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Engineered dual-functional gold nanoparticles
enhance radiosensitization in prostate cancer cells:
synergistic action of curcumin and gold+

Mohamed Aborig, &2 Moad Alsefaou, ©2° Ernest Osei @ ¢ and Shawn Wettig 2 *ad

Prostate cancer remains a leading cause of cancer-related mortality in men, with the three main treatment
modalities being surgery, chemotherapy, radiotherapy, or a combination depending on the stage. However,
the use of radiotherapy is often restricted by dose-limiting toxicity of the organs at risk. To address this
challenge, we developed curcumin-coated gold nanoparticles (Curc-GNPs) that leverage both the
photoelectric properties of gold and the radiosensitizing effects of curcumin. In this study, we explore
the stability, cytotoxicity, cellular uptake, and radio-sensitizing potential of Curc-GNP in PC-3 prostate
cancer cells. Curc-GNPs exhibited a biphasic dose—-response curve where concentrations up to 100 pg
mL~! showed minimal cytotoxicity, whereas higher doses (>100 pg mL™Y) were markedly cytotoxic.
Cellular uptake was enhanced under serum-free conditions. Clonogenic survival assays revealed
significant radiosensitization (sensitizer enhancement ratio up to 1.82 at 500 ng per mL Curc-GNPs),
linked to an elevated a-parameter in the linear—quadratic model and heightened reactive oxygen species
production. These results highlight Curc-GNPs as a promising platform for enhancing radiotherapy

rsc.li/nanoscale-advances

1. Introduction

Prostate cancer is the second leading cause of cancer-related
mortality among American men, with approximately one in
eight men diagnosed with the disease over the course of their
lifetime.' Radiotherapy serves as a cornerstone in the manage-
ment of medium- and high-risk prostate cancer, functioning as
either a definitive treatment or as an adjuvant therapy in
combination with postoperative care and/or hormonal therapy.
The application of radiotherapy for patients with locally
advanced prostate cancer has been associated with improved
cancer-specific mortality and overall survival.> However, despite
its effectiveness, the dose of radiotherapy is primarily con-
strained by the risk of radiation-induced toxicity to adjacent
organs, particularly the rectum and bladder. This limitation has
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efficacy in prostate cancer while potentially mitigating off-target toxicity.

prompted extensive research into radiosensitizing agents aimed
at enhancing the efficacy of radiotherapy in prostate cancer
treatment while minimizing toxicity to the organs at risk.
Curcumin, a polyphenolic compound derived from turmeric,
has attracted significant attention in cancer research due to its
well-documented therapeutic properties, including anticancer,
antioxidant, and anti-inflammatory effects.>” Recent studies
have demonstrated that curcumin can enhance the efficacy of
radiotherapy across various cancer types, including prostate
cancer, hepatocellular carcinoma, colorectal cancer, and
glioblastoma.*** One of the primary mechanisms by which
curcumin enhances radiosensitivity is via the inhibition of the
nuclear factor kappa B (NF-kB) signaling pathway, which is
known to promote cell survival and resistance to apoptosis in
response to radiation.® The modulation of NF-kB and cell cycle
phase is a consistent finding across multiple studies, under-
scoring its important role in curcumin's potential to overcome
radio-resistance in cancer cells.** However, free curcumin faces
limitations such as poor aqueous solubility, low bioavailability,
and rapid metabolism, which hinder its clinical application.
To address these challenges, researchers have incorporated
curcumin into nanoparticle formulations to enhance its
delivery and efficacy in cancer therapy. Among these agents,
gold nanoparticles (GNPs) have attained considerable attention
as one of the most extensively studied radiosensitizers owing to
their unique physical and chemical properties including large
surface area, in vivo biocompatibility, and easily modifiable
surface.” The primary advantage of GNPs as radiosensitizers

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lies in their high atomic number, which facilitates increased
photoelectric absorption and subsequent emission of
secondary electrons and production of reactive oxygen species
(ROS). These processes can damage nearby cancer cells, thereby
enhancing the overall effectiveness of radiotherapy.'>**

In this study, we investigate the potential of curcumin-coated
gold nanoparticles (Curc-GNPs) as a radiosensitizing agent for
prostate cancer. Specifically, we assess their ability to enhance the
efficacy of radiotherapy in PC-3 prostate cancer cells by leveraging
the complementary mechanisms of GNPs and curcumin. The
GNP platform is designed to improve curcumin's stability,
bioavailability, and cellular uptake while simultaneously ampli-
fying radiation-induced cytotoxicity through the generation of
ROS and secondary electrons. Additionally, curcumin's inhibition
of the NF-«B signaling pathway and G2/M cell cycle arrest may
further enhance radiosensitivity by reducing cancer cell survival
and promoting apoptosis.*>* To our knowledge, this is the first
study to explore the combination of curcumin and GNPs as
a radiosensitizing agent. By systematically investigating this
nanoplatform, we aim to provide novel insights into the devel-
opment of more effective radiosensitization strategies for high-
risk prostate cancer, ultimately improving therapeutic outcomes
while minimizing radiation-induced toxicity.

2. Materials and methods
2.1 Materials

Curcumin (=98% purity, Alexis Biochemicals, San Diego, CA,
USA), sodium citrate dihydrate (S25545-Fisher Scientific, Wal-
tham, MA, USA), and gold(u) chloride trihydrate (HAuCl,-
-3H,0, 520918-Aldrich, St. Louis, MO, USA) were used as
supplied for the synthesis of GNPs. All synthesis protocols
utilized ultrapure Milli-Q water derived from the Millipore
Gradient A10 water purification system (Merck Millipore, MA,
USA). Milli-Q water will be referred to as ultrapure water.

