International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine Dove

3

ORIGINAL RESEARCH

Novel green synthesis of gold nanoparticles
using Citrullus lanatus rind and investigation of
proteasome inhibitory activity, antibacterial, and
antioxidant potential

Jayanta Kumar Patra
Kwang-Hyun Baek
School of Biotechnology, Yeungnam

University, Gyeongsan, Gyeongbuk,
Republic of Korea

Correspondence: Kwang-Hyun Baek
School of Biotechnology, Yeungnam
University, Gyeongsan, Gyeongbuk
712-749, Republic of Korea

Tel +82 53 810 3029

Fax +82 53 810 4769

Email khbaek@ynu.ac.kr

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

2 December 2015

Number of times this article has been viewed

Abstract: Biological synthesis of nanoparticles using nontoxic, eco-friendly approaches is
gaining importance owing to their fascinating biocompatibility and environmentally benign
nature. This study describes the green synthesis approach for synthesis of gold nanoparticles
(ANPs) using aqueous extract of the rind of watermelon as a fruit waste and evaluate its biopo-
tential in terms of proteasome inhibitory activity, antibacterial, and antioxidant potential. The
synthesized ANPs were characterized using UV—vis spectroscopy, scanning electron microscopy,
X-ray diffraction, Fourier-transform infrared spectroscopy, and thermogravimetric analysis.
The surface plasmon resonance spectra of ANPs were obtained at 560 nm. Scanning electron
microscopy image revealed that particles had a spherical shape and have a size distribution of
20-140 nm, followed by the elemental analysis by energy-dispersive X-ray spectroscopy. X-ray
diffraction analysis confirmed the crystallite nature of the ANPs and Fourier-transform infrared
spectroscopy revealed the involvement of bioactive compounds from watermelon rind in the
synthesis, capping, and stabilization of ANPs. ANPs exhibited potential antibacterial activity
against five different foodborne pathogenic bacteria with diameter of inhibition zones ranged
between 9.23 and 11.58 mm. They also displayed strong synergistic antibacterial activity together
with kanamycin (11.93-21.08 mm inhibition zones) and rifampicin (10.32-24.84 mm inhibi-
tion zones). ANPs displayed strong antioxidant activity in terms of DPPH radical scavenging
(24.69%), nitric oxide scavenging (25.62%), ABTS scavenging (29.42%), and reducing power.
Significantly high proteasome inhibitory potential of the ANPs (28.16%) could be highly useful
for cancer treatment and targeted cancer drug delivery. Overall, results highlight a potential low-
cost green method of synthesizing ANPs from food waste materials. Significant biopotentials
of synthesized ANPs could make it a potential candidate for its application in the biomedical,
pharmaceutical, cosmetics, and food sectors.

Keywords: antibacterial, antioxidant, gold nanoparticles, proteasome inhibitor, watermelon
peel, green synthesis, biosynthesis

Introduction

Some natural compounds have the ability to reduce metal ions into metal nanoparticles.!
However, the shape, size, and morphology of nanoparticles play important roles in
controlling their physical and chemical properties.?* These unique, interesting physical,
chemical, and biological properties of the nano-ranged materials have attracted the
present scientific world for their potential applications in different biomedical, elec-
trical, and applied sciences.* Chemical reduction methods are usually used for the
synthesis of high amounts of metal nanoparticles on an industrial scale, however,
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they are more expensive, hazardous to the environment, and
require consumption of high levels of energy.>* Synthesis of
nanoparticles using various noble metals has the potential
for use in a wide range of biomedical applications such as
antibacterial agents, cancer treatments, DNA analysis, drug
carriers for targeted delivery, gene therapy, magnetic reso-
nance imaging, and molecular imaging, as well as in biosen-
sors, catalysis, and separation science owing to their unique
physical and chemical properties.®’ Metal nanoparticles are
widely applied in the biomedical and pharmaceutical fields;
therefore, there is an increasing demand for their production
using eco-friendly and nontoxic approaches that are more
stable during large-scale production and applications.>?
Biological synthesis of nanoparticles using green technol-
ogy has been receiving increased attention owing to their
eco-friendly and nontoxic nature.® Biological synthesis of
nanoparticles using plant extracts, plant products, bacteria,
yeast, and fungi has been suggested as a valuable alternative
tool toward traditional chemical synthesis methods.”

