#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Engineered riboflavin—cerium oxide nanoparticles
for enhanced phototoxicity toward triple-negative
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Cerium oxide nanoparticles (CeO, NPs) are redox-active nanomaterials with promising applications in
biomedical engineering. In this study, CeO, NPs are functionalized with riboflavin to enhance cellular
uptake and introduce photoresponsive properties. In vitro studies demonstrate that the resulting
riboflavin-modified CeO, (Rf-CeO,) NPs exhibit low toxicity under dark conditions but exert significantly
enhanced cytotoxicity against triple-negative breast cancer (TNBC) MDA-MB-231 cells upon ultraviolet
(UV) irradiation. This light-triggered cytotoxic effect is attributed to the photoactive nature of riboflavin,
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Accepted Oth September 2025 which alters reactive oxygen species (ROS) generation upon UV exposure. Our findings highlight the
potential of Rf-CeO, NPs as a selectively light-activated nanoplatform for targeted cancer therapy that

DOI 10.1039/d5na00555h integrates redox functionality and photoactivity into a single engineered nanomaterial, particularly for
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1. Introduction

Breast cancer is a major global health burden. It is a highly
heterogeneous malignancy that presents with multiple
subtypes, each with distinct molecular and epidemiological
characteristics.* Triple-negative breast cancer (TNBC), a subtype
defined by the absence of the estrogen receptor, progesterone
receptor, and human epidermal growth factor receptor 2
(HER2), accounts for approximately 10-20% of all breast
cancers and is associated with poor prognosis, high recurrence
rates, and limited therapeutic approaches. Conventional treat-
ments, such as surgery, radiation, and chemotherapy, are
largely ineffective against TNBC.>® These challenges signify the
need for innovative therapeutic approaches that can selectively
target cancer cells while minimizing damage to healthy tissues.®

Nanotechnology offers new platforms for administering
cancer treatment, such as drug delivery, molecular targeting,
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TNBC and other aggressive cancer subtypes.

and therapeutic activation.” Among various nanomaterials,
cerium oxide nanoparticles (CeO, NPs), or nanoceria, have
emerged as promising nanotherapeutic agents because of their
distinctive redox-active properties, which facilitate potent
antioxidant activity and potentially confer anticancer
effects.®*° Cerium, a rare-earth element and the second within
the lanthanide series, is distinguished by its unique ability to
reversibly transition between Ce®* and Ce** oxidation states,
which coexist on the NP surface through oxygen vacancy-
mediated redox cycling.” These redox properties enable
nanoceria to mimic the catalytic functions of key antioxidant
enzymes, such as catalase (CAT) and superoxide dismutase
(SOD), thereby facilitating the scavenging of reactive oxygen
species (ROS) and attenuating oxidative stress in biological
systems.*>** In cancer therapy, this redox modulation can fulfil
the dual roles of protecting normal cells from oxidative stress
while promoting oxidative damage in tumor cells, thereby
inducing apoptosis or increased treatment sensitivity." In
TNBC, redox imbalances and elevated basal ROS levels are
often exploited, and further induction of ROS can trigger
cancer cell death, overcome therapeutic resistance, and
enhance chemotherapeutic efficacy while sparing normal
cells.'>*®

Nanoceria has stood out as a promising therapeutic agent in
breast cancer because of its ability to modulate intracellular
ROS, which is crucial in tumor progression, therapeutic resis-
tance, and treatment responsiveness.'”” Surface modification
with targeted ligands is commonly used to ensure the efficient
delivery of CeO, NPs to cancer cells.'*?° Riboflavin (Rf), a water-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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soluble molecule essential for cellular metabolism, can serve as
a dual-function ligand due to its selective uptake by riboflavin
carrier proteins, which are frequently overexpressed in several
cancer types, including breast cancer.”>* Furthermore, Rf
exhibits photoreactive properties that can generate ROS upon
activation with ultraviolet (UV) or blue light, making it attractive
for photodynamic therapy (PDT).>**® Therefore, Rf-
functionalized CeO, NPs (Rf-CeO, NPs) might offer photo-
induced cytotoxicity via ROS generation.

Recent studies have demonstrated that Rf-conjugated
nanocarriers improved cellular delivery in breast cancer
cells’® and enhanced therapeutic efficacy when combined
with light activation.*® However, the integration of Rf with
redox-activated nanoceria for PDT remains unexplored, partic-
ularly as a treatment for TNBC. Therefore, combining the redox
cycling properties of CeO, NPs with Rf photoactivation presents
a unique strategy for selectively amplifying oxidative stress in
cancer cells. In this study, we performed the synthesis and
characterization of Rf-CeO, NPs and investigated their light-
activated cytotoxic potential in MDA-MB-231 TNBC cells. We
hypothesized that Rf modification enhances both cellular
uptake and photodynamic efficacy, resulting in increased ROS
generation and cancer cell apoptosis under UV irradiation. The
results would facilitate the development of a multifunctional
nanoplatform for targeted and light-responsive breast cancer
therapy.