Reagents for in vitro studies included RPMI1640 medium
(R8758 Aldrich), fetal bovine serum (FBS, A3160702 Fisher
Scientific), penicillin streptomycin (PNC, 15140122 Fisher
Scientific), Dulbecco's phosphate buffered saline (PBS,
SH3002802 Fisher Scientific), trypsin-EDTA (25200072 Fisher
Scientific), dimethyl sulfoxide (DMSO, MT25950CQC Fisher
Scientific), and crystal violet (C0775100G Aldrich).

2.2 Synthesis and purification

The synthesis protocol for Curc-GNP was adapted from
a procedure by Nambiar et al.® The first step involved solubi-
lizing the polyphenol compound by adding 10 mM NaOH to
a vial containing curcumin powder to form 10 mL of a 1 mM
curcumin solution. The dark orange solution was then held in
an ultrasonic bath at 44 °C, and 200 pL of 100 mM HAuCl,-
-3H,0 was added dropwise. The formation of Curc-GNP was
confirmed by the sudden change of the solution's color from
orange to ruby red. The solution was transferred to a 3.5 kDa
dialysis tubing (SnakeSkin Dialysis Tubing, Thermo Fisher,
Waltham, MA, USA), which was then placed in a 2 L beaker of
ultrapure water for =24 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The synthesis protocol for citrate-coated GNPs (Cit-GNP)
followed the Turkevich method.* Briefly, 300 mL of 1 mM
HAuCl,-3H,0 stock solution was transferred to a round bottom
flask, brought to a rolling boil, and refluxed. Subsequently,
a 6 mL aliquot of 40 mM sodium citrate stock solution was
added to the boiling HAuCl,-3H,O solution. During the reac-
tion, the color of the solution gradually changed from yellow to
brown and finally to ruby red. The final solution was then
allowed to cool to room temperature with continuous stirring
for 3 h followed by purifying it with 3.5 kDa dialysis tubing in
a 2 L beaker of ultrapure water for =24 h.

2.3 Curc-GNP characterization

2.3.1 Stability test. The stability of CurcGNPs and Cit-GNPs
was tested in ultrapure water, RPMI1640 (no additives), and
serum-supplemented RPMI1640 (containing 10% v/v FBS and
1% v/v PNC). The samples were prepared in Petri dishes at the
Au concentration of 100 pg mL ™" in three medium conditions
and incubated at 37 °C with 5% CO, for T = 0, 24, and 48 h. At
each time point, 1 mL aliquot was transferred to a disposable
cuvette to measure the hydrodynamic size, polydispersity index
(PDI), and zeta potential using Malvern ZetaSizer UltraZS
(Malvern Instruments Ltd., Malvern, UK). UV-vis absorbance
spectra were obtained by a SpectraMax Molecular Devices M5
plate reader (San Jose, CA, USA). A single absorbance peak near
525 nm was used post synthesis to confirm the formation of
spherical GNPs measuring approximately 15-30 nm in
diameter.

2.3.2 Transmission electron microscopy (TEM). TEM
images of Curc-GNPs were obtained using a Philips CM10
electron microscope. A few small drops of Curc-GNP were
placed on a 200 mesh Formvar copper grid and left overnight to
dry. TEM images were taken at an accelerating voltage of 60 kV,
using a 100 nm scale bar. Image] software was used to analyze
the size of the GNPs, and the Gaussian histogram for the size
distribution of spherical Curc-GNPs was generated using Origin
Pro software. Note that TEM size measurements represent only
the diameter of the Au core, excluding the outer coating.

2.3.3 Fourier transform infrared spectroscopy (FTIR). FTIR
spectroscopy was conducted to compare the characteristic
absorption peaks of powdered curcumin (=98% purity) with
those of the freeze-dried Curc-GNPs. Analyses were performed
on a Thermo Nexus 670 FTIR spectrometer equipped with
a Continuum microscope, with spectra recorded in the solid
state over the wavenumber range of 700-2500 ¢m™'. Trans-
mission peaks were examined to confirm the presence of cur-
cumin on the gold nanoparticle surface and identify any shifts
in functional group absorption relative to free curcumin.

2.3.4 High performance liquid chromatography (HPLC).
Curcumin loading onto gold nanoparticles was quantified using
a Waters Alliance HPLC system. Chromatographic separation
was achieved on a C18 column using an isocratic mobile phase
composed of aqueous 0.1% formic acid and 0.1% formic acid in
acetonitrile (50: 50, v/v) at a flow rate of 1.5 mL min~". Detec-
tion was carried out at 425 nm. A calibration curve was estab-

lished using 6 curcumin standards (=98% purity) at
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concentrations of 0.1-54.25 ug mL™'. To determine curcumin
loading, curcumin was desorbed from the nanoparticle surface
by treating the Curc-GNP suspension with acidified ethanol
(0.1 mL formic acid per 100 mL ethanol). The mixture was
sonicated, vortexed thoroughly, and centrifuged at 10 000 xg for
10 minutes. The resulting supernatant was filtered through
a 0.2 um GHP syringe filter and analyzed via HPLC to determine
the desorbed curcumin concentration. The GNP pellet was
resuspended in acidified ethanol and the process was repeated
again. Curcumin loading was calculated using the equation:

Mcure (1)

WCure =
MAu

where wcyrc is the curcumin loading in mg Curc/mg Au, mcyrc is
the desorbed curcumin content detected in the supernatant and
May is the mass of gold in the Curc-GNP suspension. Gold
content was quantified by resuspending the nanoparticle pellet
in ultrapure water and measuring the gold concentration using
ICP-MS (Agilent Technologies).

