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Background: As part of our continuing quest to enhance the efficacy of bioactive phyto-

chemicals in cancer therapy, we report an innovative green nanotechnology approach toward

the use of resveratrol for the production of biocompatible resveratrol-conjugated gold

nanoparticles (Res-AuNPs). Our overarching aim is to exploit the inherent pro-apoptotic

properties of gold nanoparticles (AuNPs) through synergistic anti-tumor characteristics of

resveratrol, with the aim of developing a new class of green nanotechnology-based phyto-

chemical-embedded AuNPs for applications in oncology.

Method: Resveratrol was used to reduce Au3+ to Au0 for the synthesis of Res-AuNPs at room

temperature and gum arabic (GA) was used to further encapsulate the nanoparticulate surface

to increase the overall stability of the AuNPs. This comprehensive study involves the synth-

esis, full characterization and in vitro stability of Res-AuNPs in various biological media for

their ultimate applications as anti-cancer agents against human breast (MDAMB-231), pan-

creatic (PANC-1) and prostate (PC-3) cancers.

Results: This strategy to systematically increase the corona of resveratrol on AuNPs, in

order to gain insights into the interrelationship of the phytochemical corona on the overall

anti-tumor activities of Res-AuNPs, proved successful. The increased resveratrol corona on

Res-AuNPs showed superior anti-cancer effects, attributed to an optimal cellular uptake after

24-hour incubation, while GA provided a protein matrix support for enhanced trans-

resveratrol loading onto the surface of the AuNPs.

Conclusion: The approach described in this study harnesses the benefits of nutraceuticals

and nanoparticles toward the development of Res-AuNPs. We provide compelling evidence

that the increased corona of resveratrol on AuNPs enhances the bioavailability of resveratrol

so that therapeutically active species can be optimally available in vivo for applications in

cancer therapy.
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Introduction
Cancer is one of the largest causes of death worldwide. In 2015, one in six deaths

globally were due to cancer, and cancer metastasis is the major cause of increased

death, accounting for 8.8 million deaths.1 Approximately 1,735,350 new cancer

cases were projected, predominantly including 268,670, 55,440 and 164,690 cases

of breast, pancreatic and prostate cancer, respectively.2–4 Breast and prostate cancer

are the most commonly diagnosed cancers in women and men, respectively, and
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pancreatic cancer is the fourth leading cause of cancer

death and one of the most aggressive cancers to treat.5–8

Although clinical management of these cancers has

increased considerably over the past decade, current mod-

alities still suffer from lack of effectiveness of the therapy

owing to drug permeability inside the tumor as a result of

the highly abnormal blood vessels (<200 nm diameter).

Surgery, chemotherapy and radiotherapy are common

treatments used for these cancers, although surgery often

leads to tumor recurrence and other complications that

result in postoperative complications.4,9–12 Chemotherapy

and radiotherapy suffer from non-selective uptake and

delivery of drugs and/or high-energy deposition (gamma

rays, X-rays or ion beams) because of their inability to

differentiate between normal healthy cells and cancerous

cells, thereby causing severe systemic toxic effects in

patients.4,12

Researchers have explored a number of avenues to

overcome these challenges, with limited success. The

application of a phytochemical-derived plant-based holis-

tic approach for cancer therapy is gaining considerable

prominence throughout the world, as the World Health

Organization in its latest forecast stated that over 80% of

the global population will use some form of holistic med-

icine in health and hygiene.13,14 It has been long known

that phytochemicals present highly beneficial effects on

the human body through their dual role as disease-

preventive and curative agents for the prevention and

treatment of various chronic diseases.15 Various phyto-

chemicals exhibit high antioxidant activity that, in turn,

is responsible for modulating multiple cell signaling path-

ways (eg, nuclear factor-ϰB), thus exerting their preven-

tive and therapeutic effects.16,17 Resveratrol (trans-3,5,4′-

trihydroxystilbene), a phenolic compound predominantly

present in the skin of red grapes and in red wine, as shown

in Figure 1,18 is one of many phytochemicals, and has

been highly investigated for its efficacy in disease preven-

tion and treatment, including in cancer.

