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ABSTRACT: In the current study, a simple, environmentally friendly, and cost-
effective reduced graphene oxide—gold nanoparticle (rGO-AuNP) nanocomposite
was successfully phytosynthesized using the aqueous leaf extract of a common
weed found on the Nile banks, Persicaria salicifolia, for the first time. The |
phytosynthesis of rGO-AuNPs was first confirmed via the color transformation ™™™ 160 quxes
from brown to black as well as throughvarious techniques such as transmission
electron microscopy (TEM) and Raman spectroscopy. Two UV—vis peaks at 275
and 530 nm were observed for the nanocomposite with a typical particle size of
mostly spherical AuNPs of 15—20 nm. However, other shapes were occasionally & & g
detected including rods, triangles, and rhomboids. Existing phytoconstituents such ol
as flavonoids and glycosides in the plant extract were suggested to be responsible &
for the phytosynthesis of rGO-AuNPs. The excellent catalytic efficacy of rGO-
AuNPs against MB degradation was confirmed, and a high antibacterial efficiency
against Escherichia coli and Klebsiella pneumonia was also confirmed. Promising antioxidant performance of rGO-AuNPs was also
proved. Furthermore, it was concluded that rGO-AuNPs acquired higher efficiency than AuNPs synthesized from the same plant
extract in all of the studied applications.
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1. INTRODUCTION

Nanomaterials have been dramatically scrutinized and utilized
in numerous applications in recent years based on their
outstanding properties.’ ° Quantum dots, nanotubes, nano-
fibers, nanowires, and nanomembranes are the most well-
known types of nanomaterials adopted in various applica-
tions.””> The extremely small size and large surface area of
nanomaterials endow them with completely different chemical
and physical properties than their bulky counterparts with
macrosize. ’

A fascinating carbon nanomaterial that possesses very
unique and unusual characteristics is graphene. The graphene
structure is considered to be the basic structure of all carbon
nanomaterials as it is a sheet of sp*>-bonded carbon atoms with

in increasing the interlayer distance of graphene layers, which
makes the two faces available for a reaction.'"*

Gold nanoparticles (AuNPs) have high reactivity and can be
attached to molecules of biological relevance. Based on the
irreversible self-agglomeration, colloidal instability, poor
reliability, and nonspecificity of graphene, it is not suitable
for use in its sole form in many applications."> These
limitations could be overcome by adding AuNPs to graphene,
which results in a hybrid nanocomposite with increased surface
area, catalytic activity, solubility, and biocompatibility."®
Graphene—gold nanocomposites (rGO-AuNPs) can act
synergistically to offer several unique physicochemical proper-
ties. rGO-AuNPs have attracted the interest of most
researchers because of their significantly enhanced sensitivity
and selectivity. Thus, they can be harnessed in the degradation

a thickness of only one atom arranged in the form of a
hexagonal pattern.”” Graphene exhibits several outstanding
characteristics including an extraordinary carrier mobility of up
to 200 000 cm® (V s)7', a large specific surface area that can
reach 2630 m?® g_l, and a transmittance of 97.7%.'%"!
Generally, 2D materials such as graphene have great potential
for high-performance photodetectors due to their high crystal
quality and unique properties in both electronic and optical
aspects such as tunable bandgaps with thickness variations.'”
Moreover, adding inorganic metallic nanoparticles can help in
stabilizing the produced graphene and in preventing its
aggregation because the presence of these nanoparticles results

© 2021 The Authors. Published by
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of toxic organic pollutants compared to bare graphene or
17
AuNPs.
Lithography, laser ablation, and pyrolysis are the common
techniques used to synthesize graphene.'®'” In general, these
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Figure 1. Proposed mechanism for the phytosynthesis of the rGO-AuNP nanocomposite using the P. salicifolia extract.

techniques are expensive and perilous as they often involve
toxic reducing agents and harsh reaction conditions®”*" for the
sake of high yield production. Plants and other organisms can
sustainably produce nanomaterials in a green, safe, and cost-
effective way.”””> Microorganisms are not deemed to be the
best option as they often require careful handling and
maintenance, which adds to the cost.”>** Synthesis of
nanoparticles is deemed to be faster, easier, and more suitable
when using plant-derived extracts as they contain a variety of
phytoconstituents that simultaneously serve as reducing and
capping agents, resulting in diminished synthesis costs and the
production of environmentally friendly nanomaterials.”>*°
Textile manufacturing is among the major sources that pose
perilous ecological threats to the surrounding environments,
particularly aquatic ecosystems. Untreated wastewater from the
textile industry containes toxic organic dyes such as methylene
blue (MB).””** The application of nanomaterials including
PtNPs, AgNPs, and AuNPs as antimicrobial agents is well
documented. Among the pathogenic bacterial strains, Staph-
ylococcus aureus and Escherichia coli’” cause urinary tract
infections, enterocolitis, bloodstream infections, pneumonia,
and bone infections.’’ > These bacteria were treated with a
variety of antibiotics, but the constant use of these antibiotics
led to the evolution of drug-resistant strains of bacteria.’’