2.3.5 Antioxidant capacity of Curc-GNP. The antioxidant
potential of Curc-GNP and Cit-GNP was measured based on the
(DPPH) 2,2-diphenyl-1-picrylhydrazyl radical scavenging assay
adapted from Giilcin et al.,*® whereby the antioxidant activity of
a compound correlates with the spectrometric shift caused by
DPPH reduction. Briefly, a 0.1 mM DPPH stock solution was
prepared by dissolving 3.94 mg of DPPH powder in 100 mL
ethanol. Four different concentrations (25, 50, 100, and 200 pg
mL ") were tested for DPPH activity. 2 mL of each GNP solution
was mixed with 2 mL of the DPPH stock solution, vortexed, and
incubated in the dark for 30 minutes. Afterward, the samples
were centrifuged at 3000 g for 10 minutes, and the supernatant
was used for analysis. Absorbance was recorded at 517 nm on
a Molecular Devices SpectraMax M5 plate reader. The absorbance
readings were converted to antioxidant activity based on eqn (2):

Abscontrol - (Abssample - Absblank)
Abscomrol
x 100% )

DPPH inhibition(%) =

where AbSconrol, AbSsample, and Abspian are the absorption
readings of the DPPH control, the DPPH-treated samples, and
the blank samples, respectively.

2.4 Cytotoxicity of Curc-GNP against PC-3 cells

The cytotoxicity of Curc-GNPs on prostate cancer cells (PC-3) was
evaluated using a colorimetric XTT assay,'® which detects the
reduction of XTT to a soluble formazan product by metabolically
active cells serving as an indicator of cell proliferation and
viability. Briefly, PC-3 cells were seeded into 96-well plates at
a density of 5000 cells per well and incubated in RPMI-1640
medium supplemented with 10% FBS and 1% PNC at 37 °C in
a 5% CO, incubator for 24 hours to allow cell adherence and
stabilization. Seven concentrations of Curc-GNPs (25, 50, 75, 100,
200, 500, and 1000 pg mL™') were prepared in serum-
supplemented RPMI medium.

The negative control consisted of PC-3 cells incubated with
cell medium only, whereas the blank control included cell

5966 | Nanoscale Adv., 2025, 7, 5964-5977
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medium plus Curc-GNPs without cells. Cells were exposed to
each GNP concentration for treatment durations of 24, 48, and
72 hours. Each concentration and treatment time point was
conducted in quintuplicate. At the end of each treatment time
point, the medium was removed, and wells were gently rinsed
twice with 100 pL PBS. Subsequently, 50 pL of XTT working
solution was added to each well, and plates were incubated for
an additional 4 hours. After incubation, absorbance was
measured at 450 nm (reference: 650 nm) using a SpectraMax
Molecular Devices M5 plate reader. Cell viability for each
treatment group was calculated based on eqn (4), incorporating
the specific absorbance calculated from eqn (3) to account for
negative and blank controls. These results were used to deter-
mine the cytotoxic effects of each GNP structure in PC-3 cells at
different concentrations and time points.

Specific absorbance =
[AbS450 nm (test) — Absssg nm (blank)] — Abseso nm (test) (3)

Specific Abs of treated wells
Specific Abs of control

%Viability = x 100 (4)

% Cytotoxicity = 100 — %Viability (5)

2.5 Cellular uptake of Curc-GNP using ICP-MS

Inductively coupled plasma-mass spectrometry (ICP-MS) can
measure trace levels of elements in biological fluids. Here, the
cellular uptake of Curc-GNP by PC-3 cells was quantified by
measuring gold (Au) concentrations using ICP-MS (Agilent
Technologies). The protocol, adapted from Carnovale et al'’
examined the influence of incubation time (10 hours vs. 24
hours) and medium composition (serum-supplemented vs.
non-serum-supplemented) on Curc-GNP uptake at two Au
concentrations (50 and 100 pug mL~")."” Briefly, PC-3 cells were
seeded into six-well plates at a density of 3 x 10> cells per well in
a growth medium. At 75% confluency, the medium was
removed from each well and replaced with 3 mL of fresh
medium containing 50 or 100 ug mL ™" of Curc-GNPs. Cells were
then incubated for 10 or 24 hours at 37 °C. Each concentration
and condition were run in triplicate wells. After the designated
incubation period, the medium was removed, and each well was
gently washed three times with PBS to remove unbound GNPs.
Cells were detached using 0.25% (w/v) trypsin, transferred to
conical tubes for cell counting, and centrifuged at 500 g for 10
minutes. The supernatant was discarded, and the cell pellet was
resuspended in ultrapure water and transferred to digestion
tubes. 1 mL of aqua regia (1 :3 HNO; : HCI) was added for acid
digestion. The tubes were heated on a digestion block at 90 °C
for 120 minutes. Afterward, each digest was diluted to 10 mL
with ultrapure water and mixed thoroughly before Au analysis.

ICP-MS Analysis was performed for *°’Au, with %°Y serving as
an internal standard to adjust for variations in plasma condi-
tions. External calibration used a five-point calibration curve (1-
100 ppm), and curve correlation coefficients were all >0.995.
Calibration was verified against a separate 10 ppm or 50 ppm Au
standard from a different source, with agreement within £10%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the expected value. The Method Detection Limit (MDL) and
Limit of Quantification (LOQ) for gold in solution were
0.0408 ppm and 0.1300 ppm, respectively. The gold content per
cell was calculated from ICP-MS data using eqn (6).

ppm of Au detected by ICP

Mass of A 1l =
ass of Au per ce Total cell count

(6)

2.6 In vitro radiosensitization analysis of Curc-GNP

Radiosensitization studies were performed using a clonogenic
assay protocol (Fig. 1) adapted from Franken et al.*®* PC-3 cells
were seeded in six-well plates at a density of 3 x 10° cells per

View Article Online
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Subsequently, Curc-GNPs were administered at six different
concentrations (0, 25, 50, 100, 200, and 500 ug mL™ ') and
incubated for 24 hours.

