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Introduction

Breast cancer remains the most prevalent malignancy among
women worldwide and ranked as the second leading cause of
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The development of smart, selective, and multifunctional nanotherapeutics is crucial for advancing next-
generation cancer treatments. In this study, superparamagnetic iron oxide nanoclusters (SPIONCs) were
coated with mesoporous silica, functionalized with folic acid (FA), and co-loaded with curcumin (CUR) and
capecitabine (CAPE) system. To enhance cellular internalisation,
magnetophoresis was applied before exposure of the cells to cold atmospheric plasma (CAP). The resulting
FA-conjugated, CUR and CAPE-loaded nanoclusters were evaluated in vitro in MCF-7 breast cancer and
HME-1 normal epithelial cells at varying CAP exposure durations (0, 10, and 20 s) and incubation times (24
and 48 h). This is the first report demonstrating the co-loading of CUR and CAPE into FA-functionalised
mesoporous silica-coated magnetic nanoclusters. Drug release studies revealed significantly enhanced
(pH 5.0 and 6.5), mimicking lysosomal and tumour
microenvironments, compared to physiological pH (7.4). Drug-loaded nanoclusters exhibited substantially
higher cytotoxicity than the controls with no loading, with a more pronounced effect in MCF-7 cells.
Notably, the combined treatment of CAP and CUR-CAPE loaded NCs showed a synergistic cytotoxic effect.
ICs0 values, after 10 s CAP exposure and 24 h incubation, decreased to 0.43 pg mL~! for MCF-7 cells and
37 ng mL~t for HME-1 cells. The elevated levels of reactive oxygen species (ROS) induced by CAP played a
key role in the observed cytotoxic effects, and both CUR and CAPE were found to enhance this process

to create a novel nanocarrier

release profiles under acidic conditions

through ROS-related and potentially additional molecular pathways. These findings highlight the potential of
CAP-assisted multicomponent nanocarriers as a promising platform for effective cancer therapy.

cancer-related mortality in 2023." Despite significant advance-
ments in conventional therapies, challenges such as systemic
toxicity, drug resistance, and poor tumour selectivity necessitate
innovative treatment strategies.” In recent years, magnetic nano-
particles (MNPs) have emerged as a promising class of nanoma-
terials with broad biomedical applications, including targeted
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drug delivery, hyperthermia, photodynamic therapy, and magnetic
resonance imaging (MRI) contrast enhancement.>* The controlled
design of these nanoparticles (NPs) through tailoring their size,
surface chemistry, crystallinity, and magnetic properties plays a
critical role in optimizing their biomedical functionality.>®
NP-based drug delivery systems offer enhanced therapeutic
efficacy by improving bioavailability, extending the circulation
time, and enabling tumour-targeted accumulation.”® MNPs can
facilitate drug transport through either direct conjugation with
anticancer agents or via corona-mediated interactions, thus
enhancing localized drug retention and minimizing off-target
cytotoxicity.” However, individual MNPs tend to aggregate under
physiological conditions and may dissolve, compromising their
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stability and therapeutic efficacy.'>"" Most of the existing studies
have focused on modifying the surface properties and composi-
tion of iron oxide NPs to enhance their magnetic and biological
functionalities. While significant efforts have been made to
control the shape and size of MNPs, ranging from spherical to
cubic and rod-like structures to achieve magnetic anisotropy,
there remains a need to explore alternative approaches, such as
mesoporous silica coating, to improve drug-loading capacity and
targeted therapeutic applications.

To improve tumour specificity, surface modifications with
molecular targeting ligands such as antibodies, peptides, and
folic acid (FA) have been explored. FA, in particular, is widely
used due to its ability to selectively bind folate receptor alpha
(FRa), which is overexpressed in various malignancies, includ-
ing breast cancer.'” Notably, FRa expression is significantly
elevated in HER2-positive breast cancer (SK-BR-3) compared to
estrogen receptor-positive (MCF-7) cells, indicating its potential
as a selective therapeutic target."*'* FA-modified NPs offer
enhanced tumour selectivity, controlled drug release, and
reduced systemic toxicity, making them a promising strategy
for breast cancer therapy.> Curcumin (CUR) is a naturally
occurring polyphenol with potent antitumor properties known
to regulate multiple cellular pathways involved in proliferation
and apoptosis. In breast cancer cells, CUR causes oxidative
stress by increasing intracellular reactive oxygen species (ROS),
contributing to mitochondrial dysfunction, caspase activation,
and subsequent apoptotic cell death. It also arrests the cell
cycle at the G2/M phase by upregulating P21 expression while
downregulating CDC25 and CDC2. Furthermore, CUR inhibits
the PI3K/Akt/mTOR signalling axis, further enhancing its pro-
apoptotic and anti-proliferative effects.'®'” Capecitabine
(CAPE), a widely used prodrug of 5-fluorouracil (5-FU), exhibits
preferential tumour activation, minimizing systemic toxicity. It
has been extensively employed in the treatment of metastatic
breast cancer, offering a more targeted and effective che-
motherapeutic approach.*®*°

Recently, cold atmospheric plasma (CAP) has emerged as a
novel cancer therapy due to its ability to generate reactive oxygen
and nitrogen species (ROS/RNS), leading to selective tumour cell
apoptosis.?®*! CAP treatment disrupts cellular redox balance and
enhances membrane permeability, facilitating improved drug
penetration and synergistic therapeutic effects.’>*® Given its
ability to induce electroporation-like effects, CAP holds potential
in combination therapies to overcome drug resistance.>*

We have earlier investigated amorphous and mesoporous
silica-coated SPION clusters and characterized them in
detail.’®*® Optimizing the NP size is crucial, as larger particles
(>300 nm) may exhibit limited tumour penetration and rapid
clearance by the reticuloendothelial system (RES), whereas smal-
ler particles (100-300 nm) can effectively exploit the enhanced
permeability and retention (EPR) effect, facilitating selective
accumulation in tumour tissues. To address these challenges,
this study focuses on the synthesis and characterization of
mesoporous silica-coated SPION clusters with optimized size
and surface properties, potentially enabling high drug-loading
capacity, chemical stability, and controlled release.
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Although numerous studies have investigated the super-
paramagnetic properties of MNPs, limited research has been
conducted on the integration of mesoporous silica-coated super-
paramagnetic iron oxide NPs (SPIONs) for combined drug deliv-
ery and cold atmospheric plasma (CAP)-assisted cancer therapy.
In this work, SPION-based nanoclusters (SPIONCs) were synthe-
sized and coated with mesoporous silica using the atrane
method,*® designed to achieve structural stability, biocompat-
ibility, and controlled surface functionalization. The synthesized
NCs were extensively characterized for their structural, composi-
tional, and magnetic properties. Several active species (Ca** ions,
FA, CUR, and CAPE) have been integrated onto SPIONCs. The
drug-loading efficiency, cytotoxicity, and reactive oxygen species
(ROS) generation under CAP treatment were systematically eval-
uated to assess their potential for breast cancer therapy. To
determine their selectivity of action, the cytotoxic effects of the
developed systems were compared across both cancerous and
normal cell lines. Furthermore, in vitro biocompatibility and
targeted drug release studies were performed to validate the
feasibility of these NPs for advanced biomedical applications.

Experimental
Materials and methods

All chemicals were used as received, without further purifica-
tion. The following chemicals were purchased from Merck:
ethylene glycol (EG, C,H¢0,), ethanol, sodium acetate (NaOAc,
CH;COONa), iron(ur) chloride (FeCl;), sodium citrate (Na;Cit),
tetraethyl orthosilicate (TEOS, SiCgH,00,), ethanolamine
(EA, C,H,NO), cetyltrimethylammonium bromide (CTAB,
C10H4,BrN), NaOH, acetonitrile (C,H3N), calcium chloride
(CaClp), (3-aminopropyl)triethoxysilane (APTES, CoH,3NOj;Si),
dimethyl sulfoxide (DMSO, C,H¢OS), succinic anhydride
(C4H,403), triethanolamine (TEAH3, CcH;5NOj), triethylamine
TEA, (C,H;);N), folic acid (FA, CsH;5NO5), EDC (CgH,,N;)/NHS
C,HsNO;3), capecitabine (CAPE, C;5H,,FN;3;0¢), and curcumin
CUR, C,1H,,0¢). 2',7'-Dichlorodihydrofluorescein diacetate
DCFH-DA), HME-1 (hTERT-HME1 [ME16C] (CRL-4010), ATTC)
and MCF-7 cells (MCF7, (HTB-22) ATTC), and DMEM-F12 were
purchased from Gibco.

(
(
(
(

Synthesis of superparamagnetic iron oxide nanoclusters
(SPIONCs)

Superparamagnetic iron oxide nanoclusters (SPIONCs) were
synthesized using a polyol method, as reported in detail
earlier.'® Briefly, FeCl; served as the iron source, while NaOAc
acted as an alkali source, EG was used as a solvent and reducing
agent, and Na;Cit was used as the capping agent. Initially, a
stock solution containing 200 mM FeCl; and 34 mM Na;Cit was
prepared in 100 mL of EG under continuous magnetic stirring
until complete dissolution. Subsequently, 730 mM NaOAc was
added to the solution, followed by additional stirring. The
resulting mixture was transferred into a Teflon-lined
stainless-steel autoclave (filling one-third of the total capacity),
and the reaction was conducted at 220 °C for 15 h. The sample

This journal is © The Royal Society of Chemistry 2025
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Table 1 SPIONC sample designations (or generations) and functionality after various process steps

Code Sample processing details Sample designation/added functionality
GO SPIONC

G1 (Amorphous+) MPS-SPIONC GO + MPS*

G1X MPS-SPIONC-CaCl, (CTAB extraction) G1 — CTAB

G2 MPS-SPIONC-[CaCl,]-NH, G1X + APTMS?

