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Introduction

Immunomodulatory and tumor-targeting
palladium nanoparticles functionalized with
resveratrol via green nanotechnology: synthesis,
mechanisms, and in vivo therapeutic evaluation

Velaphi C. Thipe, {2° Alice Raphael Karikachery,® Kavita Katti®® and
Kattesh V. Katti*P<9ef

This paper reports an innovative green nanotechnology approach utilizing electron-rich resveratrol,
abundantly available in grape skin, to transform the palladium salt into biocompatible and tumor-specific
resveratrol functionalized palladium nanoparticles (Res-PdNPs). This ‘zero carbon emission’ process affords
four types of nanoparticles: Res-PdNPs 1-4, wherein the phytochemical serves dual roles of a reductant
as well as a nanoparticle stabilizer through the creation of a phytochemical corona. Complete characteri-
zation has allowed selection of Res-PdNP-4 (zeta potential: —40 + 3 mV; TEM core size: 24 + 3 nm),
with excellent in vitro stability, as the best candidate for further cancer therapeutic applications as
elucidated through detailed in vivo investigations. Immunomodulatory features of Res-PdNPs suggest that
they target and modulate the primary signaling pathway NF-xB, thus opening new precision medicine
therapeutic opportunities for using functionalized PdNPs in treating cancer and various other inflammatory
diseases. The innate relationship between NF-xB signaling and macrophage activation has been probed by
investigating the ability of Res-PdNPs to target the pro-tumor M2 macrophage with concomitant re-
education to the anti-tumor M1 phenotype using RAW 264.7 macrophages derived from murine cells. The
immunomodulatory characteristics of this nanoceutical have been corroborated through excellent
therapeutic efficacy data in prostate tumor bearing SCID mice administered with Res-PdNPs at various
doses. It is highly significant that Res-PdNPs showed selective toxicity to tumor cells and minimal/no
toxicity to normal cells. This is in sharp contrast to the FDA approved cancer therapy drugs cisplatin and
etoposide, which showed indiscriminate severe toxicity to both normal and tumor cells. The vital role of
green nanotechnology in oncology is described through compelling experimental results.

penetration and probing into various normal and cancerous
cellular domains for molecular imaging and therapy of various

Over the last three decades, we have demonstrated the unprece-
dented utility of the principles of nanotechnology in the design
and development of molecular imaging and therapeutic
agents.”?’ Extensive research has allowed us to engineer a variety
of nanoparticles with a myriad of functionalities, enabling facile
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diseases at cellular levels.”*° In the rapidly expanding research
endeavours of utilizing metallic and a myriad of non-metallic
nanoparticles in medicine, functionalized gold nanoparticles
continue to play pivotal roles in the design and development of
disease-specific and targeted nanomedicine agents.®%!%31733
Medical applications of nanotechnology continue to capitalize
on a pivotal scientific concept that the nanoparticulate surface
provides an abundance of highly active surface atoms, which serve
as highly reactive sites for the incorporation of specific
drugs—therapeutic or diagnostic imaging probes—thus resulting
in amplification of both diagnostic and therapeutic capabilities,
which are hard to conceptualize through traditional macro-
pharmaceuticals.?**>2*"*8 Surface atoms also allow incorporation
of multitudes of signatures of similar or disparate therapeutic/
diagnostic probes on individual nanoparticles, thus augmenting
scientific reality for enhancing therapeutic or diagnostic payloads
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that are generally un-achievable using traditional non-nanotech-
nology approaches. This multiplexing approach has shown prac-
tical implications in selective and enhanced uptake of drugs at
disease sites (for example within cancer cells), thus minimizing
toxic off-target effects on normal cells.”!">1%30:49-54

In order to minimize or completely eliminate the interven-
tion of toxic chemicals, in the design and development of
nanoparticles, we have conceptualized the use of green nano-
technology approaches, wherein phytochemicals from plants,
rather than human made toxic chemical reducing agents,
would serve as reservoirs of electrons for transforming metallic
precursors of gold (and other metals) into disease specific
functionalized nanoparticles.”'*'>™**3? Herbal-based pharma-
ceuticals are of considerable societal importance, because the
World Health Organization (WHO) has forecast that over 80%
of the world’s population will utilize some type of herbal
holistic medicine in their health care.’>>® One of the major
impediments in achieving this important objective of utilizing
phytochemical-based herbal medicinal agents is their sub-
optimal bioavailability at tolerable doses. This perennial scien-
tific reality continues to serve as an unresolved stumbling block
in translating promising phytochemical-based discoveries from
cell culture and animal models into clinically effective medica-
tions for treating human diseases.”” Recently, we have demon-
strated that incorporating tumor cell-specific phytochemicals
into nanoparticles provides numerous advantages including: (i)
receptor-mediated increased cellular uptake with consequent
higher differential uptake efficiency in target cells (or tissue)
versus normal cells (or tissue) and (ii) enhanced permeation
and retention effects in disease cells/tissues, resulting in overall
decreased toxicity.">>*3®

Interestingly, combination of gold metal and phytochemicals
has been employed in the Indian holistic Ayurvedic Medicine
for over 5000 years.’®®’ However, green nanotechnology
approaches for engineering ayurvedic drugs have not been
scientifically validated to date. In this context, our green nano-
technology strategy of encapsulating phytochemicals onto gold
nanoparticles, serendipitously, offers an integrative momentum
to merge the best of two worlds: five-thousand-year-old Ayurvedic
holistic medicine with scientifically rigorous green nanotechno-
logy—all aimed at enhancing global acceptability of Ayurvedic
medicine. Our innovative scientific approach where we demon-
strated, for the first time, the scientific intervention of green
nanotechnology to transform and enhance the effectiveness of
holistic herbal ayurvedic medicines was recently recognized by the
United States Patents and Trademarks office, by issuing the first
ever global patent, under a new medical terminology referred to as
‘Nano Ayurvedic Medicine’.>* Our recent successful clinical trial
outcomes in treating triple-negative breast cancer patients using a
new Nano Ayurvedic Medicine agent, comprising Mangiferin-
conjugated gold nanoparticles (MGF-AuNPs), have provided
credible scientific impetus to consider other types of metallic
nanoparticles as innovative phytochemical-embedded delivery
vehicles.” In our prior study, we developed resveratrol-conju-
gated AuNPs and demonstrated that increasing the resveratrol
corona around AuNPs enhanced anticancer efficacy.* This earlier
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work established that a dense resveratrol corona synergized with a
gold nanocarrier can improve therapeutic outcomes. However,
AuNPs present certain limitations that prompted us to explore
palladium as an alternative core: gold’s surface chemistry is
relatively inert, often requiring strong anchors to attach functional
molecules, and drug release from AuNPs can be suboptimal due
to overly tight binding or lack of stimulus-responsiveness. In the
current study, we turned to PdNPs with the hypothesis that
palladium’s anomalous electronic configuration and surface
properties could overcome these limitations and offer novel
drug-loading and delivery characteristics.

Palladium’s electronic configuration ([Kr] 4d'°) is indeed
unusual and gives rise to distinctive surface chemistry. Unlike
gold’s filled 5d*° 6s' configuration, elemental palladium has a
fully filled d-band and no outer s-electron. This influences how
molecules interact with PANP surfaces. In terms of hard-soft
acid-base (HSAB) theory, palladium is considered a relatively
soft Lewis acid (especially in comparison to the predominantly
hard oxygen-donor groups of polyphenolic phytochemicals). As
aresult, Pd surfaces bind phytochemical molecules in a weaker,
more reversible fashion. In practical terms, this means that a
phytochemical like resveratrol can associate with a PANP sur-
face without forming extremely strong or irreversible bonds, in
contrast to gold surfaces that often require covalent attach-
ments (e.g. Au-S bonds) or extensive capping agents for stable
functionalization. The weaker coordination of phytochemicals
on Pd (consistent with HSAB principles for soft Pd(u) preferring
softer donor atoms) is advantageous for drug delivery: it allows
the phytochemical to detach under the right conditions (such
as acidic pH or intracellular glutathione), enabling controlled
release at the target site.

Furthermore, palladium’s unique d-electron characteristics
confer catalytic properties that are absent in inert gold. Palla-
dium can engage in n-bond interactions and catalysis on its
surface resulting in antioxidative properties, such as catalase
and superoxide dismutase activities,®” while our focus is on
delivery; this means that PANPs could, for example, activate
prodrugs or modulate the tumor microenvironment.

In addition, PANPs have a broad and strong optical absorp-
tion extending into the near-infrared (NIR) region, which is
optimal for deep tissue penetration. They efficiently convert
NIR light into heat, enabling photothermal therapy (PTT).
Therefore, a PANP-phytochemical conjugate could thus serve
as a dual-mode therapy: delivering a phytochemical drug and
concurrently enabling PTT upon NIR laser irradiation.®*®° The
biocompatibility of palladium metal offers burgeoning oppor-
tunity toward the development of tumor specific biocompatible
palladium nanoparticle-based nanomedicine agents—akin to
numerous gold metal-based green nanotechnologies, which
have resulted in a myriad of cancer imaging and therapeutic
agents.12,13,31,33,51,66,67

Green nanotechnology approaches are particularly signifi-
cant because plant-based phytochemicals are abundantly avail-
able, economically viable and considered generally safe for food
and in pharmaceuticals. Therefore, the surface conjugation of
tumor-specific phytochemicals presented new opportunities for

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Targeting ability of Res-PdNPs towards the tumor microenvir-
onment (TME) and their ability to reprogram the M2 to the M1 macrophage
phenotype.

exploring surface conjugation kinetics of palladium atoms. The
objective of overarching was to explore conjugations and load-
ing of anticancer phytochemical compounds, in their nascent
forms, onto the palladium nanoparticulate surface to achieve
effective drug delivery into tumor cells.

