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Triple negative breast cancer (TNBC) is an aggressive subtype of breast cancer, known for its marked
resistance to radiotherapy. Recent research has focused on developing innovative therapeutic strategies
to overcome this challenge, with one promising approach being the combination of photodynamic
(PDT) (RT). of nanoparticles loaded with
photosensitizers to enhance therapeutic efficacy, particularly in combination with charged particle

therapy and radiotherapy However, the potential
therapies, such as proton therapy (PT), remains underexplored. In this study, we developed porphyrin-
coated gold nanoparticles (AUNPs@TMPyP) to integrate PDT with RT using both photons and protons.
PDT was performed using AUNPs@TMPyP (35 ng mL™* gold content and 25 pM TMPyP) activated by
a red laser (fluence: 40 J cm™2) and combined with either X-rays (225 kVp) or PT (10 keV pm™2). The
combined treatment was evaluated for its effects on singlet oxygen generation, reactive oxygen species
(ROS) production, mitochondrial membrane potential, and cell death pathways. Additionally, we assessed
the survival fraction of both healthy and tumor breast cells. A 3D spheroid model was employed to
further investigate the efficacy of the AUNPs@TMPyP-mediated PDT in combination with RT. Intracellular
uptake of AuNPs@TMPyP significantly impaired antioxidant defenses, through reduction of thioredoxin

reductase levels. Under combined treatment, we observed increased ROS production, reduced survival
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Accepted 3lst January 2026 raction, and loss of mitochondrial membrane potential, along with increased apoptosis. Our findings
suggest that AuNPs@TMPyP-mediated PDT significantly enhances radiosensitization and amplifies the

DOI: 10.1039/d5na00927h therapeutic response when combined with either X-rays or PT, while exhibiting selectivity toward tumor

rsc.li/nanoscale-advances cells, positioning it as a promising strategy for treating TNBC.
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Introduction

Triple-negative breast cancer (TNBC) is a biological subtype of
breast cancer, representing 15-20% of all breast cancers cases.
It is characterized by the absence of estrogen and progesterone
receptors, as well as the human epidermal growth factor
receptor 2. These characteristics make TNBC an aggressive form
of breast cancer with a poor prognosis and an average survival
time of 18 months." Additionally, TNBC tends to grow and
spread more rapidly, often leading to distant metastases in the
lungs and brain, which complicates disease management.”
The treatment of TNBC remains limited, as it is not
responsive to conventional treatments, such as adjuvant
radiotherapy (RT), which is traditionally administered following
mastectomy or conservative breast surgery to induce DNA
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damage in remaining cancer cells and halt their reproduction.?
Consequently, a prolonged treatment period and cumulative
doses of ionizing radiation (IR) are often required, leading to
several side effects and cardiac disease, mainly due to the
deposition of high doses in organs at risk (OAR).**

Over the last few decades, charged particles such as protons
(H") have been increasingly used as an alternative to achieve
high conformality, avoiding the deposition of dose in
surrounding healthy tissue and minimizing high doses in the
OAR.® In proton therapy (PT/H"), it is possible to concentrate the
dose in the tumor by modulating the position of the Bragg peak
within the target volume, thereby reducing the dose absorbed
by surrounding tissues by approximately 60% compared to
conventional RT.” Like X-ray, protons promote DNA ionization
both indirectly through reactive oxygen species (ROS) produc-
tion and directly, resulting in more complex DNA damage.®
Although, PT has not been the most widely used form of IR,
particularly in breast cancer, it is currently indicated for
selected cases of early-stage and locally advanced disease.>*®
However, despite the advantages of PT, including its favourable
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depth-dose profile, overcoming radioresistance remains
a significant challenge.™

Photodynamic therapy (PDT) is a promising cancer treat-
ment due to its tumor selectivity, low side effects and cost-
effectiveness.”** PDT involves the use of a photosensitizer (PS)
along with a resonant wavelength that culminates in the
formation of ROS leading to cell death. However, the challenges
of delivering the PS to deep-seated tumors and mainly the
shallow penetration of light through tissue to activate the PS
have hindered the widespread use of PDT in oncology." These
limitations complicate the assessment of its real effects as
standalone therapy or in association with regular therapies,
such as RT.*>*¢

With the advance of nanomedicine, gold nanoparticles
(AuNPs) have been studied to enhance the effects of the RT due
to their ability to increase dose deposition in the target volume
as well as ROS production.”” Some studies have evidenced
increased oxidative stress and reduced mitochondrial
membrane potential in cells pre-incubated with AuNPs.***
Additionally, AuNPs conjugated with PS with or without specific
tumor targeting have also been used in PDT and improved the
homogeneity of PS distribution within the tumor.*® Thus,
AuNPs coated with PS to enable a multifaceted treatment,
surpassing the challenges of each standalone therapy, would be
a promising therapeutic strategy.

Here, we combined PDT mediated by porphyrin-coated
AuNPs (AuNPs@TMPyP) with either X-rays or PT as a novel
strategy to enhance cancer treatment. Using MDA-MB-231 cells
to model TNBC to verify the effects of the treatment, we estab-
lished PDT and RT protocols and assessed surviving fraction,
ROS generation, mitochondrial membrane potential, and cell
death pathways. We also evaluated the impact of treatments on
3D TNBC spheroids viability and verified the effects on the
survival fraction in MCF10A as healthy breast tissue. Our find-
ings indicate that this multifaceted approach may be a prom-
ising therapeutic strategy for TNBC, capable of disrupting
thioredoxin reductase activity and enhancing long-term tumor
control.