G3 MPS-SPIONC-[CaCl,]-NH,-COOH G2 + SA®

G4 MPS-SPIONC-[CaCl, |-NH,-COOH-FA G3 + FA?

G5 MPS-SPIONC-[CaCl, |-NH,-COOH-FA-CUR G4 + CUR®

G6 MPS-SPIONC-[CaCl,]-NH,-COOH-FA-CAPE G4 + CAPE

G7 MPS-SPIONC-[CaClz]-NHZ-COOH-FA-CUR-CAPE G5 + CAPE or G4 + CUR + CAPE

¢ Mesoporous silica. ® (3-Aminopropyl)trimethoxysilane. ¢ Succinic anhydride. ¢ Folic acid. ¢ Curcumin.  Capecitabine.

at this stage is designated as SPIONCs (G0), which is used for
further coating and surface modification steps. Sample names
are hereafter coded as G#, and the details are summarized in
Table 1.

Synthesis of amorphous and mesoporous silica core-shell
structures (MPS-SPIONCs)

To enhance steric stability and prevent aggregation, SPIONCs
were coated with an amorphous silica layer via a sol-gel process.
A stock solution of SPIONCs (13.1 mg of Fe;0, in 0.26 mL of
distilled water) was diluted in 7.74 mL of water and 30 mL of
ethanol. Subsequently, 50 pL of TEOS was added, vortexed until a
homogeneous solution was obtained, and sonicated for 2 min.
Then, 0.2 mL of ethanolamine was introduced, followed by
additional vortexing and incubation for 2 h. Following incuba-
tion, the solution was centrifuged at 8000 rpm for 15 min, and
the precipitate was purified through sequential washing with
deionized water and ethanol. The resulting amorphous silica-
coated SPIONCs were magnetically separated and redispersed in
1 mL of Milli-Q water."®** The silatrane complex was prepared by
mixing and heating 11 mL of TEOS with 23 mL of TEAH3 until
140 °C for 5 min and then cooling down to room temperature.
Thereafter, 6 mL of amorphous silica-coated SPIONCs, synthe-
sized as described above, were dispersed in 6.24 mL of deionized
water and sonicated. Separately, 0.12 g of CTAB was dissolved in
5.28 mL of ethanol, and the two solutions were combined and
further sonicated. Thereafter, 936 pL of atrane was added, and
the solution was incubated at room temperature for 24 h.
Particles obtained after this step are designated as MPS-
SPIONCs. The synthesized MPS-SPIONCs (G1) were purified by
repeated washing with deionized water and ethanol.>>*® The
CTAB was extracted by a simple method; the sample was
suspended in a mixture of EtOH : water (3:1 in volume) contain-
ing 500 mg of CaCl,. The suspension was heated under reflux for
20 minutes. Finally, the particles were collected by centrifuga-

total amount of curcumin — free curcumin in the supernatant

Amine and carboxyl functionalization of MPS-SPIONCs

To introduce amine functional groups, 50 mg of MPS-SPIONCs
(G1X) were dispersed in 2.5 mL of acetonitrile and sonicated for
15 min and then under continuous stirring. 50 uL of APTES was
added, and the mixture was stirred at room temperature for 2 h.
The resulting MPS-SPIONC-NH, (G2) was re-dispersed in 3 mL
of DMSO, followed by the addition of 45 mg of succinic
anhydride and 45 pL of TEA. The reaction proceeded at 50 °C
for 48 h, yielding carboxyl-functionalized MPS-SPIONCs (MPS-
SPIONC-NH,-COOH).”” The final product was purified via
magnetic separation, ethanol washing, and vacuum drying.
Particles obtained after this step are designated as MPS-
SPIONC-NH,-COOH (G3).

EDC/NHS activation and folic acid conjugation

To enable tumour-specific targeting, FA was conjugated onto
MPS-SPIONC-NH,-COOH (G3) via EDC/NHS coupling. 25 mg of
EDC-HCI (0.161 mmol) and 12.5 mg of sulfur-NHS (0.108 mmol)
were dissolved in DMSO and stirred for 2 h. In parallel, 20 mg of
FA (0.044 mmol) was dissolved in 5 mL of anhydrous DMSO and
then added to the EDC/NHS-activated solution. The reaction
mixture was gently stirred at room temperature for 24 h, followed
by washing with deionized water and vacuum drying.>® Particles
obtained after this step are designated as MPS-SPIONC-FA (G4).

Curcumin loading onto functionalized MPS-SPIONCs

CUR was loaded onto MPS-SPIONC-FA using a passive adsorp-
tion method. 50 mg of MPS-SPIONC-FA (G4) was dispersed in
12.5 mL of ethanol solution containing 4 mg mL~" CUR and
incubated at room temperature for 24 h in the dark. The CUR-
loaded NPs were magnetically separated, and the supernatant
was analysed using UV-Vis spectroscopy at 427 nm. CUR load-
ing efficiency was calculated by subtracting the amount of CUR
in the supernatant from the amount of CUR initially added,
using the equation below:

Drug loading efficiency (%) =

tion, washed with water and ethanol, and dried under vacuum at
40 °C. After the extraction process, the sample is given the code
GIX (see Table 1).

This journal is © The Royal Society of Chemistry 2025

x 100

total amount of curcumin

A calibration curve was established using UV-Vis spectro-
scopy to determine CUR concentrations and loading efficiency,
and the experiment was performed in six replicates.?” Particles
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obtained after this step are designated as MPS-SPIONC-FA-CUR
(G5).

Capecitabine (CAPE) loading on functionalized MPS-SPIONCs

CAPE was loaded onto MPS-SPIONC-FA (G4) using the same
procedure as mentioned above. 50 mg of MPS-SPIONC-FA was
dispersed in 12.5 mL of ethanol solution containing 1 mg mL "
CAPE and incubated at room temperature for 24 h. The CAPE-
loaded NPs were magnetically separated, and the supernatant
was analysed using UV-Vis spectroscopy at 307 nm. The drug-
loading efficiency was calculated by using the equation below:>

Drug loading efficiency (%) =

View Article Online

Journal of Materials Chemistry B

FEI TALOS F200S TEM 200 kv, Bayburt University-Tiirkiye).
Samples for TEM were prepared by dropping 10 puL of NP
suspension onto copper grids and allowing them to dry at
room temperature. Additionally, scanning transmission elec-
tron microscopy (STEM) coupled with energy dispersive X-ray
spectroscopy (EDS) was performed to determine the elemental
distribution within the nanoclusters. Functional groups on NPs
at various steps are evaluated by Fourier-transform infrared
spectroscopy (FTIR; Thermo Fisher Scientific), using the ATR
mode. UV-Vis measurements were performed using an Implen
NanoPhotometer. The surface morphology and structural prop-

__total amount of capecitabine — free capecitabine in the supernatant

Particles obtained after this step are designated as MPS-
SPIONC-FA-CAPE (G6).

A calibration curve was established using UV-Vis spectro-
scopy to determine CAPE concentrations and loading effi-
ciency, and the experiment was performed in six replicates.””

Co-loading of CUR and CAPE onto MPS-SPIONCs

For dual drug loading, 50 mg of MPS-SPIONC-FA (G4) was first
incubated in 12.5 mL of ethanol solution containing 4 mg mL ™"
CUR under continuous shaking for 24 h. The CUR-loaded
particles were separated and centrifuged at 8000 rpm for
5 min, followed by incubation with 12.5 mL of 1 mg mL ™"
CAPE solution under the same conditions. The drug-loading
efficiency for CUR and CAPE was calculated using previously
established equations.”” Particles obtained after this step are
designated as MPS-SPIONC-FA-CUR-CAPE (G7).

Due to extensive processing and naming of the materials at
various steps (or generations), we designated a code (G#) for
each sample, starting with GO for SPIONCs. Table 1 sum-
marizes sample designations after various process steps.

Drug release studies

The release kinetics of CUR and CAPE from drug-loaded MPS-
SPIONC-FA were evaluated under different pH conditions (5.0,
6.5, and 7.4), simulating the tumour microenvironment and
physiological conditions. The samples were incubated in
phosphate-buffered saline (PBS) at 37 °C, and drug release
was monitored using a microplate reader at 2-min intervals
for 30 min. Absorbance values were measured at 427 nm for
CUR and 307 nm for CAPE, after magnetic decantation, and
cumulative release profiles were plotted.”

