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Prostate cancer remains a major global health concern demanding innovative therapeutic strategies. This
study introduces a novel green nanotechnology approach for the development of a nanomedicine agent,
also referred to as a nano-radiopharmaceutical, which integrates the antitumor and high antioxidant
capacity of resveratrol phytochemical (RESV) with radioactive gold nanoparticles (2°®AuNPs) for targeted
prostate cancer therapy and diagnostics. The radioactive formulation, RESV-°8AuNP, was developed at the
University of Missouri Research Reactor (MURR) using neutron-activated gold-198, which exhibited high
radionuclidic and radiochemical purity. Stability testing in rat serum and saline demonstrated durability of
up to 15 days. In vivo biodistribution studies in CF-1 mice and PC-3 tumor-bearing SCID mice have
provided insights into pharmacokinetics and optimum tumor retention. Intratumoral administration of
RESV-198AUNP in SCID mice demonstrated strong retention within prostate cancer xenografts, suggesting
tumor-specific uptake and retention. This study underscores the potential of RESV-'"®AuNP as a dual-
functional nano-radiopharmaceutical for prostate cancer theranostics. By combining resveratrol's
anticancer properties with the therapeutic and imaging benefits of °®AuNPs, this platform offers a
promising avenue for improving treatment efficacy and enabling real-time therapeutic response
monitoring. This research reveals the potential of RESV as a tumor-targeting agent and introduces a new
perspective of green nanotechnology for dual anti-inflammatory radiosynovectomy as well as for use in
cancer treatment. In-depth in vivo studies on the therapeutic efficacy of intratumorally administered

Received 8th April 2025, RESV-""8AUNP revealed that over 85% of the injected dose (ID) remained within prostate tumors for up to
Accepted 3rd June 2025 24 h. By the fourth week post-treatment, the treated group exhibited a greater than tenfold reduction in
DOI: 10.1039/d5tb00815h tumor volumes than the control group receiving saline. This study highlights emerging opportunities in
green nanotechnology and introduces a clinically feasible approach to utilize resveratrol as a tumor-
rsc.li/materials-b targeting agent in oncology, particularly for the application of RESV-'"®AuNP in cancer treatments.
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Introduction

Prostate cancer (PCa) continues to persist as the second most
prevalent malignancy among men worldwide, with metastatic
progression to bone driving significant morbidity and mortality
despite advances in therapeutic modalities." Conventional
interventions, including radical prostatectomy, chemotherapy,
and external-beam radiotherapy, frequently fail to achieve dur-
able remission owing to intrinsic chemoresistance, radioresis-
tance, and the inability to control/eradicate micrometastases."
These challenges are compounded by the dense stromal archi-
tecture and molecular heterogeneity of primary tumors, which
limit drug penetration and promote therapeutic escape.*®
Consequently, there is an urgent need for multifunctional
platforms that integrate precision targeting, enhanced thera-
peutic payload delivery, and real-time monitoring capabilities.

Nanotechnology has emerged as a transformative paradigm
in oncology, offering solutions to overcome the pharmacokinetic
limitations of traditional chemotherapeutics and the off-target
toxicity of radiotherapy.”® Engineered and target-specific nano-
particles (NPs) exploit the dual capabilities of receptor-mediated
targeting alongside enhanced permeability and retention (EPR)
effects to preferentially accumulate diagnostic/therapeutic cargo
within tumor microenvironments, while surface functionaliza-
tion with tumor-specific ligands enables active targeting.>™**
Among these innovations, gold nanoparticles (AuNPs) have
garnered significant attention owing to their tunable surface chem-
istry, biocompatibility, and unique photophysical properties.” Our
investigations, spanning over three decades, have shown that care-
fully engineered gold nanoparticles, functionalized with a myriad of
targeting moieties, exhibit dual targeting and retention abilities
within cancer cells.*”"*° We successfully utilize the high surface-
area-to-volume ratios of gold nanoparticles to facilitate dense
loading of therapeutic or diagnostic agents, while their sub-100 nm
size permits efficient penetration across tumor cells/tissues, thus
overcoming interstitial biological barriers.'>"**'>*

Radioactive AuNPs (*°®Au) further exemplify the theranostic
potential of these agents by combining beta radiation-mediated
cytotoxicity with gamma emission-based scintigraphic imag-
ing.>*>* 1%8Au qualifies as an excellent theranostic radioiso-
tope because of its optimal physical properties. Au-198 has a
beta particle emission (fa.) of 0.96 MeV, which allows a
penetration depth of ~11 mm, thus enabling localized DNA
damage while minimizing collateral toxicity. Most importantly,
the ability to follow its biological distribution via its 412 KeV
gamma-ray, along with a relatively short physical half-life of 2.7
days, ensures sustained tumor irradiation while providing unique
dual therapeutic and diagnostic-theranostic advantages.'®*® As
most tumors manifest vascularity with pore sizes in the 300-
500 nm range, engineered "**AuNPs of up to 100 nm can accumu-
late in cancer cells owing to the irregularity of tumor vessels, large
pore size, and poor lymphatic drainage (Scheme 1).** Preclinical
studies in murine and canine models have demonstrated that
intratumoral administration of '*AuNP induces significant
tumor regression and disease arrest while effectively suppres-
sing metastatic dissemination, thus highlighting relatively
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Scheme 1 Comparison of normal and tumor blood vessels, highlighting
structural differences affecting drug delivery and cancer progression. (A)
Normal vessels have intact pericyte coverage and small pores (<10 nm),
restricting °®AuNP extravasation. (B) Tumor vessels are immature, with
detached pericytes, leaky endothelial cells, and large pores (300-500 nm),
enabling **® AuNP accumulation via EPR.

unexplored clinical translatability of functionalized radioactive
gold nanoparticles.*>%2935737

