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Purpose: Breast cancer is a significant global health issue, contributing to 15% of cancer-related deaths. Our laboratory has pioneered
a novel approach, combining Ayurvedic principles with green nanotechnology, to develop a scientifically rigorous medical modality
referred to as Nano-Ayurvedic Medicine, recently approved by the US Patents and Trademarks Office. Here in we report a new Nano-
Ayurvedic medicine agent derived from gold nanoparticles encapsulated with phytochemicals from Ginkgo biloba plant (GB-AuNPs).
Methods: We have developed biocompatible gold nanoparticles using electron-rich phytochemicals from Ginkgo biloba as reducing
agent cocktail. Ginkgo biloba phytochemical-encapsulated gold nanoparticles (GB-AuNPs) were fully characterized, and their antic-
ancer activity, including immunomodulatory profiles, were evaluated against breast (MDAMB-231) cancer cell lines.

Results: Characterization revealed spherical morphology for GB-AuNPs and possessed optimum in vitro stability through high zeta
potential of —34 mV for optimum in vivo stability. The core size of GB-AuNPs of 19 nm allows for penetration into tumor cells
through both EPR effects as well as through the receptor-mediated endocytosis. The Antitumor efficacy of this nano-ayurvedic
medicine agent revealed strong antitumor effects of GB-AuNPs towards MDAMB-231. Our investigations reveal that GB-AuNPs
enhance anti-tumor cytokines (IL-12, TNF-a, IFN-y) and reduce pro-tumor cytokines (IL-10, IL-6), promoting the conversion of
protumor M2 macrophages into M1-like macrophage antitumor phenotype. Cellular studies show that GB-AuNPs offer superior anti-
tumor efficacy and a better safety profile against breast tumors compared to cisplatin.

Conclusion: Our investigations have demonstrated that the nano-ayurvedic medicine agent, GB-AuNPs, treats cancers through an
immunomodulatory mechanism facilitated by elevated levels of anti-tumor cytokines (TNF-a, IFN-y and IL-12) with concomitant
downregulation of pro-tumor cytokines expression (IL-6 and IL-10). The green nanotechnology approach for the development of
nano-ayurvedic medicine agent (GB-AuNPs), as described in this paper, presents new and attractive opportunities for treating human
cancers and other debilitating diseases and disorders.
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Introduction

Ginkgo biloba L., also known as “Yin-xing” (Chinese), meaning “silver fruit”, is a perennial plant belonging to the
Ginkgoaceae family and it is one of the oldest living species on the planet. The ginkgo tree is a deciduous plant with
green leaves that turn golden in autumn, and the seeds are contained in Ginkgo sarcotesta born on female trees.' This
traditional Chinese herb is considered a living fossil as it has survived for over 250 million years without structural
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modifications.>* In the context of the sustainability and continuity of the plant kingdom, Ginkgo biloba epitomizes the
most resilient plant species known to human civilization. Extracts from the leaves of Ginkgo have been used in ancient
Indian Ayurvedic medicine and Chinese medicine for several thousand years to treat various diseases, including
infectious lung diseases (eg, bronchitis) and cardiovascular diseases. Various studies have demonstrated the anticancer
properties of edible plants (fruits, seeds, and leaves), which are attributed to the bioactive phytochemicals present in
medicinal plants." About 75% of the total fruit weight of edible plants, which are often discarded as waste, has been
reported to exhibit significant anticancer activities.' ’ G. biloba extracts have been reported to exhibit anticancer activity
against a myriad of cancers.’®

G. biloba is gaining greater attention and popularity in various regions of the world, and has become one of the most
explored herbal medicinal products.”'? Ginkgo biloba is extensively cultivated worldwide, especially in Europe and the
USA, owing to its recurrent beneficial antioxidant properties and highly promising pharmaceutical and medical
applications.'® Numerous studies have reported the beneficial properties of G. biloba leaf extract in improving blood
circulation and reducing the risks of dementia and cognitive decline.'*'> Modern phytochemical studies have demon-
strated that leaf extracts contain hundreds of different bioactive compounds, including terpene lactones, flavonol glyco-
sides, alkylphenols (ie, ginkgolic acids), flavonoids, fatty acids, proanthocyanidins, and polysaccharides.>'®'’

Several studies have investigated the standardized G. biloba leaf extract (EGb761, composed of 22-27% flavonoid
glycosides, 2.8-3.4% terpene lactones (ginkgolides A, B, and C), and 2.6-3.2% bilobalide) as an effective anticancer
drug (Figure 1).'*'®2® These investigations have revealed that ginkgolic acids exhibit biological and pharmacological
properties such as anti-inflammatory, antimicrobial, antiviral, and anticancer activities.>***

Currently, there is growing interest in investigations focused on gaining insights on pharmacological mechanisms of
phytochemicals derived from G. biloba.*>® Various commercial medicinal products are derived from G. biloba.
However, variations in preclinical and clinical effectiveness have been demonstrated, in part due to differences in their
composition, susceptibility to digestive enzymatic degradation, and poor bioavailability in vivo.'''*?327-2® Recent
pharmacological research has demonstrated that G. biloba possesses anticancer, antioxidant, anti-inflammatory, and
immunomodulatory properties, thus demonstrating the importance of development new medically-valuable products for
use in the treatment of various illnesses, with high specificity, safety, and efficiency.>>**?*** The highly active surface
area of gold nanoparticles allows embedding cocktail of bioactive phytochemicals on to the surface of AuNPs. Therefore,

Bilobalide

Flavanoids - Gingkolides

Quercetin: Ry, R,=0H & 7 A:R;=O0H; Ry, R3=H
Kaempferol: Ry = H; Ry = OH™ N B: Ry, R;=0H; R3=H
Isorhamnetin: Ry = OCH3; R, = OH C: R4, R, R3=0OH

Figure | Key bioactive phytochemicals present in G. biloba leaf water-soluble extract. The major constituents include Bilobalide, Ginkgolides and Flavanoids, which
contribute to the extract’s therapeutic properties and potential biological activities.
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this approach enables higher bioavailability of phytochemicals, from both targeting as well as therapeutic efficacy points
of view, for use in cancer therapy.*' > As part of our ongoing efforts on the application of green nanotechnology towards
the design and development of tumor-specific nanomedicine agents, Katti et al have pioneered the development of
a myriad of phytochemical-functionalized gold nanoformulations with excellent preclinical and clinical efficacy.’*®! In
our pursuit of the application of green nanotechnology to ancient holistic Ayurveda medicine, Katti et al have recently

