Selenium-Curcumin-PEG  Nanoparticles
Radiosensitization for Intensity-Modulated
Radiation Therapy of Lung Tumor Cells: /n
Vitro Synergistic Combination Therapy

Farid Mortazavi (MSc Student)"®, Paria Tamaddon (MSc)?,
Ali Ketabi (PhD)"3, Hanieh Haghighi (MSc)', Kiana Khajeheian
(MSc)?, Masoud Haghani (PhD)"4, Tahereh Mahmoudi(PhD)"?,
Sadegh Masjoodi (PhD)5, Masoud Negahdary (PhD)®7,
Naghmeh Sattarahmady (PhD)"**

ABSTRACT

Background: Lung cancer is a leading cause of cancer-related mortality world-
wide, underscoring the need for the development of more effective treatment strate-
gies. Radiotherapy (RT), particularly intensity-modulated radiation therapy (IMRT),
has enhanced tumor targeting while minimizing damage to healthy tissues. Neverthe-
less, radioresistance and challenges posed by the tumor microenvironment limit its
efficacy.

Objective: Selenium-curcumin-polyethylene glycol 600 nanoparticles (Se-Cur-
PEG NPs) analyzed as radiosensitizers in IMRT for lung cancer treatment.

Material and Methods: In this experimental study, Se-Cur-PEG NPs were
synthesized and characterized for their potential as radiosensitizers.

Results: The in vitro toxicity of Se-Cur-PEG NPs against A549 lung cancer cells
was evaluated using MTT assays, demonstrating a dose-dependent reduction in cell
viability. The combination of Se-Cur-PEG NPs (50 pg mL"') with IMRT (4 Gy) re-
sulted in a significant enhancement in cell death compared to either treatment alone,
indicating a strong synergistic effect (CI=1.21) and a notable sensitizer enhancement
ratio (SER=2.5). Intracellular ROS generation analysis confirmed that Se-Cur-PEG
NPs amplified IMRT-induced oxidative stress, contributing to increased cancer cell
toxicity.

Conclusion: These findings suggest that Se-Cur-PEG NPs hold promise as effec-
tive radiosensitizers, potentially improving lung cancer RT outcomes.
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Introduction
ancer continues to pose a formidable challenge to global health,
with lung cancer-clinically referred to as bronchogenic carci-
noma- emerging as one of the most prevalent and lethal forms.
This malignancy originates from the lung parenchyma or bronchial
tubes and has witnessed a dramatic increase in incidence over the past
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century, primarily attributed to the widespread
adoption of smoking among both genders [1].
Despite advances in therapeutic modalities,
including immunotherapy, chemotherapy,
ablative techniques, radiotherapy (RT), and
targeted therapies, these interventions often
result in significant side effects and limited ef-
ficacy, underscoring the need for innovative
treatment approaches [2-5].

Among existing modalities, RT has estab-
lished itself as a cornerstone in the treatment
of various cancers, including lung cancer, due
to its ability to penetrate tissues deeply and
deliver targeted cytotoxic effects to tumors
[6]. However, conventional RT is hindered by
significant limitations, such as dose heteroge-
neity, toxicity to adjacent healthy tissues, and
complications such as radiation pneumonitis
(RP) [7]. To overcome these challenges, in-
tensity-modulated radiation therapy (IMRT)
has emerged as an advanced RT technique,
capable of delivering highly precise radiation
doses by conforming to the tumor’s shape
while sparing healthy tissues. IMRT has
demonstrated superior outcomes, including
reduced rates of RP, enhanced locoregional
tumor control, and improved patient quality
of life compared to traditional RT [8]. In par-
ticular, IMRT has shown promising results for
patients with inoperable non-small cell lung
cancer (NSCLC), significantly improving lo-
cal control and minimizing radiation-induced
complications [9].

Despite these advancements, the tumor mi-
croenvironment (TME) presents substantial
barriers to treatment success. Characteristics
such as hypoxia, elevated interstitial pressure,
and compromised blood flow reduce radio-
sensitivity and hinder the delivery of thera-
peutic agents, thereby limiting the efficacy of
RT [10]. Furthermore, the presence of radio-
resistance and prolonged exposure of healthy
tissues to radiation highlight the necessity for
adjuvant approaches to enhance treatment
outcomes [11].