Therefore, the pursuit of new effective remedies is considered a
priority. Naturally occurring chemicals called antioxidants
safeguard cells and tissues from free radical damage.”* The
human body, in general, has a well-developed antioxidant
defense mechanism. However, this system sometimes fails to
work efficiently under certain conditions. Consequently,
exogenous antioxidants are used in these conditions. Among
these antioxidants, several metallic nanoparticles (e.g., AuNPs,
AgNPs, and PtNPs)*>*® and also nanocomposites (e.g., rGO-
AuNPs) have been confirmed to have a good antioxidant
efficiency.”’

The current study was intended to examine, for the first
time, the applicability of synthesizing a rGO-AuNP nano-
composite using the aqueous extract of a common wild plant
species found on the Nile banks Persicaria salicifolia (Pluchea
salicifolia), which is commonly known as Willow-Leaved
Knotgrass and has never been employed for synthesizing
graphene or any other carbon nanomaterial. In addition, a
comparison between the performances of rGO-AuNPs and
AuNPs, synthesized from the same plant extract, was also made
based on their catalytic MB degradation, antibacterial, and
antioxidant efficiencies.
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Figure 2. UV—Vis spectra of (a) GO (inset: image of GO solution) and (b) rGO-AuNPs (inset: image of the rGO-AuNP solution).

2. RESULTS AND DISCUSSION

A simplified mechanism for the green synthesis of the rGO-
AuNP nanocomposite using the P. salicifolia extract is shown in
Figure 1 according to which the simultaneous reduction of
GO, which was obtained after the oxidation of graphite via the
Hummers method, and Au®*" into the rGO-AuNP nano-
composite was achieved through the active contribution of
phytoconstituents including flavonoids, alkaloids, tannins, and
other constituents that acted as a reducing and capping agent
at the same time obviating the use of chemical reducing agents;
these phytoconstituents were verified to be existent in the P.
salicifolia extract by Youssef and El-Swaify’® and Salem et al.*”
In addition, these phytoconstituents were proven to be capable
of donating electrons or hydrogen atoms to gold ions to get
these ions reduced on the surface of the rGO.* These studies
indicated the high efficacy of employing the aqueous extract of
P. salicifolia in the biosynthesis of numerous metallic and
nonmetallic nanomaterials, mainly P. salicifolia exposed to
harsh environmental conditions like droughts and high salt
concentrations as it has been proven that the concentration of
phytoconstituents increases in most living plant species when
the harshness of these environmental conditions increases.*'
Furthermore, it has to be mentioned that when AuNPs are
synthesized on the surface of rGO sheets, they act as a spacer
and prevent the aggregation and restacking of rGO sheets.*’
Subsequently, this resulted in high efficiency of the rGO-AuNP
nanocomposite in various tested applications in the current
study.

2.1. UV-Visible Spectroscopy. The UV spectrum of GO
(Figure 2a) shows two peaks with an obvious absorbance; the
first peak at 233 nm due to the m—n* transitions of the
aromatic C=C bonds and a shoulder peak at 294 nm
accredited to then-7* transitions of the C=0 bonds.”’ After
GO reduction by the plant extract, a red shift occurred and a
new peak at 275 nm was formed while the peak at 294 nm
disappeared and another peak was observed at 530 nm as
shown in Figure 2b, which was accredited to the surface
plasmon resonance (SPR) of AuNPs, indicating the successful
phytosynthesis of rGO-AuNPs. Therefore, it was confirmed
that the phytoconstituents of the plant extract could act as an
effective reducing and capping agent. In line with the obtained
results, Tabrizi and Varkani** used rose water extract for the
preparation of rtGO-AuNPs and reported two peaks; at 530 nm
confirming the AuNP formation and at 263 nm confirming the
reduction of GO. Likewise, Amarnath et al.** recorded a peak
for AuNPs at 536 nm and a characteristic peak of graphene at
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265 nm when Xanthium strumarium extract was employed for
rGO-AuNP synthesis.

The color transformation of the GO solution from brown
(inset of Figure 2a) to black (inset of Figure 2b) further
confirmed the successful reduction of GO into rGO-AuNPs
and could be mainly accredited to the loss of oxygen-
containing moieties as indicated by Maddinedi et al.** Such a
color change was also detected by Lee and Kim"’ due to the
decrease in polar functionality on the surface of the sheets
leading to an increase in the hydrophobicity of rGO-AuNPs.