42746.48.49.51.52.36.62 Herein, we report a green

discovered a new medical modality referred to as Nano-Ayurveda Medicine.
nano-ayurvedic approach for the synthesis G. biloba phytochemically-encapsulated gold nanoparticles (GB-AuNPs). We
further report details of tumor specificity of GB-AuNPs against breast cancer (MDAMB-231 cancer cells). In addition,
we have investigated whether GB-AuNPs exerted anti-inflammatory effects via inhibiting proinflammatory cytokines
through the activation and promotion of anti-inflammatory cytokines by targeting macrophages using murine macrophage
(RAW 264.7) cells within the tumor microenvironment. These studies provide evidence for the tremendous potential of
GB-AuNPs as innovative immunomodulatory nano-ayurvedic agents for therapeutic interventions in treating cancers and

various other inflammatory diseases.

Materials and Methods

All chemicals and reagents were purchased from Sigma-Aldrich Chemical Company (St Louis, MO, USA) and Thermo
Fisher Scientific (Waltham, MA, USA) unless stated otherwise. 99% sodium tetrachloroaurate (III) dihydrate
(NaAuCl,2H,0), in vitro stability biological media: phosphate-buffered saline (PBS), gum arabic (GA), DL-cysteine
97% (Cys), L-histidine 98% (His), sodium chloride (NaCl), Hanks’ balanced salt solution (HBSS), bovine serum albumin
(BSA), and lyophilized human serum albumin (HSA) powder were procured from Sigma-Aldrich (St Louis, MO, USA).
Cellular stains 4’,6-diamidino-2-phenylindole (DAPI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), wheat germ agglutinin (WGA), Oregon Green®™ 488 conjugate, and trypan blue were purchased from Sigma-
Aldrich (St Louis, MO, USA). The positive control drug, cisplatin, was sourced from the US Pharmacopeia (Rockville,
MD, USA). Cell culture: TrypLE Express was procured from Thermo Fisher Scientific (Waltham, MA, USA), while fetal
bovine serum (FBS), gentamicin, Dulbecco’s Modified Eagle Medium (DMEM), Roswell Park Memorial Institute
(RPMI) 1640, vascular cell basal medium (VCBM), and endothelial cell growth kit-VEGF were obtained from Life
Invitrogen (New York, NY, USA). Breast mammary gland adenocarcinoma (MDAMB-231), human aortic endothelial
cells (HAEC), and murine macrophages (RAW 264.7) were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA).

Preparation of G. biloba Extract Solution
Leaves from female G. biloba tree were collected from a primitive tree at the Botanical Garden of the Department of
Pharmacy, Faculty of Health, University of Angers, France. The plant was identified and authenticated by Anne
Landreau, Professor of Botany. A voucher specimen (JBPA-108) with International Plant Exchange Network (IPEN)
code XX-0-ANGMF-21 was deposited at the Herbarium of the Botanical Garden of the Department of Pharmacy, Faculty
of Health, University of Angers, France. The G. biloba leaves were characterized and used for investigations at both the
University of Angers, France and University of Missouri (Columbia, MO, USA). The leaves were thoroughly washed
with water to eliminate potential contaminants. Subsequently, the clean leaves were air-dried and ground into fine powder
using a mortar and pestle. Five grams of G. biloba powder was accurately weighed and added to a 100 mL flask
containing 50 mL of deionized water. The mixture was heated at 80 °C for 15 min, the mixture was allowed to cool down
to room temperature, centrifuged at 10,000 rpm for 15 min, and the supernatant was collected to obtain 100 mg/mL
G. biloba water-soluble extract solutions containing water-soluble phytochemicals. The water-soluble extracts were used
because our overarching goal of green nanotechnology has been to utilize aqueous media in the fabrication of G. biloba
phytochemical encapsulated gold nanoparticles. Embedding G. biloba phytochemicals on gold nanoparticulate surface is
expected to enhance the bioavailability of these therapeutic phytochemicals for further cancer therapeutic applications.
Water insoluble parts were discarded.

Liquid Chromatography with Tandem Mass Spectrometry (LC-MS/MS) Liquid chromatography with tandem mass
spectrometry (LC-MS/MS) analysis was performed on a Bruker maXis impact quadrupole-time-of-flight mass
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spectrometer coupled to a Waters ACQUITY UPLC (ultrahigh performance liquid chromatography) system (UPLC-
Q-TOF-MS/MS). Separation was achieved on a Waters C;g column (2 x 150 mm, BEH C;3 column with 1.7 pm
particles) using a linear gradient and mobile phases A (0.1% formic acid) and B (acetonitrile). The gradient conditions
were as follows: B was increased from 5% to 70% over 30 min, then to 95% over 3 min, held at 95% for 3 min, and
returned to 5% for equilibrium. The flow rate was 0.6 mL/minute, and the column temperature was 60 °C.

Mass spectrometry was performed in the positive electrospray ionization mode with the nebulization gas pressure
at 44 psi, dry gas of 12 L/min, dry temperature of 250°C and a capillary voltage of 4000 V. Auto MS/MS Mass
spectral data were collected using the following parameters: MS full scan: 100 to 1500 m/z; number of precursors
for MS/MS: 3; threshold: 10 counts; active exclusion: 3 spectra, released after 0.2 min; collision energy: dependent
on mass, 10 eV at 50 Da, 20 eV at 200 Da, 30 eV at 500 Da, 40 eV at 1000 Da, and 50 eV at 1500 Da. The MS and
MS/MS data were auto-calibrated using sodium formate, which was introduced at the end of the gradient after the
data acquisition.

G. biloba leaf extract was centrifuged at 13,000 x g for 15 min. After centrifugation, 2 pL of the supernatant was
transferred to sample inserts and analyzed. Data were processed using the MetaboScape software (Bruker). Metabolites
were putatively identified by matching their tandem spectral data against a custom tandem spectral library, 38 RIKEN
spectral library, and NIST20 high-resolution accurate mass library. Multivariate analysis was performed using the Metabo
Analyst software.