Irradiation was conducted at the Waterloo Regional Health
Network Cancer Centre using a Varian TrueBeam linear accel-
erator (Varian Medical Systems, Palo Alto, CA) with 6 MV X-rays
at a 100 cm source-to-surface distance, calibrated according to
AAPM TG-51 dosimetry protocol. The beam was collimated to
a 20 x 20 cm?® field for dose delivery of 2, 4, or 6 Gy. For each
radiation dose, two six-well plates were used: one set for the
treatment group (Curc-GNP + radiation) and another set for the
control group (Curc-GNP only, no radiation). Each condition

well and grown to approximately 75% confluence. was performed in triplicate.
- Seed PC-3 cells
wr — | — o6
1 2 j .y
Harvest PC-3 cells in T-75 flask Frepare GlEs 3

0,25,50,100,200,500 ug/ml

5
Apply Radiation . - Apply GNPs
A Imreat
— ‘cgunm? 125 ) 150 ) to PC-3 cells
%1100/ 1200/ | 500/
N - 4
6 Week 0 Week 1 Week 2 Week 3
Monitor cell 3
growth

Apply Staining Solution

10
Survival Curve

— GNP
— GNP + Radiation

01

8 9

Capture image Process image

SF = @~ (@D+p0?)

Surviving fraction

Dose (Gy)

Number of Colonies )

FE= (Number of Cells Seeded

Number of Colonies after treatment

sF=

Normber of Calls Seaded S PE—) * 100%

Fig. 1 A flow diagram showing the clonogenic assay protocol undertaken for measuring the radiation dose enhancement of Curc-GNP

incubated with PC-3 cells.
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Following irradiation, cells were washed with PBS, trypsi-
nized, counted, and reseeded into new six-well plates. Colonies
were allowed to form over a period of up to three weeks, with the
endpoint determined when control wells showed sufficiently
large, distinct colonies. Cells were stained with 0.4% crystal
violet for 30 minutes, rinsed with deionized water, and dried
overnight. Images of each well were taken and processed in
Image] using the ColonyCount plugin to standardize colony
counting and reduce bias.”

Plating Efficiency (PE, eqn (7)) and Surviving Fraction (SF.
eqn (8)) were calculated to evaluate the effects of Curc-GNPs and
radiation treatment on PC-3 cells. PE was determined as the
ratio of the number of colonies formed to the number of cells
originally seeded. This metric reflects the proportion of cells
capable of adhering to the plate and forming colonies following
GNP exposure. SF was calculated to determine the proportion of
cells that retained their ability to form colonies after exposure to
radiation treatment. Data were fitted to the linear-quadratic
(LQ) model (eqn (9)) via non-linear regression using Python 3.11
(curve_fit in SciPy 1.15 and NumPy 2.1). This yielded best-fit
values for « (the linear cell-killing coefficient) and g (the
quadratic cell-killing coefficient), along with the corresponding
standard errors, the dose for 50% effect Ds,, and the sensitizer
enhancement ratio (SER, eqn (10)).

PE — Number of colonies
~ \ Number of cells seeded

) x 100% 7)

SF — Number of colonies after radiotherapy
B Number of cells seeded x PE

) x 100%  (8)

S(D) = e *P-6D? )

SER = ——M———
D5, without GNP

(10)

2.7 Statistical analysis

All experiments were carried out in at least triplicates to report
mean values with + standard errors. The statistical method
used for measuring p-values was the paired ¢-test (2 groups) and
the ANOVA (3 or more groups). P-values mentioned are relative
to the control unless otherwise stated in the text.

3. Results and discussion
3.1 Colloidal stability

The synthesized Curc-GNP solution exhibited a ruby red color,
which is characteristic of spherical gold nanoparticles. Curcu-
min functioned as both the reducing agent and stabilizing
ligand, simplifying the synthesis process significantly
compared to conventional methods, which typically require
separate reducing and stabilizing agents. Traditionally,
compounds such as sodium borohydride (NaBH,), hydrazine,
or ascorbic acid serve as reducing agents, while separate stabi-
lizing agents like polyethylene glycol (PEG) or cetyl-
trimethylammonium bromide (CTAB) are introduced
subsequently to prevent nanoparticle aggregation. Utilizing

5968 | Nanoscale Adv., 2025, 7, 5964-5977
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Table 1 Curc-GNP characterization and stability test. (A) The mean
diameter, (B) PDI, and (C) zeta potential of Curc-GNPs incubated at
37 °C in different media for 48 hours

T=0 24 h 48 h
(A) Diameter (nm)
Curc-GNP in water 20.8 + 2.3 22.0 £ 2.3 224 +£2.1
Curc-GNP in RPMI 23.8 + 2.8 146 £ 19 840 + 80
Curc-GNP in RPMI + FBS 38+6 35+6 36 £7
(B) PDI
Curc-GNP in water 0.13 4+ 0.01 0.13 4+ 0.01 0.14 £+ 0.02
Curc-GNP in RPMI 0.18 + 0.02 0.19 £+ 0.02 0.58 £+ 0.07
Curc-GNP in RPMI + FBS 0.26 + 0.02 0.30 4 0.02 0.29 £+ 0.03
(C) Zeta potential (mV)
Curc-GNP in water —-339+22 -36.2+23 —-353+25
Curc-GNP in RPMI —13 + 8 —124+7 —13+ 6
Curc-GNP in RPMI + FBS —-5+8 —-5+6 —-4+6

curcumin as a dual-functional reducing agent simplifies the
synthesis procedure, eliminates the necessity of toxic reagents,
and enhances biocompatibility.*>°