Characterization techniques

The hydrodynamic size and surface charge ({-potential) of the
NPs were studied using dynamic light scattering (DLS) with a
Zetasizer Nano ZS90 system (Malvern, UK) in aqueous suspen-
sion. The DLS measurements were reported as volume %
values. The morphology and the internal structure of the NPs
were analyzed using transmission electron microscopy (TEM;

J. Mater. Chem. B

total amount of capecitabine

erties were further characterized using scanning electron
microscopy (SEM). The specific surface area and porosity of
the NPs were assessed via Brunauer-Emmett-Teller (BET)
analysis. Nitrogen adsorption-desorption isotherms were
recorded using an automated Micromeritics ASAP2020 instru-
ment. Before the adsorption measurements, the samples were
degassed in a vacuum (10~ ° Torr) at 300 °C for 4 h to remove
adsorbed gases. Magnetic properties were investigated at room
temperature (T = 305 K) by vibrating sample magnetometry
(VSM Quantum Design PMS9T), under a sweeping magnetic
field from —20 kOe to +20 kOe. For magnetization measure-
ments, 1 mL of NCs with a known concentration was taken in a
centrifuge tube and dried, and thereafter 6 mg of the dried
sample was placed directly into the vibrating sample magnet-
ometer. The iron concentration was estimated by inductively
coupled plasma optical emission spectroscopy (ICP-OES).

Cold atmospheric plasma (CAP)

The cold atmospheric plasma (CAP) source (Fig. S1) used in this
study was developed by PACEM (Tiirkiye). The plasma system
was designed to be compatible with He and Ar gases and
operated in a temperature range of 25-40 °C, with a working
frequency of 1 Hz to 10 kHz and a discharge power of 360 W.
The system, powered by 32 V DC with a 100 kV AC output,
generated alternating magnetic fields of 20 mW m™? along the
xy-axis and 12 mW m 2 along the z-axis. The plasma source
operated at a radio frequency of ~1 MHz with a voltage
amplitude of 0-50 kV. The argon gas flow rate was fixed at
1 L min~ ', and the plasma was generated at the pin electrode
tip, expanding outwards into the surrounding air. The distance
between the plasma jet head and the surface of the 96-well plate
was maintained at 15 mm (see the SI).

Cytotoxicity studies

This study utilized the human mammary epithelial cell line
(HME-1) and the human breast adenocarcinoma cell line (MCF-
7). The cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin under standard

This journal is © The Royal Society of Chemistry 2025
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incubation conditions (5% CO,, 37 °C).>° The selectivity index
(SI) serves as an indicator of NC types and CAP preferential
cytotoxicity toward cancer cells over normal cells. A SI value
above 3 indicates that the compound has high selectivity
against cancer cells.>*?" In this study, SI values were calculated
by dividing the ICs, value obtained for the normal cell line
(HME-1) by the ICs, value of the corresponding cancer cell line
(MCF-7), as shown in the following equation:**

[ — 1Csg for the normal cell line

" 1ICs for the cancer cell line

Cell viability assays

The cytotoxic effects of only CUR (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, and
4.5 pg mL~*) and only CAPE (0.005, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1,
and 2 pug mL™") at various concentrations were investigated in
MCF-7 cells for 24 h and 48 h.

Cytotoxicity of NCs

Cells were seeded into 96 well plates at 1 x 10* cells per well
and incubated for 24 h in an environment containing 5% CO,.
Then, MNPs at various iron oxide nanoparticle concentrations
(1, 2, 4, 6, 8, 10, 30, and 60 pg mL™~ ") were added to the wells,
and then the 96-well plates were placed on a MagnetoFactor-96
NdFeB magnetic plate (maximum surface magnetic field
strength 0.3 Tesla; Chemicell, Germany) placed just below the
culture plate to create a vertical magnetic field gradient. The
plates were kept on this magnetic plate for 15 min in the
incubator to maintain physiological temperature®® and incu-
bated for 24 h, 48 h, and 72 h. Following the treatment, the cells
were washed with PBS twice to remove NCs, and then, 10%
MTT solution was added to each well and incubated for 4 h.
The medium was then replaced with 100 pL of DMSO, and the
plates were kept in a dark environment for 30 min. Absorbance
was measured at 560 nm using an Epoch microplate reader.

Cytotoxicity of CAP treatment

Each cell line was seeded in 96-well plates at a density of 1 x 10*
cells per well. Once the cells reached confluency, the culture
medium was removed and replaced with DMEM containing 1 M
pyruvate. HME-1 and MCF-7 cells were treated with CAP for 5 s,
10 s, 15 s, 20 s, and 30 s and incubated for 24 h, 48 h, and 72 h.
Following the treatment, 10% MTT solution was added to each
well and incubated for 4 h. The medium was then replaced with
100 pL of DMSO, and the plates were kept in a dark environ-
ment for 30 min. Absorbance was measured at 560 nm using an
Epoch microplate reader.

Cytotoxicity of the combination of CAP and NC treatment

Cells were seeded into 96 well plates at 1 x 10* cells per well
and incubated for 24 h in an environment containing 5% CO,.
Then, MNPs at various NP concentrations (1, 2, 4, 6, 8, 10, 30,
and 60 ug mL ") were added to the wells, and immediately the
plates were placed on a MagnetoFactor-96 plate (Chemicell,
Germany) for 15 min in an incubator.*® Then, the cells were

This journal is © The Royal Society of Chemistry 2025
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treated with CAP for 10 s and 20 s and incubated for 24 h and
48 h. Cell viability was monitored by the MTT protocol as
described under the section ‘‘Cytotoxicity of NCs”.

Reactive oxygen species (ROS) analysis

Intracellular ROS levels were determined using the DCFH-DA
assay. Cells (1 x 10* per well) were incubated in complete
culture medium for 24 h. Nanocluster (NC) suspensions
(30 ug mL™') were added to the cells and incubated for 2 h.
Each well was then treated with 100 pL of 25 uM DCFH-DA
solution in PBS and incubated for 30 min. HME-1 and MCF-7
cells were exposed to CAP for 30 s. Fluorescence intensity
was measured using a GloMax microplate reader (Promega,
Germany) with an excitation wavelength of 460 nm and an
emission wavelength of 500-550 nm.

Apoptosis assay

Apoptosis was evaluated using an Annexin V-FITC/PI Apoptosis
Detection Kit (Elabscience). Cells exposed to CAP for 20 s and
treated with 30 pg mL ™' G4, G5, G6, and G7 nanoclusters were
first washed twice with pre-cooled PBS at 4 °C, followed by
centrifugation (2000g, 5 min). After removing the supernatant,
500 pL of binding buffer was added, and the cells were gently
resuspended by pipetting. Subsequently, 5 puL of Annexin V-
FITC and 5 pL of PI were added, mixed immediately, and
incubated in the dark at room temperature for 5-15 min.
Apoptosis was then measured using a NovoCyte3 130 flow
cytometer with the FITC channel (excitation wavelength
480 nm) and the PE channel (excitation wavelength 540 nm),
and the data were analyzed using NovoExpress 1.5.0 software.

Statistical analysis

Statistical analyses were performed using one-way/two-way
analysis of variance (ANOVA), where appropriate (GraphPad
Prism 8). Specifically, the n was 4 for cell culture studies and 3
for release studies. Data are presented as mean =+ standard
deviation (SD) unless otherwise specified. Statistical signifi-
cance was denoted as follows: p < 0.01 (¥), p < 0.001 (**), p
< 0.0001 (**¥), p <0.00001 (****), and p < 0.000001 (*****),
Combination indices (CI) were calculated using CompuSyn
software via the Chou-Talalay method. CI values <1, =1, and
>1 indicated synergy, additivity, and antagonism, respectively.

Results and discussion
Classification and composition of NCs

NCs were categorized into eight distinct formulations based on
surface modifications and cargo loading, as encoded in Table 1
and schematically shown in Fig. 1: unmodified superparamag-
netic iron oxide nanocluster (SPIONC, G0), mesoporous silica-
coated SPIONC (MPS-SPIONC, G2), folic acid-conjugated MPS-
SPIONC (MPS-SPIONCFA, G4), CUR-loaded and FA-conjugated
MPS-SPIONC (MPS-SPIONCFA-CUR, G5), capecitabine-loaded
and FA-conjugated MPS-SPIONC (MPS-SPIONCFA-CAPE, G6),

J. Mater. Chem. B
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Fig.1 A schematic presentation of nanocluster functionalization steps,

anhydride, EDC/NHS coupling, and sequential drug loading processes.

and dual drug-loaded (CUR-CAPE) and FA-conjugated MPS-
SPIONC (MPS-SPIONCFA-CUR-CAPE, G7).

FT-IR analysis

Fourier-transform infrared (FTIR) spectroscopy was employed
to verify surface modifications and conjugation steps for all
nanoclusters at various process steps; the FT-IR spectra are
presented in Fig. 2. Further spectra in segmented form are
presented in Fig. S2. Table S1 lists the observed bands and their
assignments, further confirming the success of conjugation at
each step.