Recently, synthesis of gold nanoparticles (ANPs) has been
the focus of intense scientific research owing to their fascinat-
ing chemical, electronic, and optical properties and potential
applications in biomedicine, sensing, and catalysis.'>!* The
ANPs are a promising candidate for biomedical engineering
and drug delivery applications owing to their unique dimen-
sions, nontoxicity, surface functionalities, and capacity for
controlled drug release.’* Moreover, these nanoparticles
can effectively overcome all the physiological barriers and
transport the drug to specific target areas such as intracellular
compartments or specific cells via passive or ligand-mediated
targeting approaches.'®

One of the important tasks for synthesis of ANP, how-
ever, is the development of a simple environmentally benign
method for preparation of ANPs using biological sources.'"!®
Conventional synthetic methods for the synthesis of ANPs
using chemicals such as sodium citrate, sodium borohy-
dride, and organic solvents have raised concerns regarding
their health hazards and environmental toxicity.'”'® Green
technology methods for the synthesis of biogenic ANPs are
eco-friendly, nontoxic, and cost-effective with unique proper-
ties and applications in the biological tagging, biomedical,
and pharmaceutical fields." Recently, agricultural wastes
such as banana peels® and custard apple peels,?! which are
rich in phenolic compounds, pectin, and lignin, have been
investigated for their potential for synthesis of different
nanoparticles. However, additional studies investigating
the potential use of other fruit peel extracts from food and
agricultural biowastes as surfactants/reductants for the

synthesis of different types of nanoparticles still need to be
fully explored.

In general, the emergence of different types of infectious
diseases caused by different pathogenic and antibiotic-
resistant bacteria poses a serious threat to the public health
worldwide. Over the years, the intensive use of antibiotics
to control infections has resulted in the development of
antibiotic-resistant pathogens.?? Considering the unique
properties of various nanoparticles, they have been utilized
in medical practices and biomedical research.? Furthermore,
the nanoparticles affect the pathogenic bacteria by causing
toxicity in the bacterial cell, however, they do not affect the
normal cells and hence such particles are safe to use in drug
formulation.?

The proteasomes are large multicatalytic proteinase
complexes located in the cytoplasm and nucleus of all the
eukaryotic cells.?® The ubiquitin—proteasome system plays
an essential regulatory role such as cell cycle progression,
proliferation, differentiation, angiogenesis, and apoptosis in
the cellular processes. The alteration of proteasomal activity
contributes immensely to the pathological states of several
clinical disorders such as inflammation, neurodegeneration,
and cancer. Human cancer cells possess an elevated level
of proteasome activity; therefore, inhibition of the protea-
some activity could be a novel approach for treatment of
cancer.”

Watermelon (Citrullus lanatus) is an abundantly available
fruit that is widely consumed worldwide. ® The fruit is edible
and used for making juices and salads; however, the rind is
discarded and currently considered a waste product with no
commercial value. Watermelon outer peel (WMP) consists
of various components, including cellulose, citrulline, pectin,
proteins, and carotenoids,?*?’ therefore, it is abundant in a
variety of functional groups, including carboxylic (pectin)
and hydroxyl (cellulose) compounds.® Additionally, various
components in watermelon have been reported to have anti-
oxidant capacity and bioactivity.?$3°

In this study, we attempted to synthesize colloidal ANPs
using the aqueous extract of WMP and to evaluate the bio-
potentials of ANPs in terms of its proteasome inhibitory
activity, antibacterial, and antioxidant potential.

Materials and methods
Preparation of aqueous extract of the

rind of watermelon

The rind of watermelon (C. lanatus var. lanatus) purchased
from a local supermarket at Gyeongsan was collected after
completely removing the edible portion of the fruit, then
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washed twice with double distilled water. Next, the rind was
cut into small pieces (~10 mm) with a knife, divided into 40 g
aliquots, and immersed in 200 mL of deionized water in a
500 mL conical flask. The mixture was subsequently boiled
for 10 minutes with continuous stirring using a magnetic stir-
rer, after which the watermelon aqueous extract (WAQ) was
cooled, filtered through Whatman no 1 filter paper, collected
into a sterilized bottle, and kept at 4°C until further use.

Green synthesis of ANPs using WAQ

The ANPs were prepared by suspending 10 mL of WAQ in
100 mL of 1 mM auric chloride (AuCl,, Sigma-Aldrich Co.,
St Louis, MO, USA) with continuous stirring in a 500 mL
conical flask at room temperature.*' The reduction of AuCl, to
ANPs occurred rapidly and resulted in a change in the color of
the solution from colorless to dark brown after 1 hour of incu-
bation. The ANPs solution was then centrifuged at 10,000 rpm
for 30 minutes in a high-speed centrifuge (Supra 22K, Hanil
Science Industrial CO., Ltd, Daejeon-Dong, Gangneung-Si,
Korea), after which the pellets were washed twice with
distilled water and dried to powders using a vacuum dryer
(LVS 201T, ILMVAC GmbH, Ilmenau, Germany).