Herein, we report green nanotechnology approaches, which
have led to the discovery of a series of new palladium nanoparticle-
based therapeutic agents. This new nanomaterial is derived from a
phytochemical called resveratrol (Res), which is abundantly pre-
sent in black grape skin. The purpose of this article is to provide a
conceptual overview of a new immunotherapeutic agent, derived
through green nanotechnology, incorporating therapeutic phyto-
chemicals onto well-defined palladium nanoparticles for use in
prostate cancer therapy (Scheme 1). We present, herein, full details
of our experimental findings on: (i) production and full character-
ization of nanoparticles of palladium encapsulated with the
resveratrol phytochemical to create a new generation of cancer
therapy nanomedicine agents capable of delivering potent doses of
both palladium nanoparticles and the anti-tumor resveratrol
selectively to tumor cells; (ii) targeting pro-tumor M2 macrophages,
an important component within the tumor microenvironment,
with concomitant re-education into the anti-tumor M1 phenotype
through induction of macrophage tumoricidal activity; (iii) mecha-
nism of cell death proving immunomodulation through targeting
cell signaling pathways as well as through targeting the tumor
microenvironment and finally (v) in vivo therapeutic efficacy
investigations of the Res-functionalized palladium-based nanome-
dicine agent in prostate tumor bearing severe combined immu-
nodeficient (SCID) mice. The overall implications of this ‘zero
carbon emission’-based green nanotechnology approach in oncol-
ogy are discussed.

Materials and methods

Materials

Resveratrol, sodium tetrachloropalladate(ir), gum arabic (GA),
and the tetrazolium dye 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl
tetrazolium (MTT) were purchased from Sigma (St. Louis, MO,

USA). RPMI, DMEM, fetal calf serum, 1x Hanks’ balanced salt
solution (HBSS), TrypLE, trypan blue, DAPI (4',6-diamidino-2-

This journal is © The Royal Society of Chemistry 2025
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phenylindole), wheat germ agglutinin Alexa Fluor™ 488 (WGA-AF
488) and wheat germ agglutinin Alexa Fluor™ 680 conjugates
(WGA-AF 680), and the laminin receptor antibody (MLuCs;) were
purchased from Thermo Fisher Scientific, (Waltham, MA, USA).
Chemotherapeutic drugs cisplatin and etoposide were obtained
from Tocris Bioscience (Minneapolis, MN, USA). Recombinant
human RANKL protein (Active) (ab9958) was obtained from
Abcam, USA. Phospho-NF-kB p65 (Ser536) (93H1) and rabbit
mADb (Alexa Fluor™488 conjugate) kits were purchased from Cell
Signaling Technology, USA. Enzyme-linked immunosorbent
assay (ELISA) Invitrogen kits, Tumour Necrosis Factor alpha
(TNF-o) (88-7324), Transforming growth factor beta 1 (TGF-f1)
(88-8350), Interleukin-1 beta (IL-1f) (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 Thermo Fisher Scien-
tific (Waltham, MA, USA). Double distilled water was used
throughout the experiment.

Cell lines. The American Type Culture Collection (ATCC;
Manassas, VA) provided human prostate cancer cells (PC-3:
CRL-1435), primary human aortic endothelial cells (HAECs:
PCS-100-011), and murine macrophage (RAW264.7: TIB-71) cell
lines, which were cultured at the University of Missouri Cell and
Immunobiology Core facility according to ATCC recommendations.

Characterization of nanoparticles. A UV-vis spectrophoto-
meter (Varian Cary 50 conc, USA) was used to measure absorp-
tion. A Zetasizer Nano S90 (Malvern Instruments Ltd. USA) was
utilized to determine the hydrodynamic size and zeta potential.
Transmission electron microscopy (TEM) images were acquired
using a JEOL 1400 TEM (JEOL, LTE, Tokyo, Japan). Elemental
mapping and analysis were performed using a high-resolution
TEM (HRTEM) on a FEI Tecnai G2 F30 Twin coupled with
energy-dispersive X-ray spectroscopy (EDS) (FEL, Oregon, USA).
The crystalline characteristics were measured using an X-ray
diffraction (XRD) Rigaku Miniflex diffractometer (Rigaku
Americas Corporation, The Woodlands, TX, USA). Palladium
metal concentrations were determined using inductively
coupled plasma mass spectrometry (ICP-MS), PerkinElmer,
MA, USA. Resveratrol concentrations were determined using
liquid chromatography-multiple reaction monitoring mass
spectrometry (LC-MRM/MS) on the Quantiva system (Thermo
Fisher Scientific, Waltham, MA). The JEOL 1400 TEM, CytoViva
Nanoscale Hyperspectral Microscope coupled with a dual mode
fluorescence system (CytoViva, Inc., Auburn, USA) and Leica
SP8 spectral confocal microscope (Leica Microsystems, Wetzlar,
Germany) were used to capture images of cellular internaliza-
tion. Cell migration analysis images were acquired and quanti-
fied using CellSens Dimension Software 1.13 on an Olympus
1 x 71 fluorescence microscope (Shinjuku, Tokyo, Japan).
Immunoblotting was performed using Trans-Blot Turbo Trans-
fer equipment and images were captured using the ChemiDoc
MP Imaging System (Bio-Rad Laboratories, Inc. USA).

Synthesis of resveratrol conjugated palladium nanoparticles
(Res-PdNP-1). In 6 mL of double deionized (DI) water, 1.46 mM
resveratrol (Res) was prepared. At room temperature, the
solution was agitated for 5 min to dissolve the Res int water
and obtain a clear solution. 100 pL of 0.1 M Na,PdCl, was
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added to the reaction mixture to form palladium nanoparticles
(Res-PdNP-1). Within 15 min, the mixture changed color to
brown and yielded PdNPs. For optimization, the reaction
mixture was agitated for an additional 12 h. Res-PdNPs were
centrifuged at 15000 rpm at 12 °C for 15 min and kept at 4 °C
for characterization.

Synthesis of resveratrol conjugated palladium nanoparticles
(Res-PdNP-2). Resveratrol (Res) at a concentration of 4.38 mM
was prepared in 6 mL of double deionized (DI) water. To obtain
a clear solution, it was then agitated at room temperature for
5 min. This was followed by 100 pL of 0.1 M Na,PdCl, addition
to generate the palladium nanoparticles (Res-PdNP-2). The Res-
PANP solution was agitated for 12 h, followed by centrifugation
at 15000 rpm at 12 °C for 15 min and kept at 4 °C for analysis.

Synthesis of resveratrol conjugated palladium nanoparticles
(Res-PdNP-3). 6 mL of double ionized water (DI) was added to a
20 mL vial, followed by addition of 0.003 g of gum arabic (GA)
and 1.46 mM resveratrol (Res). At room temperature, the
solution was agitated for 5 min, followed by the addition of
100 pL of 0.1 M Na,PdCl, to form the palladium nanoparticles
(Res-PANP-3). The reaction mixture was stirred for 12 h and
centrifuged at 15000 rpm at 12 °C for 15 min and kept at 4 °C
for characterization.

Synthesis of resveratrol conjugated palladium nanoparticles
(Res-PdNP-4). To a 20 mL vial was added 6 mL of double
ionized water (DI), followed by addition of 0.003 g of GA and
4.38 mM resveratrol (Res). The solution was stirred at room
temperature for 5 min to dissolve the Res in water to get a clear
solution. Then to the reaction mixture, 100 pL of 0.1 M
Na,PdCl, was added to produce the palladium nanoparticles
(Res-PdNP-4). The color of the mixture changed to brown
within 15 min and developed into homogenous PdNPs. The
reaction mixture was further stirred for an additional 12 h for
optimization. The Res-PdNPs were then centrifuged at 15000
rpm at 12 °C for 15 min to remove any unreacted Res and the
palladium salt and were stored at 4 °C for characterization.

In vitro stability analysis of Res-PdNPs. The stability of Res-
PdNPs was determined by incubating palladium nanoparticles
in various biological solutions [1% NaCl, 0.5% cysteine, 0.2 M
histidine, 0.5% human serum albumin (HSA), 0.5% bovine
serum albumin (BSA), phosphate buffered saline at pH 5, pH
7, and pH 9 and a mixture of these solutions at equivalent
volumes] in triplicates (n = 3) at 37 °C in 5% CO, to mimic
in vivo conditions. DLS measurements were taken using the
Malvern Zetasizer Nano-ZS90 to track the changes in the
hydrodynamic size as a stability metric. These measurements
were performed for a one-week period.

Quantification of resveratrol on the surface of Res-PdNPs.
We assessed the amount of Res molecules attached to the
surface of PdNPs using liquid chromatography-multiple
reaction monitoring mass spectrometry (LC-MRM/MS) on a
Quantiva triple quadrupole mass spectrometer (Thermo Fisher
Scientific, Waltham, MA). A method was developed to deter-
mine MRM transitions for Res and its column retention time.
Res-PdNPs were centrifuged at 16kxg for 5 min in a micro-
centrifuge tube and the supernatant was diluted 1:10 000 with
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an internal standard solution [30 ng mL™~" tolbutamide in 5%
acetonitrile (ACN)/1% formic acid (FA)]. Following that, 25 pL
was transferred to autosampler vials and placed in a cool (7 °C)
autosampler.

The Res standard (5 pL) was injected into a C;4 trap column
(Cys trap, Eksigent) and the sample was eluted from the trap
column and separated on a 20 cm x 75 pm inner diameter
pulled-needle analytical column packed with HXxSIL Cig
reversed phase resin (Hamilton Co.) using a 500 nL min ™" step
gradient of acetonitrile. A Thermo Scientific TSQ Quantiva
triple-quadrupole mass spectrometer was connected to the
Eksigent Nano 1D plus HPLC system. Conditions for the LC
gradient: initial conditions were 2% B (A: 0.1% formic acid in
water; B: 99.9% acetonitrile and 0.1% formic acid), followed by
2 min ramp to 90% B, which was maintained for 8 min, before
being ramped back to (1 min) and maintained under (2 min)
initial conditions. The run lasted a total of 10 min.

MRM conditions: 1600 V ionization voltage, 0.7 (full-width
half max) resolution in Q1 and Q3, 2.5 mTorr collision gas,
200 ms dwell time. An MRM transition is composed of a
precursor-fragment pair, which enables the mass spectrometer
(Thermo Scientific TSQ Quantiva) to ignore all other molecules
in a sample except for the Res enabling precise quantification
with extremely high specificity and sensitivity. To precisely
quantify the Res, the following two optimal transitions were
created: Res (1.1 mM in ethanol) was diluted 1:1000 in 70%
ACN, 0.1% FA. This solution was then examined directly
(3 uL min~") for Res quantification conjugated to the surface
of the Res-PdNPs.