2. Experimental section
2.1 Materials

Cerium(u) nitrate hexahydrate (Ce[NOj;];-6H,0), sodium
hydroxide (NaOH) pellets, Rf, 3-aminopropyl triethoxysilane
(APTES), N-hydroxysuccinimide (NHS), and N-(3-di-
methylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC)
were obtained from Sigma-Aldrich (Burlington, MA, USA). Tri-
sodium citrate dihydrate was purchased from Merck (Darm-
stadt, Germany). Citric acid was purchased from Vidhyasom Co.
Ltd (Bangkok, Thailand). Sodium chloride (NaCl), di-sodium
hydrogen phosphate dihydrate (Na,HPO,), potassium chloride
(KCl), potassium dihydrogen phosphate (KH,PO,), and absolute
ethanol (EtOH) were obtained from VWR Chemicals® (Radnor,
PA, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was obtained from PanReac AppliChem,
AppliChem GmbH (Darmstadt, Germany). The DCFDA/
H2DCFDA Cellular ROS Assay Kit (Abcam, ab113851) was ob-
tained from Merck. The JC-1 MitoMP Detection Kit was
purchased from Dojindo (Kumamoto, Japan). Dulbecco's
Modified Eagle's Medium (DMEM), minimum essential
medium, fetal bovine serum (FBS), horse serum, and penicillin-
streptomycin, and dimethyl sulfoxide (DMSO) were supplied by
Thermo Fisher Scientific Inc. (Waltham, MA, USA).

2.2 Methods

2.2.1 Synthesis of CeO, NPs. To synthesize CeO, NPs,
Ce(NO3); 6H,0 was dissolved in deionized water to achieve
a final concentration of 0.1 M. The dispersed solution was
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stirred at 50 °C for 20 min to ensure complete dissolution and
homogeneity. The solution was subsequently adjusted to pH 12
by adding 1 M NaOH solution dropwise. The reaction mixture
was maintained at 50 °C under constant stirring for 24 h to
facilitate NP formation and growth. After completion, the NP
suspension was purified by adding ethanol and centrifuged at
14 352 x g for 30 min until a white precipitate was obtained.
The precipitate was then washed several times with deionized
water until the supernatant reached pH 7, after which it was
filtered. The collected CeO, NPs were then freeze-dried and
further calcined in a muffle furnace at 400 °C for 2 h. The as-
prepared samples were sealed and stored under vacuum until
further use.

2.2.2 Synthesis of amine-functionalized CeO, NPs. Amine-
functionalized CeO, NPs (NH,-CeO, NPs) were synthesized as
described previously.** Briefly, 500 mg CeO, NPs were dispersed
in 50 mL deionized water under vigorous stirring to ensure
uniform dispersion. Next, 1 mL APTES was gradually added to
the mixture. The reaction mixture was subjected to constant
stirring and refluxed at 76 °C for 12 h to facilitate functionali-
zation. After the reaction, the resulting mixture was centrifuged
(2254 x g, 4 °C, 10 min) to separate the solid product from the
supernatant. The collected white solid was washed twice with
10 mL ethanol to remove any unreacted APTES. Each washing
step was followed by centrifugation (2254 x g, 4 °C, 5 min) to
ensure thorough purification. Finally, the purified solid product
was dried overnight at 50 °C to obtain the NH,-CeO, NP
powder.

2.2.3 Synthesis of Rf-CeO, NPs. Rf molecules were func-
tionalized onto NH,-CeO, NPs by amidation. The carboxylic
groups in Rf-citrate ester (CARf) were coupled with the amino
groups of NH,-CeO, NPs using the EDC-NHS coupling reaction
(Fig. 1). Initially, 50 mg CARf was dissolved in 25 uL. DMSO and
stirred at room temperature for 30 min. Subsequently, 40 mg
NHS and 40 mg EDC were added to the solution and stirred at
room temperature. In a separate step, 100 mg NH,-CeO, NPs
were dispersed in 10 pL deionized water to prepare a dispersed
NP solution, which was subsequently added to the preactivated
CARf reaction mixture. Then, the conjugation process was
initiated under stirring at room temperature for 24 h. After the
reaction was completed, the solution was purified by centrifu-
gation (2254 x g, 4 °C, 10 min) and washed with DMSO to
obtain a yellow solid product. The product was washed with
DMSO at least two more times or until a clear supernatant was
obtained. Finally, the product was washed with deionized water
and centrifuged before being dried overnight at 50 °C to obtain
conjugated CeO,-NH,-CARf NPs, which were stored at room
temperature until characterization. The conjugated CeO,~-NH,~
CARf NPs were then characterized by fluorescence spectroscopy
(RF-5301 PC Spectrofluorophotometer, Shimadzu, Japan) to
confirm the successful attachment of the fluorophore and
assess its optical properties. The percent mass recovery of NH,—
Ce0,, Rf-CeO,, and overall yield were calculated according to
the equation:

final mass

% mass recovery = x 100

initial mass
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Fig.1 Schematic illustration of the synthesis and riboflavin (Rf) functionalization of cerium oxide nanoparticles (CeO, NPs). (a) CeO, NPs were
synthesized via precipitation by reacting cerium nitrate hexahydrate (Ce[NOxs]s-6H,0) with 1 M NaOH in deionized water, adjusting the pH to 12,
and incubating at 50 °C for 24 h. The resulting precipitate was collected and calcined at 400 °C for 2 h to obtain CeO, NPs. (b) CeO, NPs were
functionalized with (3-aminopropyl)triethoxysilane (APTES) at 76 °C for 12 h to obtain amine-modified CeO, (H,N-CeO,) NPs. These were
further conjugated with Rf-citrate ester in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) at room temperature for 24 h to produce Rf-functionalized CeO, (Rf-CeO,) NPs.