Green Synthesis of G. biloba Gold Nanoparticles (GB-AuNPs)

The synthesis of gold nanoparticles using aqueous extracts of G. biloba (GB-AuNPs) was optimized with repeated
synthesis until we achieved 100% reproducibility (at least triplicates with various concentrations of leaf extracts). Briefly,
to a scintillation vial, 12 mg of gum arabic was added and dissolved in 6 mL solutions containing different concentrations
of the G. biloba extract solutions from the stock preparations (with G. biloba weights of: 100, 50, 25, 12.5, 6.25, 3.125,
1.56 mg/mL). The solutions were stirred at 700 rpm for 15 min at 90 °C, to this mixture,100 pL of 0.1 M
NaAuCly.2H,0 was added. The reaction mixture turned ruby red, indicating transformation of gold precursor into the
corresponding GB-AuNPs gold nanoparticles. The G. biloba gold nanoparticles (GB-AuNPs) were washed twice by
centrifugation and resuspended in distilled water.

Optical Properties

The optical properties of GB-AuNPs were measured by diluting 200 pL of GB-AuNPs in 800 pL of distilled water in
a disposable cuvette. Surface plasmon resonance spectra of GB-AuNPs were recorded using a Cary 60 UV—vis spectro-
photometer (Agilent Technologies, Santa Clara, CA, USA).

Dynamic Light Scattering
The hydrodynamic size and zeta potential were measured using a Zetasizer Nano ZS (Malvern Panalytical Inc.,
Westborough, MA, USA). All measurements were recorded in triplicate.

Transmission Electron Microscopy (TEM)

TEM was used to investigate the core size, by placing 5 uL of GB-AuNPs onto a 200-mesh carbon support film (TEM
grid) (Electron Microscopy Sciences, Hatfield, PA, USA) and allowed to air-dry. TEM grids were visualized using
a JEOL 1400 TEM 120 kV (JEOL Ltd., Peabody, MA, USA). TEM images were subsequently processed using Image J.
JS software to determine the particle size distribution.

Fourier-Transform Infrared Spectroscopy (FTIR)

Phytochemical conjugation and the identity of phytochemical encapsulated AuNPs were assessed using Fourier-
transform infrared spectroscopy (FTIR). Approximately 40 mL of gum arabic-stabilized G. biloba phytochemical-
encapsulated gold nanoparticles (GB-AuNPs) was poured into a standard borosilicate petri dish (100 mm X 15 mm)
and then kept in an oven overnight at 100 °C for drying. The dark black dried nanoparticle residue was scraped
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using a spatula, and ~60 mg was collected into a vial. This dry gold nanoparticle residue was milled with anhydrous
KBr to prepare homogenous transparent pellets for FTIR analysis, following a conventional high-pressure approach
using a hand-operated mini-press. A Thermo Scientific Nicolet Summit PRO FTIR Spectrometer, along with an iD1
transmission accessory for sampling, was used to collect the FTIR measurements. The spectra represent an average
of 16 scans in the 4000-400 cm ' spectral region and were collected at a resolution of 4 cm '. Background
correction was performed with an accessory in place using a neat KBr pellet.

Powder X-Ray Diffraction (PXRD)

The crystalline characteristics of GB-AuNPs were assessed by powder X-ray diffraction (PXRD). GB AuNPs
(40 mL GB AuNPs were poured into a standard borosilicate Petri dish (100 x 15 mm) and then kept in an oven
overnight at 100 °C for drying. The dark black dried nanoparticle residue was scraped using a spatula, and ~60 mg
was collected into a vial. Dry nanoparticle residue was used in the analysis. PXRD of the solid samples was
performed using a Rigaku Miniflex diffractometer (Rigaku Americas Corporation, The Woodlands, TX, USA)
equipped with a D-tex Ultra one-dimensional position-sensitive detector using Ni-filtered Cu Ko radiation (A =
1.54060 A, beam power = 45 kV, 20 mA). Depending on sample volume, samples were loaded into either
a proprietary zero-background crystalline silicon background holder, with a 0.2 mm x 1.5 mm cylindrical well, or
on top of a glass substrate in a larger aluminum sample holder. Diffraction data were measured in continuous 2-theta
scanning mode at a rate of 2.00°/min and step size of 0.02° with beta rotation at a rate of 80 RPM. The background
signal from the glass substrate was subtracted using a polynomial fit calculated using Rigaku SmartLab Studio II
(SmartLab Studio II, version 4.6.671.0, Rigaku Corporation, Tokyo, Japan, 2014).

In vitro Stability Analysis of GB-AuNPs

In vitro stability of GB-AuNPs was investigated by monitoring the surface plasmon resonance (SPR) peak over
time in various biological media. Briefly, a 1:2 volume ratio of GB-AuNPs was incubated in various biological
media, including PBS, buffered solutions at pH 4, 7, and 10, 0.5% BSA, 0.5% HSA, 0.5% Cys, 0.2% His, and
nutrient media (RPMI and DMEM) solutions. GB-AuNPs were incubated in various solutions as described above
for a month and subsequently SPR peak was monitored using UV—vis spectrophotometry. Additionally, in separate
experiments, GB-AuNPs was incubated in various biological media mentioned above, for a week. The stability
of GB-AuNPs was investigated by measuring the size differences using the Zetasizer Nano and electron micro-
scopy (TEM).

Cellular Investigation of GB-AuNPs on Cells

Breast mammary gland adenocarcinoma cells (MDAMB-231), human aortic endothelial cells (HAEC), and murine
macrophages (RAW 264.7) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Cells were all cultivated following standard aseptic work procedures in the laminar flow and cultured in an incubator at
37 °C in 95% air and 5% CO,. MDAMB-231 and RAW 264.7, cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Vascular cell basal
medium (VCBM) supplemented with the endothelial cell growth kit-VEGF was used to culture HAEC.