Complementing our long-standing green nanotechnology
approaches in the design and development of nanomedicine
agents,’ 712720,27729,33,34,36,38,39 o1 current work focuses on
resveratrol (RESV; 3,5,4'-trihydroxy-trans-stilbene)—a natural
polyphenol abundant in grapes and berries. Resveratrol exhi-
bits multimodal anticancer activity through apoptosis induc-
tion, angiogenesis suppression, and sensitization of resistant
PCa cells to radiotherapy.*®™*> However, RESV’s clinical utility is
constrained by rapid hepatic metabolism, poor aqueous solu-
bility, and low tumor bioavailability.*>*® Nanoencapsulation
within lipid-based carriers (e.g., solid lipid nanoparticles [SLNs]
or biodegradable polymers, e.g., PLGA-PEG) has shown some
advantages in enhancing RESV stability, prolonging systemic
circulation, and promoting tumor-selective delivery.*®*>*%4”
However, the constructive utility of RESV phytochemical, as a
dual reducing agent and tumor specific capping moiety, to
transform gold precursors into the corresponding gold nano-
particles, especially with the theranostic Au-198 gold precursor,
has not yet been explored.

Nano-radiopharmaceuticals offer promising oncological
approaches by combining the therapeutic and diagnostic cap-
abilities of both nanoparticles and radioactive materials within
singular platforms.'®1?%%38 The synergistic integration of RESV
with AuNPs presents a compelling strategy to amplify therapeutic
efficacy. This phytochemical can radiosensitize tumor cells by
modulating redox balance and DNA repair pathways, while 198-
AuNPs serve as radiation dose enhancers and drug delivery
vehicles.>' %% We report, herein, the design, characteriza-
tion, and preclinical evaluation of resveratrol-functionalized
98AuNPs conjugate (RESV-'°®AuNPs) engineered for targeted
PCa nanotheranostics. We provide compelling experimental evi-
dence on the mechanism(s) of action toward tumor retention and
tumor specificity of RESV-"**AuNPs through detailed biodistribu-
tion studies in tumor-bearing PCa animal models. In addition,
we provide full details of the therapeutic efficacy of the new
RESV-'"*AuNPs to highlight the realistic oncological potential of
nano-radiopharmaceuticals for the treatment of various solid
tumors in human patients.
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Material and methods
Materials

All chemicals were of analytical grade and used directly without
further purification unless otherwise stated. Sodium tetrachlor-
oaurate (NaAuCl,) (99.999%) and resveratrol (99% GC) were
purchased from Sigma Aldrich Company (St Louis, MO). A gold foil
target, 0.025 (0.001 in) thick and 99.985% basic metal, was
purchased from the Alfa Aesar Company, MA, USA. pr-Cysteine
(97% purity), bovine serum albumin (BSA), human serum albumin
(HSA) in lyophilized form, sodium chloride (NaCl), phosphate-
buffered saline (PBS), DAPI, MTT reagent, and trypan blue were
procured from Sigma-Aldrich (St. Louis, MO, USA). Thermo Fisher
Scientific (Waltham, MA, USA) supplied t-histidine (98% purity),
gentamicin, and TrypLE Express solution. Fetal bovine serum
(FBS), Roswell Park Memorial Institute (RPMI), and Dulbecco’s
modified Eagle medium (DMEM) culture media were obtained
from Invitrogen Life Technologies (New York, NY, USA). Enzyme-
linked immunosorbent assay (ELISA) Invitrogen kits (Tumour
Necrosis Factor alpha (TNF-o)) (88-7324), transforming growth
factor beta 1 (TGF-B1) (88-8350), interleukin-1 beta (IL-1B) (88-
7013), interleukin-6 (IL-6) (88-7064), interleukin-10 (IL-10) (88-
7105), and interleukin-12 p70 (IL-12) (88-7121)) were obtained
from Thermofisher Scientific (Waltham, MA, USA). Milli-Q water
was used for all solution preparations. The prostate cancer cell line
(PC-3), murine macrophages (RAW 264.7), and human aortic
endothelial cell line (HAEC) were acquired from the American
Type Culture Collection (ATCC, Manassas, VA, USA).

Synthesis of non-radioactive resveratrol-functionalized gold
nanoparticles (RESV-AuNP)

Synthesis of RESV-AuNP was carried out using the method
described by Thipe et al.'® Briefly, 2 mg of resveratrol was
dissolved in 6 mL of deionized water, and the solution was
stirred at room temperature for 10 min. Subsequently, 100 mL
of 0.1 M NaAuCl, prepared in deionized water was added to the
solution under continuous stirring. The synthesis of AuNPs was
validated by observing a color shift in the solution from yellow
to deep ruby red. Characterization was performed using tech-
niques such as UV-vis absorption spectroscopy, particle size
analysis, transmission electron microscopy (TEM) and scan-
ning transmission electron microscopy coupled with energy-
dispersive X-ray spectroscopy (STEM-EDX).

In vitro stability of RESV-AuNP

The stability of RESV-AuNP under in vitro conditions was eval-
uated by exposing them to various biological media, including
0.5% bovine serum albumin (BSA), 0.5% human serum albumin
(HSA), 0.5% cysteine, 0.2 M histidine, 1% sodium chloride
(NaCl), RPMI and DMEM cell culture media, and phosphate-
buffered saline (PBS) adjusted to pH 5, 7, and 9. For the assay,
200 mL of RESV-AuNP was combined with 800 mL of each test
solution in 1.5 mL microcentrifuge tubes. The mixtures were
incubated for 24 h in a 5% CO, incubator at 37 °C. Changes in
nanoparticle stability were assessed by monitoring shifts in the
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surface plasmon resonance (SPR) peak using UV-vis absorption
spectroscopy.