To investigate the impact of serum proteins on nanoparticle
stability, colloidal stability tests were conducted under different
media conditions (Table 1). Curc-GNP solutions demonstrated
excellent stability in ultrapure water, as evidenced by consistent
hydrodynamic diameters (20 to 22 nm), stable polydispersity
indices (PDI < 0.2), and zeta potentials (—33.91 to —36.18 mV)
throughout the 48 hour testing period. In serum-supplemented
RPMI, Curc-GNPs maintained reasonable stability, though
there was a notable increase in hydrodynamic size (~35 nm)
and PDI (0.28) within 48 hours compared to water alone
(Fig. S1t). UV-vis spectroscopy consistently revealed character-
istic peaks at approximately 525 nm, indicating maintained
colloidal stability of Curc-GNPs in serum-supplemented RPMI
(Fig. 2A). Here, serum proteins help stabilize Curc-GNPs
through corona formation, despite increasing particle size
and reducing zeta potential.>* On the other hand, Curc-GNPs in
RPMI without FBS exhibited a significant increase in diameter
(839.8 nm) and PDI (0.579) accompanied by a red shift of the
characteristic peak in the UV-vis spectra over time, indicative of
nanoparticle aggregation (Fig. 2B). Visually, the colloidal
suspension of Curc-GNPs in RPMI without FBS was more opa-
que compared to those in serum-supplemented RPMI and
water, confirming the formation of aggregates (Fig. S27). The
protein corona is a very important design parameter for all
nanodrug delivery systems as it can greatly influence bio-
distribution and pharmacokinetics. Our Curc-GNP structure
contains an outer layer of curcumin which is hydrophobic and
is reported to have strong affinity and binding interactions with
serum albumin.? The beneficial role of albumin-mediated GNP
delivery includes enhanced circulation time, low toxicity, and

selective accumulation in tumor tissues.>*>*

3.2 Surface characterization & curcumin loading

The TEM analysis shows the morphology and the size distribu-
tion of the dehydrated Curc-GNPs (Fig. 3A), which has a mean

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Curc-GNPs in RPMI + FBS (10%)
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Fig. 2 UV-vis spectra of Curc-GNPs in (A) serum-supplemented RPMI and (B) serum-free RPMI at 0, 24, and 48 hours.
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Fig. 3 Surface characterization of Curc-GNPs. (A) TEM image of Curc-GNP. (B) Size distribution of Curc-GNP's Au cores. (C) FTIR spectra of

Curc-GNP (black) and curcumin (red).
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diameter of 11 nm = 5, representing the size of the core of Curc-
GNPs (Fig. 3B). Since the mean hydrodynamic diameter of Curc-
GNPs was ~20 nm in ultrapure water (Table 1), we can deduce the
thickness of the curcumin coating and hydration layer around the
GNP core is approximately ~5 nm on each side. In the case of
serum-supplemented media, the protein corona resulted in an
increase in the hydrodynamic diameter by 10-15 nm.

FTIR spectra (Fig. 3C) of curcumin alone showed a strong,
conjugated carbonyl (C=0) stretch near 1625-1628 cm™ ' that
overlaps with aromatic C=C signals. Upon binding to GNPs,
this band diminished in intensity and partially shifted to
a higher frequency around 1700-1740 cm . This upward shift
suggests that curcumin's B-diketone moiety was converted to
a less hydrogen-bonded carbonyl, consistent with coordination
to the gold surface. Conversely, the aromatic ring vibrations
around 1500-1600 cm ™" remained largely unaltered, indicating
that the phenyl rings do not participate directly in binding with
GNPs. Additionally, a notable decrease or disappearance of the
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o
o
-

Elution Time (min)
7x10°
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enolic =C-OH bending peak near 960 cm™ ' further supports
the involvement of the B-diketone/enol functional group in
anchoring curcumin to the gold surface. Altogether, these
spectral changes confirm that curcumin was successfully coated
onto the GNPs primarily via its polar B-diketone/enol while the
aromatic rings remain structurally intact.

The HPLC method exhibited strong linearity for curcumin
standards in the range of 0.1-54.25 ug mL ", with an R* value of
0.996. Standard measurements between 5.425 and 54.25 pg
mL ™" were especially accurate as they all yielded % deviations of
less than 5% of expected value (Fig. 4C). Curcumin consistently
eluted at approximately 4.03 £+ 0.01 minutes for all samples
analyzed, including both standards and Curc-GNP desorbate
(Fig. 4A and B). The first desorption cycle yielded an average
curcumin concentration of 7.011 + 0.014 pg mL™ " As the
solution was diluted 10-fold for HPLC analysis, the actual
supernatant concentration was 70.11 pg mL™'. With a total
supernatant volume of 25 mL, this corresponds to 1.75 mg of

0.06 Curcumin Control (A= 425 nm)
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0.04 -
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Fig.4 HPLC analysis of curcumin loading. (A) Chromatogram of Curc-GNP desorbate (t = 4.034 min). (B) Chromatogram of curcumin control (t
= 4.02 min). (C) Calibration curve for curcumin (0.1-55 pg mL™%; R? = 0.998) with Curc-GNP desorbate plotted in red.
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curcumin recovered. A second desorption cycle was performed
to capture any remaining curcumin on the GNPs however, the
measured value was extremely small <0.5 pg mL ™", below the
quantification limit of 1 ppm. Thus, it can be concluded that the
first desorption cycle removed >97% of the curcumin from the
GNPs, demonstrating the effectiveness of the acidic ethanol
method. ICP analysis of the resuspended pellet revealed a gold
concentration of 336.54 & 0.12 ug mL ", equivalent to 8.41 mg
of gold in the 25 mL suspension. Using eqn (1), the curcumin
loading is calculated as follows:

