such as potassium
bromide (KBr) pellets were prepared, and spectra
were found in the range of 400—4000 cm—1.

The amount of CPT encapsulated surrounded by
the nanocomposite was quantified. The formulation
was distributed in DDW, sonicated, and then
centrifuged at 14,000 rpm. The concentration of

unencapsulated CPT in the supernatant was measured
using fluorescence spectroscopy. Encapsulation
efficiency (EE%) was considered using the formula
of EE%=((Total quantity of drug- ree quantity of
drug)/Total amount of drug)x100. The release of
CPT was investigated at 37°C in two different buffer
solutions: phosphate buffer solution (PBS) at pH 7.4,
in addition to citrate buffer solution (CBS) at pH 5.4.
One milliliter of the nanodrug solution was placed
in a dialysis bag and immersed in 100 mL of the
respective cushion solution, with samples taken
finished 96 hours.
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Figure 1: Dynamic Light Scattering (DLS) analysis showing the size distribution and zeta potential of supermagnetic
iron oxide-dextran-camptothecin-folic acid nanoparticles (SPION-DEX-CPT-FA).
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The normal prostate cell line (BPH-1) and the
prostate cancer cell line (PC-310) were cultured,
respectively, in Dulbecco’s Modified Eagle Medium
(DMEM). The DMEM medium, maintained at
37°C in a humidified environment with 5% CO,,
contained 1% penicillin and streptomycin, 10%
fetal bovine serum, and 200 mM glutamine . To
visualize cellular uptake, the nanocomposite was
considered with fluorescein isothiocyanate (FITC).
Prostate cancer cells were protected with the FITC-
labeled nanoparticles and imaged with a fluorescence
microscope to observe internalization. The cytotoxic
effect of the formulations was evaluated on both
prostate cancer cells and prostate normal cells using
the MTT assay. Cells were frozen with various
concentrations of free CPT, empty nanoparticles,
in addition to CPT-loaded nanoparticles for 24
to 48 hours. Cell viability was assessed based on
mitochondrial activity.

Flow cytometry was used to quantify the extent
of apoptosis. Prostate cancer cells were treated with
the constructions for 48 hours, stained, and analyzed
in the direction to determine the percentage of cells
suffering from apoptosis. Statistical analyses were
carried out by SPSS software (Version 22, Chicago,
IL, USA) and data were processed using unpaired

student’s t-test and ANOVA. Data were expressed
as standard fault of the mean (mean+SEM),
with*p<0.05 considered as statistically significant.
Three replicates were made in for each assay (21).

(DLS analysis could discover that the naked Fe,O,
nanoparticles exhibited a narrow size distribution
with an average hydrodynamic thickness of 17.21
nm. Following surface change and drug loading, the
final FA-DEX-CPT-SPION nanocomposite showed
a significant growth in average particle size to 64.38
nm. The zeta potential of the final SPION@DEX-
CPT-FA formulation was measured at —43.8 mV as
indicated in Figure 1. SEM and TEM were conducted
to perceive the morphology of the nanoparticles
(Figure 2-a and 2-b). The images illustrate that
both the naked Fe,O, nanoparticles, in addition to
the final SPION@DEX-CPT-FA nanocomposite,
were spherical in shape and exhibited an even size
distribution (Figure 2a, and 2b).

The VSM results showed that the naked SPIONs
had a saturation magnetization value of 2lemu/g.
After surface modification, the SPION@DEX-CPT-
FA nanocomposite showed a reduced saturation
magnetization of 58 emu/g. The VSM curves for both
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Figure 2: a. transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images of supermagnetic
iron oxide nanoparticles (SPIONs). b. supermagnetic iron oxide-dextran-camptothecin-folic acid nanoparticles (SPION-

DEX-CPT-FA) nanoparticles showing spherical morphology and coating structure. c. Magnetization curves of uncoated
SPIONs and SPION@DEX-CPT-FA obtained by VSM, showing superparamagnetic behavior.
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samples showed no hysteresis or coercivity, which
is characteristic of superparamagnetic behavior
(Figure 2-c).