Characterization of synthesized ANPs

The synthesized ANPs were characterized by various
analytical measurements, including UV—vis spectroscopy,
Fourier-transform infrared spectroscopy (FT-IR), thermo-
gravimetric analysis (TGA), scanning electron microscopy
(SEM), energy-dispersive X-ray (EDX) analysis, and X-ray
powder diffraction (XRD) analysis.>?!

The reduction of Au ions in the reaction medium was
monitored by measuring the absorption spectra of the colloi-
dal solution at a resolution of 1 nm between 350 and 750 nm
using a microplate reader (Infinite 200 PRO NanoQuant,
Tecan, Méannedorf, Switzerland). FT-IR analysis of the
synthesized powdered ANPs was conducted using an FT-IR
spectrophotometer (Jasco 5300, Jasco, Mary’s Court, Easton,
MD, USA) in the wavelength range of 400—4,000 cm™. The
sample was blended with potassium bromide in a 1:100
ratio, then compressed to a 2 mm semitransparent disc, after
which the various modes of vibrations were analyzed for the
presence of different types of functional groups in ANPs and
WAQ. The morphology of the ANPs was analyzed using an
SEM. The powdered ANPs were uniformly spread and sput-
ter coated with platinum in an ion coater for 120 seconds,
then observed by SEM (S-4200, Hitachi Ltd., Tokyo, Japan).
The size distribution of the nanoparticle was obtained by
counting 150 particles from an enlarged SEM image.*

Elemental analysis of the powdered ANPs was conducted
using an EDX detector (EDS, EDAX Inc., Mahwah, NJ,
USA) attached to the SEM machine. TGA analysis of the
powdered ANPs was performed on a TGA machine (SDT
Q600, TA Instruments, New Castle, DE, USA). For TGA
analysis, ANPs were placed in an alumina pan and heated
from 20°C to 700°C at a ramping time of 10°C/minute. The
crystalline structure of the powdered ANPs was determined
using an XRD machine (X’Pert MRD model, PANalytical,
Almelo, the Netherlands). The machine setup was 30 kV, 40
mA with Cu-Kao radians at an angle of 26.

Proteasome inhibitory activity

The proteasome inhibitory potential of ANPs was assayed
using a 20S proteasome assay kit for drug discovery (ENZO
Life Sciences, Farmingdale, NY, USA) according to the
manufacturer’s protocol. ANP at 10 and 100 pg/mL, and
standard reference compound, epoxomicin at 0.56 and
5.56 pg/mL were used for the assay. Suc-LLVY-AMC
(ENZO Life Sciences, Farmingdale, NY, USA) (37.5 mM)
was used as substrate to estimate the Chymotrypsin-like
proteasomal activity of the ANPs in a 96-well microplate.
The fluorescence intensities were measured at an excitation of
350 nm and emission of 440 nm at 30°C reaction temperature
using the microplate reader.

Antibacterial activity

The antibacterial potential of ANPs was determined by the
standard disc diffusion method.* Five different foodborne
bacteria were used in the study: Bacillus cereus ATCC
13061, Listeria monocytogenes ATCC 19115, Staphylococ-
cus aureus ATCC 49444, Escherichia coli ATCC 43890,
and Salmonella typhimurium ATCC 43174. All pathogens
were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The bacterial pathogens
were maintained on nutrient agar media (Difco, Becton,
Dickinson and Company, Sparks Glencoe, MD, USA) at
4°C until further analysis. Prior to use, powder of ANPs was
dissolved in 5% dimethyl sulfoxide (DMSO, 1,000 pg/mL)
and sonicated at 30°C for 15 minutes to prepare a colloidal
solution, from which a 50 pg/disc was used for the assay.
Kanamycin and rifampicin at 5 pg/disc were taken as posi-
tive controls, whereas 5% DMSO was used as the negative
control. The diameter of zones of inhibition was measured
after 24 hours of incubation at 37°C. The minimum inhibitory
concentration (MIC) and minimum bactericidal concentration
(MBC) were determined by the twofold dilution method,
with minor modifications.**

International Journal of Nanomedicine 2015:10

submit your manuscript

7255

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Patra and Baek

Dove

To investigate the synergistic effects of ANPs, different
concentrations of ANPs (1 mg/mL) and two standard antibiotics
(kanamycin and rifampicin at 200 pg/mL) were mixed at a
1:1 ratio and sonicated for 15 minutes at room temperature.
A total of 50 UL of the ANP—antibiotics mixture containing
25 ng ANPs and 5 g antibiotics were used for determination
of the antibacterial activity by the disc diffusion method.*

Antioxidant activity

The antioxidant potential of the ANPs was determined by
several assay methods, including DPPH free radical scaveng-
ing, nitric oxide scavenging, ABTS free radical scavenging,
and reducing power assay. ANPs and butylated hydroxyl
toluene (BHT, Supelco, Bellefonte, PA, USA) were used as
the standard reference compound at 20—100 pg/mL for all
assays. The WAQ extract was taken as control for all the
antioxidant assays.