Mcure 1.75 mg
my,  8.41mg

WCure = = 0.208 mg Curcumin per mg Au

This corresponds to a curcumin loading of 20.8 wt%. The
Curc-GNP synthesis initially used 9.21 mg of curcumin, so the
1.75 mg detected on the GNPs represents a ~19% encapsulation
efficiency. Quantification of curcumin loading on GNPs is
crucial, as curcumin is the active therapeutic agent. Accurate
loading data provide essential context for interpreting in vitro
results in terms of therapeutic efficacy. Furthermore, precise
quantification ensures reproducibility and facilitates compar-
ison between different formulations.

3.3 Antioxidant potential

Curcumin is recognized as a potent antioxidant, with numerous
studies confirming its efficacy in both bulk and nanoparticle
forms.”®?® The antioxidant activity is largely attributed to its
unique chemical structure, which includes carbon-carbon
double bonds, phenyl rings with hydroxyl and O-methoxy
groups, and a B-diketo group that serves as an active site for
chemical reactions (Fig. 5A). The aromatic rings with hydroxyl
groups can donate electrons or hydrogen atoms to neutralize
free radicals, while the stability of the molecule is maintained
by the aromatic structure.?**

The DPPH assay is a widely utilized method for assessing the
radical scavenging ability of GNPs. Previous studies have
demonstrated elevated DPPH scavenging ability of various

(A)

Q: B-diketone moiety
: Aromatic O-methoxy-phenolic group
(®: 7-carbon linker chain
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surface-modified GNPs.***” In our experiment, we employed
quercetin as a positive control alongside Cit-GNPs, which are
the standard and most frequently cited GNPs in the literature.™
Both Cit-GNPs and Curc-GNPs exhibited a dose-dependent
increase in DPPH inhibition; however, at higher concentra-
tions, the increase in inhibition appeared to plateau (Fig. 5B).
Notably, Curc-GNPs exhibited a 2.1 (p = 0.003) and 1.43-fold (p
= 0.07) higher DPPH inhibition than Cit-GNPs at the lowest (25
pg mL') and highest (200 pg mL™') concentrations
respectively.

3.4 Cytotoxicity of Curc-GNPs in PC-3 cells

In our study, we employed the XTT assay to evaluate the cyto-
toxicity of Curc-GNPs on PC-3 cells at three incubation time
points: 24, 48, and 72 hours. Curc-GNPs exhibited a biphasic
dose-response relationship, with cell viability remaining high
across the 0-100 pg mL™ " concentration range and decreasing
sharply from 100-1000 pg mL ™" at all three time points (Fig. 6).
Moreover, the rate of cell death was much higher at the higher
concentrations (500-1000 pg mL ™) (Fig. S31). At 24 hours, the
viability was 112.75% =+ 2.06 at 100 ug mL™" (p < 0.05), 89.48% +
7.72 at 200 ug mL " (p < 0.05), 72.58% =+ 5.26 at 500 pg mL™* (p <
0.01), and 58.06% = 6.41 at 1000 ug mL ™ * (p < 0.001) (Fig. 6A).
The increase in viability at lower concentrations (25-100 pg
mL~") may indicate a protective effect that promotes cell
proliferation, warranting further mechanistic investigation.
These findings suggest that lower concentrations of Curc-GNPs
are not inherently toxic to prostate cancer cells in vitro.
Several mechanisms may explain curcumin's protective
effect at low concentrations. Curcumin is a radical scavenger
that modulates ROS levels, thereby effectively quenching ROS
species within PC3 cells, and its anti-inflammatory effects may
further promote cell viability. However, beyond a certain
threshold, oxidative stress may overwhelm protective pathways,
leading to cell injury or death.>® Hence, the biphasic dose-
response attributed to an optimal balance between curcumin's
anti-inflammatory action and its influence on proliferation

(B) *
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Fig.5 Antioxidant activity of Curc-GNPs. (A) The chemical structure of curcumin, which includes a diketone moiety, two aromatic ring systems,
and a seven-carbon linker chain. (B) DPPH inhibition of Curc-GNP compared to Cit-GNP and quercetin (positive control) at varying concen-

trations (25-200 pg mL™Y).
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Fig. 6 XTT cytotoxicity assay. Cytotoxicity of Curc-GNPs in RPMI + FBS with PC-3 cells for (A) 24 h (B) 48 h and (C) 72 h incubation periods. The
statistical significance was indicated by *p < 0.05, **p < 0.01, and ***p < 0.001.

markers.”*** To our knowledge, no one has reported a hormetic
response in relation to in vitro or in vivo GNP studies.

Our results show that curcumin could be stimulating PC-3
cells at low doses and induce apoptosis at high doses. This
biphasic effect is well-documented in literature.”***** For
example, MDA-MB breast cancer cells exhibited increased
glutathione (GSH) levels (138% P < 0.01) at low curcumin
concentrations, but strong inhibition (—56% P < 0.01) at
concentrations above 25 mg L~'.*' Vashisht et al treated
buffalo granulosa cells with various concentrations of
curcumin-loaded exosomes and observed increased expres-
sion of cell proliferation markers and anti-inflammatory
signals at low concentrations (10-20 pM). These included
a reduction in pro-inflammatory cytokines such as IL-1f3, IL-6,
and TNF-o.>® In our study, further investigation is needed to
clarify the mechanisms underlying the biphasic hormetic
response of Curc-GNPs. We postulate that threshold-
dependent events may determine whether curcumin acts
protectively via antioxidant effects or triggers apoptosis. For
example, the activation of caspase cascades or the loss of
mitochondrial membrane potential may serve as critical
thresholds that shift the cellular response from survival to cell
death. Future work should examine cell signaling and gene
expression to better understand the biphasic effects of Curc-
GNPs on PC-3 cells.