Cellular internalization and the trafficking pathway of Res-
PdANPs. The method of endocytosis of Res-PANPs via cellular
internalization was examined by pre-blocking the laminin
receptor (67LR) overexpressed PC-3 cells. The optimal dose
and incubation duration were established by treating PC-3 cells
with resveratrol conjugated palladium nanoparticles (Res-PdNPs)
at various time points. The cellular trafficking pathway of Res-
PdNPs was further elucidated utilizing an inhibitor of laminin
receptor, RPSA monoclonal antibody (MLuC5), to confirm lami-
nin receptor-mediated endocytosis. Three different approaches
were used to evaluate Res-PdNP cellular internalization: (i) Cyto-
Viva dark field fluorescence microscopy; (ii) Leica SP8 spectral
confocal microscopy; and (iii) transmission electron microscopy
(TEM). For the dark field and confocal microscopy examination, a
sterile coverslip was used to culture PC-3 cells in 6 well plates,
whereas for TEM studies, the cells were grown in the plate without
a coverslip. Briefly, the PC-3 cells (8 x 10° mL ') were seeded onto
6 well plates containing RPMI medium and cultured for 24 h at
37 °C in a CO, incubator. PBS (control) and the MLuC5 laminin
receptor antibody (10 uM; 60 min) were used to pre-incubate the
cells, and the cells were then incubated at 37 °C in a CO,
incubator. Following incubation, the cells were washed twice with
1x PBS and then incubated with Res-PdNPs (44 uM) at 37 °C in a
CO, incubator. The following approaches were used to prepare
the samples.

Confocal and dark field microscopic techniques. Following
incubation, the cells were washed 5 times with 1x PBS and

This journal is © The Royal Society of Chemistry 2025
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fixed for 15 min in the dark with 4% paraformaldehyde (PFA).
The cells were then washed 3 times with 1x Hanks’ Balanced
Salt Solution (HBSS) and labeled with the 2 pM wheat germ
agglutinin Alexa Fluor™ 488 (WGA-AF 488) conjugate, which
was incubated at room temperature in the dark for 10 min.
Following incubation, the cells were washed twice with 1x
HBSS and permeabilized for 5 min at room temperature with
0.2% Triton X-100. The cells were washed twice as much with
1x HBSS and the slides were stained with the DAPI nuclear dye.
The cells were observed using a CytoViva Nanoscale Hyperspec-
tral Microscope paired with a dual mode fluorescence system
and the Leica SP8 spectral confocal microscope. The initial
observation of the cell morphology was made followed by Res-
PANP uptake; images were captured using Dage Imaging Soft-
ware and LAS X software respectively.

TEM technique. Following incubation, the cells were washed
10 times with 1x PBS, trypsinized and centrifuged into pellets,
and fixed with 2% glutaraldehyde and 2% paraformaldehyde
in sodium cacodylate buffer (0.1 M). Additionally, the cells
were further fixed with 1% buffered osmium tetroxide in
2-mercaptoethanol buffer and dehydrated in graded acetone
series before being embedded in Epon-Spurr epoxy resin. Sec-
tions were cut at a thickness of 85 nm with a diamond knife
(Diatome, Hatfield PA). For organelle visualization, the slices
were stained with Sato’s triple lead stain and 5% aqueous uranyl
acetate. The prepared samples were evaluated at the University
of Missouri’s Electron Microscopy Core Facility, Columbia, MO,
USA, using a JEOL 1400 TEM microscope (JEOL, Peabody, Mass.)
operating at 80 kV. The cytotoxicity of Res-PdNPs was investi-
gated to determine their specific affinity for PC-3 cells and their
effects on normal endothelial cells (HAECs) treated at various
concentrations and time points.

Cell viability assay. The MTT assay was used to investigate
the effect of Res-PdNPs on the viability of prostate cancer (PC-3)
and normal human aortic endothelial cells (HAECs). 96-well
plates were seeded with 100 uL per well of 5 x 10" cells per mL
and the cells were cultured for 24 h at 37 °C in a CO, incubator
with 5% CO,. After incubation, the medium was withdrawn and
the cells were treated with the Res-PdNPs, GA-PdNPs, free Res and
GA at various concentrations (0, 2.7, 5.5, 11, 22 and 44 uM),
respectively. Cisplatin and etoposide were employed as positive
controls and the cells without treatment served as negative
controls. After treating the cells at various time intervals (24, 48
and 72 h), 10 pL of MTT dye solution was added in each well and
the plates were incubated for an additional 4 h to allow crystal-
lization. After carefully removing the medium solution, 100 pL of
dimethyl sulfoxide (DMSO) was added to dissolve the formazan
crystals. The vitality of the cells was determined using a micro-
plate reader (Molecular device, USA) set at 570 nm. The formula
below was used to determine the percentage of viable cells:

__ Absorbance of the treated cells at 570 nm

[lular viability (%) =
Cellular viability (%) Absorbance of untreated cells at 570 nm
x 100%

GraphPad Prism version 6.01 software was used to calculate the
half-maximal inhibitory concentration (ICs).

This journal is © The Royal Society of Chemistry 2025
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Migration assay and cellular morphology studies of Res-
PdNPs against PC-3. We studied the migrastatic effect of Res-
PdNPs on PC-3 cell motility inhibition. Briefly, 6-well plates
were labeled to indicate the region to be imaged, and 5 x 10>
cells per mL were seeded into 6-well plates and cultured for
24 h to achieve 100% confluence. A 200 pL sterile pipette tip
was used to aseptically stretch the cell monolayer vertically. The
media and cell detritus were aspirated carefully, and the plates
were gently washed with 1x PBS solution. For 24 h, the cells
were treated with the highest concentration of Res-PdNP-4
(44 pM). The cells were imaged at 1 h and 24 h after treatment
using an Olympus 1X71 Fluorescence Microscope (Shinjuku,
Tokyo, Japan). The stretch’s area was determined using Cell-
Sens Dimension Software 1.13 and Image] v1.54p Software.

The effect of Res-PANPs on NF-kB inhibition in PC-3. The
cells were seeded into 6-well plates and then pre-incubated with
the receptor activator of the NF-xB ligand (RANKL) to stimulate
NF-kxB expression (positive control); the cells were treated with
Res-PdNPs without RANKL activation (negative control) and
then treated with Res-PdNPs at various concentrations (25, 50,
and 100 puM) for 2 h and then post-treated either with RANKL
(25 ng mL™") or left untreated for 4 h. The cells were lysed,
followed by electrophoresis on polyacrylamide gels and transfer to
nitrocellulose membranes using the Trans-Blot Turbo Transfer
System operating at 1.3 A at 25 V for 7 min. These membranes
were then probed with a primary antibody for phospho-NF-kB and
detected with the secondary antibody horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:1000 dilution) using the
ChemiDoc MP Imaging System.

Macrophage Res-PANP uptake studies. In a 75 cm? flask,
RAW 264.7 macrophages were grown in DMEM + 10% FBS.
To determine adhesion, 1 x 10° cells were plated overnight in
6 well plates. The cells were subsequently supplemented with
fresh medium and treated for 60 min with Res-PdNPs (44 uM).
The cells were labelled with 2 pM wheat germ agglutinin Alexa
Fluor™ 680 conjugates (WGA-AF 680) and stained with the DAPI
nuclear dye. The presence of palladium nanoparticles in cells
was then determined using a Leica SP8 spectral confocal
microscope.

Assessment of the immunomodulatory effects of Res-PdNPs
on RAW 264.7 macrophages. Murine RAW 264.7 macrophages
were maintained in DMEM enriched with 10% fetal bovine
serum and gentamicin, incubated at 37 °C in a humidified
atmosphere containing 5% CO,. For the experiment, the cells
were plated in multi-well dishes so that they reached roughly
70-80% confluence by the next day. They were then pre-
incubated with 50 ug mL~"! Res-PdNPs for one hour to promote
nanoparticle uptake. Following this pre-treatment, lipopolysac-
charide (LPS) was introduced to a final concentration of
1 ug mL™", and the cells were incubated for an additional
4 hours to initiate an inflammatory response.

After incubation, the supernatant was carefully harvested
and centrifuged at low speed to remove any cellular debris and
then stored at —80 °C until further cytokine analysis. The levels
of various cytokines—both pro-inflammatory (IL-18, TNF-a, IL-
6, and IL-12) and anti-inflammatory (TGF-B1 and IL-10)—were
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measured using enzyme-linked immunosorbent assay (ELISA)
kits following the manufacturer’s protocols. Standard curves
for each cytokine were generated, and optical density readings
were obtained at 450 nm using a calibrated SpectraMax M2
microplate reader. All experiments were performed in triplicate
to ensure statistical reliability, and the data were normalized
against untreated controls to determine the modulatory impact
of Res-PdNPs on LPS-induced cytokine production.

Co-culture analysis of the immunomodulatory effect of Res-
PANP treated macrophages on prostate cancer cell prolifera-
tion. PC-3 cells (1 x 10> cells per well) were plated overnight in
a 6-well plate for adherence. Following that, RAW 264.7 macro-
phages were treated for 18-24 h with Res-PdNPs (22 uM) and
labeled with a 2 pM WGA Alexa Fluor™ 680 conjugate. To avoid
the direct influence of Res-PdNPs on cancer cells, the macro-
phages were washed twice with 1x HBSS to eliminate unbound
Res-PdNPs. To differentiate and measure the proliferation of
PC-3 cells, they were labeled with the 2 pM WGA Alexa Fluor™
488 conjugate. For 72 h, macrophages were then co-cultured
with PC-3 cells at the ratio of 1:10 (1 part of PC-3 cells to 10
parts of macrophages). The co-culture images were acquired
using a Leica SP8 spectral confocal microscope.

Animal studies. All animal research with Res-PdNPs was
approved by the Institutional Animal Care and Use Committees
(IACUC) of the Harry S. Truman Memorial Veterans Hospital and
the University of Missouri and was conducted in accordance with
the Guide for the Care and Use of Laboratory Animals. Male mice
with imprinting control regions-severe combined immunodefi-
ciency (ICR-SCID) were used in the therapeutic investigations
(from Taconic Farms, Hudson, New York). The mice utilized in
our studies weighed between 24 and 27 g.