2.2.4 Characterization of the synthesized NPs

2.2.4.1 Dynamic light scattering measurement. The hydrody-
namic diameter and zeta potential of the synthesized NPs were
analyzed by dynamic light scattering (DLS). Both measurements
were performed with a Zetasizer Ultra (Malvern Panalytical) at
a controlled temperature of 25 °C to ensure consistency. To
optimize the measurement accuracy and minimize interfer-
ence, the NP samples were diluted with deionized water as the
dispersion medium at a 1: 100 ratio for a final NP concentration
of 0.1 mg mL™".

2.2.4.2 Transmission electron microscopy analysis. The
morphological characteristics and structural integrity of the
NPs were visualized by transmission electron microscopy (TEM)
with a JEM-3100 (HR) instrument. Prior to imaging, the NPs
were redispersed in ethanol at a concentration of 0.5 mg mL ™"
to facilitate uniform sample deposition. The sample was
prepared by placing a small droplet of the NP dispersion onto
a carbon-supported copper grid (TEM grid, PELCO, TED PELLA)
and allowing it to dry under ambient conditions.

2.2.4.3 Field emission scanning electron microscopy analysis.
The morphology and size of the synthesized NPs were deter-
mined using a field emission scanning electron microscope
(FESEM, FEI Quanta 450). The samples were prepared by
placing the NPs on a carbon-coated copper grid, and the NPs
were then gold-coated to improve the conductivity.

2.2.4.4 Fourier transform infrared spectroscopy analysis. The
Fourier-transform infrared (FTIR) spectra of the synthesized
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CeO, NPs were recorded by FTIR spectroscopy (Bruker Tensor 27)
to analyze their vibrational characteristics and confirm the
presence of functional groups. The spectra were collected over
a broad wavenumber range of 4000-500 cm ™" with 32 scanning
times at a resolution of 4 cm ™" to enable the identification of key
absorption bands associated with the chemical structure and
phase composition of the NPs. This analysis provides valuable
insights into the bonding environment and structural integrity of
the synthesized CeO, NPs.

2.2.4.5 Powder X-ray diffraction. The crystalline structure of
the synthesized CeO, NPs was analyzed using a benchtop X-ray
diffractometer (Bruker D8 Advance XRD) at 40 kV, 40 mA using
CuKu as a light source. X-ray diffraction (XRD) patterns were
obtained by scanning over a 26 range of 20°-90° using a copper
Ko radiation source with a wavelength of 1.5418 A.

2.2.5 Cell culture. The TNBC cell line MDA-MB-231 (HTB-
26) and normal breast epithelial cells MCF-10A were obtained
from ATCC. MDA-MB-231 cells were cultured in DMEM with
10% FBS and 1% penicillin-streptomycin, while MCF-10A cells
were maintained in DMEM/F12 with horse serum and insulin
(Gibco, UK). EGF and hydrocortisone were from Sigma-Aldrich
and HiMedia (Mumbai, India), respectively. Cells were incu-
bated at 37 °C in 5% CO,.

2.2.6 Cell viability and photodynamic therapy assays. The
cytotoxicity of the NPs was evaluated using the 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay.
Cells were seeded in 96-well plates (8 x 10> cells per well) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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incubated for 24 h at 37 °C with 5% CO,. The cells were treated
with complete medium containing either CeO, or Rf-CeO, with
final drug concentrations of 25, 50, 100, 200, 400, and 600 pg
mL ™! under dark conditions and 6.25, 12.5, 25, 50, 100, and 200
pg mL~" under photodynamic conditions. After 90 min incu-
bation, the cells were irradiated with UV-A light for 10 min using
a UV nail lamp (power density = 3.95 mW c¢cm™?) and cultured
further for 48 h. After treatment, the culture medium was di-
scarded and replaced with MTT solution (0.5 mg mL™" in
serum-free medium), followed by 4 h of incubation at 37 °C. The
MTT solution was then removed, and 100 uL. DMSO was added
to each well to solubilize the formazan crystals. The absorbance
was measured at 540 nm using a microplate reader (Thermo
Fisher Scientific, Wilmington, DE, USA). Cell viability was
expressed as the percentage relative to the untreated controls
and was calculated according to the equation:

absorbance of treated — absorbance of blank
absorbance of control — absorbance of blank
x 100

% cell viability =

All experiments were conducted in triplicate with at least
three independent repeats to ensure reproducibility.

2.2.7 Intracellular ROS generation. Intracellular ROS levels
were quantified using the DCFDA/H2DCFDA Cellular ROS Assay
Kit (Abcam, ab113851) following the manufacturer's protocol.
MDA-MB-231 cells were seeded into black 96-well plates at
a density of 2.5 x 10" cells per well and incubated overnight at
37 °C with 5% CO, to facilitate cell attachment. The following
day, the cells were washed with the provided 1x assay buffer
and incubated with 25 uM DCFDA solution (prepared in 1x
buffer) for 45 min at 37 °C in the dark. After incubation, excess
dye was removed by washing the cells with 1x buffer. The cells
were then treated with CeO, or Rf-CeO, NPs at concentrations
of 25, 50, 100, and 200 ug mL~". To evaluate the photodynamic
effect, cells were incubated for 90 min, exposed to UV-A light for
10 min using a UV nail lamp, and then incubated for 24 h under
standard culture conditions. The fluorescence intensity, which
indicates intracellular ROS generation, was measured using
a fluorescence microplate reader at an excitation/emission
wavelength of 485/535 nm. The relative fluorescence units
were normalized based on the untreated controls. The Operetta
High Content Imaging System (PerkinElmer, Waltham, MA,
USA) was used to capture fluorescent signals. All experiments
were performed in triplicate and repeated independently at
least three times.