The DPPH free radical scavenging potential of ANPs
was determined by the standard procedure.*® The absorbance
of the reaction mixtures was recorded at 517 nm using a
microplate reader, and the results were interpreted according
to the following equation:

0, : — Ac - At 0
% scavenging y x100% (1)

C

where 4 is the absorbance of the control and 4, is the absor-
bance of the treatment.

The nitric oxide radical scavenging potential of ANPs
was determined according to Equation 1 by the standard
method.’” The ABTS radical scavenging activity of ANPs
was measured according to Equation 1 as per the standard
method.*® The reducing power of ANPs was determined in
terms of absorbance at 700 nm by the standard method.*

Statistical analysis

All data are presented as the mean + standard deviation.
Statistical analysis using ANOVA followed by Duncan’s
test at P<<0.05 was conducted using the Statistical Analy-
sis Software (SAS, version 9.4, SAS Institute Inc., Cary,
NC, USA).

Results and discussion
Synthesis of ANPs

The WMP, which consists of various components, includ-
ing cellulose, pectin, proteins, and carotenoids with both
carboxylic and hydroxyl groups, is suitable for extracellular
synthesis of colloidal ANPs from AuCl, aqueous solution.®
Complete reduction of the gold ions was observed after

6 hours of incubation at room temperature. The change in color
of the reaction mixture was observed from 1 hour of incuba-
tion, and the solution was dark purple at 6 hours to complete
dark at 24 hours, confirming the synthesis of colloidal ANPs
in the reaction medium (Figure 1, inset). The color exhibited
by the metallic colloidal nanoparticles was due to the coherent
excitation of all free electrons within the conduction band that
led to the in-phase oscillation (ie, surface plasmon resonance
[SPR]).% The bioactive compounds present in the WAQ might
have provided reducing and stabilizing agents to the metallic
gold ions in the solution to convert them to ANPs.8

Characterization of ANPs

The UV-vis spectroscopy is one of the most common tech-
niques for authentication of the formation and stability of
ANPs in the aqueous solution. ANPs have been reported to
exhibit a dark purple color in aqueous solution that is related
to their intensity and size owing to its SPR.*? The UV—vis
spectra of the synthesized colloidal ANPs recorded at different
time intervals are presented in Figure 1. The absorbance peaks
indexedas A, B, C, D, E, F, G, and H correspond to AuCl, and
the reduction of AuCl, by WAQ with different time intervals
(0 minute, 30 minutes, 1, 3, 6, 12, and 24 hours) at room
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Figure | (A,B) UV-vis spectra of gold nanoparticles synthesized using the aqueous
extract of watermelon rind.

Note: (A) Change in color of the solution with respect to incubation time.
Abbreviations: UV-vis, ultraviolet-visible; min, minutes; h, hours.
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temperature (Figure 1). Spectral analysis revealed that the SPR
absorption maxima peak of ANPs occurred at 560 nm with
a high absorbance value, which is specific for ANPs.*! The
UV-vis spectra were further recorded after 24 hours, but the
intensity of the color did not intensify after 24 hours, confirm-
ing that the reaction was completed within 24 hours.