Material and methods

This study comprised four experimental groups: control,
AuNPs, AuNPs@TMPyP and TMPyP, each subjected to four
treatment conditions: (i) unexposed, (ii) laser irradiation, (iii) X-
rays or H' irradiation and (iv) combined treatment with laser
plus X-rays or H"

AuNPs synthesis, functionalization and characterization

AuNPs were synthesized using the reverse Turkevich method to
achieve a 15 nm diameter.>* Sodium citrate (pH = 7.5, 5.3 mM-
Merck, Belgium) was heated at 100 °C, and HAuCl,-3H,0 (pH =
1.6, 25.4 mM-Merck, Belgium) was added once bubbles
appeared, stirring until it turned red. Coating by ligand
exchange was performed at room temperature with LA-PEGy-
COOH (lipoic acid poly (ethylene glycol), 10 mM-
BiopharmaPEG, USA), stirred overnight. The mixture was then
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purified using a 10 kDa molecular weight cut-off membrane
filter (Amicon® ultra centrifugal filter-Merck, Belgium) until the
conductivity reached approximately 1 uS cm™".

Next, TMPyP (5,10,15,20-tetrakis(1-methyl-4-pyridinio)
porphyrin tetra (p-toluenesulfonate), Merck, Belgium) was
added to AuNPs (1:4 (v/v)), mixed overnight, and purified to
remove excess reagents, reaching similar conductivity to the
pegylated AuNPs. AuNPs@TMPyP were lyophilized through
freeze-drying system and kept at 4 °C in dark conditions.

The hydrodynamic diameter and the zeta potential ({) of
AuNPs@TMPyP were determined by dynamic light scattering
(Zetasizer advance ranger-Malvern Panalytical, UK) through
three different dispersion media: water, Dulbecco's Modified
Eagle's Medium (DMEM-Merck, Belgium) and DMEM supple-
mented with 10% fetal bovine serum (FBS-Gibco, Belgium).
Particle size was assessed using transmission electron micros-
copy (TEM) on a Philips Tecnai 10 microscope at 100 KeV in
bright-field mode. Drops of AuNPs and AuNPs@TMPyP were
deposited onto carbon-coated Cu grids to acquire TEM images.
The analysis was conducted using the NanoDefine plugin from
Image]® (Image] 1.53T, 64-bit). AuNPS@TMPyP were further
characterized by Fourier transform infrared spectroscopy (FTIR;
Spectrum Two, PerkinElmer, USA) to confirm the presence of
the TMPyP coating. Spectra were recorded in the range of 4000
to 500 cm™ .

Gold concentration in AUNPs@TMPyP solutions was deter-
mined using atomic absorption spectroscopy (AAS-7000 F, Shi-
madzu, Japan) with a standard calibration curve. The gold
plasmon band was monitored by UV-vis spectroscopy (400-800
nm) using a Spectramax M4 microplate reader (Molecular
Devices, USA) using the same dispersion media described above
at two different experimental time points: 0 and 24-h. TMPyP
concentration was measured spectrophotometrically using its
molar extinction coefficient at the Soret band (e450 nm = 220
000 cm~" M ').® Emission spectra were recorded for all
experimental groups under identical conditions, with excitation
at 420 nm and emission at 660 nm.

Cell culture

MDA-MB-231 cells (ATCC HTB-26) were selected as the TNBC
model in this study, as they are the most widely used in the
literature for this cancer subtype, owing to their reproducibility,
high aggressiveness, and adaptability to both 2D and 3D culture
systems> Cells were cultured in DMEM supplemented with 10%
FBS, 100 U mL™" penicillin, and 100 pg mL™" streptomycin
(Merck, Belgium). MCF10A cells (ATCC CRL-10317) were grown
in DMEM/F-12 (Merck, Belgium) with special supplementation:
5% horse serum (Invitrogen, Belgium), human epidermal
growth factor (20 ng mL~', Protech, UK), hydrocortisone
(0.5 mg mL™", Merck, Belgium), cholera toxin (100 ng mL ™",
Merck, Belgium) and insulin (10 ug mL™"', Merck, Belgium).
Both cell lineages were kept at 37 °C in a humidified atmo-
sphere with 5% CO,,

For 3D cell culture, 3 x 10> MDA-MB-231 cells in 100 pL were
added to Nunclon™ Sphera plates (ThermoFisher Scientific,
Belgium), centrifugated at 150 g for 10 min, and maintained

© 2026 The Author(s). Published by the Royal Society of Chemistry
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under culture conditions for 120 h. The maximum diameter
allowed for spheroids was 200 um at the start of experiment to
guarantee shoot-through proton irradiation.

AuNPs@TMPyP internalization and localization

Under experimental conditions the gold concentration used
was approximately 35 pug mL™', corresponding to 25 uM of
TMPyP. This porphyrin concentration was fixed, and the gold
concentration was adjusted accordingly.® To assess the intra-
cellular content of gold, MDA-MB-231 and MCF10A cells were
cultured in flask of 75 cm® and incubated with AUNPS@TMPyP
for 24 h. Then, cells were detached, washed twice with medium,
centrifuged and counted. The pellets were digested using 2 mL
of aqua regia (37% HCI, 65% HNO;-Merck, Belgium) for 7 days.
The Au content was quantified using AAS and a known cali-
brated curve of gold standard solution diluted in Acqua regia
(Merck, Belgium).

To evaluate TMPyP content, a total of 10000 cells were
seeded into 96-well plate, followed by the addition of
AuNPs@TMPyP for 24 h. Subsequently, the cells were washed
again, and phosphate-buffered saline (PBS-Merck, Belgium) was
added to each well. Fluorescence intensity was then measured
for all conditions using a spectrophotometer (Spectramax M4,
MolecularDevices, USA), with excitation and emission wave-
lengths at 420 nm and 660 nm, respectively.

For localization within MDA-MB-231 cells, a specific protocol
for cell fixation (2.5% glutaraldehyde and 0.1% cacodylate) and
progressive dehydration with ethanol was followed. After this
process, cells embedded in a mixture of propylene oxide and
resin were sliced and mounted on carbon-coated Cu grids to
acquire TEM images (Philips Tecnai 10, 100 KeV).>* Images were
captured in all experimental conditions at different magnifica-
tion to detect AUNPS@TMPyP.