Nanotechnology has revolutionized the field

of cancer therapy, offering innovative plat-
forms that enhance the efficacy and specific-
ity of treatments [4,5, 12-14]. Among these
advancements, selenium nanoparticles (NPs)
have garnered significant attention due to
their selective toxicity, inducing apoptosis
in cancer cells via reactive oxygen species
(ROS) generation while sparing healthy tis-
sues [15]. Functionalized selenium NPs, such
as selenium-polyethylene glycol-curcumin,
combine the unique properties of selenium,
polyethylene glycol, and curcumin, creating
a potent therapeutic agent for improving RT
outcomes [16].

Selenium, a trace element with powerful
antioxidant and anticancer properties, en-
hances oxidative stress in tumor cells, sensi-
tizing them to radiation while modulating im-
mune responses and inhibiting angiogenesis
[7,17]. Polyethylene glycol improves the bio-
compatibility and stability of nanoparticles,
prolonging circulation time and enabling
efficient tumor targeting by minimizing im-
mune clearance [10]. Curcumin, a bioactive
polyphenol, provides a broad spectrum of
anticancer effects, including the inhibition of
cell proliferation, induction of apoptosis, and
suppression of metastasis. Notably, curcumin
synergistically amplifies ROS generation dur-
ing RT, intensifying oxidative stress in cancer
cells while offering cytoprotective effects to
healthy tissues [18].

The integration of Se-Cur-PEG NPs into
IMRT protocols addresses several limitations
of conventional RT by improving tumor ra-
diosensitivity, overcoming barriers within
the TME, and minimizing collateral damage
to healthy tissues. These advancements high-
light the potential of combining precision RT
techniques with innovative nanomaterials to
revolutionize the treatment of lung cancer
[19-21].

In the present study, Se-Cur-PEG NPs were
synthesized and comprehensively physico-
chemically characterized. Their therapeu-
tic potential in eradicating lung cancer cells
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was systematically evaluated under IMRT.
Emphasis was placed on their capacity to en-
hance ROS generation in response to IMRT.

Material and Methods

Materials

In this experimental research, the follow-
ing materials were procured from Scharlau
(Spain): polyethylene glycol 600 (PEG 600),
dimethyl sulfoxide (DMSO), ascorbic acid,
and sodium selenite. 3-(4,5-Dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) and 2'-7'-dichlorodihydrofluores-
cein diacetate (DCFH-DA) were acquired
from Sigma-Aldrich (USA). Curcumin was
obtained from Merck KGaA (Germany).
Deionized (DI) water was utilized in all
experimental procedures.

Synthesis of Se-Cur-PEG NPs

A sodium selenite (Na,SeO,) solution with
a concentration of 1 mg mL"' was prepared
by dissolving the compound in distilled
water. Subsequently, a solution of PEG 600
that contained curcumin (80 mg mL"') was
incorporated into the aforementioned mix-
ture. Additionally, an ascorbic acid solution
(12 mg mL") was introduced dropwise into
the mixture, which was continuously stirred
for a duration of 24 h. Next, the mixture un-
derwent centrifugation at 8000 rpm for 30
min, yielding a brick-red colored superna-
tant. The resultant solution was subjected to
multiple washes with a cold ethanol-water
mixture to eliminate any unbound curcumin.
Following this purification step, the solution
was rinsed several times with distilled water
to remove unreacted components, including
ascorbic acid and Na,SeO,. Eventually, the
nanoparticles were lyophilized and stored at
4 °C for future applications.

Characterization of Se-Cur-PEG NPs
The UV-vis absorption spectrum of Se-Cur-
PEG NPs was acquired employing a Rayleigh

double beam spectrophotometer (China). The
morphology of Se-Cur-PEG NPs was evalu-
ated via field emission scanning electron mi-
croscopy (FESEM) utilizing a Zeiss Sigma-
IGMA/VP instrument (Germany). Following
this, zeta potential of the Se-Cur-PEG suspen-
sions was quantified using the SZ-100 instru-
ment manufactured by HORIBA (Japan).

Cell line preparation

The lung cancer cells (A549) were pur-
chased from the Pasteur Institute (Iran). The
cells were cultured in standard Dulbecco’s
Modified Eagle Medium (DMEM) supplied
by Gibco (USA), which was supplemented
with 10% Fetal Bovine Serum (FBS) and
1% antibiotic solution (Pen-Strep) contain-
ing penicillin and streptomycin, also sourced
from Gibco (USA). The cultures were main-
tained at a temperature of 37 °C in a humidi-
fied atmosphere containing 5% CO..