In vivo therapeutic efficacy study. We assessed the antitumor
activity of Res-PdNPs by establishing a prostate tumor model
(in SCID male mice). Under inhalation anesthesia (isoflurane/
oxygen), SCID male mice were subcutaneously injected with
10 x 10° PC-3 cells (suspended in 0.1 mL of sterile DPBS and
Matrigel® (2:1, v:v) in the right hind flank. Following injec-
tion, the animals received intravenous (IV) treatment twice a
week until palpable tumors developed. The mice were ran-
domly assigned to one of three groups (n = 5/group) with no
significant difference in tumor volume; the day of randomiza-
tion was deemed day zero of the therapeutic study. On day 0,
tumors were measured using a digital caliper and dimensions
were determined as length x width x height. The first group
was given 100 pL saline as the control group (n = 5). The second
group received 100 puL Res-PdNP-4 (0.25 mg kg~ ' bw) (n = 5),
whereas the third group received 100 pL free Res (7 mg kg™ bw)
injection (n = 5). For an additional 6-7 weeks, the animals were
evaluated for tumor volume, body weight and health conse-
quences before being euthanized. A normal healthy group of
mice (n = 5) that had not been experimentally manipulated
served as a control for determining complete blood count (CBC)
parameters (mean counts of white blood cells (WBCs), red
blood cells (RBCs) as well as hemoglobin, lymphocytes, and
platelets) and body weight/eating habits of the animals to
investigate how well treated groups were tolerated. For roughly
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6-7 weeks, all groups were examined twice weekly for body
weight and tumor volume assessments. Animals were sacrificed
at the conclusion of study or when tumors reached the end-
point (as determined by body weight, physical appearance,
observable clinical indications, unprovoked behavior, respon-
siveness to external stimuli, and a tumor burden higher than
10% body weight). Tumors were subjected to histopathology
analysis to determine angiogenesis. The CD31 antibody was
used to stain animal tissues for angiogenesis studies.

Statistical analysis. All experimental data are shown as
mean + SEM. GraphPad Prism software was used to conduct
statistical analysis using one-way analysis of variance (ANOVA).
P < 0.05 was considered significant.

Results and discussion

Green nanotechnological architecture and characterization of
Res-PdNPs

Resveratrol (3,5,4'-trihydroxy-trans-stilbene) is a stilbenoid
containing polyphenol, which is found in abundance in a
variety of fruits including grapes, blueberries, raspberries, and
mulberries.”® In continuation of our pioneering work on
exploiting phytochemicals with the high antioxidant capaci-
ty—as green sources of electrons—for transforming metal
salts into their corresponding phytochemical functionalized
nanoparticles,” %> 1431335167 we have used resveratrol with
the high antioxidant capacity both as a reducing agent and to
create its robust corona on the palladium nanoparticle (Res-
PdNP) surface. Antioxidant phytochemicals have the potential
to act as electron reservoirs, thus allowing metals to be trans-
formed into their corresponding nanoparticle forms. Electron
paramagnetic resonance (EPR or ESR) spin trapping studies
demonstrate the antioxidant capacity of this phytochemical by
measuring its ability to scavenge free radicals (0.64 for resver-
atrol in Trolox equivalents).®>”° Therefore, the high antioxidant
capacity of resveratrol offered a unique opportunity, as an
electron reservoir, to transform the palladium precursor into
its corresponding nanoparticles (PANPs). After optimizing a
highly reproducible and scalable procedure, we were able to
produce resveratrol-encapsulated Pd nanoparticles (Res-PdNPs)
by interaction of the optimized amount of resveratrol with a Pd
salt solution in aqueous medium. The excess resveratrol in the
reaction mixture forms a robust encapsulation corona around
Pd nanoparticles, thus eliminating the requirement for external
chemical-based toxic reducing agents and stabilization agents to
prevent the agglomeration of Res-PdNPs. In separate experi-
ments, Pd nanoparticles were also stabilized using gum arabic
(GA) protein—a dietary fiber-derived protein with a glycoprotein
and polysaccharide structural motif that has been approved by
the Food and Drug Administration (FDA) as well as by the World
Health Organization (WHO) for use in pharmaceuticals and
foods.'>*””! These green nanotechnology techniques exemplify
‘zero carbon footprint’ processes because no other human-
derived toxic chemicals are employed in the overall production
schemes as well as for the stabilization of Res-PdNPs. Green
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Table 1 Physicochemical properties of Res-PdNPs

Hydrodynamic Core Surface Zeta potential

Sample size (nm) size (nm) coating (nm) PDI (mV)

Res-PANP-1 93 + 4 83 £ 14 10 0.3 —26+2
Res-PANP-2 254 + 18 53+ 14 201 0.5 —28+3
Res-PANP-3 44 £ 1 33+6 11 03 -31+1
Res-PdNP-4 117 + 4 24+ 3 93 0.3 —40 £ 3

nanotechnology protocols, as described herein, have resulted in
the production of four different types of Res-PdNPs (Res-PdNP-1,
Res-PANP-2, Res-PANP-3, and Res-PdNP-4) as described in
Table 1.

UV-visible spectrophotometry, dynamic light scattering
(DLS), transmission electron microscopy (TEM) and inductively
coupled plasma mass spectrometry (ICP-MS) were used to
characterize the Res-PdNPs. UV-visible spectrophotometric ana-
lysis showed absorptions for Res and Na,PdCl, with peaks at
wavelengths, Amax 306 nm and 420 nm, representing trans-
Res’>7* and Pd*" ions, respectively.”>’® UV-vis spectra of Res-
PANPs (Res-PdNP-1, 2, 3 and 4) revealed the disappearance of
the 420 nm peak, confirming complete reduction of the Pd>*
salt with concomitant and complete transformation to Pd°
nanoparticles as depicted in Fig. 1.

The hydrodynamic size and zeta ({) potential measurements
of Res-PdNPs were performed using dynamic light scattering
(DLS) on a Malvern instrument. Full physicochemical proper-
ties are summarized in Table 1. The zeta ({) potential of Res-
PdNPs was <—25 mV, suggesting that Res-PdNPs have no
tendency to aggregate and thus reflecting their high in vitro
stability in solution.”” The size distribution as evaluated by
transmission electron microscopy (TEM) revealed the following
average core sizes for the four different types of Res stabilized
Pd nanoparticles, Res-PANP-1, Res-PdNP-2, Res-PdNP-3 and
Res-PdNP-4, to be 83 + 14, 53 + 14, 33 + 6 and 24 + 3 nm,
respectively. Additionally, high resolution transmission elec-
tron microscopic (HRTEM) images revealed that Res-PdNP-1

a) b)
Resveratrol : ‘Gum Arabic
?3' 3 = 360nm
Y ?( 1.2
Na,PdCl, . Naypdcl, =10 —Res
A g —GA
A — c o8 Res-GA
(= 2 06
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Fig.1 UV-vis spectra of palladium nanoparticles encapsulated with
resveratrol-derived phenols and polyphenols: (a) synthesis schematic, (b)
free Res, GA and Res-GA mixture, (c) Res-PdNP-1 and Res-PdNP-2 and (d)
Res-PdNP-3 and Res-PdNP-4.
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Fig. 2 Electron microscopy images with size distribution: (a) TEM images
of Res-PdNP-1 and Res-PdNP-2, (b) TEM images of Res-PdNP-3 and Res-
PdNP-4, (c) HRTEM images of Res-PdNP-1 and Res-PdNP-2 and (d)
HRTEM images of Res-PdNP-3 and Res-PdNP-4.

and Res-PANP-2 had amorphous morphologies while Res-
PdNP-3 and Res-PdNP-4 exhibited crystalline lattices (Fig. 2).

Res-PdNP-1 and Res-PdNP-2 lack GA, relying solely on
resveratrol for stabilization. While resveratrol can reduce metal
ions and provide some stabilization, it is less effective than GA
in preventing particle growth and aggregation as shown in the
in vitro stability results (Fig. 4). This difference explains the
larger sizes and reduced stability observed in Res-PdNP-1 and
Res-PdNP-2. Res-PdNP-4 combines increased resveratrol with
GA, resulting in a particle size of 117 nm. The larger size
compared to Res-PANP-3 is attributed to the higher resveratrol
content forming a thicker corona around the nanoparticles,
despite the stabilizing presence of GA.

The observed crystallization morphology for Res-PANP-3 and
Res-PdNP-4 may be attributed to the effective encapsulation by
GA—thus aiding crystalline nucleation to propagate crystal-
lization as depicted in Fig. 3.

. Gum Arabic

Res-PdNPs

Free energy

Reaction coordinate
Es - Strain energy of amorphous PdNP intermediates
AE - Activation energy
Fig. 3 Crystal growth of palladium nanoparticles influenced by GA, and a
schematic illustration of the crystallization mechanism of amorphous
palladium nanoparticles.
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In vitro stability of Res-PdNPs

The stability of PANPs in vitro, at dilutions that mimic in vivo
biological conditions, is critical for their use in molecular
imaging and therapy.® 3133516778 Therefore, we have tested
the stability of Res-PdNPs (1-4) at various dilutions and in
various biological fluids. Res-PdNP-1, Res-PdNP-2, Res-PdNP-3,
and Res-PdNP-4 in vitro stability tests were conducted by
dispersing Pd nanoparticles in aqueous solutions containing
1% NaCl, 0.5% cysteine, 0.2 M histidine, 0.5% HSA, and 0.5%
BSA, respectively. The stability of the nanoconjugates was
determined by measuring the UV absorbance over a period of
2 h, 24 h and 7 days. The persistence of the nanoparticulate
composition in all biologically relevant mixtures was confirmed
by a negligible/no change in UV-vis plasmon change over time.
Further confirmation of the stability of different nanoparticles
came from TEM experiments. Transmission electron micro-
scopy allowed monitoring of core metallic sizes of Pd nano-
particles and revealed the retention of sizes if the particles were
stable and agglomeration if the particles were unstable. For
example, electron microscopic images of Res-PANP-1 and Res-
PANP-2 showed that these nanoparticles are susceptible for
agglomeration in 1% NaCl, 0.5% cysteine, 0.2 M histidine, 0.5%
HSA and 0.5% BSA. However, Res-PdNP-3 and Res-PdNP-4
exhibited robustness with optimum stability in 1% NacCl,
0.5% cysteine, 0.2 M histidine, 0.5% HSA and 0.5% BSA—with
no tendency to aggregate—thereby demonstrating superior
in vitro stability in all the tested biological fluids. We infer that
the additional GA encapsulant used in both Res-PdNP-3 and Res-
PANP-4 appears to confer high cohesive and adhesive electro-
static forces and thus contribute to the significantly improved
and optimum stability of Res-PdNPs (Fig. 4a and b).”® The
instability of Res-PdNP-1 and Res-PdNP-2, under in vitro profiles,
thus precluded them from inclusion in further in vitro and
in vivo investigations as discussed below.