Resveratrol has been reported to possess anti-angiogenic,

anti-inflammatory, anti-proliferative, anti-cancer and antioxi-

dant properties.19 However, like many other plant-based phy-

tochemicals in medicine, resveratrol suffers from poor

bioavailability once administered in vivo owing to its suscept-

ibility to rapid enzymatic degradation by the body’s innate

immune system well before it can exert its therapeutic influ-

ence, formation of conjugates with glucuronic acid, and sulfate

accumulation in plasma and urine.19–21 This translates to

inadequate resveratrol concentrations circulating in the body

and reaching the tumor;4 therefore, a drug design that allows

for high delivery of resveratrol to cancerous cells will be

beneficial. Resveratrol has two isomers, trans-resveratrol and

cis-resveratrol, as shown in Figure 2; resveratrol
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Note: Data from Xiang et al.18

Thipe et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2019:144414

http://www.dovepress.com
http://www.dovepress.com


200
0

0.5

A
bs

or
ba

m
ce

 (A
.U

)

1

1.5

260
305

2

2.5

OH
trans-resveratrol

trans-resveratrol

cis-resveratrol

cis-resveratrol

OH

OH

OH

HO

A)

B)

HO

300 400 500

Wavelength (nm)
600 700 800

Figure 2 Isomers of resveratrol: (A) structural and (B) ultraviolet–visible spectrum differences.

Res

Res

Absence or presence NaAuCI4

Stir overnight

3x Res

Stir

15 min at
room

temperature

Low trans-resveratrol loading

High trans-resveratrol loading

OH

OH

HO

Scheme 1 Synthetic route for resveratrol gold nanoparticles (Res-AuNPs) and resveratrol-gum arabic- conjugated gold nanoparticles (Res-GA-AuNPs). The 3x Res to

increase the resveratrol corona around the AuNPs.

Dovepress Thipe et al

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
4415

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


predominantly exists in the trans configuration.22 The cis iso-

mer has been reported to lack any pharmacological activity

owing to rapid glucuronidation, which results in a lower bioa-

vailability and effectiveness.23 Allan et al24 reported the

absorptivity of the trans-resveratrol solution, absorbing at 305

nm (4.07 eV), and cis-resveratrol at 260 nm (4.77 eV).

For phytochemical-based medicines to become more

effective in treating cancers and various other debilitating

diseases, it is imperative to develop innovative strategies to

enhance the biological half-lives of therapeutic

phytochemicals.4,12 As part of our pioneering strategy to

apply green nanotechnology in the design of

nanoceuticals,12,16,17,25–44 we herein report an innovative

green nanotechnology approach towards the use of resvera-

trol as a reducing and stabilizing agent for the synthesis of

biocompatible resveratrol-conjugated gold nanoparticles

(Res-AuNPs).45 We report the comprehensive characteriza-

tion of Res-AuNPs using ultraviolet–visible (UV-vis) spec-

trophotometry, dynamic light scattering (DLS), quantitative

liquid chromatography-mass spectrometry–multiple reaction

monitoring (LC-MS-MRM) and transmission electron

microscopy (TEM). We also report the in vitro stability of

Res-AuNPs in various biological media for their ultimate

applications as a new generation of green nanotechnology-

based anti-cancer agents against human breast (MDAMB-

231), pancreatic (PANC-1) and prostate (PC-3) cancers.

This paper reports on our successful strategy to system-

atically increase the corona of resveratrol on AuNPs, as

part of our efforts to gain insights into the interrelationship

of the phytochemical corona with the overall anti-tumor

activities of Res-AuNPs. A threefold increase in the

resveratrol corona on Res-conjugated AuNPs showed

superior anti-cancer effects owing to the high resveratrol

corona around the AuNPs' surface. Dark-field microscopic

(CytoViva) images revealed that 3× Res-AuNPs had an

optimal cellular uptake after 24-hour incubation.

A synergistic approach facilitated by gum arabic (GA)

increased the overall stability and provided a protein

matrix support for enhanced trans-resveratrol loading

onto the surface of the AuNPs.
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Figure 3 Ultraviolet–visible spectrum: (A) trans-resveratrol used in the reaction; (B) AuNPs in the absence of GA; and (C) AuNPs in the presence of GA. The threefold

increase in resveratrol significantly increased the AuNP-conjugated trans-resveratrol molecules.

Abbreviations: Res, resveratrol; AuNPs, gold nanoparticles; GA, gum arabic.
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Materials and methods
Materials
Resveratrol ≥99% (HPLC), 99% sodium tetrachloroaurate

(III) dihydrate (NaAuCl4), DL-cysteine 97%, BSA and

human serum albumin (HSA) lyophilized powder, sodium

chloride (NaCl), PBS, DAPI, MTT and trypan blue were

all purchased from Sigma-Aldrich Chemical Company (St

Louis, MO, USA). L-Histidine 98%, GA and TrypLE

Express were from Thermofisher Scientific (Waltham,

MA, USA), while FBS, DMEM media and RPMI media

were obtained from Life Invitrogen (New York, NY,

USA). Breast (MDAMB-231), pancreatic (PANC-1) and

prostate (PC-3) cancer cells were obtained from the

American Type Culture Collection (ATCC, Manassas,

VA, USA).