A549 cytotoxicity in the presence
of Se-Cur-PEG NPs

To assess the cytotoxicity of the A549 cell
line, 1.0x10* cells were seeded into micro-
plate wells containing 100 pL of supplement-
ed DMEM media and incubated for a period
of 24 h to allow adherence to the wells. This
was followed by an overnight exposure to Se-
Cur-PEG NPs at concentrations of 0, 5, 10,
25, 50, and 100 pg mL', with untreated cells
acting as the control group. Cell toxicity was
evaluated utilizing the MTT proliferation as-
say; following treatment, the media were sub-
stituted with MTT solution (0.5 mg mL!, 100
pL in phosphate-buffered saline), and cells
were incubated in the darkness for 4 h. Sub-
sequently, the MTT solution was removed,
and 100 pL of DMSO was added. After a 30
min incubation period, the microplates were
subjected to centrifugation at 1800 rpm for 10
min. The Optical Density (OD) of each well
was measured at a wavelength of 570 nm us-
ing a Stat Fax microplate reader (USA), with
untreated cells serving as the control group
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for all assessments. To determine cell viabili-
ty, the uptake ratio in each well was calculated
relative to the control, and each concentration
was evaluated in triplicate to ensure accu-
racy. Furthermore, the half-maximal inhibi-
tory concentration (IC50) for Se-Cur-PEG
NPs was derived from the analysis of sigmoid
dose-response curves.

Radiotherapy exposure of A549 in
the presence of Se-Cur-PEG NPs

The RT protocol involved the administra-
tion of radiation dose of 4 Gy at a rate of 1000
units per min, utilizing IMRT with an Accuray
Radixact device (USA). This methodology re-
quired the positioning of a 3 cm slab above
the plate and a 2 cm slab below it, with the
aim of focusing on the central region of the
cell culture plate.

The IC50 value derived from the sigmoid
dose-response curves of Se-Cur-PEG NPs
was used to treat A549 cells. These cells
were exposed to the IC50 concentration
(50 ug mL") of Se-Cur-PEG NPs and after
a 24 h incubation combined with IMRT at a
dose of 4 Gy, delivered at a rate of 1000 units
per min. This treatment was administered as
a standalone intervention control group. Cell
toxicity was evaluated utilizing the MTT
proliferation assay.

The sensitizer enhancement ratio (SER) was
also determined by comparing cell viabil-
ity following IMRT radiation at a dose of 4
Gy, under conditions both standalone and in
conjunction with Se-Cur-PEG NPs.

Analysis of ROS generation

In vitro IMRT treatment of A549 cells was
conducted 24 h post-seeding to evaluate in-
tracellular ROS generation using Se-Cur-
PEG NPs. These cells were exposed to the
IC50 concentration (50 ug mL") of Se-Cur-
PEG NPs, standalone and in conjunction with
IMRT treatment. After a 1 h incubation, 100
pL of a freshly prepared solution of DCFH-
DA at a concentration of 50 umol L' was

added to each sample. The cells were then in-
cubated for an additional 30 min, followed by
three washes with PBS (20 mmol L', pH 7.4).
Subsequently, 100 pL of lysis buffer, compris-
ing NaCl, Triton X-100, and Tris-HCl (pH
8.0), was added to each well.

Fluorescence intensity (F.I.) at 520 nm was
measured using a Biotek microplate reader
(USA) with an excitation wavelength of 485
nm. All measurements were conducted on
96-well black plates, with PBS serving as the
control.

Evaluation of domination of syner-
gism effects

The impact of synergistic interactions on the
treatment of A549 cells with IMRT and Se-
Cur-PEG NPs was evaluated by calculating
Combination Indices (CIs). When two factors,
A and B, influence cell toxicity either sepa-
rately or simultaneously, the following for-
mula is used to determine the Cls [22]:

CI=VxVJV,, (Eq. 1)

In this equation, the variables V, and V, de-
note the cell viability resulting from the in-
dividual treatments A and B, respectively.
In contrast, V, , indicates the cell viability
observed when both treatments are adminis-
tered simultaneously. CI values that exceed,
equal, or fall below 1 reflect the nature of
interactions between the treatments. Specifi-
cally, values greater than 1 suggest a syner-
gistic effect, values equal to 1 denote an addi-
tive effect, and values less than 1 indicate an
antagonistic effect [23].

Statistical analysis

The statistical analyses were conducted us-
ing GraphPad Prism 9 software. The findings
were reported as means accompanied by stan-
dard deviations, derived from a minimum of
three independent measurements for each ex-
periment. In order to assess the significance
of the results, both the two-tailed Student’s
t-test and the non-parametric Kruskal-Wallis
test were employed. In this context, a P-value
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of less than 0.05 was considered to be statisti-
cally significant.