Res itself can reduce Pd*" to Pd® and adsorb onto the
growing nanoparticle surface, imparting some negative charge
and initial colloidal stability. However, as a small polyphenol it
provides only limited steric protection, and “bare” Res-PdNPs
(our Res-PdNP-1 and Res-PdNP-2) aggregated under physiolo-
gical conditions as shown in Fig. 4a. In contrast, GA resulted in
dramatically improved stability: GA-capped Res-PdNPs (Res-
PdNP-3 and Res-PdNP-4) as shown in (Fig. 4b) exhibited robust
stability at extreme dilutions, which are typical of cellular
concentrations encountered under in vivo conditions consistent
with studies that GA-coated metal NPs exhibit markedly
enhanced stability in aqueous media.**"® This enhancement
arises from GA’s unique amphiphilic, high-molecular-weight
structure. GA is a branched glycoprotein (a “wattle-blossom”
architecture) whose minor hydrophobic proteinaceous chains
adsorb onto the Pd surface while the long arabinogalactan
polysaccharide branches extend into water.** The resulting
polymer shell imposes strong steric hindrance; the bulky GA
chains physically prevent particles from colliding and coalescing
and their many ionized carboxylate groups impart a dense
negative surface charge. These combined steric and electrostatic
effects yield a much higher colloidal stability (and often more
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Fig. 4 In vitro stability and elemental analysis: (a) stability of Res-PdNP-1
and Res-PdNP-2, (b) stability of Res-PdNP-3 and Res-PdNP-4, (c) EDS
of Res-PdNP-3 and (d) EDS of Res-PdNP-4 showing the presence of Pd.
Res-PdNP-1 and Res-PdNP-2 not stable in BSA, HSA and mix media.

negative (-potentials) than resveratrol alone. Therefore, Res-
PdNP-3 and Res-PdNP-4 (with GA) maintain their size, whereas
the GA-free Res-PANP-1 and Res-PANP-2 samples rapidly form
large aggregates. Taken together, these data indicate that GA is
essential for achieving the observed enhanced stability and
size control; resveratrol alone cannot provide the same long-
term colloidal integrity. The above observations suggest that Res

This journal is © The Royal Society of Chemistry 2025
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encapsulation, in combination with a biocompatible GA protein
capping agent, forms a network of strongly hydrogen bonded
corona around palladium nanoparticles, resulting in excellent
in vitro and in vivo stability over extended periods of time in a
variety of media that are biologically relevant.

Elemental analysis and quantification of Res-derived phenols
and polyphenolics in Res-PdNPs

We have further analyzed Res-PdNP-3 and Res-PdNP-4 in detail
using high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) and energy-dispersive X-ray
spectroscopy (EDS-STEM). The data inferred the presence of Pd
metal (Fig. 4c and d). The concentration of Res-derived phenols
and polyphenolic compounds encapsulated on the surfaces of
Res-PANP-3 and Res-PdNP-4 were determined to be 6 and
20 pg mL™', respectively, using liquid chromatography mass
spectrometry (LC-MS/MS) with multiple reaction monitoring
(MRM) on the Quantiva system (Fig. 5). Res-PdNP-4 exhibited
the maximum loading of the Res corona on the nanoparticle
surface. Therefore, we selected Res-PdNP-4 (referred to as Res-
PdNPs) as the most ideal nanomedicine candidate for additional
in vitro and in vivo studies, as discussed in the following sections.

Powder XRD analysis of Res-PdNPs

The powder X-ray diffraction (XRD) analysis of Res-PdNPs
revealed peaks representing 20 values at 40.5°, 45.9°, 68.14°,
and 79.1°, respectively, corresponding to the standard Bragg
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Fig. 5 LC-MS/MRM quantitation of Res: (a) Res standard curve normal-
ized to AUC for the tolbutamide internal standard and (b) Res-PdNPs
monitored by MRM to specifically quantify the resveratrol in the samples.
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Fig. 6 Powder XRD diffraction pattern of Res-PdNPs. The presence of these
distinct peaks confirms the high crystallinity and phase purity of the PANPs.

reflection (111), (200), (222) and (311) planes of the face-
centered cubic (fcc) lattice structure for the standard data of
Pd (JCPDS no. 05-0681) (Fig. 6). The intense (111) reflection
suggests preferential orientation and dominance of this facet in
the Res-PdNPs.

Tumor cell specificity and receptor mediated endocytosis of
Res-PdNPs

We have demonstrated, through numerous examples, that the
polyphenolic structural motif of epigallocatechin gallate
(EGCG) and other phytochemicals bind selectively (in the sub-
nanomolar ranges) to laminin receptors that are overexpressed
in prostate and several other tumors.”" We reasoned that the
chemical structure of Res, which contains a polyphenolic motif,
will exhibit laminin receptor avidity, thus enabling selective
targeting and accumulation of Res-PdNP-4 within prostate
tumor cells that are known to over express laminin receptors.
To investigate the laminin receptor specificity of Res-PdNP-4, we
have conducted experimental mechanistic studies on the endo-
cytosis pathways utilizing PC-3 prostate tumor cells derived from
patient tumors. Cellular internalization of Res-PdNPs against
PC-3 cells at 42 pg mL ™", through dark field microscopy (Cyto-
Viva), revealed that the endocytosis of Res-PdNPs is time-
dependent with optimal uptake achieved at 6 h post incubation
as depicted in Fig. 7.

In order to further probe the mechanism of endocytosis, we
have performed receptor blocking studies utilizing a laminin
receptor antibody (MLuC5). Briefly, we treated PC-3 cells with
Res-PdNPs in two different studies in the presence and absence
of the MLuC5 antibody to deduce the laminin receptor
mediated endocytosis of this nanomedicine agent. We were
able to saturate laminin receptors over expressed in PC-3 cells
by pre-incubation of these cells with the MLuC5 antibody. The
hypothesis was that when laminin receptors, over expressed on
prostate tumor cells (PC-3), are blocked by strong binding
interactions with the MLuC5 antibody, this would result in
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Fig. 7 Dark field CytoViva images of PC-3 cells showing cellular inter-
nalization post-treatment: (a) control (no treatment), (b) PC-3 cells incu-
bated for 2 h, (c) PC-3 cells incubated for 6 h and (d) PC-3 cells incubated
with 42 pg mL™ Res-PdNPs for 24 h. Scale bar: 20 pm.

hindrance or complete blockage of the receptor-mediated entry
of laminin-receptor specific Res-PANPs. When the laminin
receptors on PC-3 cells are not blocked with the MLuC5 anti-
body, we expected facile endocytosis and entry of Res-PdNPs
into PC-3 cells. Our detailed results, as depicted, in Fig. 8d,
unequivocally validated our hypothesis. In Fig. 8, images (a)
and (c) represent dark field and confocal microscopic images
respectively before treatment with Res-PdNPs (as controls).
Images (b) and (d) represent dark field and confocal micro-
scopic images showing efficient cellular internalization post
treatment with Res-PdNPs. Image (e) represents laminin recep-
tor blocking by incubation of PC-3 cells with the laminin 67
receptor blocking antibody (MLuC5). Image (f) clearly shows
the complete absence of Res-PANPs within PC-3 cells, thus
signifying that laminin receptor blocking stops the endocytosis
of laminin receptor-specific Res-PdNPs and that the mecha-
nism of endocytosis of this nanomedicine agent into tumor
cells is mediated through laminin receptors over-expressed by
prostate and a host of human tumors.

Microscopic examination of these cells demonstrated,
unequivocally, that blocking laminin receptors with the MLuC5
antibody significantly reduced Res-PdNP cellular internaliza-
tion into PC-3 cells as shown in Fig. 8f. We rationalize these
findings by demonstrating that pre-incubation with the MLuC5
antibody saturates laminin 67 receptor sites on PC-3 cells,
thereby decreasing or eliminating the agonistic ability of Res-
PdNPs to potentially bind to laminin receptors on these cells.
Taken together, the results of pre- and post-blocking of laminin
receptors with the MLuC5 antibody compellingly demonstrate
that the resveratrol corona on Res-PdNPs is an effective tool for
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Fig. 8 Dark field CytoViva (a) and (b) and confocal (c)-(f) images of PC-3
cells. Images (a) and (c) represent dark field and confocal microscopic
images before treatment with Res-PdNPs (as controls). Images (b) and (d)
represent dark field and confocal microscopic images showing efficient
cellular internalization post treatment with Res-PdNPs. Image (e) represents
laminin receptor blocking by incubation of PC-3 cells with the laminin 67
receptor blocking antibody (MLUCS5). Image (f) clearly shows the complete
absence of Res-PdNPs within PC-3 cells, signifying that laminin receptor
blocking stops the endocytosis of laminin receptor-specific Res-PdNPs.
Nucleus (DAPI stain — blue), cytoplasm (WGA stain — green), laminin 67
receptor blocking (MLUC5 - red), and Res-PdNPs (yellow). Scale bar: 20 um.

converting palladium nanoparticles into a laminin receptor-
specific tumor targeting nanomedicine agent via agonistic
induced endocytosis. Additionally, our cellular interrogation
studies demonstrate that Res-PdNPs have the potential for use
as a tumor specific molecular imaging and therapy agent in a
variety of laminin receptor-positive human cancers, which
include prostate, colorectal, pancreatic, certain types of breast
cancers and gliomas. It may be noted that a 3D projection
snapshot image, as shown in Fig. 8, captured by a Leica SP8
spectral confocal microscope revealed that the Res-PdNPs were
localized inside the cytoplasm, thus further confirming the
endocytosis mechanistic pathway.