Cellular internationalization of RESV-AuNP by TEM and STEM-
EDX

PC-3 and HAEC cells were seeded into six-well plates at a
density of 8 x 10° cells per mL and maintained under standard
culture conditions. After rinsing with 1x phosphate-buffered
saline (PBS), the cells were treated for 24 h at 37 °C with a
culture medium containing RESV-AuNP at a concentration of
50 pug mL ™", After incubation, the cells underwent PBS washing
and were detached using TrypLE Express reagent for 3 min. The
enzymatic reaction was neutralized by adding fresh medium,
after which the cell suspension was transferred to 1.5 mL
microcentrifuge tubes. Centrifugation at 1000 rpm for 5 min
pelleted the cells, followed by washing several times with PBS.
For ultrastructural preservation, cell pellets were fixed with a
2% glutaraldehyde and 2% paraformaldehyde solution prepared
in 0.1 M sodium cacodylate buffer. Secondary fixation was
performed using 1% osmium tetroxide combined with 2-mercap-
toethanol. Sequential dehydration steps employed increasing
acetone gradients (50-100%), after which the samples were
embedded in Epon-Spurr epoxy resin. Ultrathin sections (85 nm
thickness) were prepared with a diamond knife (Diatome, Hatfield,
PA) and mounted for staining. Tissue sections underwent dual
contrast with Sato’s triple lead stain and 5% uranyl acetate in an
aqueous solution. Imaging was conducted at the University of
Missouri-Columbia’s electron microscopy core using a JEOL JEM-
1400 TEM (JEOL, Peabody, MA) operated at 80 kV accelerating
voltage and a Spectra 300 STEM (ThermoScientific, Waltham, MA)
for elemental mapping operated at 200 kv with a spot size of 8.

Immunomodulatory effect of RESV-AuNP on RAW 264.7
macrophage cells

RAW 264.7 murine macrophage cells were cultured in DMEM
supplemented with 10% fetal bovine serum and gentamicin
and maintained at 37 °C in a humidified atmosphere contain-
ing 5% CO,. For the experiment, cells were seeded in multi-well
plates at a density ensuring 70-80% confluency the following
day. Cells were then pre-treated with RESV-——AuNP at a concen-
tration of 50 ug mL " for one hour to facilitate cellular inter-
nalization of the nanoparticles. After the pre-treatment period,
lipopolysaccharide (LPS) was added at a final concentration of
1 ug mL™ ", and the cells were incubated for an additional 4
hours to induce an inflammatory response. Following incuba-
tion, the supernatants were carefully collected, centrifuged at
low speed to remove any cellular debris, and stored at —80 °C
until cytokine analysis. Levels of pro- and anti-inflammatory
cytokines (IL-1B, TNF-o,, TGF-B1, IL-6, IL-10, and IL-12) were
quantified using enzyme-linked immunosorbent assay (ELISA)
kits according to manufacturing protocols. Standard curves
were generated for each cytokine, and the optical densities
were measured at 450 nm using a calibrated SpectraMax M2
microplate reader (Molecular Devices LLC, San Diego, CA, USA),
ensuring that all samples and standards were run in triplicate
to guarantee statistical reliability. The data were normalized to

This journal is © The Royal Society of Chemistry 2025
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untreated controls, and the results were analyzed to assess the
modulatory effects of RESV-AuNP on LPS-induced cytokine
production.

Synthesis of radioactive resveratrol-functionalized gold
nanoparticles (RESV-'"AuNP)

The production of non-radioactive RESV-AuNPs, typically done
via simple chemical reduction, is far less complex than that of
the radioactive RESV-'?®AuNP counterpart. Radioactive nano-
particles require neutron activation in a nuclear reactor, strict
radiation safety, and regulatory compliance. These added steps
make radioactive nanoparticle synthesis far more challenging
and resource intensive, as demonstrated below.

Gold-198 (**®Au) production, QA and QC

The isotope '°®Au prepared by neutron irradiation of natural

gold foil via a direct neutron capture nuclear reaction at the
Missouri University Research Reactor (MURR) is represented by
the following equation: '*’Au(n,y)'”®*Au. In the synthesis of
RESV-"?®AuNP, neutron activation was carried out using a thermal
neutron flux of approximately 8 x 10" neutrons cm > s~ " for 6 to
40 h using 5-30 mg of gold foil, resulting in an initial activity
concentration of approximately on average 0.5-1 mCi mg ™ " imme-
diately post-irradiation. After irradiation, the activated foil was
dissolved in 400 mL of aqua regia, followed by heating to reduce
the solution to a near-dry state. To remove residual nitric acid, 400
mL of 0.05 M HCI was added in three successive aliquots, each
followed by azeotropic distillation under heating. The radionucli-
dic and radiochemical purity of **®Au was checked by HpGe
spectroscopy and Radio-TLC, as shown in Scheme 2.

All measurements reported were decay-corrected to the time
of administration using the known half-life of **®Au (2.7 days).
The administered dose was carefully adjusted to deliver
approximately 136 pCi per injection.

Resveratrol-"**AuNP (RESV-'°°AuNP) preparation

Synthesis of RESV-""*AuNP was carried out using the method

described by Thipe et al.'® with a modified protocol, as the
radioactive gold precursor was prepared by combining a total
gold mass (radioactive *®Au + non-radioactive Au) of 1.477 mg,
where the proportion of *®Au was based on the final desired
amount of radioactivity. We prepared '°®Au/NaAuCl, with activ-
ity concentrations of up to 1 mCi mL ™.

Characterization of radioactive gold nanoparticles
(RESV-""*AuNP)

The following instrumentation was used to fully characterize
the RESV-'"’AuNPs used in these investigations: AR-2000
Radio-TLC Imaging Scanner, Eckert & Ziegler; Radiopharma,
Bioscan Inc., Berlin, Germany; Atomlab 100 Dose Calibrator;
Biodex Medical System Inc., New York, USA; and ISS-UV-vis
Integrated Sampling System, Ocean Optics Inc., Florida, USA.
The morphology and size distribution of RESV-""*AuNPs were
determined using TEM.

This journal is © The Royal Society of Chemistry 2025
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2. Chemical Reaction (Dissolution):

Once irradiated, the gold foil (containing *Au/unreacted *7Au)
is dissolved in aqua regia.