Cell Viability MTT Assay

The cellular viability of GB-AuNPs was investigated using the MTT Formazan cell proliferation assay (Sigma-Aldrich, St
Louis, MO, USA) to determine their anticancer activity against the breast cancer cell line (MDAMB-231) and their activity
against normal cells (HAEC). Briefly, 100 uL of 5x10* cells/mL of each cell line was seeded in 96-well cell culture plates and
incubated in a 5% CO, incubator at 37 °C overnight. After incubation, the media were aseptically removed and replaced with
culture media containing GB-AuNPs (200, 100, 50, 25, 12.5, and 6.25 pg/mL); negative control: untreated cell media only and
positive control: cisplatin (200, 100, 50, 25, 12.5, and 6.25 pg/mL). The plates were then incubated for 24, 48, and
72 h. Thereafter, 10 pL of MTT reagent (5 mg/mL in PBS) to each well was added and the plates were incubated for
3—4 hr at 37 °C to allow the formation of formazan crystals, the MTT solution was removed, and formazan crystals were
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dissolved in 100 pL. of DMSO. The absorbance of the purple formazan crystals was measured using a SpectraMax M2
microplate reader (Molecular Devices LLC, San Diego, CA, USA) operating with the plate gently shaken for 15s, prior to
recording at a wavelength of 570 nm.

The percentage of viable cells was determined using the following equation (Equation 1):

. (Tab — Bab)
% Cell Viability = ——— < x 100
’ ¥~ (Cav — Bav)
where Ty, is the absorbance of the treatment, By, is the absorbance of the blank (medium) and C,y, the absorbance of
the control (untreated cells). The half-maximal inhibitory concentration (ICsy) was calculated using GraphPad Prism
Version 10.0.2.

Cellular Internalization of GB-AuNPs

Initially, ultraclean and sterile coverslips were placed in six-well plates. Subsequently, 8x10° cells per well were seeded
in appropriate media (DMEM for MDAMB-231 and RAW 264.7, and VCBM for HAEC cells) and cultivated for 24 h at
37 °C in a 5% CO, incubator. After this incubation period, the culture medium was removed and replaced with media
containing 50 pg/mL of GB-AuNPs, followed by an additional 24 hr incubation at 37 °C.

Post-incubation, the cells underwent a series of procedures: they were rinsed three times with 1X HBSS, stained with 2 pg/
mL of WGA to highlight the cytoplasm, and incubated for 10 min at room temperature in darkness. The cells were washed
twice with 1X HBSS and permeabilized using 0.2% Triton X-100 at room temperature for 5 min. The cells were again washed
twice with 1X HBSS and stained with 1 pg/mL DAPI to visualize nuclei. The slides were monitored using a Leica TCS SP8
STED confocal microscope (Leica, Wetzlar, Germany) at 40x magnification, and the Dage Imaging Software was used for
image collection.

In parallel, Cells (at a density of 8x10° cells/mL) were cultured in six-well plates, washed with 1X PBS, and
incubated for 24 h at 37 °C with media containing 50 pg/mL of GB-AuNPs. Following this incubation, the cells were
washed with 1X PBS, dislodged using Tryple E for 3 min, and trypsinization was halted by adding media. The cells were
subsequently collected into 1 mL Eppendorf tubes, centrifuged, and washed with 1X PBS at 1000 rpm for 5 min. The cell
pellets were then treated with a mixture of 2% glutaraldehyde and 2% paraformaldehyde in 0.1 mm sodium cacodylate
buffer. Subsequently, the cells were exposed to 1% osmium tetroxide in 2-mercaptoethanol, dehydrated using a series of
acetone concentrations, and embedded in Epon-Spurr epoxy resin. Thin sections approximately 85 nm thick were sliced
using a diamond blade (Diatome, Hatfield, PA, USA).

For organelle visualization, sections were stained with Sato’s triple lead stain and 5% aqueous uranyl acetate. The
prepared samples were analyzed using a JEOL 1400 TEM microscope (JEOL, Peabody, Massachusetts, USA) operating
at 80 kV, at the electron microscopy core facility of the University of Missouri-Columbia.

Statistical Analysis

GraphPad Prism Version 10.0.2 software (GraphPad Software, San Diego, CA, USA) was used to conduct statistical
analysis. Using the two-way ANOVA test, statistical evaluation was conducted to determine the efficacy of the treatment.
To compare the average of the treatment group to the average of the control group, ICs, values was calculated. With
p<0.05 statistical tests were deemed significant. All results are shown as the mean standard error of the mean.

Results
Chemical Composition of G. biloba by LC-MS/MS

LC-MS/MS data revealed that the major phytochemical constituents were quinic acid, polyalcohols, xanthurenic
acid, glycosides, and quercetin-based compounds (Figure 2). The polyalcohols included pinitol and opuntiol. The
glycosides present were luteolin-7,3’-di-O-glucoside, luteolin-4’-O-glucoside, kaempferol-7-O-glucoside, kaemp-
ferol-3-O-rutinoside, and narcissin D-glucopyranoside derivatives and many others. Quercetin and related com-
pounds such as isoquercitrin and quercetin 3-glucoside-7-rhamnoside were also observed. The LC-MS/MS
phytochemical composition profile of G. biloba extract is shown in Figure 3.
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Figure 2 LC-MS/MS spectra of G. biloba aqueous extract, highlighting the detection of key phytochemical constituents. The primary compounds identified include quinic acid,
polyalcohols, xanthurenic acid, glycosides, and quercetin-based compounds, each contributing to phytochemical-rich extract’s bioactive profile.
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Figure 3 Pie chart depicting phytochemical composition of G. biloba aqueous extract as determined by LC-MS/MS analysis, illustrating relative abundance of key bioactive
compounds.
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UV-Vis Spectroscopy and Physicochemical Properties of GB-AuNPs

The successful synthesis of GB-AuNPs was evident from the transformation of yellow gold precursor solutions into
vibrant ruby-red color upon addition of aqueous extracts from Ginkgo biloba phytochemicals cocktails to reaction
mixtures. The characteristic surface plasmon resonance (SPR) peaks between 535-555 nm (Figure 4b) further
confirmed the presence of GB-AuNPs. We have evaluated the SPR peaks, hydrodynamic size, polydispersity
index (PDI), and zeta potential of GB-AuNPs at various concentrations (with G. biloba weights: 100, 50, 25,
12.5, 6.25, 3.125, and 1.56 mg/mL) as shown in Figure 4a—d. Detailed analysis of physiochemical data indicated
that 6.25 mg/mL concentration of G. biloba was optimal for the production of excellent quality gold nanoparticles—
exhibiting a zeta potential of =34 mV and a PDI of 0.3. These data were reproduced numerous times and signify
superior stability and monodispersed compositions of GB-AuNPs as compared to data obtained when various other
concentrations of G. biloba were used. Therefore, we selected the 6.25 mg/mL as the most optimum concentration
of G. biloba for the production of GB-AuNPs for further investigations and henceforth we have referred these
particles as GB-AuNPs. The cocktail of antioxidant phytochemicals present in G. biloba, particularly polyphenolics,
exhibit reducing capabilities that enable them to act as primary reducing and polar agents. As shown in Scheme 1,
quercetin, a major antioxidant, played a crucial role in the reduction of GB-AuNPs. However, it is important to note
that other phytochemicals also contribute to this process. The reduction of Au ions to GB-AuNPs occurs through
oxidation of the hydroxyl (~OH) group of phytochemicals. Additionally, other phytochemicals, such as kaempferol,
isorhamnetin, bilobalide, and ginkgolides form a thin layer on the particle surface, thereby aiding reduction while
stabilizing the nanoparticles. In order to assess the in vitro stability of GB-AuNPs, nanoparticles were subjected to
various biological media, including 0.5% BSA, HSA, and Cys, 0.2 M His, 1% NaCl, RPMI and DMEM media, PBS