Thioredoxin reductase (TrxR)

To assess the redox status of the cells, the enzymatic activity of
TrxR was quantified using a commercial kit (Sigma-Aldrich,
Belgium). After 24 h of AuNPs incubation, cells were
detached, centrifuged, and resuspended in a homemade lysis
solution (9% sucrose, 5% aprotinin (Merck, Belgium) in
deionized water, v/v) for 30 min. Subsequently, a freeze-thaw
process was performed to ensure complete cell disruption.
The reduction of Ellman's reagent by NADPH to thionitro-
benzoic acid was then monitored by measuring the absorbance
at 412 nm over a 10-min period using a spectrophotometer
(SpectramaxM4, Molecular Devices, USA).

Photodynamic therapy

PDT was aimed to be used as a priming for RT, thus, cells were
seeded 48 h before treatment. The culture medium was replaced
with 35 ug mL ™" of AUNPs, AUNPs@TMPyP, or TMPyP (25 uM),
diluted in culture medium, and incubated for 24 h. Cells were
then irradiated with a red laser (A = 660 nm, 100 mW, 0.1 cm?,
DMC, Brazil) at an energy of 4 J and fluence of 40 J cm 2. The
laser tip was positioned at the bottom of the culture plate to
standardize irradiation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Radiotherapy

RT was performed immediately after PDT. A dose of 2 Gy, which
results in a 20% reduction in cell viability for X-rays, was
selected (Fig. SM1).

X-ray radiation. Cells were irradiated with a homogeneous X-
ray beam from an X-Rad 225 XL (PXi Precision X-ray, CT, USA) at
225 kvp, 13.5 mA, and a fixed dose rate of 2 Gy min~". After
exposure, the medium was removed, cells were washed, fresh
medium was added, and cells were incubated until further
analysis. The same protocol was applied for 3D cell cultures.

Proton irradiation. Homemade irradiation chambers were
used for PT, as previously described.?® Briefly, the surface of the
chambers (Mylar foil of 3 um thickness) was sterilized and
treated with a droplet (40 uL, 0.1 ug mL ™) of fibronectin (Gibco,
USA) 48 h before irradiation. Then, the cells (2 x 10") were
seeded in the center of chambers, which were closed with
a plastic cap to avoid dehydration. Two hours after seeding, the
chambers were filled with culture media. The media was
replaced to fresh media with AuNPs@TMPyP 24 h before
irradiation.

Irradiation was performed using a homogenous proton
beam over 1 cm?, produced by a 2-MV Tandem accelerator (High
Voltage Engineering Europa, Netherlands). The detailed irra-
diation protocol and accelerator set up were previously re-
ported.”® In summary, pristine proton peaks were extracted in
air through a 1-pm silicon nitride window and the irradiation
chambers were placed on a sample holder fixed at the end of the
beamline. Homogeneity was checked each millimeter over 1
cm” with a passivated implanted planar silicon detector moved
along the x and y directions (perpendicular to the beam). The
dose rate (fixed at 2 Gy min~') was also assessed every milli-
meter and errors were less than 5% in the cell sample region.
The linear energy transfer (LET) at the cell sample location was
computed with the stopping and range of ions in matter (SRIM)
software and reached 10 keV pm™*.%°

After the irradiation, the medium was discarded and cells
were washed with PBS. A sterile cotton swab was used to take
any cells that might have diffused outside the irradiated area.
Irradiated cells were then detached using trypsin 0.25% and
seeded again in plates for further analysis.

To conduct 3D irradiation, spheroids were seeded 6-h before
irradiation in the chambers. After irradiation, they were
detached with a pipette and transferred to NunclonTM Sphera
plates (ThermoFisher Scientific, Belgium).

Clonogenic assay. Immediately after treatments, cells were
detached using trypsin 0.25% (Invitrogen, Belgium), counted,
and seeded in 6 well plates at different concentrations to obtain
countable colony numbers. These cells were maintained at 37 ©
C in 5% CO, for 14 days and then the colonies were stained with
a solution of 2% violet crystal in ethanol. The number of visible
colonies (containing 50 or more cells) were counted manually.
The plating efficiency (PE) was calculated by dividing the
number of colonies by the initial numbers of seeded cells. The
surviving fraction was obtained by the PE ratio for treated cells
to the PE of control group (unexposed). To assess the ability of
AuNPs@TMPyP to enhance cell death, the amplification factor
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(AF) was calculated relative to the dose of 2 Gy."* Combination
drug interaction (CDI) was also calculated as reported in.>”

SFir — SFer
AF[%] = |—=—1 x 100 1
] = [P )
where: SF;r = survival fraction of irradiated control (X-rays or
H"); SFer = survival fraction of combined treatment (AuNPs,
AuNPs@TMPyP and laser).

ROS and singlet oxygen production

Three hours post-treatment, ROS levels were evaluated using 20
uM of 2/, 7'-dichlorofluorescin diacetate (H,DCFHDA-Merck,
USA) in 1 x 10" cells. Following 45 min of incubation, green
fluorescence was measured using a spectrophotometer (Spec-
traMax M4, USA) with excitation and emission wavelengths of
485 and 535 nm, respectively. This specific experimental timing
was adapted to our setup, as detaching and reseeding the cells
after H' exposure required additional time.

The generation of 'O, was measured using the sensor green
singlet oxygen kit (SOSG-ThermoFisher Scientific, USA). Briefly,
a solution of SOSG (2 uM) was added to the experimental groups
before the treatment. The fluorescence intensity was read
immediately after treatments using a spectrophotometer with
excitation and emission wavelengths of 504 and 525 nm,
respectively. For both assays, the data were normalized to the
control.

Mitochondrial membrane potential (A¥)

Twenty-four hours after treatments, the A¥ was assessed in all
experimental groups through Cell Meter™ JC-10 MMP assay kit
(AAT Bioquest, USA). Cells were washed with PBS and 50 pL of
JC-10 dye-loading solution was incubated for 40 min under
culture conditions. Fluorescence at two wavelengths (excitation
490/540 nm and emission 525/590 nm, respectively) was
measured. In polarized healthy mitochondria (high A¥), JC-10
forms aggregates that emit orange fluorescence (~590 nm),
whereas in depolarized mitochondria (low A¥), it remains in its
monomeric form, emitting green fluorescence (~525 nm).