The dissolution reaction is as follows:

Au + 3HCl+ HNO; —— HAuCl, + 2H,0 + NO

€ ) Gold (Au) reacts with aqua regia to
form tetrachloroauric acid (HAuCl,) in
solution.

C—

Scheme 2 Production scheme for °8Au via neutron irradiation at the
MURR.

Quality control of radioactive gold nanoparticles
(RESV-""°AuNP)

RESV-"?*AuNP UV absorbance. The UV-vis absorbance of
RESV-"°®AuNP was measured using Ocean optics instrumenta-
tion after diluting 200 mL aliquots of the radiotracer in 600 mL
of H,0.

RESV-'?*AuNP UV radiochemical purity. The radiochemical
purity of RESV-'*AuNP was determined by TLC, where 1 mL
aliquots were spotted on the TLC plates and then developed in
a mixture of methanol and concentrated HCI. Once they were
dry, they were scanned using Bioscan 2000.

RESV-'®AuNP UV particle size. After the complete decay of
radioactivity, the particle core diameter was checked using a
transmission electron microscope (TEM).

In vitro stability of radioactive gold nanoparticles
(RESV-""*AuNP)

The in vitro stability of the RESV-""*AuNP was tested at room
temperature in rat serum and in saline. The in vitro stability of
the RESV-""*AuNP was evaluated for up to 15 days by mixing
450 mL of rat serum or saline with 50 mL of RESV-"®AuNP.

In vivo biodistribution studies of RESV-'AuNP

The biodistribution studies of RESV-">AuNP were evaluated in
normal female CF-1 mice and PC-3 tumor-bearing SCID mice
(Charles River Laboratories, NY, USA). All animal studies were
conducted in compliance with the highest standards of care as
outlined in the NIH Guide for the Care and Use of Laboratory

J. Mater. Chem. B, 2025, 13, 8038-8050 | 8041
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Animals (8th edn) and the Policy and Procedures for Animal
Research at the Truman VA Hospital, Columbia, Missouri, USA.
All the animal investigations performed herein were approved
by the Subcommittee for Animal Safety at the Truman VA
Hospital, Columbia, Missouri, USA and the University of Mis-
souri IACUC, Columbia, Missouri, USA. Male CF-1 mice aged
4-5 weeks were used for this series of investigations.

Biodistribution studies of RESV-">AuNP on normal murine
models

A cohort of 25 normal female CF-1 mice (5 animals per experi-
mental group) received an intravenous (IV) administration of 5.0
mCi/100 mL of RESV-'"*AuNPs via the tail vein. Animals were
humanely euthanized at sequential time intervals (0.5, 1, 2, 4,
and 24 h post-injection), and tissues of interest, including the
heart, liver, spleen, lungs, skeletal muscle, bladder, brain, bone,
kidneys, gastrointestinal tract, blood, and stomach, were har-
vested, weighed, and analyzed for radioactivity accumulation.
Tissue samples and calibration standards were quantified using
a sodium iodide (Nal) well counter. Radioactive counts were
normalized to the injected dose and expressed as both the
percentage of injected dose per organ (%ID) and the percentage
of injected dose per gram of tissue (%ID per g). Whole-blood
radioactivity was calculated under the assumption that blood
volume constitutes 6.5% of total body mass based on estab-
lished murine physiological parameters. As a measure of nano-
particle stability, minimal accumulation of radioactivity in
highly perfused tissues (e.g., blood and lungs) was anticipated.

Biodistribution and tumor retention (intratumoral delivery)
studies of RESV-""®AuNPs on severe combined
immunodeficiency (SCID) murine models

Severe combined immunodeficiency (SCID) mice were adminis-
tered unilaterally via subcutaneous injection in the hind flank
with 10 x 10° PC-3 cells suspended in 0.1 mL of sterile DPBS
mixed with Matrigel™ at a 2: 1 (v/v) ratio under inhaled anesthe-
sia (a mixture of isoflurane and oxygen). Tumor growth was
permitted for four weeks to establish solid xenografts. Subse-
quently, a single intratumoral dose of RESV-""*AuNPs (4 mCi in
30 mL per tumor) was administered directly into the prostate
tumor. Cohorts of mice (n = 5 per time point) were euthanized at
predetermined intervals (0.5, 1, 2, 4, and 24 h post-injection).
Target organs and tumors were dissected, weighed, and ana-
lyzed alongside calibration standards using a Nal gamma well
counter. Tissue radioactivity was quantified as the percentage of
injected dose (%ID) and normalized to organ mass (%ID per g).

Therapeutic efficacy investigations of RESV-""*AuNP

In this study, a prostate cancer model was established using
female SCID mice. The SCID mice were subcutaneously
injected with a mixture of PC-3 cells, Matrigel“"f"‘“, and sterile
DPBS into the right hind flank of each mouse under isoflurane
anesthesia. After a 4-week tumor growth period, during which
tumor volumes were regularly measured using a digital caliper,
the mice were randomly divided into two groups. The day of
randomization was designated as day 0 for the therapy study.
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On day four, the treatment protocol was implemented. The
control group received an intratumoral injection of sterile
DPBS, while the treatment group was given a single intratu-
moral dose of RESV-'®AuNP (160 pCi/30 uL). This experi-
mental design allowed for the evaluation of the therapeutic
potential of RESV-"*AuNP in treating prostate cancer in vivo,
considering different tumor sizes and comparing the results
against a control group.

Statistical analysis

The data, unless otherwise specified, were estimated as an
average of three replicates. A p-value of less than 0.05 from the
one-way ANOVA test indicated a statistically significant result. All
statistical tests were performed using GraphPad Prism v9.0.

Results and discussion

Characterization of non-radioactive and radioactive
RESV-AuNP

RESV-'?®AuNPs were synthesized using an adapted protocol
originally developed for their non-radioactive RESV-AuNP
counterparts."® Prior to radiolabeling, the procedure was rigor-
ously optimized to ensure reproducibility from the non-
radioactive formulation. The synthesis involved the direct mix-
ing of resveratrol with gold salt in aqueous media, where the
inherent electron-rich properties of resveratrol facilitated the
efficient reduction of the gold precursor, yielding RESV-AuNPs
with high purity with minimal/no aggregation (Fig. 1).