Characterization of Res-AuNPs and Res-

GA-AuNPs
The surface plasmon resonance (SPR) of AuNPs and the

absorption measurements of the conjugated Res- and Res-

GA molecules were recorded using Varian Cary 50 UV-vis

spectrophotometers (Agilent Technologies, Santa Clara,

CA, USA). The hydrodynamic size and the surface charge

were determined using a Zetasizer Nano ZS (Malvern

Instruments, Northampton, MA, USA) and the core size

was measured using the JEOL-1400 transmission electron

microscope (TEM) (JEOL, Tokyo, Japan) while the high

resolution TEM images were collected on the FEI Tecnai

F30 G2 Twin TEM. The size distribution was determined

with ImageJ 1.50i software by processing the TEM

images. Surface conjugation and functional groups were

determined by Fourier-transform infrared spectroscopy

(FTIR) using the Thermo Nicolet Nexus 4700 FT-IR

Spectrometer (Thermofisher Scientific, Waltham, MA,

USA). The amount of conjugated Res molecules was

determined by liquid chromatography–mass spectrome-

try–multiple reaction monitoring (LC-MS-MRM)

(Thermofisher Scientific, USA). The in vitro cellular via-

bility measurements were determined using the

SpectraMax M2 microplate reader (Molecular Devices,

LLC, San Jose, CA, USA).
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Figure 4 Transmission electron microscope images of AuNPs and size distribution: (A) Res-AuNPs; (B) Res-GA-AuNPs.

Abbreviations: AuNPs, gold nanoparticles; Res, resveratrol; GA, gum arabic.
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Resveratrol-conjugated gold

nanoparticles (Res-AuNPs)
The Res-AuNPs were synthesized using the following

approaches to investigate the amount of trans-resveratrol

molecules conjugated onto the surface of the AuNPs.

Resveratrol gold nanoparticles (Res-AuNPs)

The synthesis of Res-AuNPs was carried out in the absence of

GA. In brief, resveratrol (2mg)was added to 6mL of deionized

water and the reaction mixture was stirred at room temperature

for 10 minutes. To the reaction mixture, 100 μL of 0.1

M NaAuCl4 (in deinoized water) was added while stirring and

the mixture was allowed to stir overnight to achieve optimal

resveratrol capping. The formation ofAuNPswas evident based

on the mixture’s color change from yellow to a clear dark red

solution,whichwas characterizedbyUV-vis absorption spectro-

scopy, Zetasizer Nano and TEM instrumentation techniques.

Utility of gum arabic to stabilize

resveratrol-encapsulated gold nanoparticles

(Res-GA-AuNPs)

We have applied our pioneering research on the utility of US

Food and Drug Administration (FDA)-approved GA protein to

stabilizeAuNPs.29,32,35,36,40,42 The synthesis ofRes-GA-AuNPs

was carried out in the presence of GA. In brief, resveratrol

(2 mg) and GA (3 mg) were added to 6 mL doubly deionized

water. Themixture was stirred for 10minutes and 100 μL of 0.1

M NaAuCl4 (in deionized water) was added while stirring at

room temperature. The mixture was kept on a magnetic stirrer

overnight and then characterized by UV-vis absorption spectro-

scopy, Zetasizer and TEM instrumentation techniques.

Resveratrol corona effect on gold nanoparticles

(3× Res-AuNPs and 3× Res-GA-AuNPs)

The amount of resveratrol used in the reaction mixture was

increased to 6 mg based on the above-mentioned methods
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Figure 5 Transmission electron microscope images of AuNPs and size distribution: (A) 3× Res-AuNPs; (B) 3× Res-GA-AuNPs.

Abbreviations: AuNPs, gold nanoparticles; Res, resveratrol; GA, gum arabic.

Table 1 Physicochemical data parameters of Res-AuNPs and

Res-GA-AuNPs

Sample Res-

AuNPs

3× Res-

AuNPs

Res-GA

-AuNPs

3× Res-

GA-

AuNPs

Size (nm)

Hydrodynamic size 56.1 107.7 64.1 187.7

Core size 16.1±5.0 16.0±4.0 14.9±4.4 16.7±4.6

Capping 40 91.8 49.2 171

Zeta potential (mV) −25 −26 −22 −24

Au concentration (µg/

mL)a
142 150 153 162

Resveratrol

Res concentration

(µg/mL)b
187 423 188 408

AuNPs per mL 7.3×1012 7.6×1012 9.4×1012 6.7×1012

Notes: aInductively coupled plasma atomic emission spectroscopy; bFolin–

Ciocalteu polyphenol concentration.

Abbreviations: Res, resveratrol; AuNP, gold nanoparticle; GA, gum arabic.
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for the synthesis of 3× Res-AuNPs and 3× Res-GA-

AuNPs to increase the number of trans-resveratrol-

conjugated molecules on the surface of AuNPs.