Cell death pathways. The percentage of early apoptotic cells
(PI"/Annexin V') and late apoptotic/necrotic cells (PI'/Annexin
V') were evaluated 24 h post-treatment for all experimental
conditions. Cells were detached, washed, and stained with
propidium iodide (PI, 1 mg mL~'-Sigma-Aldrich, USA) and 5 uL
of Annexin V conjugated with Alexa fluor 647 (ThermoFisher
Scientific, USA). Fluorescence intensity was recorded using
a flow cytometer (FACS verse-BD, USA) with 10 000 events per
experimental group.

3D spheroid viability. After treatments, spheroids were
monitored for 21 days and cell viability was measured using the
CellTiter-Glo® 3D Cell Viability Assay (Promega, USA).

Statistical analysis. The data distribution for each assay was
verified by the Shapiro-Wilk test with the OriginPro 2018
program. Group comparisons were conducted using One or
Two-way ANOVA (factors: group and treatment), with Fisher
LSD as a post-test. All experiments were repeated at least three
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times on three different days and data are presented as means +
standard error of the mean (SEM). Statistically significant
differences were considered when p < 0.05.

Results
AuNPs synthesis, characterization and cellular impact

The porphyrin coating did not modify the general shape of
AuNPs, as TEM images (Fig. 1a and b) showed spherical AuNPs
in both conditions, with an average diameter of 17.80 = 3.90 nm
and 17.70 £ 3.32 nm, respectively (Fig. 1c and d). In contrast,
the {-potential varied as a function of dispersion medium and
experimental time for both nanoparticle formulations (Fig. 1e).
Notably, the DMEM + 10% FBS dispersion medium, which was
used throughout the biological experiments, maintained
greater colloidal stability over time regardless of porphyrin
functionalization. Conversely, the hydrodynamic diameter in
this dispersion medium exhibited a significant increase over
time for AuNPs but an opposite behavior for AuNPs@TMPyP.

FTIR analysis confirmed TMPyP binding to AuNPs, as evi-
denced by a vibrational band around 1641 cm ™" in both TMPyP
and AuNPs@TMPyP spectra (Fig. 1f), corresponding to the
C=N stretching vibration of the pyridyl rings.*® UV-vis absorp-
tion (plain lines, Fig. 1g) using water as dispersion media at 0 h
revealed a peak around 425 nm for both TMPyP porphyrin and
AuNPs@TMPyP, while the plasmon resonance band for AuNPs
was observed at 525 nm. Emission peaks at 660 nm and 720 nm
were observed for AuNPs@TMPyP, while TMPyP showed a peak
at 720 nm with a shoulder at 680 nm (dashed lines, Fig. 1g).
Following 24 h of incubation in water, a difference in absorp-
tion intensity around 520 nm was observed between TMPyP and
AuNPs@TMPyP, with the latter exhibiting higher intensity
(Fig. 1i). Regarding fluorescence emission, changes in intensity
at the emission peaks at 660 nm and 720 nm were observed for
all porphyrin-containing groups compared with 0 h. When
dispersed in DMEM supplemented with 10% FBS, a reduction
in absorbance at 425 nm was detected for AuNPs@TMPyP,
accompanied by an increase in intensity around 560 nm for all
TMPyP-containing formulations and a narrowing of the plas-
mon band for AuNPs (Fig. 1h). In the emission spectra, a high
intensity peak at 660 nm was observed for both porphyrin
groups under these conditions. Following 24-h of incubation,
an absorption band shift toward approximately 560 nm was
more evident for all experimental groups (Fig. 1j). The emission
spectra at this time point were predominantly centred around
660 nm.

After 24 h of incubation, the intracellular gold concentration
was comparable for AuNPs and AuNPs@TMPyP within each cell
line, indicating that porphyrin functionalization did not affect
gold internalization (Fig. 2a). In contrast, a statistically signifi-
cant difference was observed between the tumor and non-
tumorigenic cell lines, with higher gold accumulation in
cancer cells. Similarly, gold conjugation did not influence
porphyrin uptake, as fluorescence emission was comparable
between AuNPs@TMPyP and free TMPyP (Fig. 2b). This
behavior was observed in both cell lines; however, fluorescence
intensity was markedly higher in tumor cells than in MCF10A

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 TEM images of (a) AuNPs and (b) AuNPs@TMPyP (scale bar: 100
nm); frequency of distribution + standard deviation of (c) AuNPs and
(d) AUNPs@TMPyP; (e) Zeta potential and hydrodynamic diameter at
0 and 24-h in different dispersion media: water, DMEM and DMEM
supplemented with 10% FBS; (f) FITR spectra. The highlighted region
shows a similar peak around 1641 cm™ for AUNPs@TMPyP and TMPyP;
absorbance (plain lines) and emission spectra (dashed lines) using
water as dispersion solution at 0-h (g) and 24-h (i); absorbance (plain
lines) and emission spectra (dashed lines) using DMEM supplemented
with 10% FBS as dispersion solution after 0-h (h) and 24-h of insertion
(j). Different lowercase letters indicate statistically significant differ-
ences over time within the same dispersion medium, whereas
uppercase letters denote statistically significant differences among
experimental groups with the same nanoparticle.

cells, reflecting the greater porphyrin internalization by cancer
cells relative to healthy epithelial cells.