The structural and morphological properties of RESV-AuNPs
were characterized using UV-vis spectroscopy and advanced micro-
scopy. TEM analysis revealed spherical, monodisperse nano-
particles with a core diameter of 23 + 3 nm (Fig. 2). Dynamic
light scattering (DLS) measurements further demonstrated a
hydrodynamic diameter of 58 £+ 0.9 nm and a zeta potential of
—35 + 1.1 mV (Table 1). The disparity between the core (20 nm)
and hydrodynamic diameter (58 nm) confirms successful resver-
atrol encapsulation, forming a stable surface coating. The
pronounced negative zeta potential (—35 mV) indicates strong
electrostatic repulsion between particles, which is critical for
colloidal stability and resistance to agglomeration under phy-
siological conditions. This robust stability profile underscores
the suitability of RESV-AuNPs for long-term in vitro and in vivo
applications.

RES-AuNP

RES-1SAuNP

o \
Resveratrol +

(RES)

Vitis vinifera

= -]
HI%AUCI,

Fig. 1 Schematic representation of using resveratrol (3,5,4’-trihydroxy-
trans-stilbene) for the production of RESV—AuUNP and RESV-°8AuNP.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Characteristic profile of RESV-AuNP: (a) UV-Visible spectrum; (b)
UV-Vis spectra showing the in vitro stability of RESV-AuNP in biological
solutions; (c) TEM image, scale bar: 200 nm and (d) size distribution
histogram.

Table 1 Physiochemical data parameters of RESV-AuNP

UV-Vis SPR Hydrodynamic Zeta potential Core size
peak (nm) size (nm) (mv) PDI (nm)
535 58 £ 0.9 —35+1.1 0.2 23 £3

Note. SPR: surface plasmon resonance and PDI: polydispersity index.

Cellular internationalization of RESV-AuNP by TEM

TEM images provide a comparative analysis of the internaliza-
tion of RESV-AuNP in HAEC and PC-3 cells. In HAEC, RESV-
AuNP uptake is limited, with several nanoparticles remaining
outside the cells, as shown in Fig. 3a and b. This suggests that
HAEC lacks cell surface receptors and vascularity, thus exhibit-
ing the lowest affinity for RESV-AuNPs. This is significant to
minimize off target toxicity of RESV-AuNPs on normal cells.
Conversely, PC-3 cells exhibited significantly higher RESV-AuNP
internalization attributable to higher resveratrol-specific tumor-
specific receptor density. The dual interplay of EPR effects as
well as the overexpression of RESV-AuNP-specific receptors in
PC-3 cells account for the significantly higher therapeutic loads
of RESV-AuNP in prostate tumor cells (Fig. 3d and e). The EPR
effect is a well-documented phenomenon in tumor biology,
where the leaky vasculature of tumors facilitates the passive
accumulation of RESV-AuNP while impaired lymphatic drai-
nage prevents their clearance.> This contributes to the selective
retention of RESV-AuNP within the tumor microenvironment.
Additionally, receptor-mediated endocytosis plays a crucial role
in the preferential uptake of RESV-AuNP by PC-3 cells. Cancer
cells often overexpress specific receptors, such as folate, trans-
ferrin, and integrins, which enhance AuNP binding and inter-
nalization. The significant presence of RESV-AuNP in PC-3 cells
suggests that functionalization with RESV promotes targeted
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Fig. 3 TEM images showing the cellular internalization of RESV-AuNP in
HAEC cells (a) and (b) and PC-3 cells (d) and (e). Size distribution
histograms of internalized RESV-AuNP in HAEC (c) and preferential
accumulation in PC-3 cells (f).

uptake. The size distribution of the RESV-AuNP in HAEC and
PC-3 cells is 25 £+ 3 nm and 23 + 5 nm, respectively. The well-
preserved size of the RESV-AuNP signifies their stability within
the intricate cellular environment. This stability highlights the
potential of RESV-AuNP as a targeted therapeutic agent for
tumor cells, offering minimal toxicity to healthy tissues.

STEM EDX analysis of RESV-AuNP in PC-3 cells

STEM-EDX analysis was conducted at 200 kV to characterize the
sample. As shown in Fig. 4a, the dark-field image reveals bright
spots corresponding to gold nanoparticles. Energy-dispersive
spectroscopy (EDS) mapping, performed at a resolution of
25 nm, confirmed the localization of gold. Fig. 4b displays
the EDS spectra with distinct gold L-line peaks, verifying the
intracellular presence of gold nanoparticles corroborating the
data from the TEM cellular internalization studies.

Immunomodulatory activity of RESV-AuNP on RAW 264.7
macrophage cells

Across the cytokine panels (Fig. 5), RESV-AuNP-treated RAW
264.7 macrophages exhibited a distinctive pattern of down-
regulated proinflammatory IL-1, IL-6, IL-10, and TGF-B1 levels,
while concomitantly upregulating anti-inflammatory IL-12 and
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Fig. 4 Cellular internalization and elemental mapping of RESV-AuNP in
PC-3 cells. (a) Dark-field image of PC-3 cells treated with RESV-AUNP and
(b) EDS spectra confirming the presence of gold in the cells.
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Fig. 5 Immunomodulatory effects of RESV-AuNP on RAW 264.7 macro-
phage cells compared with lipopolysaccharide (LPS), cisplatin, and etopo-
side treatment strategies. Each panel (a)—(f) represents the mean + SD (n =
3) of key cytokine levels measured under different treatment conditions:
(a) IL-1B, (b) IL-6, (c) IL-10, (d) TGF-B1, (e) IL-12 and (f) TNF-a.