The WAQ and powdered ANPs were analyzed by FT-IR
to predict the role of reducing and stabilizing capacity of
WMP (Figure 2). The FT-IR analysis of ANPs and WAQ was
performed in the range 0 400—4,000 cm™'. The FT-IR signals
of WAQ and aqueous WMP extract were observed at 3,438,
2,353,2,167, 1,645, 1,087, and 564 cm™'. The FT-IR signals
of ANPs were observed at 3,548, 3,464,2,367, 1,654, 1,106,
and 526 cm™'. The peak band at 3,438 cm™! was responsible
for the OH-stretching vibration in WAQ,* which might have
shifted to 3,464 cm™ in ANPs. These vibrations correspond
to the hydroxyl functional group in alcohols and phenolic
compounds.*# The band at 1,645 cm™ in WAQ was due to
the presence of carbonyl amide I vibrations, and this band
was shifted to 1,654 cm™ in ANPs because of the proteins/
peptides and amino acids present in the WAQ extract that
possibly had been involved in the capping and reduction of
Au ions to ANPs through the amine groups.** The bands at
1,106 and 1,087 cm™ may be assigned to the stretching vibra-
tion of C—O of 1° and 2° alcohols.>' The band at 564 cm™
may be assigned to alkyl halide groups, which are shifted
to 526 cm™! in the case of ANPs.* The shifting of differ-
ent functional groups in the case of ANPs from the WAQ
stretch showed the progress of reduction of ANPs.>! Water-
melon rind is rich in phenolic compounds, flavonoids, and
lycopene.*”-*" It contains 2—20 mg/g dry weight of the amino
acid citrulline®'*? which is a major compound (nonessential

amino acid) present in the watermelon rind which might
have been responsible for the reduction and capping of the
synthesized ANPs in this study.*

The morphology and structure of the synthesized pow-
dered ANPs were observed under SEM (Figure 3). SEM
analysis confirmed that the metal particles were in a nano-size
with spherical, triangular, and cuboidal shapes (Figure 3A
and B). The SEM image was taken after 1 month of the
synthesis after completion of all reactions, and the particles
did not agglomerate which showed that the nanoparticles are
stable (Figure 3B). The shape of ANPs was mostly spherical.
The particle size distribution of the ANPs was obtained by
counting 150 particles from an enlarged SEM image and
it was found out in the range of 20—140 nm (Figure 3C).
These findings indicate that WAQ might have acted as both
areducing and stabilizing agent in synthesizing ANPs. EDX
quantitative analysis confirmed that the elemental composi-
tion of the synthesized particle was primarily gold with the
highest elementary composition, whereas oxygen, chlorine,
and potassium are in traces (Figure 3D).

The crystallite nature of the ANPs was confirmed by XRD
analysis. Figure 4 shows the representative XRD pattern of
the lyophilized nanoparticles synthesized by the aqueous
extract of WMP after complete reduction of Au** to Au’.
XRD analysis showed four distinct diffraction peaks in the
26 range of 10°-90° at 38.14°, 44.26°, 64.54°, and 77.51°,
respectively, which indexed the planes (111), (200), (220),
and (311) of the cubic-face-centered gold. This was followed
by a low peak at 81.74°, which was indexed as a (222) plane.
The cubic-face-centered structures of gold matched those in
the database of the Joint Committee on Powder Diffraction
Standards, USA (JCPDS no. 00-004-0784), confirming that

50
45 ANPs
i WMP extract l .
U
__ 40 e (.\"' |
Sy v 1,106.81  526.88
. B | |
g or e f‘ 1,654.67
8 5l ' / 2,367.18
= o \4"(«,"‘. My //
E 20" ho
2 NS
& 15 354835\
= 0l 3,464.01 — i
-, 3:438.38 | ; 1087.84 |
sL - 235305 516781 | T bea0s
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Figure 2 FT-IR analysis of gold nanoparticles (ANPs) synthesized using the aqueous extract of watermelon rind.
Abbreviations: FT-IR, Fourier-transform infrared spectroscopy; WMP, watermelon outer peel.
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Figure 3 SEM, EDX analysis, and size distribution of gold nanoparticles (ANPs).

Notes: (A and B) SEM images; (C) size distribution of ANPs; (D) EDX spectra of gold nanoparticles.

Abbreviations: EDX, energy-dispersive X-ray; SEM, scanning electron microscopy.

the synthesized ANPs are composed of pure crystalline gold
particles. These findings are further supported by similar
results reported in other studies of ANPs.>*!'4 The TGA
spectrum of the ANPs showed significant weight loss of
ANPs when heated from 20°C to 700°C (Figure 5), indicating
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w (
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Figure 4 XRD spectra of gold nanoparticles.
Abbreviation: XRD, X-ray powder diffraction.

that, at higher temperature, the organic compounds from
WAQ surrounding the ANPs, which acted as the capping
agent for ANPs, were completely degraded.”!

Biopotential of ANPs

The synthesized ANPs were evaluated for their potential anti-
bacterial, synergistic, antioxidant, and proteasome inhibitory
activity to predict their applicability in various fields such as
the biomedical, pharmaceutical, and cosmetics industries.