2.2.8 Mitochondrial membrane potential assay. Mito-
chondrial membrane potential (MMP) was measured using the
JC-1 assay (Dojindo Laboratories, Japan) according to the
manufacturer's protocol. MDA-MB-231 cells were seeded in 96-
well black, clear-bottom plates at a density of 2.5 x 10 cells per
well and incubated overnight at 37 °C in a 5% CO, atmosphere
to facilitate cell attachment. Following treatment with CeO, or
Rf-CeO, NPs (at 25, 50, 100, and 200 ug mL ") for 48 h, with or
without UV-A irradiation (10 min, 3.95 mW cm™2) after 90 min
pre-incubation, the cells were incubated with 4 uM JC-1 dye in
serum-free medium for 60 min at 37 °C in the dark. After

© 2025 The Author(s). Published by the Royal Society of Chemistry
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incubation, the cells were washed twice with 1x assay buffer to
remove excess dye. Fluorescence was measured using a fluores-
cence microplate reader (Agilent Technologies, USA) at
excitation/emission wavelengths of 485/530 nm for JC-1 mono-
mers (green) and 535/590 nm for JC-1 aggregates (red). The red/
green fluorescence intensity ratio was calculated to measure the
changes in the MMP. A decrease in the red/green fluorescence
ratio indicates a loss of MMP and mitochondrial depolarization.
Fluorescence imaging was performed with the Operetta High
Content Imaging System (PerkinElmer, Waltham, MA, USA).

3. Results
3.1 Characterization of CeO, and Rf-CeO, NPs

CeO, particles appeared as white powder, whereas Rf-CeO,
showed as yellow clumped powder (Fig. 2a and d, respectively).
The morphology, shape, and structural arrangement of both
NPs were examined. The surface morphology and distribution
of both NPs were investigated by SEM, as shown in (Fig. 2b and
e). The SEM image of CeO, in Fig. 2b reveals a relatively uniform
dispersion of rod-like NPs. The particles appear to be densely
packed with slight aggregation. After Rf functionalization
(Fig. 2e), the particles became slightly more textured and less
aggregated. The obtained TEM images confirmed the SEM
results that both CeO, and Rf-CeO, exhibited a rod-shaped
morphology and a clustered arrangement (Fig. 2c¢ and f,
respectively). To evaluate the synthesis efficiency for Rf-CeO,
NPs, mass recovery was determined after each modification
step. Starting with 500 mg of CeO,, the amination step yielded
545.6 mg of NH,-CeO, (109.1% mass recovery), indicating
successful attachment of amine ligands to the nanoparticle
surface. Conjugation of 100 mg NH,-CeO, with riboflavin
produced 88.9 mg of Rf-CeO, (88.9% mass recovery). Since
these processes involve surface functionalization rather than
molecular synthesis, reaction efficiency was expressed as the
mass recovery of dried products. Overall, the process achieved
a high total mass recovery (~97%), demonstrating efficient
functionalization of CeO, with riboflavin. The hydrodynamic
size of CeO, NPs was measured by DLS (Table 1). CeO, NPs were
larger than Rf-CeO, NPs, which might be because CeO, tends to
form aggregates in the aqueous solution. Upon Rf modification,
the NP surfaces became more stable, resulting in a significantly
lower average particle size and a narrower size distribution. The
size distribution of CeO, and Rf-CeO, was also assessed. The
majority of unmodified CeO, NPs were distributed within the
100-500 nm range, reflecting moderate polydispersity (Fig. S1a).
In comparison, Rf-CeO, nanoparticles exhibited a more
uniform distribution, with about 65-75% of the particles falling
within the 100-400 nm range (Fig. S1b). This enhanced stability
is further indicated by the zeta potential measurements. While
CeO, exhibited a negative zeta potential due to surface hydroxyl
groups, the surface charge became positive after Rf function-
alization, indicating successful functionalization, as Rf
contains positively charged functional groups. Moreover, the
positive surface charge likely contributed to the increased
electrostatic repulsion between particles, thereby minimizing
aggregation and promoting a more stable suspension.

Nanoscale Adv., 2025, 7, 7196-7208 | 7199
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Fig.2 Characterization of CeO, and Rf-CeO, NPs. (a) CeO, and (d) Rf-CeO,. Field-emission scanning electron microscopy images of CeO, (b)
and Rf-CeO, (e). Transmission electron microscopy images of CeO, (c) and Rf-CeO, (f). Both NPs exhibit a well-defined, rod-shaped

morphology with an average particle size of < 50 nm.

Table 1 Dy and zeta potential of CeO, and Rf-CeO, NPs*

Nanoparticles Dy (nm) PDI Zeta potential (mV)
CeO, 436.7 + 92.91 0.48 £ 0.07 —22.3
Rf-CeO, 363.7 £ 15.21 0.50 £+ 0.03 28.6

¢ Hydrodynamic diameter (Dy), polydispersity index (PDI).