TNF-a levels, in comparison to LPS-, cisplatin-, and etoposide-
treated cells. These specific cytokine profiles are significant for
several reasons. First, IL-1p and IL-6 are typically associated with
robust pro-inflammatory responses, but they can also contri-
bute to chronic inflammation and tumor progression if exces-
sively elevated. By keeping IL-1B and IL-6 at relatively lower
levels, RESV-AuNP may help mitigate detrimental hyperinflam-
mation while still harnessing enough pro-inflammatory capacity
for anti-tumor effects. Similarly, the reduction of IL-10 and TGF-
f1, two potent immunosuppressive cytokines, suggests that

8044 | J Mater. Chem. B, 2025, 13, 8038-8050

View Article Online

Paper

RESV-AuUNP can dampen pathways often exploited by tumor
cells to evade immune surveillance. Lower IL-10 and TGF-B1
levels generally favor a shift away from an immunosuppressive
(M2-like) macrophage environment, thereby promoting anti-
tumor immunity.

Concurrently, the observed upregulation of IL-12 and TNF-o
by RESV-AuUNP points to the enhanced capacity of macrophages
to foster a Thil-type immune response, which is widely recog-
nized for its tumoricidal properties. IL-12 stimulates cytotoxic
T-lymphocyte (CTL) activity and helps coordinate a cell-
mediated immune response, while TNF-o can directly induce
tumor cell apoptosis and further amplify inflammatory signal-
ing. Compared to the effects of LPS, known for triggering a
more generalized ‘“hyper-activation” of macrophages, RESV-
AuNP appears to steer macrophages toward a more selective,
therapeutically favorable cytokine profile. Meanwhile, in com-
parison to the cytotoxic drugs cisplatin and etoposide, RESV-
AuNP bolsters immune-mediated tumor-killing mechanisms
without incurring the broader immunosuppressive side effects
frequently associated with traditional chemotherapy. Taken
together, these findings highlight RESV-AuNP’s potential to
fine-tune macrophage function, strike a balance between suffi-
cient pro-inflammatory activity and controlled immunomodula-
tion, and ultimately strengthen the innate immune system’s
capacity to combat tumor cells. These findings further support
our new green nanotechnology-based drug design for the crea-
tion of immunomodulatory RESV-AuNPs for use as immu-
notherapeutic or immunoadjuvant therapeutic strategies. It is
important to recognize that RESV-AuNPs can be advantageously
used in combination therapies to mitigate the immunocompro-
mising effects associated with most chemotherapeutic or radio-
therapeutic agents.

Gold-198 (***Au) production

Gold-198 was successfully produced with 99.99% radionuclidic
purity according to HPGe detection and with 99% radiochemi-
cal purity, as determined by TLC.

RESV-'?®AuNP preparation and QC

RESV-""AuNPs were successfully prepared with high radio-
chemical purity (97%) in reproducible batches, as confirmed
by Radio-TLC (Fig. 6). The surface plasmon resonance wave-
length (Amay) Was at 540 nm, confirming their formation, as
shown in Fig. 6. TEM revealed an average core size distribution
of 29 + 7 nm. Collectively, these data show similar physico-
chemical properties corresponding to non-radioactive RESV-
AuNPs (Fig. 4 and Table 1).

It is important to recognize that the perceived heterogeneity
in particle presentation is a function of image scale and
magnification, not variability in the formulation. The nanopar-
ticle system demonstrates consistent size, shape, and disper-
sion, validated through TEM and UV-vis analyses for both
radioactive and non-radioactive samples. These results collec-
tively confirm the homogeneity and reproducibility of our
RESV-AuNP and RESV-'"?®AuNP systems.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Physiochemical characteristics of (a) TLC radiochromatogram; (b)
UV-vis spectrum; (c) TEM image, scale bar: 50 nm; and (d) size distribution
of radioactive RESV-"28AuNP.

RESV-"°®AuNP in vitro stability

To assess the in vivo stability, tumor targeting, and biodistribu-
tion of radioactive RESV-'"®AuNP in animal models, it is
essential to adjust the pH of the sample to physiological pH.
This adjustment is crucial because AuNPs are highly sensitive
and prone to aggregation and precipitation when exposed to
pH changes. RESV-"®AuNPs showed in vitro stability for up to 4
days in rat serum and saline, as monitored by UV-vis Ay,,x SPR
and Radio-TLC profiles over time. The in vitro stability of
RESV-'®AuNP was comparable to that of non-radioactive
RESV-AuNPs. These in vitro stability results provide impetus
for further in vivo investigations of the biodistribution, tumor
specificity, and therapy of RESV-""AuNP.

Biodistribution studies of RESV-'2AuNP

To function effectively as diagnostic and therapeutic agents,
AuNPs must maintain stability in vivo, minimizing or avoiding
interactions with blood plasma proteins while exhibiting strong
resistance to aggregation. The accumulation of AuNPs in specific
organs following in vivo administration in animal models serves
as a key indicator of their stability. Stable AuNPs are generally
characterized by low levels of blood uptake and higher levels of
liver accumulation, as they are typically cleared via the hepato-
biliary pathway. Conversely, instability in vivo is evident when
AuNPs exhibit significant blood accumulation, which can result
from surface interactions with serum proteins or aggregation into
larger particles that accumulate in the blood and lungs. To
evaluate the in vivo stability of RESV-'°®AuNP, we conducted a
comprehensive biodistribution study in normal mice.