Determination of proteasome inhibitory
potential of ANPs

The proteasomes are responsible for the degradation of
different types of cytoplasmic proteins (cyclins, misfolded
proteins) and transcription factors.** The human cancer cells
possess an elevated level of proteasome activity, and inhibi-
tion of proteasome by the ANPs could be a novel approach
for treatment of cancer. The proteasome inhibitors can also
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Figure 6 Proteasome inhibitory potential of gold nanoparticles and standard
reference compound epoxomicin (E). ANP-1:100 pg/mL; ANP-2: 10 pg/mL; E-1:
5.56 ug/mL; and E-2: 0.56 pg/mL.
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Figure 5 TGA analysis of gold nanoparticles.
Abbreviation: TGA, thermogravimetric analysis.

overcome various types of drug resistance in the cancer
cells,’¢ thus in this investigation, the proteasome inhibitory
potential of ANPs was investigated. The proteasome inhibi-
tory potential of ANPs is presented in Figure 6. The results
showed that ANPs at a concentration of 100 pg/mL and
10 pg/mL exhibited 28.16% and 19.33% proteasome inhibi-
tory activity, respectively, whereas epoxomicin at a concen-
tration of 5.56 pg/mL and 0.56 pug/mL exhibited 40.06% and
30.27% proteasome inhibitory activity, respectively. These
results confirmed that the anti-proteasome potential of ANPs
increased with higher concentrations of ANPs. Watermelon
rind is citrulline-rich compound, which might have acted as
the capping agent in the ANPs and been responsible for the
proteasome inhibitory potential of ANPs.*** The proteasome
inhibitory potential of PEGylated PLGA nanoparticles with
controlled and targeted drug delivery has been reported for
the selective inhibition of proteasome-mediated homeostatic
processes (proteostasis) in the lung epithelia.’” Similarly,

nano-sized neodymium oxides were reported to possess
proteasome inhibitory activity.>® It is a well-known fact that
the cell cycle check points and the DNA repair control mecha-
nisms are defective in the cancer cells, and if these cancer
cells are placed under stress condition by using proteasome
inhibitors like the ANPs, then these cancer cells might not
be able to correct the cell cycle transition blockade and could
go into the apoptosis phase without affecting the normal
cell.”® It is evident from the result that when different types
of anticancer drugs are conjugated with the ANPs, it could
exhibit significantly higher anticancer potentials without
affecting the normal cells of the human body. Thus, ANPs
could be potential candidates for targeted drug delivery and
use in development of drugs related to selective inhibition
of proteasome-mediated homeostatic processes.

Determination of antibacterial activity

The antibacterial potential of the ANPs was evaluated against
five different foodborne pathogens: B. cereus ATCC 13061,
E.coliATCC43890, L. monocytogenes ATCC 19115, S. aureus
ATCC 49444, and S. typhimurium ATCC 43174. The
results are presented in Table 1 and Figure 7. At 50 pg/disc,

Table | Antibacterial activity of colloidal ANPs and standard antibiotics (kanamycin and rifampicin) against foodborne bacteria

Foodborne pathogens ANPs WAQ extract Positive control Negative MIC (ug/mL) MBC (ug/mL)
(50 pg/disc) (50 pg/disc) Kanamycin Rifampicin control*
(5 pg/disc) (5 pgl/disc)
Bacillus cereus ATCC 13061 11.58+0.65** 0 0 0 0 50 100
Escherichia coli ATCC 43890 9.23+0.40° 0 0 0 0 50 50
Listeria monocytogenes ATCC 19115 0+0¢ 0 0 0 0 - -
Staphylococcus aureus ATCC 49444 0+0¢ 0 0 0 0 - -
Salmonella typhimurium ATCC 43174  11.15£0.35¢ 0 0 0 0 50 100

Notes: Values with different superscript letters in each column are significantly different at P<<0.05. #Data are expressed as the mean zone of inhibition in mm * SD. *5% DMSO.
Abbreviations: ANPs, gold nanoparticles; MBC, minimum bactericidal concentration; MIC, minimum inhibitory concentration; WAQ, watermelon aqueous extract;
ATCC, American Type Culture Collection; DMSO, dimethyl sulfoxide; SD, standard deviation.
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Figure 7 Antibacterial potential of (A) aqueous extract of watermelon rind and (B) gold nanoparticles.
Abbreviations: B. cereus, Bacillus cereus; E. coli, Escherichia coli; L. monocytogenes, Listeria monocytogenes; S. aureus, Staphylococcus aureus; S. typhimurium, Salmonella

typhimurium.