a) o b) =2 ——100 mg/mL
5 % 5 2 ——50 mg/mL
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L ) —25 mg/mL
optimization 1.6 ——12.5mg/mL
144 ——6.25 mg/mL
G. biloba water-soltfble 3 \ 3.125 mg/mL
extractstock solution ~1.2 A
o —1.56 mg/mL
€ 1 J
©
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7 2
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GB extract concentration Hydrodynamic size (nm) Zeta potential (mV)
(mg/mL)

356+3
50 550 3354 0.3 -15
25 555 309+3 0.3 -16
12.5 540 144+7 0.5 -18
6.25 535 1376 0.3 -34
3.125 535 104+2 0.5 -19
1.56 540 90+2 0.5 -19

Figure 4 Synthetic parameters of GB-AuNPs: (a) Serial dilution of G. biloba stock solution to achieve varying concentrations, (b) Ultraviolet-visible spectra of GB-AuNPs
synthesized from different concentrations of G. biloba extract, demonstrating the influence of extract concentration on nanoparticle formation, and (c) Physicochemical
properties of GB-AuNPs at different extract concentrations, highlighting variations in size, polydispersity index (PDI), and surface charge.
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Scheme | Proposed reduction mechanism for the transformation of gold salt (Au**) to gold nanoparticles using G. biloba water-soluble extract. The diagram depicts step-by-step
reduction processes, where most abundant phytochemicals (ie quercetin) present in the G. biloba extract act as reducing agents. The process also highlights the potential role of the
extract in capping and stabilizing the newly formed nanoparticles, preventing aggregation and ensuring optimum long-term stability and uniform size distribution.

at pH 4, pH 7, and pH 10, over a month. Remarkably, no significant shifts in the SPR peaks were observed during
this time frame. Hydrodynamic size changes in various biological media monitored for a week were negligible, with
a variation in size within a 10% (or less) range for various GB-AuNPs (Figure 5).

TEM and Size Distribution

The physicochemical characteristics of GB-AuNPs evaluated by Zetasizer revealed hydrodynamic sizes of 137+6 nm and
a low polydispersity index (PDI) of 0.3. The zeta potential of GB-AuNPs was —34 mV, as shown in Figure 6.
Additionally, the gold concentration in these GB-AuNPs was quantified to be 277 ppm using ICP-MS, which compared
well with the initial amount of NaAuCl,-2H,0 utilized in the synthesis of nanoparticles. The TEM images provided
insight into the core size of GB-AuNPs, with an average core size of 19+4 nm (Figure 7). The average core size was
determined through size distribution analysis using the Image J.JS software. Notably, the TEM images also demonstrated
that the GB-AuNPs exhibited a uniform and spherical morphology, indicating a high degree of monodispersity.
Furthermore, the stability of GB-AuNPs in various biological (0.5% BSA, HSA, and Cys, 0.2 M His, 1% NaCl,
RPMI and DMEM media, PBS at pH 4, pH 7, and pH 10) revealed limited to no changes in the size and morphological
differences as elucidated through extensive TEM analysis of images of GB-AuNPs in various biological media as shown
in Figure 8.

Fourier-Transform Infrared Spectroscopy (FTIR)

The gold nanoparticles (GB-AuNPs) FTIR absorption data for GB-AuNPs corresponded to both gum arabic and
G. biloba phytoextracts (Figure 9). Interestingly, the absorption bands from gum arabic and the phytoextract were
"and C-H stretching
was observed at approximately 2900 cm ™. the ~1600 cm ' peak and ~1400 cm™ ' corresponding to COOH stretching

quite similar and had some overlap. O-H stretching was observed at approximately 3400 cm
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Figure 5 Ultraviolet-visible spectra of (a) GB-AuNPs, and (b) in vitro stability across various biological media over one month (n=3). Graphics also depict minimal/no
variations in size of GB-AuNPs in various biological media a week post-incubation, indicating excellent in vitro stability of GB-AuNPs nanoparticles over time.

and O-H bending, respectively. The peak at ~1100 cm ' peak corresponds to C-O stretching. These results indicate
the presence of functional groups in gum arabic and the phytoextract. Minor changes in phytochemical peaks in all
the FT-IR spectra of GB-AuNPs confirm oxidation of phytochemicals while they reduced gold in +3 oxidation to
corresponding gold nanoparticles.

Powder X-Ray Diffraction (PXRD)

PXRD analysis of the GB-AuNPs revealed four prominent peaks at 20 values of 38.2°, 44.3°, 64.6°, and 77.5°
(Figure 10). These peaks align with the standard Bragg reflections of the (111), (200), (220), and (311) planes of the
face-centered cubic (fcc) lattice structure of gold. The alignment of these peaks with the standard fcc gold pattern
indicates that the GB-AuNPs have a crystalline gold core with a high degree of structural order. The sharpness and the
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Figure 6 Physicochemical properties of G. biloba-synthesized gold nanoparticles (GB-AuNPs): (a) hydrodynamic size distribution, and (b) zeta potential measurements
(n=3). These properties are critical indicators of optimum in vitro stability of GB-AuNPs nanoparticles, their dispersion, and potential interactions in biological environments.

intensity of peaks suggest a high crystallinity and purity of gold nanoparticles, while the absence of additional peaks
indicates the absence of significant impurities or secondary phases.