Our study focused on conducting biodistribution experi-
ments of RESV-'"AuNPs in healthy mice to quantitatively
determine the concentration of gold in various organs at
specific time intervals (0.5, 1, 2, 4, and 24 h) following IV
administration. At each time point, five mice (n = 5) were
euthanized, and their organs were promptly collected, weighed,
and analyzed for "*®Au radioactivity using a Nal scintillation

This journal is © The Royal Society of Chemistry 2025
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counter alongside appropriate standards. The results, as shown
in Fig. 7, illustrate the biodistribution of RESV-"**AuNPs across
different organs as the average percentage of the injected dose
per gram (%ID per g) for each organ. The results showed an
initial average uptake of 55.63 + 4.48 and 63.95 + 26.66%ID per
g at 30 min in the liver and spleen, which increased to 61.47 +
8.14 and 69.8 £+ 33.12%ID per g at 24 h, respectively. The
minimal uptake of RESV-""®AuNP in the lung and blood was
relatively low at 3.24 £ 0.54%ID per g and 1.61 £ 0.49%ID per g
at 0.5 h, decreasing to 1.94 £ 0.24%ID per g and 0.61 =+
0.37%ID per g at 24 h, respectively. Other organs, such as
the kidneys, heart, and brain, showed minimal accumulation
at less than 2%ID per g. This low accumulation in these
organs suggests a reduced potential for off-target effects in
these tissues, thus confirming the in vivo stability of
RESV-'"*AuNP.

The in vivo stability data obtained thus far have been
promising. Recent studies, including our own, have demon-
strated that polyphenol-functionalized AuNPs effectively target
laminin receptors.’® Based on this, we hypothesized that the
strong affinity of polyphenolic RESV for laminin receptors,
which are abundant in prostate tumor cells, would exhibit
enhanced tumor uptake, as illustrated in Fig. 3, and thus could
improve the retention of RESV-'"AuNP in prostate tumors.
Validating this hypothesis experimentally could pave the way
for a new class of prostate tumor-specific diagnostic and
therapeutic nanoceuticals using RESV-""*AuNP.

The pharmacokinetics of RESV-'"*AuNP retention and clear-
ance from tumor sites are critical, as these factors determine
the therapeutic payload’s effectiveness in tumor treatment.
Nanoparticles exhibiting high tumor retention with minimal
leakage enhance therapeutic efficacy and reduce the potential
toxic effects associated with radiation damage to non-target
organs. To investigate this, we conducted in vivo experiments to
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Fig. 7 Biodistribution profile of RESV-'>®AuNPs in normal CF-1 female
mice following a single intravenous tail vein injection (5.0 mCi/100 mL).
Radioactivity levels were assessed at 0.5, 1, 2, 4, and 24 h post-injection
and expressed as a percentage of the injected dose per gram (%ID per g)
for each organ.
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Fig. 8 Biodistribution profile of RESV-'"8AuNPs in a PC-3 tumor-bearing
SCID mice model following a single intravenous tail vein injection (4.0
mCi/30 mL). Radioactivity levels were assessed at 0.5, 1, 2, 4, and 24 h
post-injection and expressed as a percentage of the injected dose per
gram (%ID per g) for each organ.

assess the retention characteristics of RESV-""*AuNP following
a single intratumoral dose of 4 mCi/30 mL directly in SCID
mice bearing prostate (PC-3) tumor xenografts and analyzed the
radioactivity in the tumors and various organs multiple times
(0.5, 1, 2, 4, and 24 h) after euthanizing the animals.

After intratumoral injection, the biodistribution study in PC-
3 tumor-bearing SCID mice showed high retention of
RESV-"?*AuNPs in tumor, 252.11 + 97%ID per g at 0.5 h, which
increased to 378.9 + 60.99%]ID per g at 24 h (Fig. 8). There was
minimal/no uptake of RESV-"**AuNP in other organs, confirm-
ing the successful retention of the therapeutic payload at the
tumors, with minimal toxic side effects.

Although histopathology and serum biomarker data are not
part of this biodistribution-focused report, we believe that the
presented evidence provides high tumor selectivity and consis-
tent in vivo tolerability, strongly supporting the safe profile of
RESV-'?*AuNP at the administered dose and duration. Addi-
tionally, with a short physical half-life of 2.7 days, "*®Au decays
via beta and gamma emission, but the beta energy (~0.96 MeV)
is suitable for localized therapeutic effects in tumors without
causing systemic irradiation, as evidenced in our extensive
investigations and published reports from our group in both
mice and dogs.**™>*

In summary, in the current investigation, animals receiving
136 nCi showed no clinical signs of toxicity, weight loss,
behavioral changes, or lethargy during the observation period.

Therapeutic efficacy investigations of RESV-'"*AuNP

An in-depth assessment was conducted to examine whether
RESV-'%AuNP could effectively inhibit or decrease tumor
volumes in mouse models containing human-derived prostate
cancer (PC-3) xenografts. A study was conducted to evaluate the
therapeutic efficacy of RESV-'"®AuNP in treating prostate
tumors. Two groups of mice with similar tumor sizes (0.16—
0.20 cm®) and body weights (16.4-24.6 g) were used. The control
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group received 30 mL of sterile saline, while the treatment
group received a single intratumoral injection of RESV-""*AuNP
(160 mCi/30 mL per tumor). This study lasted 5 weeks post-
injection, with day 0 being the randomization day and day 4
being the injection day.

The results demonstrated the tumor-reducing capability of
RESV-"®AuNP compared to the saline control. Two weeks after
treatment (day 14), the RESV-""AuNP group showed a decrease
in tumor volume. By week 3 (day 20), the treatment group’s
tumor volume significantly decreased to 0.10 & 0.04 cm®, while
the control group’s tumor volume doubled to 1.20 + 0.04 cm®.
Four weeks post-treatment (day 24), the difference was even
more pronounced, with the control group’s tumor volume
(1.40 + 0.01 cm®) being ten times larger than the RESV-""*AuNPs
group (0.14 + 0.01 cm?), as shown in Fig. 9.

The tumors in the saline control group appear larger,
reflecting the unchecked progression typical of untreated xeno-
grafted tumors. Conversely, the tumors in the RESV-'**AuNP
group are smaller, suggesting that the combination of resveratrol
and radioactive gold nanoparticles is effective at suppressing or
reducing tumor volume. The most plausible explanation for this
difference lies in the dual action of the RESV-""®AuNP therapy.
Beta radiation emitted by '°®Au delivers localized cytotoxic
effects to the tumor cells. The resveratrol component sensitizes
the tumor by virtue of its antioxidant, anti-inflammatory, and
pro-apoptotic properties, thus further enhancing the overall
therapeutic impact. Additionally, this nanoparticle formulation
benefits from enhanced permeation and retention in the tumor
microenvironment, promoting more targeted delivery of both
the radioactive isotope and the bioactive resveratrol.