In vitro stability study of Res-, 3× Res-,

Res-GA- and 3× Res-GA-AuNPs
The in vitro stability of the AuNPs was investigated in the

presence of different biological fluids (ie, 0.5% BSA, 0.5%

HSA, 0.5% cysteine, 0.2 M histidine, 1% NaCl, RPMI and

DMEMmedia, PBS at pH 5, pH 7 and pH 9). In brief, 200 µL

of AuNPs was added to 1.5 mL microcentrifuge tubes, each

containing 800 µLof each biological solution, and incubated for

1 hour, 24 hours and 1 week at room temperature. The stability

was measured by recording the SPR peak of the AuNPs using

UV-vis spectrophotometry.

Quantification of resveratrol molecules

on the surface of AuNPs
Folin–Ciocalteu phenol quantification

A standard curve was generated using known concentrations

of resveratrol (500, 250, 125, 62.5, 31.3 and 15.6 µg/mL).

Using the standard curve, the amount of resveratrol was

determined by extrapolation. In brief, 1 mL of Res-AuNPs

was added to a 5 mL centrifuge tube and 500 µL of 1:10

Folin–Ciocalteu phenol reagent and 1 mL of 7.5% (w/v)

sodium carbonate solution were added to the tube. The tube
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Figure 6 Liquid chromatography–multiple reaction monitoring of (A) Res standard curve and (B) Res-conjugated AuNPs. The signal (AUC) for resveratrol was normalized

to the AUC for tolbutamide internal standard. The average response (AUC-mangiferin/AUC-tolbutamide; AUC-RES/AUC-Tol) from triplicate injections was plotted.

Linearity for resveratrol was good (R2>0.99) across the entire calibration range.

Abbreviations: Res, resveratrol; AuNPs, gold nanoparticles; GA, gum arabic; AUC, area under the curve.
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was incubated at 30°C for 30 minutes in the dark, and

a SpectraMax M2 microplate reader was used to determine

the amount of resveratrol by measuring at 750 nm.

LC-MS-MRM

The amount of resveratrol conjugated to the surface of the

AuNPs was further quantified using LC-MS-MRM on

a Quantiva instrument (Thermofisher, USA). Method develop-

ment was conducted to determine MRM transitions for resver-

atrol and its retention time on the column. The AuNPs were

centrifuged at 16,000 × g in a microcentrifuge tube and the

supernatant was diluted 1:10,000 with an internal standard

solution (30 ng/mL tolbutamide in 5% acetonitrile/1% formic

acid). Then 25 µL aliquots were transferred into autosampler

vials and placed in a cooled (7°C) autosampler. An MRM

transition consists of a precursor–fragment pair that allows the

mass spectrometer (Thermo Scientific TSQ Quantiva QQQ) to

ignore every molecule in a sample except the resveratrol to

facilitate accurate quantitation with very high specificity and

sensitivity. To specifically quantify the resveratrol, two opti-

mized transitions were generated, as follows. The stock solution

of Res (2.5 mg/mL in ethanol) was diluted 1:1,000 in 70%

acetonitrile/0.1% formic acid. This solution was then analyzed

by direct infusion (3 µL/min). Prominent peaks for the +1 ion of

resveratrol (228.25 g/mol) were observed and fragmentation

was optimized. The tolbutamide (internal standard) was opti-

mized with the following ionization conditions: ionization vol-

tage 1,600 V, Q1 and Q3 resolution 0.7 (full-width half-

maximum), collision gas 1.5 mTorr, collision energy at 32 eV,

dwell time 200 ms and source temperature 120°C.

Quantification was performed using MRM with transitions

of m/z 271→91 for tolbutamide (internal standard). Thereafter,

30 ng/mL internal standard solvent and 25 ng/mL resveratrol

were injected onto the C18 column, and retention times were

determined.

In vitro cell viability efficacy of AuNPs
The AuNPs were investigated for their in vitro anti-cancer cell

viability efficacy against breast (MDAMB-231), pancreatic

(PANC-1) and prostate (PC-3) cancer cell lines using the MTT

cell proliferation assay, performed according to the manufac-

turer’s recommendations. In brief, 100µL of 4×104 cells of each

cell line in the exponential growth phase were seeded in each

well of a flat-bottomed 96-well polystyrene-coated plate and the

plateswere incubated at 37°C for 24 hours in a CO2 incubator at

5% CO2 atmosphere. The cells were incubated with different

concentrations of AuNPs (200–6.3 µg/mL) and free resveratrol

at different concentrations (200–6.3µg/mL) for 24 and48hours.

After incubation, 10 μLofMTTdye (stock solution 5mg/mL in

PBS)was added and the plateswere incubated for 3 hours. After

A B

C D
2 nm 5 nm

5 nm 5 nm

Figure 7 High-resolution transmission electron microscopy images of AuNPs demonstrating lattice fringes: (A) Res-AuNPs: d=0.17 nm, (B) 3× Res-AuNPs: d=0.14 nm, (C)

Res-GA-AuNPs: d=0.17 nm, and (D) 3× Res-GA-AuNPs: d=0.17 nm.