The characterization of the synthesized NCs demonstrated
their structural and functional integrity following surface coat-
ing and drug loading. The FT-IR spectra of the SPIONCs (GO)
showed absorption bands at 1633 and 1380 cm ' (Fig. 2)
associated with carboxylate, indicating the presence of carboxyl
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Fig. 2 FT-IR spectra of SPIONCs at various process steps, in the wave-
number range of 4000-600 cm™. Different NCs (G#) generated are
displayed on the y-axis (GO — blue; G1 — orange; G2 — green; G3 - red;
G4 - purple; G5 - brown; G6 — magenta; and G7 — grey).
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including CTAB removal, surface modifications with APTES and succinic

groups on their surface due to surface passivation with citrate
ions. Similar carboxylate bands are consistent with previously
reported FT-IR characterizations of citrate-coated iron oxide
NPs.**** Upon coating with amorphous and mesoporous silica
layers (G1), signals due to the carboxyl (-COOH) groups of
citrate diminished, while a new strong absorption band around
1070-1100 cm™" appeared, indicative of Si-O-Si stretching.
Similarly, the formation of strong Si-O-Si bands around
1080 cm™' in the FT-IR spectra of silica-coated magnetic
nanoparticles has been reported in the literature. These results
confirm the successful silica encapsulation of sample G1
obtained in our study.**° Sample G2 with APTMS modifica-
tion of the surface showed the absence of OH vibrations, with
new bands appearing around 3382 cm™', ascribed to the
stretching vibrations of surface exposed N-H groups. Similar
observations regarding FT-IR verification of amine functional
groups were reported in previous studies on silica-coated
SPIONs.*>?° In the SA modified sample (G3), the absence of
—-OH vibrations suggests intramolecular interactions inhibiting
free carboxyl groups. The reappearance of the -OH band in G4
confirmed the presence of carboxyl groups from FA. These
results agree well with the literature on the FT-IR characteriza-
tion of folic acid-functionalized magnetic NPs.*® However, in
G5 (MPS-SPIONC-CaCl,-NH,-COOH-FA-CUR), no -OH band
corresponding to COOH was observed, suggesting that only
SPIONC samples exhibited free carboxyl groups, likely due to
intramolecular interactions. The FTIR spectrum of G4 con-
firmed the conjugation of FA to MPS-SPIONC, with the
presence of CAPE indicated by C—=N stretching bands at
1610 cm ' and 1613 cm ' in both G6 and G7 samples.>”*®
Additionally, a weak band in the 1981-1967 cm ™" range suggested
hydrogen bonding interactions. The FT-IR spectra of G7 and G6
exhibited dual peaks, likely due to modifications introducing
characteristic hydrogen bonding interactions. This observation
was additionally supported by the presence of characteristic
vibrational peaks corresponding to COOH, NH/NH,, C-N, C-H,

This journal is © The Royal Society of Chemistry 2025
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C-OH, and C—=C bonds. However, the high silica content may
have suppressed the bands for C-N, C-H, C-OH, and C=C,
leading to a primary focus on COOH and NH/NH, vibra-
tional modes.

According to Table S1, the §(NH,), v,5(COO™), v5(COO ™), and
1(C=0) bands were observed in the 1650-1400 cm ' range,
suggesting overlap between amino and carboxyl groups. The
N-H bending vibration was observed between 1648 and
1632 cm ', potentially influenced by carbonyl groups. The
carboxyl-related v,5(COO™) and v,(COO™) bands were observed
in the range of 1561-1555 cm™ ', appearing as shoulder peaks
in G5 (MPS-SPIONC-CaCl,-NH,-COOH-FA-CUR) and G6 (MPS-
SPIONC-CaCl,-NH,-COOH-FA-CAPE NCs), but more distinctly
in G7 (MPS-SPIONC-CaCl,-NH,-COOH-FA-CUR-CAPE). The co-
loading of CUR and CAPE likely resulted in partial interactions
that reduced individual FA-carboxyl interactions. The IR spec-
tra of G5 (MPS-SPIONC-CaCl,-NH,-COOH-FA-CUR) and G7
(MPS-SPIONC-CaCl,-NH,-COOH-FA-CUR-CAPE) confirmed the
presence of in-plane and out-of-plane bending vibrations
(7(CCH) + y(CCC)) associated with CUR, particularly at 905 cm™*
(7(CCH) + 5(CCH)).™ These spectral shifts further supported the
hypothesis that CUR and CAPE interact with FA, altering their
interactions.

Surface charge

The zeta potential of SPIONCs after surface modifications was
evaluated, and it was shown that each functionalization step
provides systematic control over the surface charge. Zeta
potential measurements, presented in Fig. 3, showed alternat-
ing positive and negative surface charges in the surface func-
tionalization stage. The as-made SPIONCs (GO) bear a negative
charge (—19 mV) due to capping with citrate molecules. Upon
coating with mesoporous silica-MPS (G1), the zeta potential
becomes more negative (—26.1 mV) due to the silanol groups
on the surface of silica, which impart a more anionic charac-
teristic to the surface and increase electrostatic stability. Amine
functionalization reverses the surface charge to positive, due to
the protonation of the amines (G2). Surface modification with
amine (NH,) groups significantly increased the zeta potential,
yielding a value of +29.1 mV for the MPS-SPIONC-CaCl,-NH,
sample. This indicates that the surface acquired the anticipated
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Fig. 3 Zeta potential values of the SPIONCs after various process steps.
For sample designations, see Table 1.
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positive character, confirming successful amine modification.
However, after functionalization with carboxyl (COOH) groups
through EDC/NHS coupling (G3), the zeta potential dropped to
-28.7 mV, confirming that the modification was successful and
precisely controlled.®® FA conjugation slightly reduces the
magnitude of charge, due to FA possessing both amine and
carboxyl groups, while still maintaining the overall negative
charge (G4). Since FA contains both COOH and NH;" terminal
groups, a specific binding strategy was applied. Through EDC/
NHS activation, the NH;" group of FA was directed to bind to
the negatively charged G3 surface, allowing the COOH end to
remain free for potential interaction with folate receptors (FRs)
on target cancer cells."”*” Following FA conjugation, a zeta
potential of —8.18 mV was measured for the MPS-SPIONC-FA
(G4). This approach slightly reduced the negative surface charge,
and FA was successfully conjugated while maintaining its target-
ing ability. After CUR loading, the zeta potential of G5 (MPS-
SPIONC-FA-CUR) was measured to be +25.2 mV and that of
CAPE-loaded NC G6 was measured to be —7.23 mV. CUR is a
hydrophobic molecule, which is expected to intercalate between
the hydrophobic chains of surface modifying coupling entities,
thus reducing the contribution of surface silanol groups to the
measured overall charge density of FA coated SPIONCs (G5). The
average zeta potential of CUR is —5.94 mV,** and CUR introduc-
tion to the SPIONCs can decrease the apparent zeta potential to
more negative values, but CUR can also bring out a reverse effect
on the charge.*! Based on the literature, co-introducing CUR and
FA can show a neutral, increasing, or decreasing effect on the
NPs’ zeta potential.*>** It is known that CUR undergoes keto-
enol tautomerism and this defines its pK, values as ~ 8.4 (pKa1),
9.9 (pKap), and 10.5 (pK,3);*> pH > 7 deprotonation starts for
CUR.® The zeta potentials were tested in DI water, at pH < 7.0,
so the protonated form of CUR may dominate the observed
positive charge (G5). Therefore, we can claim that the surface
chemistry of NPs is a factor determining how CUR alters the zeta
potential of the formulation. CAPE is an amphiphilic molecule,
which can even fill the pores of mesoporous silica if part of the
pores are accessible, not significantly influencing the measured
surface charge density of FA coated SPIONCs (G7).

Size and morphology - DLS and TEM analyses

Dynamic light scattering (DLS) analysis was used to study the
hydrodynamic size of the SPIONCs after some processing steps.
DLS results for the SPIONC (GO0), mesoporous silica coated
MPS-SPION (G2), and, after folic acid conjugation, MPS-
SPIONC-FA (G4) are presented in Fig. 4. Average hydrodynamic
sizes are estimated to be 167 £+ 38 nm for SPIONC (G0), 318 +
77 nm for MPS-SPIONC (G2), and 350 £ 52 nm for MPS-
SPIONCFA (G4). The increase of the average size going from
SPIONCs (G0) to MPS-SPIONCs (G2) suggests a silica (amor-
phous and mesoporous silica) coating thickness of about
75 nm. Finally, upon NHS/EDC coupling followed by FA con-
jugation, the average radius is further increased by about
15 nm, which also includes the solvation layer on the MPS-
SPIONC-FA (G4).
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Fig. 4 Dynamic light scattering (DLS) analysis of SPIONCs showing the
particle size distribution profile based on volume percent for the SPIONC
(GO), MPS-SPIONC (G2), and MPS-SPIONC-FA (G4).

TEM micrographs and elemental mapping of SPIONC at
various processing steps are presented in Fig. 5 and 6. The
micrographs show the evolution of SPIONCs (Fig. 5(a)) with
amorphous silica coating (Fig. 5(b)) followed by the meso-
porous silica coating (Fig. 5(c)). From the micrographs, the
thickness of the amorphous layer is estimated to be 25 nm,
while that of the mesoporous layer is approximately 50 nm,
resulting in an overall increase of SPIONCs by about 75 nm, in
agreement with the estimation from the DLS data. MPS-
SPIONCs are intact upon loading of CUR, as shown in
Fig. 5(d) (MPS-SPIONCFA-CUR). However, degradation of the
silica layer is observed when the MPS-SPIONCs are loaded with

View Article Online
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CAPE alone (Fig. 5(e)) or CUR loading followed by CAPE, as
shown in Fig. 5(f) (MPS-SPIONCFA-CUR-CAPE).

STEM mapping of NCs is also performed at various process
steps and is presented in Fig. 6 for MPS-SPIONC (Fig. 6(a)),
MPS-SPIONC-FA-CUR (Fig. 6(b)), and MPS-SPIONCFA-CAPE
(Fig. 6(c)). Elemental mapping clearly indicates the presence
of iron oxide in the core of the MPS-SPIONC, while the Si signal
arises from the conformally coated SiO, layer surrounding the
core (Fig. 6(a)). MPS-SPIONCFA-CUR shows additional Ca and
Cl signals, which are due to the extraction of CTAB from the
mesoporous silica system using CaCl, (Fig. S6b). As CUR is
composed of C, O, and H, there is no specific elemental signal
to confirm its presence. In the mapping of the MPS-SPIONCFA-
CAPE sample (Fig. 6(b)), there are additional signals of N and F
derived from CAPE, confirming its presence on the SPIONCs.