Cellular Internalization of GB-AuNPs

As illustrated in Figures 11a and 12, GB-AuNPs exhibited a remarkable capacity for internalization into breast tumor
(MDAMB-231) cells and macrophage (RAW 264.7) cells. This suggests that GB-AuNPs not only possess tumor-specific
properties, but also have the ability to target macrophages, which is attributed to increased internalization (Figure 11b).
The abundance of G. biloba phytoconstituents attached to the expansive surface area of gold facilitates the delivery of
a substantial payload of therapeutic phytochemicals, thereby enhancing the uptake of therapeutic nanoparticles by tumor
cells.

To underscore the tumor specificity of GB-AuNPs, we have examined their cellular uptake in normal cells
(HAEC). The results, as depicted in Figure 11c, indicated that HAEC cells exhibited minimal to no uptake of GB-
AuNPs. Additionally, electron microscopy further validated the tumor specificity of the GB-AuNPs, showing
a significant propensity for selective internalization into breast tumor (MDAMB-231) cells while sparing normal
cells (HAEC cells). This is clear from the presence of vacuoles housing GB-AuNPs through endocytosis, as shown
in Figure 12. Furthermore, size distribution analysis of internalized GB-AuNPs revealed an average size of 17+6 nm
in MDAMB-231 cell line. This observation unequivocally validates the ability of GB-AuNPs to maintain their
structural integrity (size and shape) inside cells, emphasizing their stability. This remarkable stability is evident from

the presence of intact nanoparticles with well-defined boundaries, indicating no degradation or aggregation inside
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Figure 7 TEM images of (a) GB-AuNPs, showcasing well-dispersed spherical nanoparticles, (b) size distribution analysis, indicating an average particle size of 19+4 nm, and
(c) summative data table detailing the gold concentration in nanoparticle solutions.

the complex cellular environment. These findings hold significant promise for the potential use of GB-AuNPs as
tumor-cell based and tumor-specific therapeutic agents, with minimal or no toxicity to normal cells.

Antitumor Efficacy of GB-AuNPs

Consistent with our commitment to avoid animal testing, we assessed the in vitro antitumor efficacy of GB-AuNPs using
breast (MDAMB-231) cancer cell lines to evaluate their potential for inhibiting tumor cell growth. Cisplatin, an FDA-
approved metal-based chemotherapeutic agent, was used as a positive control. Detailed results of antitumor assays
presented below unequivocally established that the therapeutic efficacy against tumors was dose dependent. GB-AuNPs
exhibited robust antitumor activity, demonstrating potency similar to that of cisplatin at 48 hr post-incubation against
MDAMB-321 at half-maximal inhibitory concentration (ICsy) values of 37.5 and 42.5 pg/mL, respectively. At 72 hr
post-incubation, the ICso of GB-AuNPs was 100 pug/mL whereas for cisplatin it was 25.3 pg/mL. Remarkably, GB-
AuNPs exhibited a superior safety profile against normal cells (HAEC) as compared to cisplatin which exhibited an ICs
value of 70 and 45 pg/mL at 48 hr and 72 hr post incubation, respectively (Figure 13).

Macrophage Targeting and Immunomodulatory Characteristics of GB-AuNPs
Macrophage infiltration into tumors is a well-known factor associated with poor prognosis and is considered a primary
contributor to resistance to chemotherapy and related cancer treatments. Within the tumor microenvironment, tumor-
associated macrophages (TAMs) play a pivotal role in initiating rapid angiogenesis and promoting tumor cell migration,
leading to invasion and intravasation. TAMs exhibit diminished antigen presentation capabilities and tend to produce
increased levels of immunosuppressive cytokines, such as IL-10, and elevated levels of antiangiogenic cytokines, such as
IL-6, which is characterized by an immunosuppressive M2 pro-tumor phenotype in most cancers.
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Figure 8 TEM images of GB-AuNPs in various biological media, including: (a) water (H,O), (b) phosphate-buffered saline (PBS), (c) acidic (pH 4), (d) neutral (pH 7), (e)
basic (pH 10), (f) bovine serum albumin (0.5% BSA), (g) human serum albumin (0.5% HSA), (h) histidine (0.2 M His), (i) cysteine (0.5% Cys), (j) high-salt (5% NaCl), (k)
Roswell Park Memorial Institute medium (RPMI), and (I) Dulbecco’s Modified Eagle’s Medium (DMEM).

These processes collectively contribute to immunosuppression at all stages of tumor development, underscoring the
importance of targeting pro-tumor macrophages as a crucial therapeutic strategy in cancer treatment. Various types of
cancer cells, including breast cancer cells, induce pro-tumor M2 polarization in RAW 264.7 macrophages. Therefore,
RAW 264.7 macrophages serve as a reliable model for investigating the targeting abilities of GB-AuNPs, offering
valuable insights into the characteristics of cancer macrophage plasticity.

To gain insights into the impact of GB-AuNPs on macrophages, we have investigated the expression of macrophage-
polarizing cytokines, including IL-12, IL-10, IL-6, TNF-a, and IFN-y, when RAW 264.7 macrophages were exposed to
GB-AuNPs. Our experimental findings with GB-AuNPs unequivocally demonstrated an increase in the levels of
antitumor cytokines, such as IL-12, TNF-a, and IFN-y, while concurrently decreasing the levels of pro-tumor cytokines,
such as IL-10 and IL-6 (Figure 14). The results, as depicted in Figures 11c and 14, unquestionably validated the effective
targeting of pro-tumor macrophages by GB-AuNPs. These results strongly suggest the potential immunotherapeutic role
of GB-AuNPs prompting further exploration of their capabilities as a new class of nano-ayurvedic medicine agents for
modulating macrophage behavior.