the ANPs were active against B. cereus ATCC 13061
(11.58 mm inhibition zone), E. coli ATCC 43890 (9.23 mm
inhibition zone), and S. typhimurium ATCC 43174 (11.15
inhibition zone), but inactive against L. monocytogenes
ATCC 19115 and S. aureus ATCC 49444. The standard
reference antibiotics at a concentration of 5 pg/disc and
WAQ extract at 50 pg/disc showed no inhibitory effects
against any of the tested pathogens. The MIC and MBC
values of ANPs ranged from 50 to 100 pg/mL (Table 1).
The antibacterial activity of ANPs synthesized using biologi-
cal sources was also previously reported.>*! The antibacterial
activity of different types of nanoparticles has been studied
largely with different pathogenic bacteria during recent
years.?>3%% The bactericidal activity of the nanoparticles
and their interaction with the pathogens has been previously
reported.?*¢! Due to the small size of the nanoparticles, they
might be able to enter the bacterial cell membrane through
bacterial porins and eventually cause cell death. The ANPs
act against both the Gram-positive and Gram-negative
foodborne bacteria and can thus find the application in food
industries for preservation and packaging.

The synergistic antibacterial activities of ANPs mixed
with two antibiotics (kanamycin and rifampicin) were fur-
ther investigated, and the results are presented in Table 2
and Figure 8. The mixture of ANPs (25 p1g) with kanamycin or
rifampicin (5 ug) exhibited significantly higher antibacterial
activity than ANPs alone. Combined treatment with ANPs
and kanamycin resulted in inhibition zones of 11.93-21.08
mm (Table 2), whereas treatment with ANPs combined with
rifampicin generated inhibition zones ranging from 10.32 to
24.84 mm against all the five tested foodborne bacteria. Earlier
reports suggested that the efficacy of the antibacterial activity
of ANPs can be increased by addition of antibiotics,®*% which
was also demonstrated in this investigation. ANPs alone

exhibited little or no activity against the five tested foodborne
bacteria; however, when mixed with low concentrations of
kanamycin and rifampicin, they displayed high inhibition
potential against all foodborne bacteria (Table 2). There
have also been reports of increased antibacterial activity of
different antibiotics supplied with ANPs.%

The antibacterial mechanism of action of the ANPs
combined with antibiotics against the pathogenic bacteria
has been proposed that gold particles might have easily pen-
etrated into the cell wall due to their smaller sizes, resulting
in leakage of cellular material leading to cell death.®” It is
also possible that the ANPs might have bound to the DNA
of bacteria and have inhibited the uncoiling and transcription
of DNA, leading to cell death.” The antibacterial activity
of ANP against the five foodborne bacteria might be due
to these underlying mechanisms. Thus, ANPs with potent
antibacterial potential could be used in various biomedical

Table 2 Synergistic antibacterial potential of colloidal ANPs
against foodborne bacteria

Foodborne ANPs + ANPs +
pathogens kanamycin® rifampicin™
Bacillus cereus ATCC 11.93+0.424%* 12.01£0.40¢
13061

Escherichia coli ATCC 21.08+0.94° 10.32+0.30¢
43890

Listeria monocytogenes 12.1640.36¢ 10.56+0.25¢
ATCC 19115

Staphylococcus aureus 12.04+0.23¢ 24.84+1.86
ATCC 49444

Salmonella typhimurium 12.7440.70¢ 12.00+0.40¢
ATCC 43174

Notes: *Data are expressed as the mean zone of inhibition in mm + SD. Values
with different superscript letters in each column are significantly different at P<<0.05.
#*ANPs (25 ug) + kanamycin (5 pg). *ANPs (25 ug) + rifampicin (5 pg).
Abbreviations: ANPs, gold nanoparticles; ATCC, American Type Culture Collection;
SD, standard deviation.
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Figure 8 Synergistic antibacterial potential of gold nanoparticles with kanamycin (A) and rifampicin (B).
Abbreviations: B. cereus, Bacillus cereus; E. coli, Escherichia coli; L. monocytogenes, Listeria monocytogenes; S. aureus, Staphylococcus aureus; S. typhimurium, Salmonella typhimurium.

applications such as production of antibacterial cloth and
fabric for wound dressing, as well as coating a wide variety
of surfaces such as implants, antibacterial textiles, along with
coating of instruments and utensils used by the medical and
food sector industries.®

Determination of antioxidant activity

The antioxidant potential of ANPs was determined by various
assays such as DPPH free radical scavenging, nitric oxide
scavenging, ABTS radical scavenging assays, and the reduc-
ing power assay. The DPPH radical scavenging potential
of ANPs is presented in Figure 9. The results showed a
concentration-dependent manner of the potential of ANPs
and BHT, the standard reference compound. Both ANPs and
BHT displayed 24.69% and 36.96% scavenging activity at
100 pg/mL, respectively. However, WAQ extract displayed
very less activity of 6.17% at 100 pg/mL when compared
with ANPs. The DPPH scavenging activity of ANPs might
be attributed to their ability to donate electrons or hydrogen
ions to DPPH free radicals to neutralize them.® Moreover,
the potential effect of ANPs might be due to their inhibitory

100

o WAQ o ANPs OBHT
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Figure 9 DPPH free radical scavenging potential of ANPs.