FTIR spectra confirmed the chemical structure
at synthesis stage. The spectrum for nude SPIONs
(a) showed a characteristic Fe—O vibration highest at
592 em—1. For dextran-coated SPIONs (b), original
peaks corresponding to the etheric bond (1030 cm—1)
and —CH2- stretching (2923 cm—1) of dextran gave
the impression. The spectrum for SPION-DEX-CPT
(c) revealed peaks for amine groups (1278, 3285,
and 3198 cm—1) from CPT. The final spectrum of
SPION-DEX-CPT-FA (d) showed a distinct new peak
at 1688 cm—1, corresponding to the carboxyl group
of folic acid (Figure 3). The encapsulation efficiency
(EE%) of CPT in the SPION@DEX-CPT-FA nano
formulation was calculated to be 64.38%. This was
significantly higher than the EE% in nude SPIONS,
which was 17.21%. The in vitro medicine release
profile was studied completed 96 hours at pH 7.4 and
pH 5.4. The results displayed that CPT release was
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slower at the physiological pH of 7.4, while a quicker
and more sustained release pattern was experimental
at the acidic pH of 5.4 (Figure 3).

Fluorescence microscopy was used to visualize
the uptake of the nanocomposite by prostate cancer
cells (4a). Cells treated with FITC-labeled SPION@
DEX-CPT-FA (Figure 4-b) displayed a strong green
fluorescence signal within the cytoplasm Figure
(Figure 4-c), indicating significant internalization.
In contrast, cells treated with free CPT showed no
observable fluorescence, as indicated in Figure 4.

The MTT assay results exhibited that the CPT-
loaded SPION@DEX-FA nanoparticles caused a
significant, dose-dependent decrease in the viability of
prostate cancer cells. In contrast, free CPT and the bare
SPION@DEX-FA nanocarrier did not display significant
cytotoxicity, with over 90% of cells remaining viable
after 48 hours. The CPT-loaded construction showed
minimal toxicity near normal prostate cells. The
IC50 values against cancer cells were 12 pg/mL at 24
hours and 20 pg/mL at 48 hours (Figure 5a and 5-b).
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Figure 3: a: Camptothecin (CPT) release profile from supermagnetic iron oxide-dextran-camptothecin-folic acid
nanoparticles (SPION-DEX-CPT-FA) nanoparticles at different pH values over 96 hours. b: Fourier Transform Infrared
(FTIR) spectra of (a) supermagnetic iron oxide nanoparticles (SPIONs), (b) supermagnetic iron oxide-dextran (SPION-
DEX), (c) supermagnetic iron oxide-dextran (SPION-DEX-CPT), (d) SPION-DEX-CPT-FA-FA.
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Figure 4: Evaluation of fluorescein isothiocyanate-supermagnetic iron oxide-dextran-camptothecin-folic acid
nanoparticles (FITC-SPION-DEX-CPT-FA) uptake by fluorescence imaging in prostate cancer cells (400x magnification).
(a) Fluorescence micrograph of camptothecin (CPT)-treated cells. (b) Optical micrograph of FITC-SPION-DEX-CPT-
FA-treated cells. (c) Fluorescence image of FITC-SPION-DEX-CPT-FA-treated cells.
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Figure 5: MTT assay results showing the cytotoxicity of different formulations on prostate cancer and normal cells.
Induction of apoptosis by the supermagnetic iron oxide-dextran-camptothecin-folic acid nanoparticles (SPION-DEX-
CPT-FA) nanocarrier. Cell lines were treated with (c) empty camptothecin (CPT), (d) SPION@DEX-FA, and (e) SPION@

DEX-CPT-FA.