Porosity and surface area - BET analysis

In this study, CTAB is used as a pore template agent during the
formation of the mesoporous silica structure; however, it must
be removed after synthesis as it blocks the pores and negatively
affects biocompatibility. Moreover, the pores must be open and
accessible for applications such as drug loading.*® Therefore,
CTAB was removed using a simple ion-exchange method, using
CaCl, instead of NaCl, as reported in earlier reports.”> This
approach effectively removed the surfactant from the structure.
Nitrogen adsorption-desorption isotherms were obtained to
evaluate the surface area and porosity of MPS-SPIONCs, as
presented in Fig. S3. The porous nature of the material is
evident in the nitrogen adsorption-desorption isotherms and
the pore distribution (Fig. S4). The isotherm (Fig. S4(a))

Fig. 5 TEM micrographs of (a) SPIONC-GO, (b) amorphous silica coated SPIONCs, (c) MPS-SPIONCs after extraction of CTAB-G1X, (d) MPS-SPIONCFA-
CUR-GS5, (e) MPS-SPIONCFA-CAPE-G6, and (f) MPS-SPIONCFA-CUR-CAPE-G7.
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Fig. 6 STEM mapping images of NCs: (a) MPS-SPIONC — G2 and (b) MPS-SPIONCFA-CAPE — G6.

displayed a well-defined adsorption step between the relative
pressure of 0.1 and 0.4, corresponding to the condensation of
the nitrogen inside the mesopores obtained using the CTAB as
a template. It is important to note that the thickness of the
mesoporous silica layer is around 50 nm and the core contains
heavy elements. Knowing this, the surface area and the pore
volume (surface 417 m> g~" and volume 0.23 cm® g~') are
significant. The pore size distribution (Fig. S4b) shows a max-
imum centered at 2.5 nm which corresponds to the surfactant
micelles. This strategy has completely removed the CTAB from
the pores, as demonstrated in our earlier work.

Magnetic properties — VSM analysis

Vibrating sample magnetometry (VSM) was employed to assess
magnetic behaviour before and after surface modifications. The
results are presented in Fig. 7(a) for GO, normalized to the
weight of Fe;0,. In Fig. 7(b), the magnetization results for G2,
G4, G5, and G6 are presented in comparison to uncoated GO,
each normalized to the overall sample weight after sequential
coating with amorphous and mesoporous silica, the functiona-
lization, and the drug loading. The uncoated SPIONC, GO,
showed a saturation magnetization at around 79 emu g '
Fe;0, (normalized to the weight of Fe;0,), indicating its strong
superparamagnetic characteristics. Recent studies have demon-
strated that synthesizing SPIONs in clustered architectures can
enhance magnetization per secondary particle - SPIONCs.>
After the coating steps, surface modification and functionaliza-
tion, and drug loading, a significant decrease in saturation
magnetization normalized to the overall sample weight was
observed due to the addition of nonmagnetic layers

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Magnetization curves of (a) GO normalized to the weight of FesO4
and (b) GO compared with G2, G4, G5, and G6, each normalized to the
overall sample weight after sequential coating with amorphous silica and
mesoporous silica.

(amorphous and mesoporous silica) and organic molecules.
Furthermore, the retention of saturation magnetization at
around 21 emu g~ ' and the maintenance of superparamagnetic
characteristics following silica-based coatings indicate that the
magnetic core remains stable and functional. These findings
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suggest that while the magnetic response is reduced, NCs
remain sufficiently responsive for interaction with the external
magnetic field.

Drug loading capacity - UV-Vis spectroscopy

CUR and CAPE loading efficiencies were quantified using UV-Vis
spectroscopy at respective wavelengths: CUR at A = 427 nm and
CAPE at 4 = 307 nm. A calibration curve was constructed,
revealing average loading capacities of ~25% for CUR and
~8% for CAPE when loaded independently. However, when
CUR and CAPE were loaded together into NCs, the loading
capacities were 14% for CUR and 4% for CAPE. These data
confirm that the MPS-functionalized FA-conjugated SPIONCs
effectively encapsulate both hydrophobic and hydrophilic drugs.

Release profiles of CUR and/or CAPE from NCs

The cumulative in vitro release profiles of CUR and CAPE from
functionalized SPIONCs were assessed under physiologically
relevant conditions at pH 5.0 (lysosomal), 6.5 (tumor microenvir-
onment), and 7.4 (physiological blood pH). The drug-loaded NCs
were incubated in phosphate-buffered saline (PBS) adjusted to
the respective pH values. Samples were collected every 5 min over
a 60 min period, and the release was monitored using UV-Vis
spectroscopy (Fig. 8(a)-(d)). At pH 5.0, a significantly higher
release rate was recorded for both CUR and CAPE, consistent
with the protonation of surface groups under acidic conditions.
At pH 6.5, intermediate release was observed, aligning with the
mildly acidic tumour extracellular environment. At pH 7.4,
minimal release was observed, indicating the structural stability
of the nanocarriers under physiological conditions and their
potential for stimuli-responsive, targeted release in acidic
tumour compartments. Specifically, for only CUR-loaded NCs,
the maximum drug release was observed at pH 5.0, whereas for
only CAPE-loaded NCs, the highest release occurred at both pH
5.0 and pH 6.5. In dual CUR and CAPE loaded SPIONCs, CUR
exhibited maximum release at pH 6.5, while CAPE showed its
highest release at pH 5.0.
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Fig. 8 CUR and CAPE release from NCs at pH 5, 6.5, and 7.4. (a) CUR
release from G5, (b) CUR release from G7, (c) CAPE release from G6, and
(d) CAPE release from G7.
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The inclusion of CAPE and CUR in the formulation together
may lead to increased drug-drug or drug-organic groups inter-
actions, thus limiting the mobility of CAPE. The lipophilic
structure of CUR may have caused CAPE to be confined to the
inner regions of the nanostructure and prevented its diffusion
to the external environment. CUR has two hydrophobic phenyl
domains which can participate in n-n van der Waals interac-
tions with aromatic amino acid side chains. CUR binds to DNA
by hydrogen bonding interactions with the minor groove in AT-
rich regions.”” CAPE binds to ctDNA and hydrogen bond was
the main force during binding.*® This may suggest that physi-
cal interactions, such as hydrogen bonds or n-n interactions,
may take place between the two compounds. The interaction of
CAPE and CUR may have led to low release, as shown in
Fig. 8(d). These findings confirm that the MPS-SPIONC-FA
platform supports pH-sensitive drug release, enhancing con-
trolled release within tumor environments while minimizing
premature release in the systemic circulation.

Cytotoxic effects

Cytotoxic effect of cold atmospheric plasma (CAP) on HME-1
cells. The assays were performed in vitro under atmospheric
argon plasma conditions, and the cytotoxicity was measured at
24 h. 30 s CAP treatment led to a 44% decrease in cell viability.
These findings demonstrate that CAP exerts a dose- and time-
dependent cytotoxic effect on HME1 cells, as shown in Fig. 9(a)-(c),
which are relatively resistant to CAP because ICs, values are always
above 30 s with CAP treatment.

Cytotoxic effect of cold atmospheric plasma (CAP) on MCF-7
cells. CAP treatment applied to the MCF-7 cell line for 24 h, 48 h,
and 72 h resulted in statistically significant and time-dependent
reductions in cell viability compared to the control group for each
incubation time, as presented in Fig. 9. Across all incubation
times, treatments ranging from 5 s to 30 s led to significant
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Fig. 9 Effect of CAP on the cytotoxicity of MCF-7 cells at different
exposure times and incubation periods. Cells were treated with CAP for
0, 5,10, 15, 20, or 30 s and incubated for (a) HME1 cell viability for 24 h, (b)
HME1 cell viability for 48 h, and (c) HME1 cell viability for 72 h, (d) MCF-7
cell viability for 24 h, (e) MCF7 cell viability (p < 0.01 (*), p < 0.001 (**), p <
0.0001 (***), p <0.00001 (*¥***)).
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differences compared to the control group (P < 0.0001). The most
pronounced effect was observed at 30 s, with the cell viability
decreasing to approximately 50% at 24 h and 41% at 72 h.

The ICs, values observed in MCF-7 cells were 29 + 2 s at 24 h in
Fig. 9(d), 17 £+ 3 sat 48 h in Fig. 9(e), and 21 £ 5 s at 72 h in Fig. 9(f).
The IC5, values are shown in Table S2. These results indicate that
CAP exerts a strong and progressively increasing cytotoxic effect on
MCEF-7 cells, with the highest sensitivity observed at 48 h.