Note: Different superscript letters indicate significant differences in the mean at
P<0.05.

Abbreviations: ANPs, gold nanoparticles; BHT, butylated hydroxyl toluene;
DPPH, |, I-diphenyl-2-picrylhydraxyl; WAQ, watermelon aqueous extract.

effects on the peroxy radicals, which are the propagators of
lipid peroxidation.™

The nitric oxide scavenging activity of ANPs is presented
in Figure 10. ANPs possessed lower nitric oxide scaveng-
ing activity (25.62%) than the reference compound BHT
(60.81%) at 100 pg/mL. The WAQ extract displayed very
low activity of 9.97% at 100 pg/mL. Endogenously gener-
ated nitric oxide is a very unstable species involved in the
regulation of many physiological processes. Additionally,
this compound is associated with cancer and inflammatory
diseases,’! and even with aging of the skin.” Thus, the nitric
oxide scavenging effect of ANPs could make it a promising
candidate for the cosmetic industry in the formulation of
sunscreen cream lotions and anti-aging creams.”

As shown in Figure 11, ANPs displayed an ABTS
activity of 29.42% at 100 pg/mL, which was much lower
than the activity of BHT (96.02% at 100 ug/mL). However,
WAQ extract displayed significantly low activity of 3.6% at
100 ug/mL. Many factors such as the stereoselectivity of the
radicals, nature of the ANPs might have affected the poten-
tial of ANPs toward ABTS radicals.” The reducing power

100y
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Figure 10 Nitric oxide scavenging potential of ANPs.

Note: Different superscript letters indicate significant differences in the mean at
P<0.05.

Abbreviations: ANPs, gold nanoparticles; BHT, butylated hydroxyl toluene;
WAQ, watermelon aqueous extract.
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Figure 11 ABTS radical scavenging potential of ANPs.

Note: Different superscript letters indicate significant differences in the mean at
P<0.05.

Abbreviations: ABTS, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid); ANPs,
gold nanoparticles; BHT, butylated hydroxyl toluene; WAQ, watermelon aqueous
extract.

of ANPs and BHT is presented in Figure 12. The results
displayed strong reducing power of ANPs compared with
BHT as evident from increased absorbance values in a con-
centration-dependent manner. The WAQ extract displayed
very low activity of 0.099 absorbance value at 100 pg/mL.
Thus, the strong reducing power of ANPs confirms the
antioxidant potential of ANPs. The antioxidant potential of
ANPs synthesized using WAQ extract might be due to the
presence of various types of phenolic compounds, vitamins,
lycopene, and citrulline which are the major constituents
of the watermelon rind, having acted as both reducing and
capping agent for ANPs. 29515275

Conclusion

In conclusion, this is, to the best of our knowledge, the first
report of green synthesis of ANPs using the watermelon rind
extract. The synthesized ANPs were characterized and con-
firmed by UV—vis spectroscopy and SEM image displayed
its spherical shape, EDX confirmed they were primarily

2r
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Figure 12 Reducing power potential of ANPs.

Note: Different superscript letters indicate significant differences in the mean at
P<0.05.

Abbreviations: ANPs, gold nanoparticles; BHT, butylated hydroxyl toluene; OD,
optical density; WAQ, watermelon aqueous extract.

composed of gold. The particle size distribution of the ANPs
was in the range of 20—140 nm, with a broad size distribu-
tion. Furthermore, the presence of functional groups and the
crystallite nature of the ANPs were confirmed by FT-IR and
XRD analysis. The synthesized ANPs exhibited potential
antibacterial activity against five foodborne pathogens and
high synergistic activity when administered with the standard
antibiotics kanamycin and rifampicin. ANPs also exhibited
significant antioxidant and anti-proteasome inhibitory poten-
tial. The results presented herein describe a low-cost green
synthesis method of ANPs from food waste materials that is
environmentally benign and nontoxic in nature. Significant
biopotentials of the synthesized ANPs could make them a
potential candidate for application in the biomedical, phar-
maceutical, cosmetic, food, and drug delivery fields.
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