3.2 Fluorescence, FTIR, and XRD analyses of CeO, and Rf-
CeO,

To functionalize Rf onto CeO, NPs, Rf-citrate ester (CARf) was
used to modify CeO, NPs. The structures of Rf and CARf are
shown in Fig. 3a. Fluorescence spectroscopy was performed to
confirm the successful conjugation of the Rf-citrate ester (CARf)
onto the CeO, NPs (Fig. 3b). The CARf exhibited a strong
emission peak centered at 520 nm, which is characteristic of its
isoalloxazine ring system.** Rf-CeO, retained this fluorescence
signal, confirming the presence of Rf on the NP surface. In
contrast, unfunctionalized CeO, NPs exhibited negligible fluo-
rescence in the same region, indicating the absence of Rf. The
FTIR spectra of CeO,, CARf, and Rf-CeO, NPs are shown in
Fig. 3c. In the spectrum for the CeO, sample, the peak at
3400 cm ™ corresponded to the ~OH stretching vibrations of the
hydroxyl groups, while in the modified sample, the -NH stretching
of the amide overlapped with the -OH stretching, which appeared
at around the same frequency (3200-3600 cm ').3* CARf shows
characteristic peaks at ~3400-3200 cm ' (O-H/N-H),
~2925-2850 cm ™" (C-H), ~1680-1640 cm™ ' (C=0/C=N), and
~1200 cm ' (C-N/C-O). The distinct bands observed around
1300-1500 cm " in the Rf-CeO, spectrum were associated with the

7200 | Nanoscale Adv., 2025, 7, 7196-7208

C-H bending of the CARf structure and C-N stretching of the
aromatic amines from Rf, which also exhibited major peaks at
1743 em ™ corresponding to the C=0 bonds in the Rf structure.
Furthermore, the presence of an amide linkage was identified. The
peaks noted at 1692 and 1530 cm ™" correspond to the C=0 amide
and C-N bond stretching,® confirming the successful Rf func-
tionalization of CeO, NPs.

Furthermore, the frequency bands at 850 and 540 cm™ " are
attributed to the Ce-O stretching observed in both CeO, and Rf-
CeO, NP samples, indicating the presence of CeO, NPs and
their derivatives. The FTIR spectra of Rf-CeO, indicated the
presence of major peaks from Rf, which were absent in the
spectrum of unmodified CeO,, confirming the successful
functionalization of Rf onto CeO,. The XRD patterns of CeO,
and Rf-CeO, NPs are presented in Fig. 3d. Both samples
revealed a series of sharp and intense diffraction peaks located
at approximately 26 = 28.5°, 33.1°, 47.5°, 56.3°, 59.1°, and 69.4°,
which correspond to the (111), (200), (220), (311), (222), and
(400) crystal planes of CeO, (JCPDS no. 34-0394), respectively.
No significant shifts were observed in the peak positions after
functionalization, indicating that the crystalline structure of
CeO, remained intact. However, the intensity of the Rf-CeO,
peaks increased slightly and became more well-defined,
possibly due to improved crystallinity or reduced aggregation
after surface modification. Moreover, using the Debye-Scherrer
equation from the (111) plane, the approximate crystallite size
of CeO, NPs was calculated to be 436.7 nm, which indicates
good agreement with the TEM results. Furthermore, the
absence of any new peaks indicates that Rf was coated onto the
CeO, surface in an amorphous or noncrystalline form.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3 Cytotoxicity of CeO, and Rf-CeO, NPs in MDA-MB-231
cells

The cytotoxicity of CeO, and Rf-CeO, NPs on MDA-MB-231 cells
was assessed using the MTT assay. The result revealed a dose-
dependent decrease in cell viability in both NPs compared
with the control group. However, the half maximal inhibitory
concentration (ICs,) of CeO, on breast cancer cells in 48 h is
non-applicable since the maximum concentration of 600 pg
mL~" cannot reduce cancer cell viability to 50%. In contrast,
MDA-MB-231 cells treated with Rf-CeO, NPs exhibited an ICs,
of 57.71 & 0.04 ug mL~ " (Fig. 4a). Thus, Rf-CeO, NPs exhibited
more potent cytotoxic effects on MDA-MB-231 cells than CeO,
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~
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0 100 200 300 400 500 600 0 25 50 100 200 400 600
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Fig. 4 The anti-cancer effect of CeO, or Rf-CeO, NPs on MDA-MB-
231 cells. (a) The half maximal inhibitory concentration value and
inhibitory curve. (b) The bar graph of cell viability percentage in MDA-
MB-231 cells. Data are expressed as mean + standard error of the
mean (n = 3). ***p < 0.001, and ****p < 0.0001 relative to the control,
two-way analysis of variance.

© 2025 The Author(s). Published by the Royal Society of Chemistry

NPs alone. The bar graph in Fig. 4b compares the percentage of
cell viability of MDA-MB-231 after treatment between CeO, and
Rf-CeO, NPs at each concentration. The results are plotted on
the ICs, value line graph, in which the viability of MDA-MB-231
cells treated with Rf-CeO, NPs was significantly lower than that
of those treated with CeO, NPs in every concentration. There-
fore, Rf-CeO, NPs exert more potent cytotoxicity against breast
cancer cells than CeO, NPs.