Abbreviations: AuNPs, gold nanoparticles; Res, resveratrol; GA, gum arabic.
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3-hour incubation, the formed formazan crystals were dissolved

in 100µLofDMSOand the intensity of the developed colorwas

measured by a SpectraMax M2 microplate reader (Molecular

Devices, LLC, San Jose, CA, USA) operated at 570 nm wave-

length. All experiments were performed three times in quad-

ruplicate, and the percentage of cell viability was calculated

using the formula: [(T/C) ×100], where C = absorbance of

control and T = absorbance of treatment. The half-maximal

inhibitory concentration (IC50) was determined using

GraphPad Prism Version 6.01 software.

Cellular uptake of Res- and Res-GA-AuNPs
Cellular internalization of AuNPs using dark-field

CytoViva microscopy

In vitro cellular internalization (endocytosis) analysis of

AuNPs was performed using a dark-field CytoViva micro-

scopic technique. Ultraclean and sterile coverslips were kept

in six-well plates and 8×105 cells per well were seeded into

six-well plates in media (DMEM for MDAMB-231 and

PANC-1 cells, and RPMI for PC-3 cells) and incubated for

24 hours in a 5% CO2 incubator at 37°C. Res-AuNPs, 3×

Res-AuNPs, Res-GA-AuNPs and 3× Res-GA-AuNPs (50

µg/mL) were added to cells, followed by 2-, 4- and 24-hour

incubation at 37°C. After incubation, the cells were washed

with 1× PBS (1 mL) and fixed with 1 mL 4% paraformalde-

hyde in PBS that had been incubated in the dark at room

temperature for 15 minutes. Thereafter, the cells were further

washed three times with cold 1× PBS (1 mL). Slides were

prepared using DAPI nuclear dye and the slides were

observed under CytoViva dark-field microscopy coupled

with dual-mode fluorescence. Cell morphology was initially
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Figure 8 In vitro stability study of (A) Res-AuNPs, (B) 3× Res-AuNPs (insert, magnified plasmon peak), (C) Res-GA-AuNPs, and (D) 3×Res-GA-AuNPs (insert, magnified

plasmon peak) in different biological media after 24 hours.

Abbreviations: Res, resveratrol; AuNPs, gold nanoparticles; GA, gum arabic.

Table 2 Anti-tumor IC50 (µg/mL) cell viability efficacy of AuNPs

Sample Cancer cells

MDAMB-231 PANC-1 PC-3

Res-AuNPs N/A N/A N/A

3× Res-AuNPs 40 79 38

Res-GA-AuNPs N/A 200.4 N/A

3× Res-GA-AuNPs 72 72 59

Abbreviations: AuNP, gold nanoparticle; Res, Resveratrol; GA, gum arabic;

MDAMB-231, breast cancer; PANC-1, pancreatic cancer; PC-3, prostate cancer;

N/A, not applicable.
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observed, followed by uptake of AuNPs. Images were cap-

tured via Dage Imaging Software at 40× magnification.

Statistical analysis
Statistical analysis was performed using GraphPad Prism

Version 6.01 software (GraphPad Software, San Diego,

CA, USA). Statistical evaluation was measured using the

two-way ANOVA test to verify the effects of treatment.

The IC50 was determined to compare the average of the

treatment group to the average of the control group.

Statistical tests with p<0.05 were considered significant.

All results are presented as mean ± SEM.

Results and discussion
Synthesis and characterization of

Res-AuNPs and Res-GA-AuNPs
In our green nanotechnology investigations, as discussed

in the following sections, we have focused on the
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2499 2499

1645 1645
707 707

3385 3385

2211

1212

1646
610

2285

3277

1195
3292 1647 665

3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm-1)
3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm-1)

2306

1649
1203

651
3385

2287

3258 1647

12161063

656

Tr
an

sm
itt

an
ce

 %

Tr
an

sm
itt

an
ce

 %

A B
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production of resveratrol-conjugated AuNPs with varying