TEM imaging revealed no AuNPs in the control group
(Fig. 2c), whereas both AuNPs (Fig. 2d) and AuNPs@TMPyP
(Fig. 2e) were observed within intracellular membrane-bound

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Au
concentration
Sample Cell line (ug/mL)  Uptake (pg/cell)
MDA-MB-231 35 5.02+0.67 a,A
AuNPs MCF10A 35 2.78+0.33 a,B
MDA-MB-231 35 5.83+0.38 a,A
a _AuNPs@TMPyP MCF10A 35 248 +0.17 a,B

= Control

o AuNPs
+ AUNPS@TMPYP|
TMPYP

f ;
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Time (s)

Fig.2 (a) Gold uptake by MDA-MB231 and MCF10A cells measured by
AAS; (b) relative fluorescence indicating porphyrin internalization for
MDA-MB-231 and MCF10A cells; (c, d and e) TEM images of MDA-MB-
231 cells, with arrows indicating AuNP localization; (f) TrxR activity
measured kinetically over 10 min (as absorbance at 412 nm pg™* of
protein). Different capital letters indicate statistically significant
differences between cell type, while lowercase letters represent
comparisons among experimental groups considering the same cell
line.

vesicles. No free AuNPs were detected in the cytoplasm or
nucleus, and both AuNPs and AuNPs@TMPyP exhibited similar
intracellular localization patterns.

Regarding the cellular redox homeostasis, control cells
exhibited the highest TrxR activity, whereas both AuNP and
TMPyP-treated cells showed comparable reductions. Notably,
AuNPs@TMPyP produced the most pronounced reduction in
TrxR activity of breast tumor cells over time (Fig. 2f).

Mechanistic insights and surviving fraction analysis of
AuNPs@TMPyP under irradiation

AuNPs@TMPyP group at laser exposure showed the highest
level of 'O, and TMPyP group showed higher levels than AuNPs
group. However, this effect was not observed under X-ray or
laser + X-rays irradiation, where similar 10, were detected
across between the groups with TMPyP (Fig. 3a).

On the other hand, no statistically significant differences in
ROS production were observed among groups exposed to laser
irradiation alone. However, under X-ray exposure, the control
and AuNPs@TMPyP groups showed the highest ROS levels. In
the laser + X-rays condition, no significant differences were
detected between groups. Additionally, the AuNPs@TMPyP
group irradiated with X-rays and laser + X-rays exhibited
approximately 2.0 and 1.5-fold increases, respectively, in ROS
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Fig. 3 (a) Singlet oxygen measurements immediately after irradiation.
ROS levels following 3 hours for (b) X-ray and (c) H* irradiation.
Normalized orange/green ratio of AW after 24 h of (d) X-ray and (e) H*
irradiation. Cell death pathways: early apoptosis after 24 h of (f) X-ray
and (g) H* irradiation; late apoptosis/necrosis 24 h after (h) X-ray and (i)
H* irradiation. Capital letters indicate statistically significant differences
between irradiation conditions within each experimental group, while
lowercase letters represent comparisons among experimental groups
under the same irradiation condition. AuNPs, AuNPs@TMPyP and
TMPyP groups under exposed condition are the same for both radi-
ation modalities.

levels compared to the unexposed and laser conditions. Indeed,
ROS levels in the AuUNPs@TMPyP group decreased by approxi-
mately 0.75-fold under laser + X-rays compared to X-rays alone
(Fig. 3b).

Concerning PT, a statistically significant increase in ROS
levels was observed for the AuNPs group compared to the other
conditions. In contrast, the AuNPs@TMPyP group showed
a similar increase only under laser + H' irradiation, while the
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TMPyP group did not exhibit statistically significant differences
under any irradiation condition (Fig. 3c). Interestingly, ROS
levels induced by PT were considerably lower than those
observed with X-rays across all experimental groups.

Both AuNPs@TMPyP and TMPyP treatments produced
similarly reduced A¥ compared with control and AuNP-only
groups, regardless of irradiation source. In control and AuNP-
treated cells, exposure to X-rays or combined laser + X-rays
caused a marked AY decrease relative to laser and to unex-
posed cells (Fig. 3d). PT also induced a statistically significant
AW reduction versus unexposed cells. Moreover, under laser +
H' exposure, control cells showed a further significant drop in
AV (from 47.84 + 14.02% down to 24.94 + 2.50%) (Fig. 3e). X-
ray and H' exposures yielded comparable levels of AW
depolarization.

When assessing early apoptosis, no statistically significant
differences were observed among groups for any irradiation
condition, except that AuNPs@TMPyP showed more apoptotic
cells (around 1.9 times) than TMPyP group under combined
laser + X-ray exposure. On the other hand, X-ray or combined
laser + X-ray exposure significantly elevated apoptosis levels
across all groups (Fig. 3f). Under H' irradiation, both
AuNPs@TMPyP and TMPyP groups exhibited significantly fewer
early apoptotic cells than the control and AuNPs groups, and
this reduction was sustained under combined laser + H' expo-
sure. Additionally, laser + H' irradiations led to a significantly
greater decrease in early apoptosis compared to H' alone in the
control and AuNPs groups (Fig. 3g). As expected, the percentage
of cells undergoing early apoptosis was higher following PT
compared to X-ray exposure, regardless of the experimental
group.

Late apoptosis and necrosis were considered together due to
compromised membrane integrity. The experimental groups
were generally similar across treatment modalities, except in
the first two, where TMPyP group had higher levels than the
control group. The AuNPs@TMPyP group showed increased
levels of late apoptosis/necrosis in relation to the control under
X-rays exposure, and this effect was significantly greater under
laser + X-rays (Fig. 3h).

Under H' irradiation, only the TMPyP group exhibited
a statistically significant increase in late apoptosis (Fig. 3i).
Following laser + H" exposure, the AuNPs@TMPyP group also
showed significantly elevated levels, comparable to the TMPyP
group. Once again, PT induced higher levels of late apoptotic
cells than X-rays, regardless of the treatment group.