3.5 Curc-GNP uptake in PC3 cells

The primary mechanisms of GNP uptake in PC3 cells are
endocytosis and pinocytosis. Endocytosis is a well-characterized
process where the cell membrane invaginates to form an
intracellular vesicle, facilitating nanoparticle internalization,
especially for functionalized GNPs.** Pinocytosis, on the other
hand, is a non-specific process involving the uptake of
surrounding extracellular fluid and solutes, which may also
contribute to the internalization of GNPs in PC3 cells.**** With
these two mechanisms in mind, we investigated the interaction
between Curc-GNPs and PC3 cells by incubating two different
concentrations of Curc-GNPs (50 or 100 ug mL™ ") in PC3 cells
with or without 10% FBS for 10 and 24 hours at 37 °C. The
results showed that longer incubation time (24 hours) resulted

5972 | Nanoscale Adv.,, 2025, 7, 5964-5977

in significantly higher uptake compared to shorter incubation
times (10 hours), a trend that was consistent across both
medium conditions (p < 0.05) (Fig. 7). Additionally, higher Curc-
GNP concentration (100 pg mL ") led to an increased uptake
compared to that of lower concentration (50 pg mL "), which
was also statistically significant in both medium conditions (p <
0.05).

Interestingly, serum-supplementation had a notable
impact on GNP uptake, with lower uptake observed across
both incubation times compared to non-serum-supplemented
medium. This effect was most pronounced at 24 hours, where
the cellular uptake in non-serum-supplemented medium
(72.38 pg per cell + 15.14) was 3.52-fold higher than that of
serum-supplemented medium (20.59 pg per cell £ 3.83) (p <
0.001), suggesting that the absence of serum proteins may
enhance nanoparticle-cell interactions by preventing protein
corona formation. With no serum proteins adhered to the
surface of Curc-GNPs, the bare curcumin coating can directly
bind with the lipid-rich PC-3 membrane, leading to an
increased uptake of Curc-GNPs in a non-serum-supplemented
medium. Additionally, the elevated Au detected in our PC3 cell
study may be partially driven by Curc-GNP aggregation in
a non-serum-supplemented medium as shown in the stability
study (Table 1), leading to the settling of larger GNPs onto PC-3
cells. The findings from our in vitro Curc-GNP uptake study
highlight the importance of nanoparticle drug design that
accounts for protein interactions in the serum-rich in vivo
settings. Under physiological conditions, nanoparticles may
acquire a biomolecular corona composed of albumin, immu-
noglobulins, apolipoproteins, and complement factors.***¢
This corona can sterically hinder direct ligand-receptor
contact, or may alter cell signaling interactions that ultimately
reduce cellular recognition and internalization. For example,
nanoparticle-bound immunoglobulins can trigger opsoniza-
tion and clearance by the mononuclear phagocyte system,
leading to accumulation in the liver and spleen.*® The serum-
free conditions highlight the optimal cell-association poten-
tial of the curcumin coating and inform future surface engi-
neering strategies of Curc-GNPs, such as stealth PEGylation or
pre-adsorption of circulatory enhancing proteins.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Cellular uptake of Curc-GNPs. The concentration of Au detected in PC3 cells after incubating with Curc-GNPs at two different
concentrations (50 and 100 pg mL™) in two different medium conditions (RPMI with or without 10% FBS) for 10 and 24 hours at 37 °C. The
statistical significance was indicated by *p < 0.05, **p < 0.01, and ***p < 0.001.

3.6 Radiosensitization enhancement

Several radiosensitization studies have demonstrated the radio-
enhancing effects of functionalized GNPs in prostate
cancer."**>%” Once localized in the cells, GNPs distributed near
the nucleus and within cytoplasmic structures contributed to
enhanced DNA damage and impaired repair mechanisms.*®

Herein, we initially revealed a dose-dependent increase in
radiotherapy-induced cell death of Curc-GNPs via the clono-
genic assay (Fig. 8A). At the lowest concentration (25 pug mL™%),
the sensitizer enhancement ratio (SER) was 0.979 correspond-
ing to a 2.1% decrease from the control group (0 pg mL™"),
indicating an insufficient ability to enhance radiation sensi-
tivity compared to the control group (Table 2). This may reflect
a transient radioprotective effect, potentially due to curcumin's
antioxidant properties, which could scavenge radiation-induced
ROS at low concentrations. This finding is consistent with our
cytotoxicity study (Fig. 6), which indicated enhanced cell
viability at sub-toxic Curc-GNP concentrations. On the other
hand, with Curc-GNPs at 50 g mL " and above, the SER values
increased with respect to Curc-GNPs, which correlated with the
radiotherapy-induced cell death (Fig. 8A).