Results

Characterization of Se-Cur-PEG NPs

The UV-vis absorption spectrum of the
synthesized Se-Cur-PEG NPs, shown in
Figure 1, reveals distinct peaks and features
that highlight the optical properties of these
nanostructures. A notable peak in the range
of 200-240 nm suggests the presence of the
PEG component [24]. Meanwhile, the broad-
er peaks at longer wavelengths are attributed
to the interactions between selenium and
curcumin within the Se-Cur-PEG structure.
The zeta potential of Se-Cur-PEG NPs was
assessed, yielding a result of -38.4 mV with
an electrophoretic mobility of -0.000297
cm? V! 57!, This zeta potential value indicates
a significant level of stability for the Se-Cur-
PEG NPs, thereby preventing the occurrence of
aggregation.

Figure 2 presents a FESEM image of Se-
Cur-PEG NPs. The dimensions of the
nanoparticles were assessed for 50 particles
(n=50), with the scale in the image indicat-
ing a pixel-to-micron conversion factor of
approximately 10.2 pixels per micron. The
Se-Cur-PEG NPs exhibited an average diam-
eter of 7012 nm. This size is particularly ad-
vantageous for uptake by the A549 cell line,
which is a human lung carcinoma epithelial
cell line frequently employed in oncologi-
cal research. Nanoparticles of this size are
generally effective in cellular internaliza-
tion through endocytosis, thereby improving
the efficacy of drug delivery and facilitating
extended circulation [25,26].

A549 cell viability

In this study, the cytotoxic effects of Se-
Cur-PEG NPs and IMRT were aimed at be-
ing evaluated through MTT assays, both in-
dividually and in combination, in vitro. As
illustrated in Figure 3 (A), Se-Cur-PEG NPs

significantly diminished cellular viability in
a dose-dependent fashion when compared to
the untreated control group after a 24 h ex-
posure period. The findings suggest that Se-
Cur-PEG NPs exhibit low cytotoxicity at
concentrations up to 10 ug mL'; however, at

1
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Figure 1: Characteristic UV-vis absorption
spectrum of Selenium-curcumin-polyeth-
ylene glycol 600 nanoparticles (Se-Cur-PEG
NPs).

Figure 2: A field emission scanning electron
microscopy (FESEM) image of Selenium-cur-
cumin-polyethylene glycol 600 nanoparticles

(Se-Cur-PEG NPs).
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25 pg mL, cell viability fell below 60.0%,
reaching approximately 39.0% at the highest
concentration tested. A concentration of 50 ug
mL" was determined to be the IC50 value for
Se-Cur-PEG NPs in A549 cells, resulting in a
viability rate of 46.7%. Further investigation
into the toxicological characteristics of Se-
Cur-PEG NPs indicated that at 5 ug mL"!, cell
viability remained around 80% after 24 h of
treatment, implying a relatively low toxicity
threshold.

A

100

Se-Cur-PEG NPs Concentration / pg mL!

Cell Viability%

|Ctrl B
mSe-PEG-Cur NPs (50 pg mL-1)

HR (4 Gy)

OSe-PEG-Cur NPs (50 ng mL-1) + R (4 Gy)

=3 D B
S 1S3 =)

Cell Viability %
o®©
<

Ctrl NP R NP+R

Figure 3: Assessment of A549 lung cancer
cell viability following treatment with A)
varying concentrations of Selenium-curcum-
in-polyethylene glycol 600 nanoparticles (Se-
Cur-PEG NPs) over a 24 h period. B) Treat-
ment with Se-Cur-PEG NPs at the inhibitory
concentration (IC50) of 50 ug mL* for 24 h,
followed by intensity-modulated radiation
therapy (IMRT) irradiation at a dose of 4 Gy.
**denotes statistically significant differences
(P-value<0.01).

As illustrated in Figure 3 (B), the viability of
AS549 cells was evaluated following exposure
to IMRT (R, Gy) and Se-Cur-PEG NPs (NP,
50 ug mL") after 48 h, both as individual treat-
ments and in combination (NP+R, Gy). The
MTT assay results demonstrated that A549
cells subjected to IMRT alone exhibited a sur-
vival rate of approximately 90%. Conversely,
the combination of IMRT and Se-Cur-PEG
NPs (50 pg mL") resulted in a significant
decline in cell viability, reaching 35.0%.