According to our findings, while the IC;, value decreased
significantly over time in MCF-7 cells after CAP application, this
value was relatively high in HME-1 cells. Despite increased CAP
exposure, the ICs, value could not be reached in HME-1 cells
even at 24 h, 48 h, or 72 h. This result clearly showed that the
cytotoxic effect of CAP was higher against cancer cells than
normal cells. Similarly, it has been reported that CAP may have
cell-type-specific effects.”®”° The cytotoxicity of CAP against
cancer cells was proposed to be through apoptosis and
ROS.2%2151 The rapid decrease in ICs, observed between 24 h
and 48 h in MCF-7 cells following CAP treatment has been
associated with mechanisms such as mitochondrial destruction,
cell membrane damage, and DNA fragmentation.>' While most
CAP applications have traditionally focused on skin wound
healing, studies investigating its effects in oncology have primarily
used in vitro and in vivo models. Clinical observations also support
the potential of CAP in cancer treatment. For example, Metelmann
et al.>® reported significant benefits in cancer patients, including
reduced pain medication requirements, reduced microbial burden-
related odour, and weight gain. Furthermore, other studies have
suggested that CAP palliation may improve quality of life and even
prolong survival in patients with advanced oropharyngeal
cancer.>*>* Current evidence suggests that CAP therapy increases
cytotoxicity in cancer cells over time while exhibiting relatively less
severe effects on healthy cells, thus offering a window of therapeu-
tic selectivity. While studies on the application of CAP in cancer are
limited, ongoing research continues to explore its potential. Collec-
tively, these findings provide a strong rationale for considering CAP
as a complementary oncological treatment.

Cytotoxicity of SPIONCs in HME-1 cells

In HME-1 cells, unmodified SPIONCs exhibited limited cytotoxi-
city, with significant reductions in cell viability observed only at
the highest concentrations of 30 and 60 ug mL™* (P < 0.001)

(a) (b)
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at 24 h. However, MPS-functionalized formulations exhibited
enhanced cytotoxic effects even at lower concentrations at 24 h.
MPS-SPIONCs induced a significant reduction in cell viability
starting from 2 pg mL~' (P = 0.0114), while MPS-SPIONC-FA
exhibited cytotoxic effects beginning at 1 pg mL ™" (P = 0.0018).
Moreover, G5, G6, and G7 formulations all triggered early and
exhibited cytotoxicity from 1 ug mL™" (P < 0.0001). Notably, at
60 ug mL ™", cell viability in the dual-drug-loaded group G7
decreased dramatically to 40% (Fig. 10(a)).

At 48 h, G2 exhibited mild yet statistically significant cyto-
toxicity across all concentrations, with the cell viability decreas-
ing to 73.45% at 60 pug mL ™' (Fig. 10(b)). In contrast, MPS-
coated and drug-loaded NCs demonstrated stronger, dose-
dependent cytotoxic effects. Specifically, G6 reduced cell viabi-
lity to 12%, G5 to 21%, and G7 to 27% at 60 pg mL ™. ICso
values corroborated these findings, indicating moderate to
high cytotoxicity, particularly in the drug-loaded groups.

Moderate cytotoxicity was observed for G2 (IC5, = 32 =+
3 ug mL™ "), G4 (ICs = 33 & 3 ug mL "), and G5 (IC5 = 29 + 2
pg mL™Y), G6 (19.87 £ 2.13 pg mL %), and G7 (24.38 =+
3.88 pug mL™Y).

At 72 h, cytotoxic effects were further enhanced, with the
majority of NCs reaching their ICs, thresholds (Fig. 10(c)). The
ICs values at this time point were 26 + 4 pg mL™" for G7, 21 &
2 ug mL~" for G6, 32 + 4 pg mL™" for G5, and 48 + 4 pg mL ™"
for G2. The ICs, values are summarized in Table S3.

Cytotoxicity of NCs in MCF-7 cells

The cytotoxic effects of SPIONC-based NPs, functionalized with
various targeting and therapeutic biomolecules, were evaluated
in MCF-7 breast cancer cells over 24 h, 48 h, and 72 h (Fig. 11).
At 24 h, there were no significant differences between any of the
groups and the control (P > 0.9999). However, starting from 1 to
2 pug mL™, clear differences appeared: G7 exhibited much stronger
cytotoxicity than SPIONC (P < 0.0001). Between 4 and 10 pg mL ™",
the CAPE-loaded and dual drug-loaded formulations caused a
significant decrease in cell viability (P < 0.001-0.0001). The
strongest cytotoxic effects were seen at 30 and 60 pg mL ™',
especially in the CUR- and/or CAPE-containing NCs (P < 0.0001,
Fig. 11(a)). At this time point, the lowest ICs, values were found in
the G7 (26 + 6 pg mL™"), G6 (34 + 3 pg mL™ "), and G5 (47 +
10 pg mL ") groups.
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Fig. 10 Concentration-dependent effects of different SPION-based nanoparticle groups on cell viability in HME1 cells at (a) 24 h, (b) 48 h, and (c) 72 h

post-incubation. (C designates control cells with no NPs.)
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post-incubation. (C designates control cells with no NPs.)

By 48 h, all NP-treated groups showed statistically signifi-
cant reductions in cell viability compared to the control.
SPIONCs exhibited mild cytotoxicity starting at 2 pg mL ™,
while functionalized NCs containing FA, CUR, or CAPE exhib-
ited significant cytotoxic effects from as low as 1 ug mL™" (P <
0.0001). The lowest viability at 60 pg mL ™" was observed in the
G7, G6, and G5 groups (Fig. 11(b)). ICs, values at 48 h for these
NCs were calculated to be 13 £ 2,5 + 4, and 13 + 2 pg mL ™},
respectively. At 72 h, even SPIONCs alone caused significant
cytotoxicity, starting from 4 pg mL™ "' and above (P < 0.01). All
functionalized nanoparticles exhibited strong and significant
cytotoxic effects starting from 1 to 2 pg mL ™" (P < 0.0001). The
biggest drop in cell viability at 60 pg mL~" was seen in the G7
(IC50 10 & 6 pg mL™ "), G6 (IC5 14 + 3 pg mL '), and G5 (ICs, 13
+ 1 ug mL™") groups (Fig. 11(c)). These findings indicate that
cytotoxicity increases with longer exposure, especially in drug-
loaded NCs. The ICs, values are shown in Table S4.

The cytotoxicities of CUR at concentrations of 0, 0.5, 1, 1.5,
2,2.5,3, 3.5, 4, and 4.5 pg mL~ ' and CAPE at concentrations of
5ng mL ™}, 50 ng mL™ ", 0.1, 0.2, 0.4, 0.6, 0.8, 1, and 2 pg mL ™"
alone were also assessed as positive controls for incubation
periods of 24 h and 48 h in MCF-7 cells (Fig. S5). However, since
cell viability did not decrease below 50% for CUR and CAPE,
1Cs, values could not be determined at 24 h and 48 h (Fig. S5a
and b).

In CUR-loaded NCs, 2.4 pg mL ™" CUR was present at a dose
of 30 pg mL~' NCs. While the ICs, value of CUR-loaded NCs
was 47 £ 10 pug mL ™}, the ICs, value was not reached even at the
highest dose (4.5 ug mL™") in MCF-7 cells treated with only
CUR. In CAPE-loaded NCs, 0.24 ug mL~ ' CAPE was present at a
dose of 30 ug mL~' NCs. While the ICs, value of CAPE-loaded
NCs was 34 + 3 ug mL ™', the IC5, value was not reached even at
the highest dose (2 ug mL™") in MCF-7 cells treated with only
CAPE. When the cytotoxicity of CUR- and CAPE-loaded NCs was
compared with that of free CUR and CAPE, the drug-loaded NCs
were found to be more effective even at very low doses.

Cytotoxic effects of combined NC and CAP applications on
HME-1 cells

Following SPIONC treatment, the cells were exposed to CAP for
0s,10s, or 20 s, and viability was assessed at 24 h and 48 h. The
results are presented in Fig. 12 and 13. At 24 h, following 20 s

J. Mater. Chem. B

CAP exposure, the NCs with IC5, values below 30 ug mL ™" were
G5 (28 + 16 pg mL™ ") and G6 (16 + 5 ug mL ). The ICs, values
are shown in Table S5. These values illustrate a clear CAP-
duration-dependent enhancement of NC cytotoxicity (p-values
consistently below 0.0001 under prolonged CAP exposure).

At 48 h, the application of NCs and CAP together in HME1
cells showed a more cytotoxic effect compared to that at 24 h in
all groups (Fig. 13). At the end of 10 s and 20 s CAP application
in all groups, cytotoxicity increased significantly (p < 0.05 to p
< 0.001). It is seen that the toxicity developed due to CAP
application in G4 is more than that in G2. This shows that FA
increased the toxic effect in HME1 cells at 48 h. CUR loading in
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Fig. 12 Evaluation of the cytotoxicity resulting from the 24 h co-
treatment of HME-1 cells with NCs and CAP using the MTT assay: (a)
GO, (b) G2, (c) G4, (d) G5, (e) G6, and (f) G7. For sample designations, see
Table 1. Statistical analysis was performed using a two-way ANOVA with
multiple comparisons, where the 0 s CAP application (blue, top) was
compared with the 10 s (red, middle) and 20 s (green, bottom) applications.
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Fig. 13 Evaluation of the cytotoxicity resulting from the 48 h co-
treatment of HME-1 cells with NCs and CAP using the MTT assay: (a)
GO, (b) G2, (c) G4, (d) G5, (e) G6, and (f) G7. For sample designations, see
Table 1. Statistical analysis was performed using a two-way ANOVA with
multiple comparisons, where the 0 s CAP application (blue, top) was
compared with the 10 s (red, middle) and 20 s (green, bottom) applications.