corona of the phytochemical for subsequent investigations

of their anti-tumor efficacy. We have also focused on the

role of GA as an encapsulating agent on AuNPs in order to

explore the applicability of this plant-based protein to

enhance the corona of resveratrol bound to AuNPs.12

GA is a natural complex polysaccharide composed of

highly branched units in glycoproteins and

polysaccharides.46,47 Species of Acacia senegal and Acacia

seyal, which are indigenous to the African continent, have

a high content of GA, which is used as a stabilizer in the

food industry.48 Because of its highly branched structure, GA

can improve the stability of nanoparticles by providing

a support matrix for drug loading and delivery.40,42,48

Extensive research on AuNPs as a delivery carrier has shown

effective delivery of biomolecules and drugs.4 This is attribu-

ted to the high surface area-to-volume ratio of AuNPs, which

allows for increased phytochemical conjugation. AuNPs also

offer the advantage of being a contrast agent for in vivo ima-

ging and for therapeutic applications.4,12,35,49,50

Recent studies have demonstrated that AuNPs significantly

improved the diagnostic and therapeutic capabilities of nano-

medical products. For example, AuNPs are used in biosensor

development for signal amplification owing to their optical and

electrochemical sensing capabilities.51 Moreover, AuNPs have

demonstrated promise in the advancement of cancer treatment

by inhibiting cell proliferation, activating a cascade of pathways

to induce apoptosis,25,26,31,35,38,40,42,52 affecting mitochondrial

functioning and inhibiting cellmigration.53–60Despite consider-

able past efforts in the diagnosis and therapy of cancer, there is

still a continuingpursuit toward discovering effectivemodalities

that limit the side effects caused by current treatments. We

postulated that GA would provide a supportive matrix for

increased trans-resveratrol conjugation ontoAuNPs, thus allow-

ing subsequent delivery of the therapeutic phytochemical for

cancer treatment. Tovalidate this hypothesis,wehave embarked

on: 1) the green synthesis of Res-GA-AuNPs and 2) complete

characterization of AuNPs for stability and cellular internaliza-

tion. Overall, this work is focused on increasing the trans-

resveratrol corona conjugated on AuNPs and a GA matrix to

increase resveratrol bioavailability for synergistic therapeutic

effects of both resveratrol and biocompatible AuNPs. The

results reported herein also considered that the development of

effective nano-nutraceutical modalities for cancer therapy is of

paramount importance in achieving high therapeutic benefits for

patients, because surgery, chemotherapy and radiation present

high risks affecting a patient’s quality of life.

Resveratrolwas used because of its potency as a natural anti-

cancer agent.19,61–65 Themolecular electron density and chemi-

cal reactivity of the cis- and trans-resveratrol isomers mean that

they play a fundamental role as antioxidants aswell as chelating

agents for metal ions. The redox properties of resveratrol pro-

vide a surface potential via the hydroxyl groups. Quantum

chemical calculations have revealed that resveratrol has a high

electronegativity (χ) value at 3.23 eV, thus facilitating the reduc-

tion of Au3+ to Au0 through its phenolic O–Hbond dissociation

enthalpy, and a large χ value demonstrates a potent anti-

inflammatory activity.66 In the present study, we have investi-

gated the optimal incorporation and stabilization of Res-AuNPs

and Res-GA-AuNPs by increasing the trans-resveratrol-

conjugated molecules on the surface of AuNPs. The stability

of Res-AuNPs, synthesized in the presence of GA, was
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Figure 11 (A) Cellular morphological changes after treatment with Res-AuNPs and Res-GA-AuNPs for 24 hours. (B) Cellular morphological changes after treatment with

3× Res-AuNPs and 3× Res-GA-AuNPs for 24 hours. The red circles show the cell debris, representing cell death.

Abbreviations: Res, resveratrol; AuNPs, gold nanoparticles; GA, gum arabic.
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evaluated in biological media in comparison with Res-AuNPs

without GA. The concentration of resveratrol was increased to

form multiple layers of resveratrol corona on the surface of

AuNPs to achieve optimum corona effects, as shown in

Scheme 1.

The efficacy of AuNPs as anti-tumor agents was eval-

uated against breast, pancreatic and prostate cancer cells

(MDAMB-231, PANC-1 and PC-3, respectively). The

Res-AuNPs were produced by reacting specific amounts

of resveratrol molecules (333 µg/mL) with NaAuCl4 in the

absence and presence of GA. The successful production of

AuNPs was corroborated by spectrophotometric measure-

ments, evident in the SPR peak at 535 and 545 nm for

Res-AuNPs and Res-GA-AuNPs, respectively. Similar

SPR peaks were reported by Khoobchandani et al,44

Gamal-Eldeen et al,42 Geraldes et al,41 Pasanphan et al67

and Suganthy et al.45 Moreover, the UV-vis spectra for the

three-fold samples (3× Res-AuNPs and 3× Res-GA-

AuNPs) show a 306 nm peak indicating increased trans-

resveratrol coating onto the surface of AuNPs (Figure 3).
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Figure 12 Effectiveness of Res-AuNPs and Res-GA-AuNPs on cell viability of breast (MDAMB-231), pancreatic (PANC-1) and prostate (PC-3) cancer cells.