The radiosensitizing effects of treatments were further eval-
uated based on the survival fraction and all experimental
groups showed statistically significant difference compared to
unexposed control (Fig. 4a). This trend was maintained for the
other experimental modalities and AUNPS@TMPyP group was
statistically significant different of TMPyP group in these
conditions. Interestingly, under laser + X-rays modality,
AuNPs@TMPyP exhibited the lowest surviving fraction (0.14 +
0.005) compared to the other experimental group (~80% and
42% comparing with control and TMPyP groups, respectively).
All the groups exhibited differences between the modalities,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Survival fraction 14 days following treatment for (a) MDA-MB-
231 and (b) MCF10A cells exposed to X-rays; (c) MDA-MB-231 cells
submitted to H* and (d) amplification factor at 2 Gy for MDA-MB-231
cells. Capital letters indicate statistically significant differences
between irradiation conditions within each experimental group, while
lowercase letters represent comparisons among experimental groups
under the same irradiation condition. The asterisk represents statisti-
cally significant difference between cell lines within the same experi-
mental group.

with laser + X-rays displaying the most enhanced therapeutic
outcomes.

MCF10A cells, used as a healthy cells model (Fig. 4b) showed
statistically significant difference between groups with TMPyP
(free or loaded on AuNPs) under unexposed condition and this
behavior was similar under other modalities. However, under X-
rays modality this trend was different, as these experimental
groups were similar and statistically different from control and
AuNPs, respectively. Curiously, the surviving fraction for
AuNPs@TMPyP group was not influenced by the addition of X-
rays to the treatment modality. In general, it was possible to
identify that the treatments were more effective for MDA-MB-
231 cells, as differences were denoted between the cell lines
under different groups and conditions.

Under H' irradiation (Fig. 4c) all the groups presented
statistically significant differences, with AuNPs@TMPyP group
displaying the lower survival fraction. Under laser + H' condi-
tion, this trend was maintained, expect for AuNPs group which
was similar to control group. The modalities influenced the
results for each experimental group, showing better results for
laser + H'. Overall, a ~40% difference in survival fraction was
noted between X-rays and H' for similar groups.

The amplification factor was calculated to assess the sensi-
tization effects of AuNPs and TMPyP (free or loaded on AuNPs)
in relation to X-rays or H' at a dose of 2 Gy (Fig. 4d). Notably, all
groups showed enhanced results compared to radiation alone,
with AuNPs@TMPyP displaying the highest values.

CDI was also calculated to evaluate the interaction between
AuNPs@TMPyP-mediated PDT and both X-rays and H' irradi-
ation. CDI values were below 1 for both modalities (CDIx.rays =
0.83 and CDIy" = 0.46), indicating a synergistic effect.
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Effects of the treatments on a 3D spheroid model of TNBC

Spheroids were treated, monitored over 21 days (Fig. 5a and c)
and spheroid viability was assessed. Under laser exposure, only
the spheroids treated with AuNPs showed significantly higher
viability compared to other groups (Fig. 5b). Following X-ray
irradiation, both AuNPs and AuNPs@TMPyP-treated spheroids
exhibited significantly greater viability than the control and
TMPyP groups. In contrast, combined laser + X-ray treatment
resulted in a marked reduction of luminescence across all

.
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Fig. 5 (a) Representative spheroid photomicrographs for X-ray on
days —1 (before IR exposure), 0 (24 h after treatment) and 21; (b) cell
viability on day 21 for X-ray radiation; (c) representative spheroid
photomicrographs for groups exposed to H* (scale bar: 100 um) and
(d) cell viability on 21%* day for groups treated with H*. Capital letters
indicate statistically significant differences between irradiation condi-
tions within each experimental group, while lowercase letters repre-
sent comparisons among experimental groups under the same
irradiation condition.
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groups, although only the AuNPs@TMPyP group remained
significantly different from control. Overall, spheroid viability
varied significantly with the type of exposure modality.

Considering PT alone, it effectively reduced cell viability
compared to the untreated modality, although the TMPyP group
exhibited higher viability than the other irradiated groups
(Fig. 5d). In contrast, the AuNPS@TMPyP group showed the
lowest viability when combined with laser and H" exposures,
however not statistically difference in relation with control
group at the same conditions was identified.

Discussion

In this work, we synthesized and characterized AuNPs@TMPyP,
then combined them with red laser irradiation to assess
whether PDT could prime and enhance the efficacy of H" and X-
ray RT against TNBC. Our results show that AuNPs@TMPyP-
mediated PDT enhanced the efficacy of both modalities.

Characterization of AuNPs@TMPyP confirmed effective
TMPyP porphyrin coating, as demonstrated by UV-vis spectra,
FTIR profiles, and TMPyP fluorescence-based cellular internal-
ization when compared to free TMPyP. A shift in the UV-vis
absorption bands was observed for all groups when DMEM +
10% FBS was employed, suggesting protein corona formation
and changes in the local dielectric environment of porphyrins,
which modulate the optical properties.”*** However, no changes
were detected within the red-laser range, indicating that the
optical properties relevant to treatment efficacy were preserved.
Importantly, the coating did not alter the intrinsic properties of
the AuNPs, as particle hydrodynamic diameter at 0 h and
cellular uptake remained unchanged for AUNP@TMPyP. On the
other hand, in DMEM + 10% FBS at 24 h, a significant increase
in the hydrodynamic diameter was identified for AuNPs
whereas AUNPs@TMPyP exhibited a reduction in size. This
decrease suggests a more homogeneous colloidal population in
biological media. Such behaviour has been reported for
photosensitizer-nanoparticle systems and may reflect dynamic
interfacial effects rather than aggregation.*' Nevertheless, the
measured size remained within the range compatible with
efficient cell internalization."”