Sections of PC-3 cells, post endocytosis with Res-PdNPs,
were investigated through transmission electronic microscopy
(TEM). Images shown in Fig. 9 clearly corroborated the data
from dark field microscopy (Fig. 8) while confirming that the

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 TEM images indicating cellular internalization of Res-PdNPs at 6 h
post treatment: (a) PC-3 control cells (no treatment), (b) PC-3 cells treated
with 42 ug mL~* Res-PdNPs, (c) average size distribution histogram of Res-
PdNPs at 8 + 3 nm, (d) STEM and (e) EDS mapping of PC-3 cells showing a
vacuole with nanoparticles and the presence of Pd inside the prostate
cancer cells.

trajectory of Res-PdNPs, to escape the endosomal pathways
within the PC-3 cells, guarantees a successful delivery of pay-
loads of Res-derived tumor specific polyphenols (and other
therapeutic polyphenolic cargos) selectively into tumor cells.
TEM images (Fig. 9b) also inferred that Res-PdNPs are inter-
nalized into PC-3 cells with high stability while maintaining
their nanoparticulate integrity inside the tumor cells with no
tendency to aggregate inside the cellular membrane. The mode
of internalization was not confirmed at this point; however,
TEM images confirmed an endocytic pathway based on the
formation of a lysosome-like vacuole containing Res-PdNPs;
these Res-PdNPs then induce autophagy and even autolyso-
some formation, reflecting the cell’s attempt to process the
foreign material. Endosomal escape or release is facilitated

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

through the acidic endosome (pH =~ 5.5), releasing resveratrol
into the lumen or cytosol. STEM-EDS mapping performed on
Res-PdNPs, internalized in the PC-3 cells, confirmed that the
internalized nanoparticles are indeed non-agglomerated Res-
PdNPs as shown in Fig. 9b.

Cytotoxicity of Res-PdNPs against PC-3 cells and normal human
aortic endothelial cells (HAECs)

Establishing the selective cytotoxicity profile of Res-PdNPs is
crucial for their translational potential as a safe and effective
nanomedicine. To evaluate this, we performed colorimetric
cell-viability (MTT) assay in PC-3 and HAEC cells following
treatment with Res-PANPs and reference chemotherapeutic
agents (cisplatin and etoposide) at various concentrations of
PdNPs (0, 2.75, 5, 11, 22 and 44 pg mL ™ "). Fig. 10 shows the
dose- and time-dependent effects of Res-PdNPs, cisplatin, and
etoposide on PC-3 and HAEC cells at 48 and 72 h post treat-
ment. In PC-3 cells (Fig. 10a and b), Res-PdNPs exhibited potent
cytotoxic activity with a clear concentration-dependent decrease
in cell viability, approaching the anticancer efficacy as noted for
the well-known FDA approved chemotherapeutic agents cispla-
tin (platinum-based) and etoposide (plant-derived) at higher
doses. Notably, at 44 ug mL ™', Res-PdNPs reduced PC-3 cell
viability significantly while preserving a less steep cytotoxicity
slope compared to cisplatin and etoposide.

The relative cell viability with HAEC normal cells (Fig. 10c
and d) for cisplatin and etoposide showed marked cytotoxicity
with ICs, values for cisplatin at 2 pg mL™~" and etoposide at
3 ug mL~" (Table 2), leading to viability reduction below 50%.
In contrast, Res-PdNPs show minimal toxicity in HAEC cells
with no apparent ICs,, indicating a strong biocompatibility
profile. These findings demonstrate that Res-PdNPs offer a
favorable therapeutic index, selectively inducing cytotoxicity
in tumor cells while sparing normal cells. This dual profile of
efficacy and safety emphasizes the promise of Res-PdNPs as a
next-generation nanotherapeutic for prostate cancer treatment.

The inhibitory concentration (ICs,) data are summarized in
Table 2. MTT results also confirmed that cisplatin and etopo-
side treatments were highly toxic to normal HAEC cells.
However, Res-PdNPs showed minimal/no toxicity to normal
cells, thus further corroborating prostate tumor cell specificity
of Res-PdNPs.

Mechanism of antitumor activity of Res-PdNPs

PC-3 treated with Res-PdNPs, cisplatin, and etoposide, for 72 h
post treatment at 42 pg mL ™", showed dramatic morphological
changes, suggesting apoptotic effects on tumor cells. This was
evident due to the observation of cell shrinkage and cell debris,
confirming the morphological characteristics of apoptosis
(Fig. 11). HAEC cells treated with Res-PdNPs were identical
to the control (no treatment), which revealed that Res-PdNPs
presented no toxic effect on normal cells. However, cisplatin
and etoposide, under similar conditions exhibited significant
toxicity toward normal cells (Fig. 11). These data, taken
together, confirmed the selective cytotoxicity of Res-PdNPs
toward tumor cells.
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Fig. 10 Results of cell viability of the PC-3 cell line at (a) 48 h and (b) 72 h
post incubation with Res-PdNPs and controls (free Res, GA, GA-PdNPs,
cisplatin and etoposide), n = 4; and the HAEC cell line at (c) 48 h and (d)
72 h post incubation with Res-PdNPs and chemo-drugs (cisplatin and
etoposide) reported as mean + SEM.

Inhibition of prostate cancer cell migration

Cell migration and invasion provide a wealth of therapeutic
opportunities in a variety of essential physiological and patho-
logic processes, most notably in the study of cancer metastasis.
Cell migration studies offer a reliable paradigm in estimating
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Table 2 In vitro cellular viability studies

1Cs0

—1

(hgmL )
Sample Cell line 48h 72 h
Cisplatin  Prostate cancer (PC-3) 2 2
Etoposide 5 3
Res-PdNPs 7 5
Cisplatin  Normal human aortic endothelial cells (HAEC) 2 2
Etoposide 3 3
Res-PdNPs N/A N/A

ICs, half maximal inhibitory concentration, N/A no 50% inhibition.

the abilities of experimental drugs to inhibit cancer cell pro-
liferation. Cancer cells possess an extraordinary propensity to
move rapidly, often unstopped, towards blood vessels to procure
nutrition, and this process results in rearrangements in their
cytoskeleton for effective movement and invasion throughout
the body for metastases and propagation in various near and
distant tissues. As cancer cell migration is critical for distant
metastases, therapeutic agents with capabilities of preventing
migration of cancer cells might provide novel tools to fight
cancer through inhibition of cell proliferation. The overarching
objective of our in vitro investigation was to determine the effect
of Res-PdNPs on the migration rate of PC-3 cells.

In our cell migration experiments, we have used the well-
known scratch assay through in vitro wound healing of tumor
cells to elucidate the inhibition of cell migration by the nano-
medicine agent Res-PdNPs. Briefly, the 6-well plates were
marked to monitor the region for acquiring an image. 5 x
10° cells per mL were seeded into 6-well plates and incubated
for 24 h to achieve 100% confluence. By scratching through the
cell monolayer with a sterile 200 pL pipette tip, a vertical wound
was created aseptically. Subsequently, the debris was removed
by washing the cells using the growth medium to ensure that
the edges of the scratch were smoothed by repeated washing.
Due care was exercised to make sure that the wounds were of
similar dimensions for both the experimental and control
cells to minimize any errors resulting from differences in scratch
width. The cells were treated, for 24 h, with Res-PdNPs at
44 ug mL™", as shown in Fig. 12. An Olympus 1X71 Fluorescence
Microscope (Shinjuku, Tokyo, Japan) was used to acquire images
of untreated control PC-3 cells as well as treated cells at 0 h and
24 h post treatment and analyzed with CellSens Dimension
Software 1.13 and Image]J v1.54m Software. Results indicated
that Res-PANP treatment significantly inhibits PC-3 cell migra-
tion when compared to the images of the untreated PC-3 cells.
Additionally, it is critical to note that Res-PdNP treatment of PC-3
cells decreased cell migration at concentrations well below the
threshold for cytotoxicity—proving the ability of this nanomedi-
cine agent to limit invasion of highly metastatic prostate
cancer cells.

In the overall processes of cancer cell migration, invasion and
adhesion are important steps in the recruitment of primary
tumor cells as they spread through the circulatory and lymphatic
systems. Invasion of tumor cells across the basement

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Cellular morphological studies of PC-3 and HAEC cells after
72 h post incubation with cisplatin, etoposide, and Res-PdNPs for 72 h
at 42 ng mL™t. Res-PdNPs exhibit comparable anticancer efficacy against
PC-3 as cisplatin and etoposide, attributed to the presence of cell
shrinkage and cell debris, confirming the morphological characteristics
of apoptosis. Cisplatin and etoposide were highly toxic to HAECs, while
Res-PdNPs presented no toxicity. Scale bar: 100 pm.

membranes and endothelial walls will finally result in coloniza-
tion at distant organs, including bone marrow. The effective
migrastatic inhibition in prostate cancer cells, as exhibited
by Res-PdNPs (Fig. 12d and e), thus demonstrates the ability of
this nanomedicine agent to stop cytoskeletal activity, conse-
quently restricting cell-cell interactions with neighboring
cells. The in vitro anti-proliferative and anti-metastases effects
of Res-PdNPs, as observed in our investigations, provide
realistic potential for translating this nanomedicine agent as
an effective therapeutic tool for studying in vivo physiological
processes to restrict embryonic developmental stages of
tumor cells.
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Fig. 12 Cellular migration study of prostate cancer (PC-3) cells using the
scratch assay. Phase images of pre-migration at 0 h (a and b) and migration
after 24 h (c) and (d), and (e) graph comparing cell migration closure (n = 3).
Scale bar: 250 um.

Evaluation of the targeting ability of Res-PdNPs toward nuclear
transcription factor (NF-kB)

It is widely established that the nuclear transcription factor
(NF-xB) enhances cell survival, tumor invasion, metastasis and
chemoresistance during human cancer progression. Indeed, there is
substantial evidence that the constitutive NF-kB expression corre-
sponds closely to the loss of androgen receptor (AR) expression and
castration-resistant characteristics in primary prostate malignancies.
These findings suggest that activating NF-«B is sufficient to main-
tain androgen-independent (AI) prostate cancer growth via regula-
tion of AR activity. As a result, the NF-xB pathway may be a
therapeutic target for AI prostate cancer. When classical NF-xB
signaling is activated, it promotes the expression of androgen
receptor splicing variants (ARVs) in PC-3 cells and transforms
androgen-sensitive PC-3 cells to become androgen-insensitive. Addi-
tionally, studies have also demonstrated that inhibiting NF-xB
signaling reduces ARV expression and restores castration-resistant
prostate cancer (CRPC) response to anti-androgen therapy.