G4 decreased the toxicity compared to those functionalized
with FA only. After CAP application, the ICs, values of FA-
loaded NCs (G4) decreased dramatically (19 + 6 ug mL™" (0 s),
10 £ 6 pg mL™"' (10 s), 0.5 £ 0.1 pug mL™" (20 s)), while the
decrease in ICs, values of CUR-loaded ones (G5) remained small
(28 + 16 pg mL ™" (20 s)). The IC5, values of CAPE-loaded NCs (G6)
were 8.7 + 6.1 pg mL™ " (0 s), 2.84 + 1.32 pg mL "' (10 s), and
1.5 + 0.5 pg mL ™' (20 s). The IC5, values of CUR and CAPE-loaded
NCs were calculated to be 11 &+ 6 pg mL™' (0 s), 1.09 +
0.03 ug mL~" (10 s), and 0.06 + 0.08 pg mL ™" (20 s). After CAP
exposure, the ICs, values of CUR-loaded NCs (G5) are generally
greater than 30 pug mL™". The ICs, values are summarized in
Table Sé.

Cytotoxic effects of combined NC and CAP applications on
MCEF-7 cells

Following SPIONC treatment, the cells were exposed to CAP for
0s,10 s, or 20 s, and viability was assessed at 24 h and 48 h. At
24 h, significant differences in cytotoxicity occurred between
mesoporous-silica coated NCs treated with CAP and those not
treated with CAP in MCF-7 cells (Fig. 14). ICs, values after 10 s
and 20 s CAP application were calculated as follows: 4.25 +
1.28 to 1.82 + 0.42 ng mL~" for G2, 2.38 £ 0.36 to 0.89 +
0.01 ug mL™* for G4, 1.96 & 0.19 to 0.69 + 0.04 pg mL ™" for G5,
0.33 4 0.07 to 0.19 £ 0.02 pg mL ™" for G6, and 0.43 + 0.09 to
0.36 + 0.08 pg mL " for G7. The ICs, values are presented in
Table S7. ICs, values at 48 h were calculated as follows (Fig. 15):
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Fig. 14 Evaluation of the cytotoxicity resulting from the 24 h co-
treatment of MCF-7 cells with NCs and CAP using the MTT assay: (a) GO,
(b) G2, (c) G4, (d) G5, (e) G6, and (f) G7. For sample designations, see
Table 1. Statistical analysis was performed using a two-way ANOVA with
multiple comparisons, where the 0 s CAP application (blue, top) was
compared with the 10 s (red, middle) and 20 s (green, bottom) applications.

4.24 £ 0.33 to 0.61 £ 0.07 pg mL~" for GO, 15.16 £+ 1.97 t0 0.01 +
0.02 pg mL ™" for G2, 2.95 + 0.80 to 0.39 + 0.04 pg mL ™" for G4,
1.47 + 0.13 to 0.35 £ 0.05 pg mL " for G5, 2.80 & 0.64 to 0.89 +
0.02 pg mL~" for G6, and 0.80 £ 0.05 to 0.13 & 0.06 pg mL ™"
for G7. The IC5, values are summarized in Table S8.

After CAP exposure, the SI values of CUR-CAPE loaded NCs
(G7) were less than 1 at 24 h and 48 h. This is because after CAP
exposure, very high death rates were observed in both MCF-7
and HME1 cells, leading to very low ICs, values.

The findings on the effects of CAP application in combi-
nation with NCs on HME-1 and MCF-7 cell lines indicate that
NCs administered together with CAP produce a stronger and
more cytotoxic effect than either CAP or NCs alone. Studies
investigating the combination of CAP and NPs are quite limited
in the literature, and most of these focus only on the physical
carrier properties or short-term plasma effects.>>’ For the first
time in this study, both FA-targeted, dual-drug-loaded
NCs—such as those incorporating CUR and/or CAPE—and
magnetically directed (in vitro) NCs were evaluated in conjunc-
tion with CAP, resulting in the development of a versatile
therapeutic system. After exposure to CAP, a rapid increase in
membrane permeability occurs, which can facilitate the easier
passage of NPs and drugs into the cell.>****° In this study, to
increase the contact of NCs with the cell membrane, NCs were
magnetophoretically forced onto the cells with a permanent
magnet immediately after being applied to the cells, facilitating
the penetration of NCs into the cell.*>*
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Fig. 15 Evaluation of the cytotoxicity resulting from the 48 h of co-
treatment of MCF-7 cells with NCs and CAP using the MTT assay: (a) GO,
(b) G2, (c) G4, (d) G5, (e) G6, and (f) G7. For sample designations, see
Table 1. Statistical analysis was performed using a two-way ANOVA with
multiple comparisons, where the 0 s CAP application (blue, top) was
compared with the 10 s (red, middle) and 20 s (green, bottom) applications.

To evaluate synergistic and antagonistic effects, the combi-
nation index (CI) was calculated using the Chou-Talalay
method.®®®' In HME-1 cells, the combination of 1, 4, or
10 pg mL™" G7 with 10 s or 20 s CAP exposure resulted in
antagonistic interactions (CI > 1). However, the combination
of 20 s CAP with 30 pg mL™" G7 resulted in CI < 1, indicating a
synergistic effect after 24 h of incubation, as shown in Table S9.
The combination of 10 s or 20 s CAP with 1 pg mL™' G7
produced synergistic effects (CI < 1). In contrast, combinations
of CAP (10 s or 20 s) with higher G7 concentrations (4, 10, and
30 ug mL ") showed antagonistic interactions (CI > 1) after
48 h of incubation, as shown in Table S10.

Over the concentration range of 1-30 ug mL ™', the combi-
nation of 10-s CAP with G7 consistently produced CI values
below 1, indicating synergy, with the strongest effect observed at
4-10 ug mL~". For the 20 s CAP combination, treatment with
1 pg mL~ " G7 produced a borderline additive response (CI = 1)
with high variability ranging from synergy to antagonism.
In contrast, combinations with 4-10 pg mL™' G7 showed a
consistent synergistic effect (CI ~ 0.5-0.6, low variability), while
30 pg mL ™" resulted in CI < 1, indicating synergy, but less
pronounced than with mid-range doses in Table S11. After 48 h
of incubation in MCF-7 cells, all mean CI values were greater
than 1, indicating antagonistic interactions between G7 NCs and
CAP at all concentrations tested, as shown in Table S12.

The most significant synergistic effect was observed with the
combination of 20 s of CAP exposure followed by 48 h of
incubation. Under this condition, the concentration of the G7
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system at which the ICs, value dropped for HME-1 cells was
0.06 + 0.08 pug mL "' and that for MCF-7 cells was =+
0.06 ug mL™*. These findings indicate that the potent cytotoxic
effect of the dual-drug combination was further enhanced over
time. Under the same conditions, even in the unmodi-
fied SPIONC structure GO, the ICs;, decreased to 20.32 =+
3.06 ug mL~ " for HME-1 and 0.61 + 0.07 pg mL ™" for MCF-7
cells, which demonstrates that CAP is an effective trigger even
in bare systems. Following 20 s of CAP exposure, the SI value of
CUR-CAPE-loaded NCs (G7) was 83.75 at 24 h, indicating a
highly selective effect of the combination therapy at this dose.
However, at 48 h, the SI value dropped below 1. This result is
attributed to the high levels of cell death observed in both MCF-
7 and HME1 cells after CAP treatment, leading to significantly
lower ICs, values for both the cell lines.

The findings demonstrated that CAP exhibits enhanced
cytotoxicity not only through direct ROS-induced effects but
also via its interaction with NCs. Previous studies have reported
that CUR and CAPE molecules promote apoptosis by down
regulating the expression of certain proteins (such as
HSP90AB1 and SMARCC1), activating caspase-3 and caspase-
8, increasing ROS levels, and triggering multiple signalling
pathways.®"®® In this study, the synergistic effect of CUR- and
CAPE-loaded NCs combined with CAP treatment appears to
have led to cell death through ROS generation and apoptosis.

Reactive oxygen species (ROS) analysis

Considering the cytotoxicity results, NCs containing 30 ug mL ™"
Fe (41.5 pg mL™' Fe;O,) and 20 s CAP treatment were
selected to examine ROS levels (Fig. 16). In HME-1 cells without
CAP treatment, ROS levels in the cell medium were found to be
quite low in G4, G5, G6, and G7 groups (Fig. 16(a)). Compared
to the control, no statistically significant increase in ROS
production was observed (p > 0.999), indicating low oxidative
stress. In contrast, CAP treatment alone statistically signifi-
cantly increased ROS levels (p < 0.0001). When CAP and G5,
G6, and G7 were used together, ROS levels were significantly
increased compared to the control (p < 0.0001). When CAP and
G4 were applied together, the ROS increase was found to be
significant compared to the control, but slightly lower than the
other NC groups (p = 0.0021). These findings indicate that ROS
production in normal cells is mainly triggered by CAP applica-
tion, while functionalized NCs alone do not create a significant
oxidative stress. In MCF-7 cancer cells (Fig. 16(b)), G6 applica-
tion alone caused a significant ROS increase compared to the
control (p = 0.0116). CAP alone or CAP combined with NCs (FA,
CUR, CAPE, and CUR-CAPE) resulted in strong and statistically
significant increases in ROS levels compared to the control
group (p < 0.0001). Interestingly, CAP combination treatments
consistently increased ROS, whereas NCs alone (G4, G5, G6,
and G7) were not significantly different from the control when
applied in the absence of CAP (p > 0.05).