3.4 Cytotoxicity of UV-irradiated CeO, and Rf-CeO, NPs in
MDA-MB-231 cells

To evaluate the effects of UV-activated CeO, and Rf-CeO, NPs
on MDA-MB-231 TNBC cells, cytotoxicity, intracellular ROS
generation, and MMP were assessed following 10 min of UV
exposure after incubation for 90 min. The cytotoxic potential of
CeO, and Rf-CeO, after UV exposure was assessed using the
MTT assay. The results are presented in Fig. 5a. Both NPs
induced a dose-dependent reduction in cell viability compared
with the untreated control. However, even after UV exposure,
CeO, was unable to achieve ICs, at any concentration (6.25,
12.5, 25, 50, 100, and 200 pg mLfl). In contrast, Rf-CeO,
demonstrated significantly enhanced cytotoxicity, with an ICs,
value of 39.9 + 0.07 ug mL ™" after 48 h. Furthermore, the ICs,
of UV-irradiated Rf-CeO, treatment was lower than that of Rf-
CeO, without UV exposure (ICso = 57.71 + 0.04 ug mL ™}
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Fig. S2a). This reduction in IC5, upon UV activation highlights
the photodynamic enhancement of Rf-CeO,-mediated cyto-
toxicity. Consistent with these findings, the bar graph analysis
of cell viability across various concentrations in Fig. 5b
confirmed that Rf-CeO, consistently induced greater cytotoxic
effects than CeO,. These results indicate that UV activation,
particularly in Rf-CeO,, enhanced the cytotoxic activity of
CeO, NPs. Although UV activation enhanced the overall
potency of Rf-CeO,, no significant difference in cell viability
was observed between the irradiated and non-irradiated Rf-
CeO, treatments at individual concentrations (Fig. S2b). These
results collectively signify that Rf-CeO, NPs exhibited even
greater cytotoxicity after further potentiation by UV-induced
photodynamic activation. The cytotoxicity of Rf-CeO, was
also investigated in normal breast cells (MCF-10A). The ICs, of
Rf-CeO, on MCF-10A cells after 48 h was 12.06 # 0.04 ug mL ™"
(Fig. S3a), which was notably lower than the ICs, for breast
cancer cells (MDA-MB-231). After 10 min of UV exposure, the
IC;, decreased further to 5.81 + 0.05 ug mL ™" (Fig. S3b). A
direct comparison of cell viability between UV-exposed and
non-exposed groups at each concentration is shown in Fig. S3c.
These findings indicate that Rf-CeO, exhibits cytotoxic effects
on normal breast cells both with and without UV exposure.
However, strategies such as tumor-targeted delivery, cancer-
specific surface functionalization, or localized UV irradiation
could improve tumor accumulation of Rf-CeO,, thereby
reducing off-target effects and enhancing its safety and efficacy
for cancer therapy.

3.5 Intracellular ROS generation assessed using the DCFDA
fluorescence assay

Based on the well-established redox mechanism of cerium oxide
nanoparticles (CeO, NPs), which involves cycling between Ce**
and Ce"" oxidation states and consequent enhancement of ROS
generation selectively in cancer cells, intracellular ROS levels in
MDA-MB-231 cells treated with either CeO, or Rf-CeO, NPs were
assessed using the DCFDA fluorescence assay. The intracellular
ROS levels in MDA-MB-231 cells were evaluated using DCFDA
staining after treatment with CeO, or Rf-CeO, NPs at concen-
trations of 25, 50, 100, and 200 pg mL™ ", with or without UV
exposure for 10 min. In the absence of UV exposure, CeO,
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treatment did not alter the fluorescence intensity across several
concentrations. In contrast, Rf-CeO,-treated cells dose-
dependently exhibited increasing green fluorescence intensity
at markedly higher rates than those in CeO,-treated cells, indi-
cating elevated intracellular ROS generation following Rf func-
tionalization. Upon UV activation, both CeO, and Rf-CeO, NPs
showed increased green fluorescence; however, the enhance-
ment was substantially greater in the Rf-CeO, group, verifying
the photodynamic activation of Rf under UV light. Furthermore,
a direct comparison between cells treated with Rf-CeO, alone
and those treated with Rf-CeO, and subsequent UV exposure
revealed a significant difference in the increase in green fluo-
rescence intensity in the UV-irradiated group, particularly at 100
and 200 pg mL~" (Fig. 6a). These findings are consistent with the
results of the DCFDA fluorescence assay for measuring intracel-
lular ROS using a microplate reader (excitation/emission: 485/
535 nm). Rf-CeO, treatment resulted in a more significant,
dose-dependent increase in ROS levels compared with untreated
control cells (Fig. 6b). Rf-CeO, treatment at all concentrations
induced markedly higher DCFDA fluorescence intensity than
CeO, treatment, which exhibited minimal ROS generation with
no significant difference from the control group. These findings
indicate that Rf functionalization enhances the oxidative poten-
tial of CeO, NPs. The elevated ROS levels observed in Rf-CeO,-
treated cells are likely associated with the more potent cytotox-
icity of Rf-CeO, than that of CeO,. Furthermore, excessive
intracellular ROS can damage cellular components and trigger
apoptotic pathways. These results demonstrate that Rf-CeO, can
increase intracellular ROS production than CeO,. UV-irradiated
Rf-CeO, elicited a significant, dose-dependent increase in
DCFDA fluorescence intensity, indicating higher intracellular
ROS production than that in the untreated control and CeO,-
treated cells. UV-irradiated CeO, did not significantly alter ROS
levels compared with the control. At equivalent concentrations
(50, 100, and 200 ug mL "), Rf-CeO, induced significantly higher
intracellular ROS generation than CeO,, indicating that Rf
functionalization enhanced oxidative stress, particularly with UV
activation (Fig. 6c). These findings are consistent with the
observed cytotoxicity, indicating that ROS generation plays a key
role in the enhanced antitumor activity of Rf-CeO,. Furthermore,
comparison of the DCFDA fluorescence intensity revealed that
Rf-CeO, NPs subjected to UV exposure increased ROS generation
by approximately two-fold at concentrations of 100 and 200 pg
mL ' compared with non-irradiated Rf-CeO, (Fig. S4). This
pronounced upregulation of oxidative stress following UV acti-
vation underscores the photodynamic properties of the Rf-
functionalized CeO, NPs. These findings are consistent with
the cytotoxicity results, in which UV-irradiated Rf-CeO, exhibited
greater cytotoxic effects on MDA-MB-231 cells than non-
irradiated Rf-CeO,.