Further insights into the radiosensitizing mechanisms were
provided by the Linear-Quadratic (LQ) model. The « parameter,
which represents single-track lethal DNA damage and ROS-
mediated cell death, exhibited a steep increase with Curc-GNP
concentration (Table 2). This suggests that Curc-GNP
enhances ROS-mediated cytotoxicity, likely driven by the
photoelectric effect, wherein X-ray irradiation of gold atoms
results in the release of secondary electrons, thereby amplifying
radiation-induced damage.”® In contrast, the ¢ parameter,
associated with double-track sublethal DNA damage and
complex lesion repair, changed marginally and showed no link
to Curc-GNP concentration. This observation indicates that the
primary mechanism of enhanced cell killing is ROS-induced

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

oxidative stress caused by Curc-GNPs rather than an enhance-
ment of direct DNA strand breaks. Additionally, there was
a progressive decrease in Dj, with increasing Curc-GNP
concentrations, from 2.094 Gy at 25 pg mL ™" to 1.127 Gy at
500 pug mL~'. This trend indicates that higher Au concentra-
tions significantly lower the radiation dose required for equiv-
alent therapeutic efficacy. Notably, curcumin is a well-
documented inhibitor of the NF-kB pathway, which plays
a critical role in cancer cell survival, inflammation, and radio-
resistance. Upon irradiation, NF-kB is typically activated,
promoting the expression of anti-apoptotic genes (Bcl-3, XIAP)
that counteract radiation-induced damage.** Curcumin's ability
to suppress NF-kB activation can sensitize tumor cells to
radiotherapy by diminishing these survival signals and
enhancing apoptotic susceptibility. Furthermore, curcumin is
known to cause cell cycle arrest at G2/M phase, a phase where
cells are intrinsically more radiation sensitive due to highly
condensed chromatin, and limited ability to repair DNA.*~>° By
synchronizing a larger proportion of cells in this radiosensitive
phase, curcumin loading on GNPs amplifies radiation-induced
DNA damage. Previous reports in prostate and colorectal cancer
cells have shown that curcumin-induced G2/M arrest correlates
with increased y-H2AX foci and reduced clonogenic survival
following irradiation.***

Colony formation assays (Fig. 8B) illustrate a clear reduction
in colony number with increasing Curc-GNP concentration and
radiation dose. The most pronounced effect was observed hor-
izontally (increasing Curc-GNP concentration) rather than
vertically (increasing radiation dose), indicating that Curc-GNPs
primarily enhance radiosensitivity rather than directly inhibit-
ing proliferation. Morphological changes were evident with
increasing radiation doses; colonies at 0 Gy were large and
circular, while those at 6 Gy appeared smaller, irregularly sha-
ped, or reduced to faint specks.
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Table 2 The changes in « (the linear cell-killing coefficient), 8 (the
quadratic cell-killing coefficient), Dso, SER, and the «/g ratio at varying
Curc-GNP concentrations

Concentration « B8 D5, SER alB

0 ug mL™* 0.173 0.04 2.05 1 4.325

25 ug mL~" 0.24 0.044 2.094 0.979 5.454545
50 pg mL~" 0.311 0.032 1.87 1.097 9.71875
100 pg mL ™" 0.343 0.052 1.623 1.263 6.596154
200 pg mL ™" 0.341 0.068 1.554 1.319 5.014706
500 pg mL ™" 0.579 0.032 1.127 1.82 18.09375

4. Conclusion

In this study, we systematically characterized and evaluated
Curc-GNPs as radiosensitizers targeting prostate cancer cells.
Our colloidal stability tests demonstrated that Curc-GNPs
maintained excellent dispersion in serum-supplemented
medium but formed aggregate under serum-free conditions,
an effect partly attributed to protein corona formation. Curc-
GNPs showed superior antioxidant activity compared to
conventional Cit-GNPs, reflecting the inherent free-radical-
scavenging properties of curcumin. Cytotoxicity analyses
revealed a biphasic dose response where low Curc-GNP
concentrations slightly enhanced cell viability, whereas high
concentrations (>100 pg mL ™) elicited a pronounced cytotoxic
effect. Subsequent uptake studies indicated that serum-free
conditions and prolonged incubation maximize Curc-GNP
internalization, likely due to direct curcumin-cell membrane
interactions and aggregation of Curc-GNPs. Critically, clono-
genic assays demonstrated robust radiosensitization, in which
SER increased in a concentration-dependent manner, peaking
at 1.82 in cells treated with 500 pg per mL Curc-GNPs plus
ionizing radiation. Mechanistically, our data indicate that Curc-
GNP-mediated radiosensitization is largely governed by an
increased a-parameter in the linear-quadratic model, signifying
enhanced ROS production via photoelectric interactions
between gold and X-rays. For translation of Cure-GNPs to in vivo
models, challenges surrounding their biphasic dose response
must be clarified, particularly the underlying mechanisms and
the identification of a therapeutic dose window. Further surface
engineering is recommended to mitigate serum protein adhe-
sion and prevent aggregation in protein-poor, acidic tumor
microenvironments. Strategies such as PEGylation or pre-
adsorption with select proteins should be explored. Lastly, to
more accurately quantify in vivo radiosensitization and enhance
therapeutic efficacy, converting Curc-GNPs into a radiophar-
maceutical formulation (Curc-"®GNP) via neutron activation
represents a logical next step.

Abbreviations

The following abbreviations are used in this manuscript:

Cit-GNP Citrate-coated gold nanoparticles
CTAB Cetyltrimethylammonium bromide
Curc-GNP  Curcumin-coated gold nanoparticles
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DPPH 2,2-Diphenyl-1-picrylhydrazyl

FBS Fetal bovine serum

FTIR Fourier transform infrared spectroscopy

GNP Gold nanoparticle

ICP-MS Inductively coupled plasma-mass spectrometry
LOQ Limit of quantification

LQ Linear-quadratic

MDL Method detection limit

NF-kB Nuclear factor kappa B

PDI Polydispersity index

PE Plating efficiency

PEG Polyethylene glycol

PNC Penicillin streptomycin

ROS Reactive oxygen species

SER Sensitizer enhancement ratio

SF Surviving fraction
TEM Transmission electron microscopy
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