Flow cytometry analysis after 48 hours of
treatment showed that the SPION@DEX-CPT-FA
nanoformulation (e) induced a marked increase in
the apoptotic cell population in prostate cancer cells.
Treatment with empty CPT (c) and the bare SPION@
DEX-FA nanocarrier (d) resulted in minimal
apoptotic effects (Figure 5).

This study successfully developed a multifunctional
nanocomposite of SPION@DEX-CPT-FA, to target
in vitro cancer therapy. The physicochemical
characterization established the rational design
of the raised area. The significant increase in
hydrodynamic diameter as from 17.21 nm for the
naked SPIONs to 64.38 nm for the final composite,
provided solid evidence of the successful sequential
coating through dextran, CPT, and folic acid. The
finding is consistent with a previous report on
surface-modified nanoparticles (22). The greatly
negative zeta potential of -43.8 mV indicated an
excellent colloidal stability, which is precarious
for preventing accumulation in the bloodstream.
This stability is attributed to sturdy electrostatic

repulsion between elements, that further was
enhanced by the steric interruption provided by the
hydrophilic dextran polymer shell (19, 23-25).

The FTIR analysis provided decisive chemical
proof of the nanocomposite’s structure. The
appearance of characteristic peaks for each
component at separate stages of synthesis confirmed
the successful coating of dextran, encapsulation of
CPT, and, most prominently, the conjugation of FA.
The VSM outcomes showed an expected reduction
in overload magnetization after coating, as the non-
magnetic organic coats contribute to the total mass.
However, the retained value of 19.7 emu/g is sufficient
for likely applications in magnetic targeting or MRI,
while the preservation of superparamagnetic actions
ensures the particles will not totally magnetize after
the external field is impassive.(15, 26, 27).

The functional performance of the nanocomposite
was correspondingly impressive. The high
encapsulation efficiency of 64.38% highlights the
crucial role of the dextran matrix in effectively
charging the hydrophobic CPT (28). The pH-
responsive medicine release is a key aspect of this
“smart” delivery system. The gentle release at
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physiological pH (7.4) minimizes previous drug
leakage in circulation, while the accelerated release
at acidic pH (5.4) ensures that the therapeutic
payload is preferentially distributed within the
acidic microenvironment of tumors or exclusive
endo-lysosomal compartments following cellular
uptake, while also incorporating blood pressure in
versus breeds (29-31).

It seems that MRI both in vitro and in vivo
can determine the fate of various cells when
labeled with SPIONSs that can affect the outcome
of treatment (32-35). The biological evaluations
confirmed the targeting strategy. The powerful
fluorescence observed in cancer cells frozen with the
nanocomposite proved that the FA ligand effectively
mediated cellular uptake by folate receptor-mediated
endocytosis. (3, 36). This targeted internalization
directly transforms into enhanced and selective
cytotoxicity. The low IC50 value against prostate
cancer cells, fixed with the negligible effect on
normal cells, demonstrated the platform’s capacity
to distinguish between malignant and healthy tissue.
The primary mechanism of cell death was confirmed
to be apoptosis, a controlled also non-inflammatory
pathway that is highly desirable in cancer therapy
(37). The synergistic effect of the targeted delivery
system was evident, as neither the free drug nor
the empty carrier alone could induce substantial
apoptosis. (22, 38).

Conclusion

This study revealed the positive synthesis and
comprehensive evaluation of a folic acid-targeted,
pH-responsive, superparamagnetic nanocomposite
(SPION@DEX-CPT-FA) for the transfer of
camptothecin. The well-characterized platform
confirmed excellent colloidal stability, high drug
charging capacity, and intelligent, pH-triggered
drug release. In vitro studies established the
nanocomposite to be selectively internalized via
prostate cancer cells, leading to potent and specific
cytotoxicity through the induction of apoptosis,
while sparing normal cells. These findings suggest
that the SPION@DEX-CPT-FA system is a greatly
promising nanocarrier for battered cancer therapy,
warranting further examination in preclinical in
vivo models.
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