In cancer cells, a key mechanism of cytotoxic effects follow-
ing CAP exposure is ROS generation. Co-administration of NC
and CAP resulted in a significant increase in ROS production in
both MCF-7 and HME1 cell lines. While NC alone did not cause
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Fig. 16 (a) HMEL and (b) MCF-7 cells were exposed to 30 pg mL~ NCs
combined with a 20 s CAP treatment, and extracellular ROS levels were
subsequently measured. For sample designations, see Table 1. Statistical
analysis was performed using a one-way ANOVA with multiple
comparisons.

a significant increase in ROS, co-administration with CAP
resulted in significant oxidative stress. The greater increase in
ROS in MCF-7 cancer cells compared to HME1 cells suggests
that cancer cells act to enhance CAP-induced ROS generation.
These observations are consistent with previous reports indi-
cating that CAP can selectively increase ROS accumulation in
tumour cells, resulting in DNA damage, mitochondrial dysfunc-
tion, and apoptotic or necrotic cell death pathways.’>*® In
MCF-7 cells, the combined application of MPS-SPIONCFA-
CUR-CAPEs and CAP increased the average ROS level compared
to the application of CAP alone, but this increase was not
significant. In HME-1 cells, the combined application of G7
(MPS-SPIONCFA) and CAP decreased the ROS level compared to
the application of CAP alone. This suggests that FA has an
inhibitory effect on ROS formation in normal cells.®®®” How-
ever, it has been reported that nanomaterials loaded with
redox-active compounds can increase oxidative stress responses
in the tumour microenvironment,>*>*°”

In this study, a novel core-multishell material, with a core of
magnetic nanoclusters and shells of (amorphous + meso-
porous) silica, was developed and loaded with active bio-
molecules. The synergistic effect of mesoporous silica-coated
magnetic NCs functionalized with multiple drug molecules, in
combination with CAP, was investigated on both normal (HME-1)
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and cancerous breast cell lines (MCF-7). The loading and char-
acterization of CUR and CAPE into mesoporous silica-coated
magnetic nanoclusters conjugated with folic acid have been
performed for the first time in this study. This study presents
four main findings. First, CUR and CAPE exhibited significantly
higher release rates from nanoclusters at acidic pH values (pH 5.0
- lysosomal environment and pH 6.5 - tumour microenviron-
ment) compared to the physiological pH 7.4. Secondly, NCs
loaded with CUR and CAPE demonstrated markedly enhanced
cytotoxicity compared to the unloaded NCs. This effect was
significantly more pronounced in MCF-7 breast cancer cells than
in HME-1 normal epithelial cells. Thirdly, the combined applica-
tion of CAP and NCs, CUR, and CAPE-loaded NCs caused high
toxicity in MCF-7 cells even at low concentrations. Finally, the
increase in ROS levels induced by CAP was observed to play a
significant role in cytotoxicity; moreover, CUR and CAPE were
found to contribute to this effect not only by enhancing ROS
generation but also potentially through additional biochemical
pathways. According to recent studies, while plasma alone is
cytotoxic, its combination with nanocarriers can provide a greater
selectivity, more controlled efficacy, and increased therapeutic
synergy.””®® In our NC system, the nanocarrier transcends the
effects of plasma itself, providing dual magnetic and FA receptor-
mediated targeting, and pH-sensitive, localized drug delivery
ensures that the drug is activated only within the intracellular
environment. Thus, CAP demonstrates that it can act more
selectively and in a more controlled manner within cells where
drug-loaded nanoclusters are concentrated, rather than as a
cytotoxic agent dispersed throughout the environment.

Apoptosis and necrosis after combined treatment with CAP and
nanoclusters

Flow cytometry analysis for HME-1 and MCF-7 cells was per-
formed and results are presented in Fig. S6 and S7, respectively.
According to flow cytometry analysis, as a result of synergistic
application of G4 and CAP in HME-1 cells, the viability was
found to be 99.70%, early apoptosis was 0.14%, late apoptosis/
necrosis was 0.13%, and necrosis was 0.03%, as displayed in
Fig. S6(a). After G5 and CAP application, the viability was found
to be 95.90%, early apoptosis was 2.59%, late apoptosis/necro-
sis was 0.37% and necrosis was 1.14%, as presented in
Fig. S6(b). G6 and CAP application demonstrated 93.49%
viability, 3.51% early apoptosis, 1.49% late apoptosis/necrosis
and 1.51% necrosis, as shown in Fig. S6 (c). Following G7 and
CAP application, viability was found to be 80.63%, early apop-
tosis was 7.91%, late apoptosis/necrosis was 8.72% and necro-
sis was 2.74%, as presented in Fig. S6(d).

According to flow cytometry analysis in Fig. S7(a), as a result
of synergistic application of G4 and CAP in MCF7 cells, the
viability was found to be 80.94%, early apoptosis was 5.53%,
late apoptosis/necrosis was 3.04%, and necrosis was 10.49%.
After G5 and CAP application, the viability was found to be
66.82%, early apoptosis was 7.68%, late apoptosis/necrosis was
7.53% and necrosis was 17.97%, as shown in Fig. S7(b). G6 and
CAP application demonstrated 50.84% viability, 12.83% early
apoptosis, 7.68% late apoptosis/necrosis and 28.64%. necrosis,
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as presented in Fig. S6(c). Following G7 and CAP application,
the viability was found to be 71.00%, early apoptosis was
14.75%, late apoptosis/necrosis was 4.82% and necrosis was
9.44%, as displayed in Fig. S6(d).

The combination of CAP and iron oxide NCs significantly
reduces cell viability and downregulates BAX/BCL-2 expression,
leading the breast cancer cells to apoptosis.®® The combination
of CAP and iron oxide NCs inhibited EGFR and pERK/pAKT
signalling, leading to cell apoptosis in lung cancer cells.”’ In
our study, when CUR was loaded into NPs, the ICs5, value of
CUR concentration was found to be 10 + 2 uM and 2.81 + 0.4
UM at 24 h and 48 h, respectively, while this value was not
reached with CUR alone, even at the highest concentration of
12.2 puM (equivalent to 4.5 pg mL ™), as shown in Fig. S5(a). In
CUR cytotoxicity in other breast cancer cell lines, the ICs,
concentrations for MDA-MB-231 were 28.7, 22.6, and 20.1 uM
after 24 h, 48 h, and 72 h, respectively. On the other hand,
12.87, 7.83, and 8.22 uM were reported in MDA-MB-468 cells
after 24 h, 48 h, and 72 h of incubation, respectively.”" Another
study showed cytotoxicity for curcumin, B(Cur)2 (boron-curcu-
min) and Fe(Cur)3 (iron-curcumin) complexes with ICs, values
of 25, 35 and 8 uM, respectively.”” In our NP system with CUR
loading, the ICs, is reached at a much lower concentration,
showing the synergistic effect and therapeutic potential of the
designed NPs.

Conclusions

In this study, a new generation of functional nanocarrier
systems developed by coating magnetic cores with mesoporous
silica shells was successfully synthesized and characterized for
their dual drug carrying properties, and their synergistic effect
with cold atmospheric plasma (CAP) was investigated. In parti-
cular, two different anticancer agents, curcumin (CUR) and
capecitabine (CAPE), were co-loaded onto folic acid functiona-
lized mesoporous silica coated magnetic nanoclusters for the
first time. These nanocarriers exhibited superparamagnetic
properties aimed to interact synergistically with CAP and were
analysed in detail by a library of characterization techniques,
including DLS, zeta potential, FTIR, HR-TEM, SEM-EDX, VSM,
and nitrogen adsorption-desorption analyses, to understand
their structural, morphological, surface, and magnetic proper-
ties in detail. When the drug release profiles of the nanocarriers
were examined, it was determined that they showed signifi-
cantly higher release rates under acidic conditions mimicking
both the lysosomal environment (pH 5.0) and the tumour
microenvironment (pH 6.5) compared to physiological pH
(pH 7.4). This indicates the pH-sensitive, controlled release
capability of the system. In cell-based in vitro experiments,
nanoclusters loaded with CUR and CAPE exhibited significant
cytotoxicity, especially in MCF-7 breast cancer cells compared
to unloaded controls. At the same time, more limited toxicity
was observed in HME-1 normal epithelial cells, supporting the
selective anticancer activity potential of the developed system.
Another important aspect of the study is the synergistic
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therapeutic effect that emerged when the developed dual
drug-loaded nanocarriers were combined with CAP. This
combination showed that CUR/CAPE-loaded nanoclusters
caused high levels of cell death in MCF-7 cells even at low
concentrations. Mechanistic analyses revealed that the increase
in reactive oxygen species (ROS) levels induced by CAP under-
lies this effect. Furthermore, it was concluded that CUR and
CAPE increase ROS production in this process and probably act
at the cellular level through additional molecular pathways.
The results demonstrate that this innovative nanoplatform,
which is dual drug-loaded, pH-sensitive, and can be integrated
with CAP, has strong potential in terms of both high efficacy
and selectivity in the treatment of breast cancer. The developed
system significantly increases treatment effectiveness when
used in conjunction with physical therapy approaches such as
CAP, while allowing for the simultaneous and targeted admin-
istration of multiple drugs. Overall, the findings highlight the
promising potential of this dual-drug nanoplatform in combi-
nation with CAP as a selective and effective therapeutic strategy
for breast cancer treatment.
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