Discussion

Our overarching objective of this investigation was to validate the hypothesis that phytochemicals found in the
ayurvedic plant G. biloba can be used in the form of encapsulated gold nanoparticles towards the development of
a new class of nano-ayurvedic medicine products. The highly electron-rich bioactive phytochemicals in G. biloba
reduced gold in the +3-oxidation state to the corresponding AuNPs in near quantitative yields (Scheme 1 and
Figure 1). This green nanotechnology process, pioneered by Katti et al, is unique because the production of AuNPs
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Figure 9 FTIR spectra of (a) GB-AuNPs, (b) G. biloba extract, and (c) gum Arabic—reveal characteristic vibrational modes, indicating the presence of specific functional
groups capping gold nanoparticle surface. Notably, O-H, COOH stretching, O-H bending, and C-O stretching. These results signify the successful incorporation of hydroxyl,
carboxyl, and alkyl groups from the G. biloba extract and gum arabic stabilizing and capping GB-AuNPs surface.

occurs without the use of external toxic chemical-based reducing agents. Various phytochemicals, as depicted in
Figure 1 and Scheme 1, serve innovative dual roles as reducing and stabilization agents. The UV-Vis spectral data,
as shown in Figure 4, confirmed a surface plasmon resonance (SPR) peak at between 535-550 nm, which is
a characteristic of AuNPs.***°%% The successful production of G. biloba gold nanoparticles (GB-AuNPs) using
different concentrations G. biloba water-soluble extract, illustrated using spectrophotometric and electron micro-
scopic techniques, exhibited characteristic SPR absorptions at 535-550 nm for GB-AuNPs (Figure 4a). The
physiochemical properties revealed that the 6.25 mg/mL concentration Ginkgo biloba was optimal for the production
of well-defined gold nanoparticles exhibiting a zeta potential of —34 mV and a PDI of 0.3—all signifying superior
stability and monodispersed morphology as compared to various other concentrations tested. It may be noted that the
various other concentrations (as described in the experimental section) produced sub-optimal gold nanoparticles with
higher PDI and zeta potentials greater than —30 mV.%*%
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Figure 10 The PXRD spectrum of GB-AuNPs exhibits characteristic Bragg reflections, confirming the crystalline structure of nanoparticles. The diffraction peaks at 20 values of
approximately 38.2°, 44.4°, 64.6°, and 77.5° correspond to the (I 11), (200), (220), and (311) planes, respectively, of face-centered cubic (fcc) lattice structure of gold.

In order to assess the in vitro stability of GB-AuNPs, we have further challenged these nanoparticles by
incubating them in various biological media, including 0.5% BSA, HSA, and Cys, 0.2 M His, 1% NaCl, RPMI
and DMEM media, PBS at pH 5, pH 7, and pH 9—over a month. Detailed UV spectral analysis from each of these
experiments indicated no significant shifts in the SPR peaks. These results unequivocally suggest robustness of GB-
AuNPs in all the above media and highly reliable in vitro stability of these nanoparticles for use in various
biomedical applications (Figure 5b). Additionally, the hydrodynamic size changes in various biological media
monitored for a week were negligible, with a variation in size within 10% or less for all the GB-AuNPs. These
observations corroborate the optimum —34 mV zeta potential, indicative of strong intra and inter particles repulsive
forces, for these gold nanoparticles. It is important to recognize that the Derjaguin—Landau—Verwey—Overbeek
(DLVO) theory suggests high negative zeta potentials facilitate electrostatic repulsion and steric stabilization and
overall significant stability against agglomeration (Figure 6).°® Our investigations, therefore, provide unequivocal
experimental evidence that green nanotechnology routes produce nanomedicinal agents with optimum stability—as
shown through extensive TEM images of GB-AuNPs incubated in different biological media (Figure 8). The TEM
data, as shown in Figures 7 and 8, demonstrate uniform and spherical morphologies without any agglomeration,
confirming monodispersity and optimal GB-AuNPs stability. Hydrodynamic size measurements using dynamic light
scattering (DLS) displayed a hydrodynamic size of 137 nm. FTIR analysis revealed the encapsulation of G. biloba
phytochemicals on gold nanoparticulate surface. It is important to note that G. biloba phytochemicals act as both
reducing agents as well as capping agents to afford optimal stability to GB-AuNP nanoparticles (Figure 9). The
PXRD analysis of AuNPs showed four peaks corresponding to the standard Bragg reflections (111), (200), (220),
and (311) planes of the face-centered cubic lattice of crystalline AuNPs (Figure 10).

In order to investigate the tumor cell-targeting capabilities of GB-AuNPs, we have performed incubation of
nanoparticles with breast cancer cells (MDAMB-231) and macrophages (RAW 264.7). Confocal microscopy analysis
was performed to assess whether AuNPs functionalized with Ginkgo biloba phytochemicals (GB-AuNPs) could
effectively target both tumor cells and macrophages. The imaging data presented in Figure 11 demonstrate that the
GB-AuNPs nano-ayurvedic medicine agent can effectively target both breast tumor cells and macrophages. Furthermore,
GB-AuNPs were internalized within these cells, possibly through endocytosis, residing within vacuoles, while preserving
their structural integrity in terms of size and shape (Figure 12).

MTT cell proliferation assays were conducted using GB-AuNPs, breast cancer cells (MDAMB-231) and macro-
phages (RAW 264.7). The results, illustrated in Figure 13, highlight the impressive antitumor efficacy of GB-AuNPs
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Figure Il Fluorescence microscopy images showing cellular internalization of GB-AuNPs in different cell types after 24 hr post-incubation. The images display: (a)
untreated control cells, (b) GB-AuNPs-treated breast cancer cells (MDA-MB-231), (c) GB-AuNPs-treated murine macrophage cells (RAW 264.7), and (d) GB-AuNPs-
treated human aortic endothelial cells (HAEC). Cell nuclei are stained with DAPI (blue), while the cytoplasm is stained with wheat germ agglutinin (WGA, green). The
presence of GB-AuNPs within the cells indicates successful internalization and endocytosis, which is a crucial step for their potential applications in cancer therapy, imaging,
and allied biomedical applications.

against both human aortic endothelial cells and breast tumors. It is worth emphasizing that GB-AuNPs demonstrated
a comparable level of antitumor effectiveness when compared to the FDA-approved cisplatin cancer therapeutic
agent at 48 hr post-incubation against MDAMB-321 at half-maximal inhibitory concentration (ICs) values of 37.5
and 42.5 pg/mL, respectively (Figure 13). At 72 hr post-incubation, the IC5o, of GB-AuNPs was 100 pg/mL whereas
for cisplatin, it was 25.3 pg/mL. It is well known that cisplatin destroys normal cells and cancer cells indiscrimi-
nately. Therefore, the discovery of cancer therapy agents that are selective to tumor cells with minimal toxicity to
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Figure 12 TEM image showing cellular internalization of GB-AuNPs in MDA-MB-23 | breast cancer cells after 24 hr post-incubation. Notably, the GB-AuNPs maintain their
structural integrity, preserving their original size, morphology and shape within the complex cellular environment.