LA-PEG;,-COOH was chosen as coating to enhance colloidal
stability, prevent aggregation, and enable covalent bond
attachment of TMPyP through the carboxyl group.?” On the
other hand, the commercially available cationic porphyrin
TMPyP was selected due to its quantum yield and demonstrated
efficacy in oncological PDT, making it suitable for biological
applications.* Indeed, upon laser exposure, TMPyP exhibited
around 10% increase in 'O, production, whereas AUNPs@TM-
PyP achieved an increase of approximately 35%, suggesting that
AuNPs presence enhanced 'O, generation, which produces
strong local electromagnetic field enhancement by inducing
collective oscillations of free electrons in subwavelength
metallic nanoparticles, thereby increasing the effective light
intensity.*® Furthermore, the lack of increased 'O, under dual
irradiation suggests no synergistic effect in this specific ROS
production, potentially due to inefficient energy transfer
mechanisms from gold to local oxygen or suboptimal activation
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parameters, with levels resembling those observed for TMPyP
under laser exposure.**

AuNPs have been shown to reduce TrxR activity following
cellular internalization, which occurs predominantly via
receptor-mediated endocytosis. After uptake, AuNP are traf-
ficked to lysosomes, where the acidic environment promotes
nanoparticle degradation and the release of gold ions. These
ions subsequently inhibit TrxR through Au-thiol interactions at
the enzyme active site, triggering oxidative stress, mitochon-
drial dysfunction, impaired DNA repair, and ultimately
enhanced radiosensitization." TrxR is a central component of
the thioredoxin system, which is tightly interconnected with the
peroxiredoxin and glutathione antioxidant systems through
direct electron transfer reactions, shared dependence on
NADPH, and compensatory detoxification of ROS, forming an
integrated redox network rather than isolated pathways.
Consequently, inhibition of TrxR is expected to have down-
stream effects on global redox homeostasis rather than repre-
senting a fully isolated or unique molecular event.*® TrxR was
selected as a molecular readout because it is a redox-active
selenoenzyme that is highly sensitive to both gold-based
materials and redox-active photosensitizers, and because
cancer cells are known to rely strongly on the thioredoxin
system to cope with elevated oxidative stress. Inhibition of TrxR
therefore represents a strategic vulnerability within the broader
redox network.

In addition, Penninckx et al. observed a strong correlation
between AuNPs cellular uptake, TrxR residual activity and
enhanced cell death for several cell lines, including MDA-MB-
231, for which they obtained. An amplification factor at 2 Gy
of 7 + 4%.%® Our results are consistent with this finding, as we
observed a reduction in TrxR activity alongside radiosensitizing
effects. Specifically, AuNPs reduced TrxR activity by 40%
compared to control cells, with an AF around 13% and 23%
following X-rays and H' exposure, respectively. Notably,
AuNPs@TMPyP induced a greater reduction in TrxR activity,
showing a twofold decrease compared to AuNPs under the same
conditions. Additionally, Prast-Nielsen and colleagues investi-
gated the effects of porphyrins such as protoporphyrin IX and N-
methyl protoporphyrin IX on TrxR inhibition in A549 cells.
Their results demonstrated that porphyrins induce permanent
inhibition of TrxR. In particular, protoporphyrin IX was shown
to inhibit thioredoxin reductase 1 through a dual mechanism:
acting as a competitive inhibitor of thioredoxin-1 at the C-
terminal redox site while simultaneously promoting time-
dependent, irreversible inactivation of the enzyme by target-
ing the redox-active selenocysteine residue, thereby disrupting
electron transfer and impairing cellular redox homeostasis.**
Thus, the individual inhibitory effects of AuNPs and TMPyP on
TrxR, combined with their shared molecular mechanisms,
suggest a complementary and potentially synergistic interaction
when both components are associated in the AUNPs@TMPyP.

AF results further confirmed that AuNPs@TMPyP play
a pivotal role under combined laser + IR compared to TMPyP
free, showing an enhancement of approximately 15% for each
radiation modality. Additionally, AuNPs@TMPyP exhibited
significantly lower toxicity toward healthy cells in the laser + X-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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rays modality. These features suggest that AuNPs@TMPyP
could be a promising candidate for clinical translation. Indeed,
MCF10A cells showed lower gold and TMPyP uptake than tumor
cells. These findings align with literature that report that cancer
cells internalize AuNPs more efficiently than healthy cells due to
increased endocytic activity, altered membrane dynamics, and
dysregulated intracellular trafficking associated with malignant
transformation.*”

Similarly, the preferential uptake of TMPyP by tumor cells
can be attributed to the well-established behavior of cationic
porphyrins in malignant tissues. Tumor cells typically display
a more negatively charged plasma membrane, resulting from
enhanced externalization of phosphatidylserine and increased
expression of sulfated glycoproteins, which promotes strong
electrostatic interactions with TMPyP. Moreover, malignant
cells exhibit markedly elevated endocytic activity, further facil-
itating TMPyP internalization. Together, these intrinsic features
of tumor cell biology provide a mechanistic basis for the higher
porphyrin accumulation observed in cancer cells compared
with non-tumorigenic MCF10A cells in the present study.*®

Previous studies have shown that combination of RT with
PDT is more effective than either modality alone.*>' Similarly,
rice and colleagues reported a synergistic benefit of PDT
combined with PT as salvage therapy for patients with malig-
nant pleural mesothelioma.*®* However, AuNP@TMPyP-
mediated PDT and IR, particularly involving charged particles,
remains underexplored.

In this work, H' reduced the survival fraction by 40%
compared to X-rays after 14 days. Indeed, the relative biological
effectiveness (RBE) in our study was approximately 1.4, consis-
tent with values reported in the literature for H" (Fig. SM1).
Typically, protons RBE ranges around 1.1 at the tumor entrance
to 1.15 in the center, and reach up to 1.35 at the distal edge, with
values as high as 1.7 in the distal fall-off of the Bragg peak.*
Additionally, LET is a key factor influencing RBE and the
complexity extent of DNA damage. It is well-established that
charged particles, such as H', induce more extensive DNA
damage. In our study, the LET used for H" was 10 keV pm™*,
which is within the plateau region and is encompassed within
the average used in clinic applications.