These findings imply that inhibiting and decreasing NF-xB
activation may be an attractive therapeutic strategy for treating

J. Mater. Chem. B, 2025, 13, 8683-8704 | 8695


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb00620a

Open Access Article. Published on 11 June 2025. Downloaded on 6/10/2026 6:28:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

advanced stages of prostate cancer, which manifests the absence
of androgen. As a result, we have investigated the potential utility
of Res-PdNPs as a NF-kB targeting agent for inhibiting NF-xB
p65 transcription factor activity via interactions with PC-3 cells.
In our experiments, PC-3 cells were treated with the receptor
activator of the NF-xB ligand (RANKL) only to promote NF-xB
expression. This group of cells served as a positive control group
while Res-PdNP treated PC-3 cells, without RANKL activation,
served as a negative control group. Our experiments began with
seeding PC-3 cells into 6 well plates, followed by pretreatment
with Res-PdNPs (25, 50, and 100 pug mL™ ') for 2 h, which is
followed by treatment with RANKL (25 ng mL ") or left untreated
for 4 h. RANKL is a prominent activator of NF-kB pertaining to
increased expression of NF-kB and further promotes metastasis
in PC-3 cells through epithelial mesenchymal transition.

We used western blotting to quantify NF-kB suppressive
effects of Res-PdNPs and compared them to a control set of
PC-3 cells. As shown in Fig. 13, Res-PdNPs substantially inhib-
ited RANKL-induced-NF-kB activation in the PC-3 cells, which
were pretreated with the Res-PdNP nanomedicine agent. The
images in Fig. 13a further revealed that the levels of NF-xB
expression were much higher in the PC-3 control group—which
was not pre-treated with Res-PdNPs (Fig. 13b). These findings
conclusively establish that Res-PdNPs are an attractive immu-
nomodulatory nanomedicine agent for use in the following
applications as an NF-xB antagonist for inhibiting RANKL-
induced-NF-kB signaling, thereby diminishing NF-kB activity
that orchestrates a specific repertoire of gene expressions,
inhibiting excessive tumor proliferation, and thus reducing/
eliminating apoptotic resistance. These effects would result in
anti-angiogenesis and inhibition of tumor cell invasion and
thus effectively control/eliminate metastasis and in the overall
design of new RANKL-NF-«B cancer prevention and therapeutic
targets.

Additionally, it is also critical to note that drugs that inhibit
NF-kB signaling in the tumor associated microenvironment
(TAMS) can reprogram macrophages from the pro-tumor M2
to an anti-tumor M1 phenotype, thereby promoting regression
of advanced tumors through induction of macrophage tumor-
icidal activity and activation of antitumor activity via IL-12-
dependent NK cell recruitment. Given the critical role of M2 to
M1 macrophage reeducation and the established role of Res-
PdNPs in targeting NF-xB signaling (Fig. 14), the logical next
step was to evaluate the macrophage targeting ability of Res-
PdNPs, particularly its capacity to convert pro-tumor M2 to an
anti-tumor M1 phenotype within TAMs. Within the tumor
microenvironment, tumor-associated macrophages (TAMs) are
controlled by highly dynamic cell-to-cell crosstalk between NF-
kB and other signaling pathways. By modulating NF-xB activa-
tion, such crosstalk feedback controls the inflammatory
response in macrophages.®® We were intrigued to examine
the effect of Res-PdNPs in targeting the tumor microenviron-
ment because TAMs govern critical functions in promoting
cancer cell metastatic cascades through modifications in tumor
proliferation, migration, invasion, angiogenesis, and immuno-
suppression. The intrinsic connection between NF-kB signaling
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Fig. 13 (a) Western blot analysis. Lanes 1: Std protein ladder; 2: control +
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RANKL + Res-PdNPs (50 ug mL™%); 6: RANKL + Res-PdNPs (100 pg mL™Y)
and (b) relative NF-kB expression level.

and macrophage activation has been explored through the
ability of Res-PdNPs to elevate anti-tumor cytokine M1 markers
(IL-1B, TNF-a, IL-6, and IL-12), which are linked to M1 macro-
phage polarization, while simultaneously reducing pro-tumor
cytokine M2 markers (TGF-B1 and IL-10), which are character-
istic of M2 macrophage polarization.®® Notably, IL-6 can exhibit
dual functions depending on the context, but it is generally
classified as a pro-inflammatory cytokine in most acute inflam-
matory responses (Fig. 14). These data are corroborated by
Sungu et al.®® work, they showed PANPs (25 nm) induced M1
polarization of macrophages. Additionally, human THP-1
monocytes treated with PANPs drastically increased secretion
levels of M1 cytokines (IL-1p, TNF-a, and IL-6) in exosomes than
that in controls.?¢

This results in the production of pro-inflammatory cyto-
kines, which activate the tumor NF-kB pathway of tumor cells
and tumor-infiltrating cells such as macrophages and myeloid-

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 Res-PdNP induced polarization of M1 macrophage anti-tumor
cytokines (IL-1B, TNF-o, IL-6, IL-12) with concomitant reduction in the levels
of pro-tumor cytokines (TGF-B1 and IL-10). P < 0.05 vs. the LPS group.

derived suppressor cells (MDSCs), ultimately creating a tumor-
permissive environment conductive to growth and metastasis.
In the following sections, we will discuss our results on the
ability of Res-PdNPs to target macrophages and how this
capability can be used to tailor macrophage machinery into
the design of a new immunomodulatory prostate cancer
therapeutic agent.

Evaluation of the targeting ability of Res-PdNPs toward tumor-
infiltrating macrophages

Macrophages are non-neoplastic cells that exhibit either pro-
tumor or anti-tumor phenotypes, depending on their anatomi-
cal origin and physiological function. Within the macrophage
phenotype spectrum, classically activated macrophages (known
to as M1 phenotype) are generated by T-helper 1 (Th-1) cyto-
kines, whereas alternatively activated macrophages (referred to
as M2 phenotype) are induced by Th-2 cytokines.?”*® TAMs
demonstrate phagocytic activity against pathogens and tumor-
icidal activity via induction of anti-tumor cell recruitment of
IL-12-dependent natural killer cells (NK). In contrast, human
proliferating tumors have a polarized M2 phenotype that coor-
dinates tumor metastasis and eventually contributes to multi-
therapeutic drug resistance.® Clinical data suggest that macro-
phage infiltrations have a role in the archetypical carcinogen-
esis of prostate cancer, which is frequently associated with
metastatic prostate cancer. Indeed, castrated tumors include a
high proportion of pro-tumorigenic M2 macrophages, resulting
in the greatest immunosuppressive effects.
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It is therefore imperative to explore the possibility of devel-
oping drugs capable of targeting and inhibiting NF-xB signal-
ing in TAMs aimed at converting macrophages from pro-tumor
M2 to an anti-tumor M1 phenotypic state.”® This approach
represents a potential therapeutic intervention against a myr-
iad of diseases. Due to the ability of Res-PdNPs to effectively
target NF-kB signaling, we sought to investigate the potential
therapeutic strategy for its role in reprogramming pro-tumor
M2 to the anti-tumor M1 macrophage phenotype. Our experi-
ments for evaluating Res-PdNP-4 capacity to target tumor-
infiltrating macrophages included pre-treatment of RAW
264.7 macrophages with Res-PdNPs. As shown in Fig. 15b, the
Res-PdNPs exhibited excellent affinity and proclivity to inter-
nalize within RAW 264.7 macrophages via phagocytosis.
Indeed, after 60 min, macrophages absorbed considerable
amounts of Res-PdNPs. These investigations established selec-
tive avidity of Res-PdNPs for pro-tumor M2 macrophages.

To determine whether the Res-PANP nanomedicine agent
can reprogram pro-tumor M2 macrophages into the therapeu-
tically desirable anti-tumor M1 phenotype, we co-cultured Res-
PdNPs-pretreated RAW 264.7 macrophages with PC-3 cells and
then compared tumor proliferation between this group and
the control PC-3 cells, which were treated directly with naive
macrophages. From these experiments, we discovered that
macrophages, transfected with Res-PdNPs, expressed genes in
a manner consistent with the anti-tumor M1 phenotype. This
observation is consistent with the highly effective anti-tumor
activity of Res-PdNPs as evidenced through the large reduction
in tumor cell growth, as depicted in Fig. 15d. However, the
coculture of PC-3 cells with naive macrophages failed to inhibit
PC-3 cell growth (Fig. 15¢). Taken together, these findings infer

Cytoplasm —

Nucleus

Fig. 15 Co-culture studies: (a) RAW 264.7 macrophage (untreated), (b)
pre-treated RAW 264.7 cells (red) with Res-PdNPs (yellow), (c) untreated
RAW 264.7 cells (red) + PC-3 (green), and (d) Res-PdNP pre-treated RAW
264.7 cells (red, Res-PdNP - yellow) + PC-3 cells (green).
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the powerful immunomodulatory therapeutic features of Res-
PdNPs and their ability to serve as a new cancer therapy agent
with their therapeutic action mediated through the promotion
of the anti-tumor M1 phenotype in vivo.

The ability of Res-PdNPs to target the NF-«B signalling pathway
and its efficacy in the induction of polarization of macrophages to
the anti-tumor phenotype by inhibiting NF-xB phosphorylation,
with consequent promotion of anti-tumor cytokines, such as IL-
12, as discussed above—individually and collectively—highlight
the immunomodulatory features of this new nanomedicine agent.
Therefore, in vivo therapeutic efficacy studies of Res-PdNPs in
tumor models were clearly an obvious next step to evaluate
whether the various immunomodulatory parameters, as observed
in vitro, would be translated under the more complex in vivo
tumor profiles in tumor bearing mice. We have therefore under-
taken detailed therapeutic efficacy studies of Res-PdNPs in pros-
tate tumor bearing SCID mice as discussed below.