normal cells is vitally important. Breast Cancer inherits a heterogeneous group of malignancies, each characterized
by distinct molecular profiles and responses to treatment.” The two cell lines commonly used in breast cancer
research are MDAMB-231 and MCF-7, each expressing vastly different subtypes of breast cancers. MDAMB-231
cells arise from triple-negative breast cancer (TNBC), a subtype characterized by the absence of the estrogen
receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2). In contrast,
MDAMB-231 cells, typically exhibit aggressive behavior and tend to show resistance to conventional therapies.” "
MCF-7 represents positive (ER+) breast cancer and tends to exhibit a less aggressive behavior. Understanding the
differences between the two cell lines is essential for understanding the mechanisms of breast cancer progression
and optimizing therapeutic efficiency.®®"°

A significant finding from the aforementioned investigations is that GB-AuNPs nano-ayurvedic medicine agent
exhibited a distinctive ability to selectively target tumor cells while sparing normal cells, suggesting its potential
to reduce the systemic toxicity associated with conventional cancer therapeutic agents, such as cisplatin. The
FDA-approved cisplatin cancer therapy agent displayed non-selective toxicity to normal cells, affecting both
tumor and normal cells (Figure 13). The antitumor efficacy of this nanomedicine agent has revealed strong
antitumor effects of GB-AuNPs towards MDAMB-231 cells, which are comparable to those of the FDA-approved
cancer therapy agent cisplatin. However, GB-AuNPs exhibited no significant toxic effects on noncancerous, aortic
endothelial cells (HAEC). Cytokine measurement studies performed using RAW 264.7 cells, treated with GB-
AuNPs, exhibited downregulation in the expression of pro-tumor cytokines (IL-6 and IL-10) with concomitant
upregulation of antitumor cytokines (TNF-o, IFN-y and IL-12) in LPS-induced inflammation as shown in
Figure 14.

Our investigations provide unequivocal evidence that green nanotechnology approaches, as described in this
study, have resulted in the development of a new nano-ayurvedic medicine agent capable of treating tumors through
an immunomodulatory mechanism. Tumor-associated macrophages (TAMs) prominently overexpress immune cell
components including CD206, CD163, and CD204. These cellular domains orchestrate multitude of stromal
responses within the tumor microenvironment (TME). In some acute cases, TAMs account for > 50% of the
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Figure 13 Anticancer efficacy of GB-AuNPs against (a) breast cancer cells (MDA-MB-231) and (b) human aortic endothelial cells (HAEC) at 48 and 72 hr post-treatment.
GB-AuNPs exhibited potent anticancer activity against MDA-MB-23 1| cells (ICsq: 37.5-100 pg/mL) and a superior safety profile against HAEC cells, outperforming cisplatin
(ICs0: 25.3-70 pg/mL). Data are expressed as mean optical density + SEM (n = 3).

tumor mass. TAMs are the main sources of pro-tumor cytokines, such as IL-10, and pro-tumor mitogens that trigger
the initiation and progression of cancers. Therefore, TAMs populations are directly related to worse clinical
outcomes and, ultimately, to the transformation of disease drug resistance. Tumor microenvironments predispose
the recruitment and polarization of macrophages to the tumor site, thus promoting tumor growth, accelerating tumor
angiogenesis, expediting and facilitating tumor cell migration, and ultimately creating a favorable environment for
extensive colonization and evasion of tumor cells. Therefore, cancer therapy drugs should target pro-tumor (M2
phenotype) macrophages. Macrophage cells RAW 264.7, by default, are considered M2-like macrophages, which are
mainly responsible for the promotion, progression, angiogenesis, and metastasis of most tumors. In our study, we
used RAW 264.7 macrophages to test whether GB-AuNPs could effectively target these pro-tumor macrophages. As
shown in Figures 11c and 14, the new nanomedicine agent, GB-AuNPs, effectively targeted macrophages with an
excellent propensity for internalization within macrophage cells. The macrophage-targeting ability of GB-AuNPs
nanomedicine agent translates into an excellent therapeutic efficacy of this agent in suppressing the growth of breast
tumor cells, as shown above. Therefore, this new nano-ayurvedic agent is an effective immunomodulatory agent for

the treatment of breast and various human tumors.
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Figure 14 Modulation of cytokine expression by GB-AuNPs in LPS-induced RAW 264.7 macrophages. (a) GB-AuNPs suppressed pro-tumor cytokines (IL-6 and IL-10)
while enhancing anti-tumor cytokines (TNF-a, IFN-y, and IL-12), indicating a shift towards an anti-tumor immune response. (b) GB-AuNPs promoted MI-like macrophage
polarization, characterized by increased expression of pro-inflammatory cytokines. Untreated (UNT) cells served as control. Data represent mean *+ SEM from three
independent experiments. *P < 0.05 vs the LPS group, indicating statistically significant differences.

Conclusion

Our extensive aforementioned investigations have revealed that the overall phytochemical content, as shown in Figures 1-3
remain almost similar in both fresh and dry leaves of the Ginkgo biloba tree. Fallen leaves from the G. biloba tree are
considered as environmentally friendly by-product of this natural habitat. Therefore, our green nanotechnology approach to
produce gold nanoparticles, as described in this investigation, is a net carbon zero or net carbon negative process to develop
a new generation of Nano-Ayurvedic medicine products. The aforementioned results and discussions provide compelling
evidence supporting the potential use of phytochemicals derived from Ginkgo biloba in the synthesis of gold nanoparticles
(GB-AuNPs) with immunomodulatory properties. Cis platin is FDA approved—considered as a “work horse” in treating most
human cancers. As this drug destroys cancerous and normal cells indiscriminately, most patients post treatment suffer from
severely compromised immune system. In this context, our discovery of immunomodulatory capabilities of GB-AuNPs which
boost the immune system, while treating tumors, is a significant finding in pursuit of immunotherapy of cancers. Therapeutic
efficacy in tumor cells was achieved without any adverse effects observed in normal human aortic endothelial cells (HAEC),
thus highlighting the selective cytotoxicity and immunomodulatory features of GB-AuNPs towards cancerous cells.
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