Assessment of intracellular ROS
production in A549 cells

As illustrated in Figure 4, Se-Cur-PEG NPs
demonstrated a significant ability to enhance
intracellular ROS production, as reflected by
the F.I. of DCF, a widely recognized indicator
of intracellular ROS levels. The data suggest
that Se-Cur-PEG NPs substantially increased
ROS generation within the cells.

Discussion
Numerous sensitizers demonstrate signifi-

cant radiosensitizing capabilities, thereby
4
mCtrl o
35 t T
m Se-PEG-Cur NPs (50 pg mL-1) I
= 3
< ER (4 Gy)
Z25
2 @ Se-PEG-Cur NPs (50 pug mL-1) + R
E 4Gy
g 1.5
= 1
0.5
0
Ctrl NP+ R

Figure 4: Measurement of fluorescence in-
tensity (F.l.) of 2’,7 -dichlorodihydrofluores-
cein (DCF) subsequent to incubation with
Selenium-curcumin-polyethylene glycol 600
nanoparticles (Se-Cur-PEG NPs) (IC50, 50
ug mL?Y) and IMRT irradiation (4 Gy) within
A549 lung cancer cells. **indicates highly
significant differences (P-value<0.001).

c
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enhancing the therapeutic effectiveness of
RT [27,28]. The unique physicochemical
properties of Se-Cur-PEG NPs- namely their
biocompatibility, stability, and ability to
modulate oxidative stress within the cellular
environment- indicate a substantial potential
for these nanoparticles to serve as effective
radiosensitizers [16,21]. In this investigation,
Se-Cur-PEG NPs were synthesized, thor-
oughly characterized, and assessed for their
radiosensitizing effects both standalone and
in conjunction with ionizing radiation. The
synergistic interactions of these nanoparticles
with IMRT were meticulously evaluated, par-
ticularly using the A549 cell line. Moreover,
the individual and combinatorial applications
of Se-Cur-PEG NPs alongside IMRT were in-
vestigated to elucidate their mechanistic roles
in enhancing the generation of ROS and in-
ducing cytotoxicity. This comprehensive ap-
proach highlights the potential of Se-Cur-PEG
NPs to optimize radiotherapeutic outcomes in
a targeted and efficient manner.

The viability results indicate a substantial
synergistic interaction between nanoparticle-
based therapy and radiation, suggesting that
Se-Cur-PEG NPs act as effective radiosen-
sitizers, thereby enhancing the therapeutic
efficacy of IMRT. It is noteworthy that the
combination of these treatments resulted in an
additional 11.7% reduction in cellular viability
compared to IMRT alone, which underscores
the potential of Se-Cur-PEG NPs to potenti-
ate radiation-induced cellular toxicity. Also,
SER value was 2.5 that indicates an effective
role of Se-Cur-PEG NPs as radiosensitizer.
This enhancement is likely attributable to the
ability of selenium-based nanoparticles to am-
plify oxidative stress and disrupt intracellular
redox homeostasis, thereby augmenting ra-
diation-induced DNA damage and impairing
cellular repair mechanisms [29,30]. Further-
more, calculation of CI values in the context
of Se-Cur-PEG NPs at a radiation dose of R,
Gy (CI=1.21) exceeded 1, indicating that a
synergistic effect has been established.

Notably, cells subjected to IMRT exhibited
an elevated ROS production capacity, and the
combination of IMRT with Se-Cur-PEG NPs
yielded the highest intracellular ROS levels.
These findings align with prior in vitro inves-
tigations demonstrating that increased ROS
generation correlates with reduced cancer
cell viability following nanoparticle-based
radiosensitization [31].

Conclusion

This study demonstrated that Se-Cur-
PEG NPs significantly enhance the effica-
cy of IMRT in lung cancer treatment. The
nanoparticles exhibited strong cytotoxic ef-
fects against A549 lung cancer cells in a dose-
dependent fashion, with an IC50 of 50 pg
mL"'. The combination of IMRT and Se-Cur-
PEG NPs resulted in a synergistic increase in
cancer cell death, as evidenced by CI analysis.
Furthermore, ROS generation assays dem-
onstrated that these nanoparticles amplified
oxidative stress induced by IMRT, a pivotal
mechanism in radiosensitization. These find-
ings underscore the potential of Se-Cur-PEG
NPs as a promising adjuvant in RT, promis-
ing enhanced therapeutic outcomes for lung
cancer patients.
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