Our findings show that X-ray exposure significantly
enhanced ROS generation in the control and AuNPs@TMPyP
groups. In contrast, ROS levels from H" irradiation were lower
than those observed after X-ray exposure. Interestingly, the
AuNPs@TMPyP group exhibited an opposite trend under
combined laser and IR modality: ROS levels were lower for laser
+ X-rays compared to X-rays alone, but higher for laser + H"
compared to H' alone. This distinct behaviour may be attrib-
uted to differences in energy absorption and transfer mecha-
nisms associated with each modality. Additionally, factors such
as nanoparticle distribution, oxygen availability, the timing of
ROS measurement, considering its rapid dynamic generation
and propagation may contribute to these variations.*

It is also important to note that global ROS measurements
may not fully capture the extent of biological damage induced
by proton irradiation. In contrast to X-rays, which primarily
exert their effects through indirect mechanisms involving water
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radiolysis and ROS generation, H' irradiation relies more
strongly on direct energy deposition along the particle track,
leading to more complex and clustered DNA damage.® Overall,
these findings highlight that radiosensitization by
AuNPs@TMPyP is not explained by the magnitude of global
ROS generation, but rather sustained by redox imbalance
resulting from TrxR inhibition and 'O, production.

According to our results, AuNPs@TMPyP disrupted AY¥
regardless of the radiation modality (laser, X-rays or H'), as well
as when laser was combined with IR. Consistently, AuNPs
treatment reduced A¥ in A549 cells 24 h after exposure and was
accompanied by increased apoptotic levels. This effect is likely
associated with elevated intracellular ROS production, which
promotes cytochrome c release into the cytosol and activation of
apoptotic pathways.*? In parallel, red-laser irradiation has been
shown to modulate cellular metabolism, primarily through
mitochondrial pathways. Light-induced stimulation of the
electron transport chain has been reported to alter mitochon-
drial function, redox balance and bioenergetic status, leading to
changes in ROS signalling and AY¥. Rather than directly
inducing DNA damage, these mitochondrial effects are thought
to influence cellular stress responses and survival pathways,
thereby modulating the cellular response to subsequent IR
exposure and contributing to increased radiosensitivity.*

Apoptosis outcomes differed based on the radiation
modality. The proportion of apoptotic cells was much higher
after proton exposure compared to X-rays, regardless of the
group (AuNPs, TMPyP, or AuNPs@TMPyP). Furthermore,
AuNPs@TMPyP induced a higher percentage of late apoptosis/
necrosis specifically under laser + X-rays/H'. Overall, these
findings provide insight into the effects of the multifaceted
treatment at 24 h, which correlate with the reduced survival
fraction observed 14 days post-treatments.

On the other hand, the analysis of spheroid viability on the
last experimental day reveals distinct responses to each treat-
ment modality. In the X-ray contexts, laser activation appears to
convert AUNPs@TMPyP into effective radiosensitizers agent.
Indeed, the laser + X-ray combination resulted in a significant
reduction in spheroid viability, indicating a synergistic effect.

PT alone effectively suppressed spheroid viability, confirm-
ing its cytotoxic effect.* The combination of laser + H" did not
further influence treatment outcome, as comparable effects
were observed across the evaluated modalities. However, under
the same treatment conditions, AuNPs@TMPyP exhibited
greater efficacy than AuNPs or TMPyP.

Tudor et al. reported that in 3D chondrosarcoma spheroids,
nanoparticle-assisted radiation therapy reduced cell survival,
albeit less effectively than in 2D cultures, which was attributed
to the limited penetration of nanoparticles within the spheroid
structure.”® In agreement with these findings, we observed
a marked reduction in survival fraction in monolayer cultures
exposed to AUNP@TMPyP-mediated PDT and IR, whereas 3D
models exhibited a diminished response in the case of X-ray
irradiation and no apparent sensitization under proton irradi-
ation, highlighting the impact of 3D architecture on treatment
efficacy. Accordingly, further studies are needed to optimize
AuNPs and porphyrin concentrations, incubation protocols,
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and cellular uptake specifically for 3D models, in order to better
recapitulate the tumor microenvironment.

We propose an integrative model in which radiosensitization
arises from the convergence of physical dose enhancement and
redox imbalance. AuNPs contribute to radiosensitization by
locally amplifying radiation-induced energy deposition and by
inhibiting TrxR, thereby weakening a major cellular antioxidant
defense. In parallel, TMPyP acts as a photosensitizer that
promotes ROS generation upon light activation and, as sup-
ported by the literature, can also inhibit TrxR through
competitive and redox-mediated mechanisms. The multimodal
treatment therefore disrupts redox homeostasis at multiple
levels, probably limiting the ability of cancer cells to detoxify
radiation and PDT-induced oxidative stress.

Light penetration represents a constraint for PDT, particularly
in deep-seated tumours; however, PDT may still be applicable in
superficial lesions, intraoperative settings, or through the use of
fiber-based or interstitial light delivery. The combination of laser-
based PDT with proton therapy is technically challenging but
increasingly feasible in specialized centers, and our work should
be viewed as a proof-of-concept rather than a direct clinical
protocol. Finally, we recognize the limitations inherent to in vitro
models and emphasize that these findings require validation in
more complex systems, such as in vivo models, to assess bi-
odistribution, penetration, and therapeutic selectivity.

Conclusions

To our knowledge, this is the first study to combine AuNP-
mediated PDT with IR in the context of TNBC, investigating
the underlying mechanisms using AUNPs@TMPyP. Our find-
ings show that AuNPs@TMPyP potentiate the dual-modality
treatment by inhibiting TrxR, increased 'O, production, AW
disruption and enhanced selectivity toward cancer cells. Our
data for 2D cultures demonstrate that AuUNPS@TMPyP further
enhanced the efficacy of combined PDT and X-rays in TNBC
cells, as evidenced by a marked increase in the AF. In addition,
PT showed greater efficacy than conventional RT in TNBC cells
and yielded additional therapeutic benefits when combined
with AuNPs@TMPyP and red laser. Nonetheless, due to the
limited accessibility of PT, integrating X-ray-based RT with PDT
mediated by AUNPs@TMPyP emerges as a promising and cost-
effective alternative, with the potential to achieve comparable
outcomes. Future work will be devoted to investigate the effects
of AuUNPs@TMPyP associated with different radiation modali-
ties using an animal model.
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