3.6 MMP disruption assessed by JC-1 staining

The enhanced cytotoxicity observed in Rf-CeO,-treated MDA-
MB-231 cells is attributed to elevated intracellular ROS gener-
ation. Excessive ROS production impairs mitochondrial func-
tion by inducing loss of MMP, an early indicator of apoptosis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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***p < 0.001, and ****p < 0.0001 relative to the control, two-way analysis of variance.

The MMP in MDA-MB-231 cells was evaluated using JC-1 dye
following treatment with CeO, or Rf-CeO, NPs at concentra-
tions of 25, 50, 100, and 200 pg mL ™', with or without UV
exposure. JC-1 is a cationic lipophilic dye that selectively accu-
mulates in mitochondria in a MMP-dependent manner. In
healthy, polarized mitochondria, JC-1 forms aggregates that
emit red fluorescence. Conversely, in depolarized or dysfunc-
tional mitochondria, JC-1 remains in its monomeric form in the
cytoplasm, emitting green fluorescence. Therefore, the red/
green fluorescence intensity ratio is a sensitive indicator of

© 2025 The Author(s). Published by the Royal Society of Chemistry

mitochondrial integrity, with a decrease in the ratio indicating
early apoptosis.

In the non-UV-treated groups, CeO,-treated cells exhibited
no noticeable change in red or green fluorescence compared
with untreated controls, indicating preserved mitochondrial
membrane potential. In contrast, Rf-CeO, treatment dose-
dependently increased green fluorescence, with a correspond-
ing decrease in red fluorescence (Fig. S5a), indicating progres-
sive mitochondrial depolarization. This shift in JC-1 staining
appeared as merged images dominated by green fluorescence
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(Fig. 7a), further supporting the loss of MMP with increasing NP
concentration. Following 10 min of UV exposure, Rf-CeO,
induced a dose-dependent increase in green fluorescence with
a concurrent reduction in red fluorescence (Fig. S5b), producing
merged images prominently dominated by the green signal,
especially at higher concentrations (100 and 200 pg mL ). This
observation confirms the role of Rf in enhancing photodynamic
activity and promoting MMP disruption. These data are
consistent with the microplate reader-based JC-1 assay results.

View Article Online
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This assay relies on the red/green fluorescence intensity ratio as
an indicator of mitochondrial polarization, where red fluores-
cence (excitation/emission: 535/595 nm) indicates healthy,
polarized  mitochondria, whereas green fluorescence
(excitation/emission: 485/535 nm) indicates depolarized,
dysfunctional mitochondria. Cells were treated with CeO, or Rf-
CeO, NPs (25, 50, 100, and 200 pg mL ") for 48 h. Both NPs
induced a dose-dependent reduction in the red/green fluores-
cence ratio, indicating MMP loss (Fig. 7b).
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Fig. 7 The assessment of mitochondrial membrane potential in MDA-MB-231 cells using JC-1 dye after treatment with CeO, or Rf-CeO,
nanoparticles (25, 50, 100, and 200 pg mL™2) with or without 10 min of UV exposure. (a) Fluorescence images of JC-1 dye staining. Images were
captured using high-content Operetta imaging. Scale bar = 50 um. Red/green fluorescence intensity ratio was analyzed using a microplate
reader without (b) or with subsequent UV exposure (c). Data are represented as fold change, mean =+ standard error of the mean (n = 3). *p < 0.05,

and **p < 0.01, relative to the control, two-way analysis of variance.
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However, Rf-CeO, treatment resulted in a significantly
greater decrease in MMP than CeO,, particularly at higher
concentrations (100 and 200 ug mL™"). This marked reduction
in mitochondrial polarization in the Rf-CeO,-treated group
demonstrates that Rf functionalization enhanced the ability of
CeO, to disrupt mitochondrial function. Following treatment
with UV-irradiated CeO, and Rf-CeO,, the red/green fluores-
cence intensity ratio in MDA-MB-231 cells dose-dependently
decreased, indicating mitochondrial depolarization. Fig. 7c
shows that Rf-CeO, treatment significantly reduced the red/
green ratio at both 100 and 200 pg mL™' concentrations
compared with CeO,, indicating a stronger disruption of mito-
chondrial integrity. These data align with the elevated ROS
levels and cytotoxic effects observed in the Rf-CeO, group and
demonstrate the involvement of a redox-mediated apoptotic
mechanism.