These findings have important implications for future pros-
tate cancer therapies. By co-delivering a radiotherapeutic agent
and a compound with established anti-cancer properties,
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Fig. 9 Tumor volume progression and representative tumor images in
mice bearing PC-3 prostate cancer xenografts following treatment with
saline (control) and RESV-?8AuNPs after single-dose intratumoral admin-
istration (mean £ SD). The line graph compares the mean tumor volumes
over time for the saline control group (black line) versus the RESV-1"8AuNP
group (red line), while the images above illustrate the marked difference in
tumor size between the groups at the corresponding time points. The data
demonstrate significant inhibition of tumor growth in the RESV—-'®AuNP-
treated mice compared with that in the saline control mice.
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RESV-""*AuNP presents a promising avenue for reducing sys-
temic side effects while maximizing tumor cell kill. Overall,
RESV-'"*AuNPs demonstrated a reduction in tumor growth in
the PC-3 prostate cancer xenograft model, underscoring its
potential value as a novel therapeutic strategy for human cancer.

In the context of the present investigation, here, we provide
unequivocal evidence that the therapeutic efficacy, as observed
and as reported, is solely due to the beta particle emission from
radioactive RESV-"°®AuNP. It is important to note that we used
carrier-added RESV-'?®AuNP as our radioactive gold-198 nano-
particles with an average of 136 nCi for intratumorally delivered
therapeutic doses. Through radiochemical calculations,
136 pCi would translate to an equivalent of 136 g of the non-
radioactive RESV-AuNP analog. This concentration of the non-
radioactive RES-AuNP does not serve as a control for comparing
therapeutic efficacy between the radioactive RESV-'"*AuNP and the
corresponding non-radioactive surrogate RESV-AuNP because at
these concentrations of RESV-AuNP, we did not observe any
prostate tumor cell death as evaluated through in vitro MTT assays.
Normally, our animal protocol does not allow therapeutic studies in
tumor-bearing mice if the chosen dose range is suboptimal for
demonstrating any therapeutic efficacy. With special permission,
we performed therapy investigations on just three animals using
136-165 ng of RESV-AuNP. Our results revealed no evidence of
therapeutic effects at such low doses of RESV-AuNP. The only
educational comparison between radioactive RESV-'**AuNP
and the corresponding non-radioactive surrogate of RESV-AuNP
is to use similar concentrations of the two gold nanoparticles.
These observations unequivocally confirm that the therapeutic
efficacy, as shown in Fig. 9, is solely due to the beta ray
emissions of radioactive gold isotope from RESV-'°*AuNP.
Similar results have been documented through our pioneering
investigations published in subsequent leading publications
from our laboratory.

Conclusions

RESV-""®AuNP represents a significant advancement as a nano-
sized radiopharmaceutical with versatile applications in oncology.
Its potential as a radiotherapeutic agent for various cancers,
including prostate cancer, and as a radiosynovectomy agent under-
score its clinical relevance. This study contributes to the growing
body of research on a library of biocompatible therapeutic nano-
particles (e.g;, Gum Arabic glycoprotein (GA)-functionalized gold-
198 nanoparticles (GA'®AuNP), epigallocatechin-3-gallate
(EGCG)-functionalized gold-198 nanoparticles (EGCG-'**AuNP),
and mangiferin (MGF)-functionalized gold-198 nanoparticles
(MGF-""®AuNP)) by demonstrating their safety and efficacy in
a cancer treatment modality.

The in vivo findings of this study highlight two key aspects:
(1) the biocompatibility and non-toxic profile of RESV-"**AuNP
confirmed through intravenous administration in healthy
mice, and (2) the therapeutic potential of RESV-">*AuNP vali-
dated through intratumoral delivery in prostate (PC-3) tumor-
bearing mice. The differential internalization of RESV-AuNP
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between HAEC endothelial cells and PC-3 prostate cancer cells
emphasizes the effectiveness of nanoparticle-based targeting
strategies. Leveraging the enhanced permeability and retention
(EPR) effect coupled with receptor-mediated uptake/retention,
RESV-'?®AuNP accumulates preferentially in tumor cells, offer-
ing a promising platform for precision oncology.

This research highlights the potential of RESV-""*AuNP to
revolutionize cancer therapy by improving therapeutic out-
comes while minimizing systemic toxicity and off-target effects.
In addition, this approach overcomes the limitations of bra-
chytherapy by offering a non-surgical technique for administer-
ing high doses of therapeutic radiopharmaceutical to the tumor
site. Furthermore, the decomposition and decay of the radio-
active drug in vivo provide additional benefits, including the
mechanical removal of seeds used in brachytherapeutic techni-
ques. Functionalizing these nanoparticles with tumor-specific
ligands could further enhance their selectivity, sparing healthy
tissues and focusing therapeutic action on malignant cells. This
study demonstrated the significant therapeutic potential of
RESV-'"?®AuNP in treating prostate cancer. The treatment led
to a substantial decrease in tumor size compared to the control
group, with notable differences observed over time.

The dual action mechanism of RESV-"*AuNP contributed to
its overall effectiveness. Additionally, RESV-'"*AuNP holds
potential as a theranostic agent, combining imaging capabilities
for tumor localization with therapeutic functionalities, such as
targeted drug delivery or photothermal therapy. Future research
should focus on optimizing nanoparticle functionalization,
improving its specificity for tumor cells, and exploring its appli-
cations in combinational therapies. With these advancements,
RESV-'*AuNP could establish a new standard for safer, more
effective cancer treatments, offering hope for improved patient
outcomes in oncology.
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