Therapeutic efficacy of Res-PdNPs in treating prostate tumor

Severely compromised immunodeficient (SCID) mice bearing a
flank model of human prostate cancer, derived from a subcuta-
neous implant of 10 million PC-3 cells, were used for the
therapeutic efficacy and pharmacokinetic studies. As discussed
in the experimental section, unilateral solid tumors were allowed
to grow for three weeks, and animals were randomized (denoted
day 0) into control and treatment groups (n = 7) with no
significant differences in tumor volume. In vivo dosing involved
administering on day 0 three doses of Res-PdNPs (0.25 mg kg ™"
bw and 1.0 mg kg~' bw—in 100 uL Dulbecco’s PBS) intrave-
nously through the tail vein, while the control SCID mice
received only 100 pL Dulbecco’s PBS/saline. This treatment
regimen was performed twice per week. Tumors were then
measured twice each week until the end of the study (day 35).
Fig. 16a shows results from the Res-PdNP-treated human pros-
tate cancer bearing SCID mice. Within two weeks (day 14), tumor
growth in the treated animals started slowing down with respect
to the control animals. On day 21, post administration of Res-
PANPs (0.25 mg kg~ " bw and 1.0 mg kg™" bw), tumor volumes
were two-fold lower (p < 0.005) for treated animals as compared
to the control group. Five weeks post administration of Res-
PdNPs (1 mg kg™ ' bw), tumor volumes of the control animals
were fully five-fold greater with respect to those of the Res-
PdNPs-treated group (p < 0.0001; 0.37 £+ 0.05 vs. 0.06 =+
0.02 cm®)—suggesting >85% reduction in the overall tumor
volume for the treated group. This significant therapeutic effect
was maintained throughout the 35 day long study. Tumors
harvested from the treatment group consisted largely of necrotic
tissue, indicating extensive death of tumor cells.

The unequivocal therapeutic efficacy data, as summarized
above, bear strong relevance for clinical translation in treat-
ing human patients because all the two therapeutic doses
(0.25 mg kg~ ' bw and 1.0 mg kg ' bw) are well tolerated in
animals as shown in Fig. 16b. The body weights throughout
the treatment period, at all two doses, were very similar to
the control, untreated group, suggesting excellent tolerance of
Res-PdNPs throughout the treatment period.
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The in vivo therapeutic efficacy data, as described above, may
be rationalized in terms of the synergistic effects of the ability of
Pd nanoparticles to deliver optimum doses of the therapeutic
resveratrol cargo into tumor cells in conjunction with the
inherent anti-angiogenesis and immunomodulatory characteris-
tics of Pd nanoparticles. The corona created by Res on the Pd
nanoparticulate surface is dislodged efficiently within tumor
cells, thus resulting in the enhancement of bioavailability of
the therapeutic phytochemical. PANPs exhibit remarkable photo-
thermal properties that augment their role as drug carriers.
PdNPs have a broad and strong optical absorption extending
into the near-infrared (NIR) region, which is optimal for deep
tissue penetration. They efficiently convert NIR light into heat,
enabling photothermal therapy (PTT). Notably, Pd nanostruc-
tures (such as ultrathin Pd nanosheets and porous PdNPs) have
demonstrated photothermal conversion efficiencies exceeding
90% upon 808 nm laser irradiation.”*

This is better than the best reported gold nanostructures,
and critically, palladium maintains excellent photothermal
stability. Therefore, a PdNP-phytochemical conjugate could
thus serve as a dual-mode therapy: delivering a phytochemical
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Fig. 16 Therapeutic efficacy studies: (a) prostate tumor-bearing SCID
male mice treated by intravenous injection twice a week with Res-
PdNPs, Res and saline and (b) average body weight of the SCID male mice
during the study.
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drug and concurrently enabling PTT upon NIR laser irradiation.
Even though our current manuscript does not extensively delve
into photothermal experiments, we highlight this attribute to
underscore the novelty and theranostic potential of the PANP
system. The ability to induce localized hyperthermia can syner-
gistically enhance the anticancer effects of the released phyto-
chemicals (through improved drug uptake and heat-induced
cancer cell apoptosis). This multi-functional capacity (che-
motherapeutic + photothermal) of PANPs is a clear advantage
over traditional AuNP carriers, adding a novel therapeutic
dimension to our platform.

The hematology data indicated that systemic Res-PdNP
treatment did not perturb normal blood parameters. White
blood cell (WBC) counts in the Res-PANP group (2.2 + 1.1 X
10® uL~") were well within the normal physiological range and
statistically indistinguishable from the untreated control (1.6
0.5 x 10°> uL™", p > 0.05). By comparison, the saline and free
resveratrol groups showed higher WBC means (3.7 + 2.0 X
10° uL ™' and 3.5 £ 1.4 x 10° uL~*, respectively), although these
elevations did not reflect pathological leukocytosis and were
also not statistically significant (Fig. 17). Platelet levels likewise
remained unaltered by Res-PdNPs: the Res-PANP group exhib-
ited an average of 697.5 4 174.6 x 10° pL " platelets, essentially
the same as control (657.5 4 212.3 x 10° uL ™", p > 0.05). Only
the saline group exhibited a modest but significant platelet
elevation (~900 x 10° puL™", p < 0.01 vs. control), perhaps
reflecting a minor stress response to fluid administration.
Crucially, Res-PdNPs did not induce thrombocytosis or any
statistically significant change in platelet count (ns vs. control).

Similarly, red blood cell (RBC) counts, hemoglobin
(Hb) concentrations, and lymphocyte counts in the Res-PdNP
cohort were indistinguishable from those in control and free-
Res groups (all p > 0.05). All measured values for Res-PdNP-
treated animals fell squarely within the normal ranges for
healthy subjects, with no indication of anemia, hemolysis, or
lymphocyte depletion. Res-PdANPs showed complete hematolo-
gical neutrality with none of the key parameters (WBC, RBC,
Hb, lymphocytes, and platelets) deviating significantly from
normal. These data strongly support the conclusion that Res-
PdNPs do not elicit hematotoxicity. Similarly, resveratrol-
loaded polymeric nanoparticles were non-hepatotoxic.”> Work
conducted by Wang et al.® reported that Pd nanoplate-treated
mice showed no abnormal changes in blood tests, including
WBC, platelets, RBC, and Hb compared to controls. Pd-based
nanomaterials have demonstrated good biocompatibility and no
overt adverse effects on blood or major organs in rodent
models.”* Each of these in vivo studies consistently demon-
strated that resveratrol-loaded and palladium-based nano-
particles were well tolerated in rodent models, exhibiting no
significant hematological toxicity, as evidenced by normal levels
of WBCs, RBCs, and platelets. Moreover, these formulations
achieved favorable therapeutic outcomes, including notable
tumor regression. Collectively, the findings validate that Res-
PdNPs are not only safe but also therapeutically comparable or
superior to free resveratrol. Notably, Res-PdNPs showed a hema-
tological safety profile at least equivalent to free resveratrol and
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Fig. 17 Hematological evaluation of the in vivo safety profile of Res-PdNPs
in comparison to control and other treatment groups. (a)—-(e) Hematological
parameters measured include (a) white blood cells (WBCs), (b) red blood
cells (RBCs), (c) hemoglobin, (d) lymphocytes, and (e) platelet count. Treat-
ment groups include normal control (no treatment) (blue squares), Res-
PdNPs (green triangles), saline (yellow triangles), and free resveratrol (red
circles). Horizontal lines denote mean + SEM for each group (n = 6).

significantly more favorable than the stress-associated hemato-
logical changes observed in the saline control group. These
results affirm that the palladium nanocarrier does not induce
additional systemic or blood-related toxicity, underscoring its
potential as a safe and effective drug delivery platform.

Immunohistochemistry of tumor xenografts

We have further measured the mean microvessel density (MVD)
in our efforts to evaluate neovascularization in vivo through
CD31 staining. Quantification was performed using Image]
v1.54m Immunohistochemistry (IHC) Image Analysis software.
Res-PdNP treatment revealed a substantial decrease in the

Saline

b g Control Res-PdNP

Free Res

Fig. 18 Immunohistochemical CD31 staining of tumor tissues to evaluate
blood vessels. Twelve fields from each xenograft were analyzed to deter-
mine the average number of vessels per field (microvessel density = MVD).
n = 3; mean + STEM.
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number of MVD at 35 & 5 vessels per mm® compared to the
saline control as well as in animals treated with free Res, which
showed 72 + 3 and 85 + 5 vessels per mm?, respectively
(Fig. 18). The observed MVD data corroborates the compelling
therapeutic efficacy results in vivo, as discussed above. These
observations suggest that Res-PdNPs can effectively retard the
growth of tumors as compared to the saline and free Res
treated groups. Analysis of tissue CD31 biomarkers showed
that the Res-PdNPs inhibited angiogenesis in tumor tissue. The
in vivo therapeutic efficacy data and the corroborating mechan-
isms attest to the validation of our hypothesis that the nature of
the bonding interaction of resveratrol (Res) on the surface of Pd
nanoparticles is optimal for the selective and efficient delivery
of Res as well as the Pd nanoparticles into tumor cells/tumor
tissue. The anomalous electronic configuration of Pd, exhibit-
ing the [Kr] 4d'® configuration, suggests tremendous scope in
developing the tumor-avid corona on the surface of palladium
nanoparticles for augmenting bioavailability and thereby trans-
lating into optimum therapeutic efficacies.

Conclusions

The redox potential of Res is ideal in the development of Res
functionalized PANPs. Additional stabilization for in vitro and
in vivo stability, as well as enhancing the Res corona, is afforded
by the FDA approved gum Arabic plant protein. The in vitro
cellular internalization investigations inferred that Res-PdNP-4 is
selective to the laminin receptors overexpressed in PC-3 cells.
MTT assays have confirmed that the Res cargo, in conjunction
with the inherent anti-tumor effects of the Pd metal, makes Res-
PANP-4 a new generation of immunomodulatory nano-
therapeutic agent for treating prostate and various other laminin
receptor positive tumors. The selective targeting of Res-PdNPs
toward macrophages has been corroborated by the excellent
therapeutic efficacy results in prostate tumor bearing mice.
These results, taken together, provide a niche in developing
future immunotherapeutic agents for treating cancer through
the green nanotechnology of palladium. Overall, the anomalous
electronic configuration of palladium, as compared to gold and
other metals, might hold a realistic promise in the design and
development of sophisticated PANP-based cancer diagnostic and
therapy agents with attractive implications in oncology. The
relative nontoxic nature of Res-PdNPs, as compared to the
well-known cisplatin and etoposide drugs, which are highly toxic
to normal cells, makes a compelling case for further developing
this class of PANP-based nanoceuticals for cancer therapy for
their ultimate applications in treating human patients.
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