Abbreviations: Res, resveratrol; AuNPs, gold nanoparticles; GA, gum arabic.
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Further characterization of Res-AuNPs using the Zetasizer

Nano ZS provided the hydrodynamic size and the surface

charge of Res-AuNPs with and without GA. The TEM images

revealed that the core sizes of the Res-AuNPs and Res-GA-

AuNPs were 16.1±5.0 and 14.9±4.4 nm, respectively, as shown

in Figure 4. The 3× Res-AuNPs and 3× Res-GA-AuNPs, as

expected, showed an increase in the hydrodynamic size, indica-

tive of the increased trans-resveratrolmolecule conjugation onto

the surface of the AuNPs. The results obtained from TEM

images indicate that the 3× Res-AuNPs and 3× Res-GA-

AuNPs have core sizes of 16.0±4.0 and 16.7±4.6 nm, respec-

tively (Figure 5). The TEM images confirmed that the AuNPs

are sufficiently mono-dispersed and spherical. There was no

significant change in core size between the 1× Res- and 3×Res-

AuNPs in the absence or presence of GA. The negative surface

charge revealed that Res-AuNPs show no tendency to agglom-

erate, thus confirming their stability. The overall physicochem-

ical parameters are summarized in Table 1.

The amount of resveratrol molecules conjugated to the sur-

face of AuNPs was quantified using LC-MS-MRM on the

Quantiva, as shown in Figure 6. The Res-AuNPs (423 ng/mL)

and Res-GA-AuNPs (914 ng/mL) have significantly lower

amounts of resveratrol loading compared to 3× Res-AuNPs in

the overall transformation where Res reduces the Au3+ to Au0

and subsequently surface coats the AuNPs. On the other hand,

3× Res-AuNPs (16,181 ng/mL) and 3× Res-GA-AuNPs

(18,350 ng/mL) have 38-fold and 20-fold increases in the

amount of resveratrol molecules on the AuNPs, respectively.

The high-resolution TEM images revealed that Res

AuNPs are highly crystalline. The lattice fringes d-spacing

values between the lattice planes are 0.17, 0.14, 0.17 and

0.17 nm for Res-AuNPs, 3× Res-AuNPs, Res-GA-AuNPs

and 3× Res-GA-AuNPs, respectively (Figure 7).45 The

sizes of individual Au0 atoms are: Res-AuNPs: d=0.135

nm; 3× Res-AuNPs: d=0.11 nm; Res-GA-AuNPs: d=0.12

nm; and 3× Res-GA-AuNPs: d=0.13 nm, where d is the

space between two planes of gold atoms in a crystal.

In vitro stability studies
In vitro stability of Res-AuNPs and Res-GA-AuNPs was eval-

uated by monitoring the surface plasmon resonance peak (λmax)

over a 24-hour incubation in biological media (0.2 M histidine,

0.5% cysteine, 1% NaCl solution, 0.5% HSA, 0.5% BSA, PBS

at pH5, pH7 and pH9) as shown inFigure 8. The plasmonpeak

of Res-AuNPs and Res-GA-AuNPs demonstrated excellent

stability after 24 hours; thiswas due to the electrostatic repulsion

of the high surface negative zeta potential showing no tendency

of the AuNPs to aggregate. Moreover, it is of paramount

importance for in vivo therapy applications that the trans-

resveratrol conjugated onto the AuNPs remains intact for an

optimum length of time to provide anti-cancer effects in vivo.

Our data unequivocally demonstrate that trans-resveratrol mole-

cules on the surface of AuNPs are stable, thus showing potential

for delivering optimal therapeutic efficacy in cancer therapy (see

Tables 1 and 2).

FTIR spectroscopy was used to investigate the functional

group conjugation of resveratrol on the surface of AuNPs. The

spectral data of Res-AuNPs, 3× Res-AuNPs, Res-GA-AuNPs

and 3× Res-GA-AuNPs revealed the presence of hydroxyl

groups due to the broad absorption centered between 3,277

and 3,385 cm−1 from the conjugated resveratrol and GA mole-

cules, respectively. The peaks between 2,211 and 2,306 cm−1

correspond to aliphatic C–Hbonds and the bands between 1,646

and 1,649 cm−1 are due to the carboxylate C–O bond.45 The

peaks between 1,212 and 1,203 cm−1 are attributed to the phenol

C–O stretching, which suggests that the resveratrol molecules

are conjugated to theAuNPs via this bond, as shown in Figure 9.

Moreover, the 3× Res-GA-AuNP spectral data showed a very

weak peak at 1,063 cm−1 due to C–N stretching shift. The peaks

in the 610–670cm−1 range represent theO–Hout-of-planebend.