To investigate whether the UV activation of Rf-CeO, further
influenced mitochondrial integrity, we compared the red/green
fluorescence intensity ratios on JC-1 staining between cells
treated with irradiated and nonirradiated Rf-CeO,. However, no
significant differences were observed between the two groups
across all tested concentrations (Fig. S5¢). These results confirm
that Rf-CeO, induces greater mitochondrial dysfunction than
CeO,, regardless of UV exposure, which is consistent with the
microplate reader-based JC-1 assay results, confirming that Rf-
CeO, promotes mitochondrial dysfunction more significantly
than unmodified CeO,, possibly through enhanced intracellular
ROS generation.

4. Discussion

TNBC presents a significant therapeutic challenge stemming
from its aggressive nature and lack of specific molecular targets.
Recent studies have investigated redox-modulating nano-
therapeutics that are capable of exploiting the higher oxidative
stress vulnerability of TNBC cells.***” In this context, CeO, NPs,
with their unique capacity for redox-switching between Ce*" and
Ce', have emerged as promising agents. However, their
intrinsic anticancer properties remain limited unless further
engineered for targeted delivery and enhanced activity.***° In
our study, we found that Rf-CeO, NPs exert superior anticancer
activity compared with unmodified CeO, NPs in MDA-MB-231
cells, and this activity is significantly amplified upon UV expo-
sure. Rf-CeO, NPs exhibited a markedly lower ICs5, than CeO,
NPs, especially with UV activation, indicating enhanced cyto-
toxic potential. This effect correlates with increased intracel-
lular ROS production and MMP disruption, which are hallmark
events of oxidative and mitochondrial stress-induced apoptosis.
A key contributor to the enhanced efficacy of Rf-CeO, is func-
tionalization with Rf (vitamin B2), a known endogenous
photosensitizer. Upon UV irradiation, Rf transitions to an
excited triplet state, which can transfer energy to molecular
oxygen and generate ROS, particularly singlet oxygen and
superoxide radicals.*"*> This photodynamic mechanism is well-
documented and forms the basis for the use of Rf in PDT.****
Rf-CeO, NPs generate significantly higher levels of intracellular
ROS than CeO, NPs, especially after UV exposure, suggesting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a synergistic effect between the redox properties of CeO, and the
photosensitizing effect of Rf. The increase in ROS generation
induced by Rf-CeO, NPs triggered a substantial dose-
dependent loss of MMP, as observed in JC-1 staining. In
untreated cells or those treated with CeO, NPs, JC-1 formed red-
emitting aggregates in healthy mitochondria. In contrast, in
cells treated with Rf-CeO,, green fluorescence increased while
red fluorescence decreased, indicating mitochondrial depolar-
ization.*” These changes were observed regardless of UV expo-
sure, although the UV-exposed cells also increasingly emitted
green fluorescence, which is consistent with high ROS accu-
mulation. These findings indicate that although mitochondrial
disruption is primarily ROS-mediated, photodynamic
enhancement intensifies oxidative damage, likely leading to
irreversible apoptotic signalling.

Importantly, our findings also establish that Rf functionali-
zation improves the cellular uptake and tumor selectivity of
CeO, NPs. Rf binds to Rf transporters (RFVTs), which are often
overexpressed in various cancers, including breast cancer.*
This targeting strategy not only facilitates more efficient NP
internalization but may also localize the NPs near the mito-
chondria, where Rf also naturally accumulates, given its role in
oxidative metabolism, thereby enhancing photodynamic
disruption directly at the mitochondrial level.*** Together,
these underlying mechanisms explain why Rf-CeO, NPs are
significantly more cytotoxic to breast cancer cells than CeO,

The combination of active targeting via RFVT-mediated
uptake, Rf photoactivity, and redox dynamics of CeO, can
inhibit cancer cell progression in multiple ways: increasing ROS
production, impairing mitochondrial function, and initiating
apoptosis. Moreover, UV activation further enhanced this cyto-
toxic cascade, highlighting the potential of Rf-CeO, NPs as
a novel light-activated nanotherapeutic platform for TNBC.
While our findings provide valuable insights into the effects of
cerium oxide nanoparticles (CeO, NPs) and Rf-functionalized
CeO, NPs on ROS generation in MDA-MB-231 cells, this study
has several limitations. Notably, the long-term cytotoxicity, bi-
odistribution, and potential immunogenicity of the CeO, and
Rf-CeO, nanoparticles were not evaluated. Furthermore, the
precise molecular mechanisms responsible for the enhanced
reactive oxygen species (ROS) generation observed with Rf-CeO,
NPs remain to be elucidated. Future studies should explore the
role of RFVTs in the uptake of Rf-CeO, NPs, investigate their
biodistribution and pharmacokinetics in vivo, and explore the
feasibility of using clinically applicable light sources to activate
them. Nonetheless, our data provide a compelling rationale for
the continued development of Rf-functionalized nanomaterials
as targeted photodynamic agents in cancer therapy.

5. Conclusion

This study demonstrated that Rf-CeO, NPs exhibit significantly
enhanced cytotoxicity against MDA-MB-231 breast cancer cells
compared with unmodified CeO, NPs. Although CeO, NPs
minimally impacted cell viability, Rf-CeO, NPs effectively
induced ROS generation, reduced MMP, and promoted cancer
cell death. Furthermore, UV activation further amplified the
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anticancer effect of Rf-CeO, NPs, indicating their potential
application as PDT agents. The study findings further establish
the potential of Rf-CeO, NPs as a multifunctional nanoplatform
for targeted breast cancer therapy.
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