This FTIR spectrum confirmed the conjugation of resveratrol

molecules on the surface of AuNPs, and is corroborated by

similar data reported by Suganthy et al.45

Cellular internalization study by dark-field

microscopy

The cellular internalization of Res-AuNPs and Res-GA-

AuNPs was evaluated by CytoViva dark-field optical

microscopy after 2-, 4- and 24-hour incubation periods in

MDAMB-231, PANC-1 and PC-3 cancer cells. Dark-field

microscopic images suggested that Res-AuNPs and Res-

GA-AuNPs are efficiently internalized into tumor cells

within 2 hours of treatment, with optimum cellular uptake

occurring between 4 and 24 hours of treatment, as shown

in Figure 10A and B. The nucleus of the cell is stained by

DAPI (blue color), the cytoplasm appears as a white color

around the nucleus and nanoparticles are depicted by

bright orange spots. An increase in incubation time is

directly proportional to increased cellular internalization;

this was further confirmed by the localization of the

AuNPs within the cells. The results revealed a significant

uptake of AuNPs into cancer cells at 24-hour incubation,

suggesting that resveratrol biomolecules conjugated to

AuNPs enhance phytochemical drug carrier capabilities

for direct cancer therapy applications.
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Cellular morphological study of

Res-AuNPs and Res-GA-AuNPs
The cellular morphological integrity of the cells treated with

Res-AuNPs andRes-GA-AuNPswas investigated by confocal

microscopy 24 hours post-incubation. Our results indicate that

the cellular density, post-incubation with Res-AuNPs,

decreased, while cellular debris representing cell death was

prevalent in all treated cells, as shown in Figure 11A. The

results for the threefold AuNP showed highly pronounced

effectiveness in cell death (Figure 11B), thus validating our

hypothesis on the interrelationship between the amount of

resveratrol loading on AuNPs and effective cancer therapy.

Our cellular images strongly indicate evidence of apoptotic

events, which include nuclear condensation, cell shrinkage,

fragmentation and dysfunction, suggesting a point-of-no-

return apoptotic cancer cell destruction.

Cell viability study of Res-AuNPs and

Res-GA-AuNPs against MDAMB-231,

PANC-1 and PC-3 cells
We have performed a comprehensive investigation on

the cellular viability effectiveness of Res-AuNPs, Res-

GA-AuNPs (including their threefold counterparts),

free resveratrol and free GA against MDAMB-231,

PANC-1 and PC-3 cancer cells. The results provide

compelling evidence that the anti-tumor efficacy was

concentration dependent. The threefold resveratrol

corona on AuNPs (3× Res-AuNPs and 3× Res-GA-

AuNPs) showed significantly more effective anti-

cancer characteristics compared to 1× Res-AuNPs

and Res-GA-AuNPs (Figure 12 and Table 2). The

effectiveness of free resveratrol molecules was similar

to that of 1× Res-AuNPs and Res-GA-AuNPs. Overall,

the 3× Res-AuNPs and 3× Res-GA-AuNPs showed the

highest efficacy, and this is attributed to the increased

trans-resveratrol cargo onto the AuNPs.

Conclusions
TheMTTassay results clearly show that the higher corona of

Res onto AuNPs maintains tight binding of the phytochem-

ical onto the plethora of gold atoms on the AuNP surface.

This interaction, with or without the GA, provides excellent

loading of the phytochemical with consequent efficient anti-

tumor effects, as shown for breast, prostate and pancreatic

tumor cells (Figures 11 and 12). The hydrodynamic sizes

with enhanced corona of resveratrol (3× Res-AuNPs) are still

within the range (<200 nm diameter) allowing efficient

penetration/endocytosis of AuNPs across tumor cells.68–70

The entry of Res-AuNPs into tumor cells provides synergis-

tic anti-tumor effects owing to the natural anti-angiogenesis

properties of AuNPs. Production of a range of combinations

of AuNPs using the anti-tumor Res phytochemical, along

with AuNPs, therefore provides dual anti-tumor effects, from

both the AuNPs and the phytochemical, for applications of

this class of nanomaterials in tumor therapy. Combinations of

resveratrol and other phytochemicals with gold metal,

referred to as Swarna Bhasma, have been extensively used

in the Indian Ayurvedic medicine for thousands of years in

treating various diseases and disorders. The resveratrol-func-

tionalized gold nanoparticles, as described in this paper, may

be considered as a modern equivalent of the Ayurvedic

Medicine 'Swarna Bhasma' for potential applications in the

Holistic approach to medicine.

Abbreviation list
FTIR, Fourier-transform infrared spectroscopy; GA, gum

arabic; HSA, human serum albumin; LC-MS-MRM, liquid

chromatography–mass spectrometry–multiple reaction mon-

itoring; MDAMB-231, braest cancer cell line; PANC-1, pan-

creatic cancer cell line; PC-3, prostate cancer cell line; Res,

resveratrol; SPR, surface plasmon resonance; TEM, trans-

mission electron microscopy; UV-vis, ultraviolet–visible.
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