2.2. FTIR Spectroscopy. The functional groups of the
extract involved in the reduction and capping of the
phytosynthesized rGO-AuNPs were identified using FTIR
analysis (Figure 3). Several peaks of oxygen-containing groups

— GO
rGO-AuNPs
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Figure 3. FTIR spectra patterns of GO and rGO-AuNP nano-
composite.

were detected in the FTIR spectrum of GO, indicating the
successful oxidation of natural graphite into GO by the
modified Hummers method including an O—H group that
appeared at 3264 cm™'. The presence of polar groups,
especially the O—H group, enables the GO to easily form
hydrogen bonds with water molecules and exhibit good
hydrophilic properties as elaborated by Li et al.*® Other
functional groups were detected in the GO spectrum, including
C=C at 1612 cm™" and C—O at 1004 cm™".

The FTIR spectra of rGO-AuNPs showed a remarkable
diminution in the peak intensity of the oxygen-containing
functional groups including the O—H and C—O bands that
appeared almost at the same wavenumbers as observed in the
case of GO. Thus, the phytoreduction of GO and the

formation of the rGO-AuNP nanocomposite were confirmed.

https://doi.org/10.1021/acsomega.1c05596
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Figure 4. XRD patterns of (a) GO and (b) the rGO-AuNP nanocomposite.
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Figure 5. TEM images of (a) multilayered sheets of GO stacked on each other, (b) spherical AuNPs attached to its surface, and (c) histogram of

the particle size of rGO-AuNDPs.

The appearance of a new C—OH band was accredited to the
plant extract moieties. The obtained results could be
interpreted by the presence of water-soluble phytoconstituents
such as flavonoids, glycosides, and phenolic acids of the P.
salicifolia aqueous extract, which were previously detected by
El-Anwar et al.* and Hussein et al.’* They are responsible for
the bioreduction and stabilization of the synthesized graphene
together with Au nanoparticles that are decorating its surface.

The obtained results were concomitant with those obtained
by Lee and Kim*” and Mahata et al.”>" who detected that the
intensities of oxygen-containing functional groups were
considerably reduced when using Prunus serrulata and Ocimum
sanctum extracts, respectively, in GO reduction and similar to
those obtained by Khan et al.>> who observed the presence of
additional bands in the FTIR spectrum of rGO synthesized
from the extract of Salvadora persica and attributed to them to
phytomolecules bound to the rGO surface.

2.3. X-ray Diffraction (XRD) Spectroscopy. XRD

analysis is generally postulated to be a quintessential tool in
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providing information about the crystal structure of nanoma-
terials.”>>* The XRD pattern of GO (Figure 4a) has a wide
diffraction peak at 26 = 11.6° consistent with the reflection of
001, indicating the successful oxidation of graphite into GO, as
was previously elaborated by Mhamane et al,”” while the
pattern of rGO-AuNPs displayed in Figure 4b confirms the
structural changes resulting from the phytosynthesis of the
rGO-AuNP nanocomposite. It showed the characteristic peak
of graphene at 26 = 28.6°, and the AuNP peaks at 38.2, 44.3,
64.8, and 78.2° were indexed to (111), (200), (220), and
(311), which well matched with the JCPDS file number 04-
0784 and were in agreement with XRD results reported for
green synthesized rGO-AuNPs by many workers.

The strong diffraction pattern of GO indicates the presence
of multilayer graphene and oxygen-containing groups, which is
normal before the reduction process.”® However, rGO-AuNP
sheets exhibit distinct peaks that seem to be very broad with a
lower intensity due to the reduction of GO to rGO by utilizing
the plant extract as a reducing agent.”’

https://doi.org/10.1021/acsomega.1c05596
ACS Omega 2021, 6, 34954—34966
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Figure 6. Catalytic degradation of MB solutions with different concentrations of (a) 10 ppm, (b) 15 ppm, and (c) 20 ppm using 0.1 mL of AuNPs

+ 0.1 mL of NaBH,, and 0.1 mL of rGO-AuNPs + 0.1 mL of NaBH,.

2.4. Transmission Electron Microscopy (TEM). TEM
images of GO (Figure Sa) showed obvious dark areas of
lamellar folds and stacks. These dark areas indicated the thick
stacked nanostructure of several graphene oxide layers with
oxygen functional groups,”® while the TEM image of rGO-
AuNPs (Figure Sb) showed a slightly wrinkled, transparent,
thin, and few-layered sheet morphology. The slight wrinkles
along the edge region could be accredited to the association of
rGO with the attached biomolecules as concluded by Jin et
al.>” In addition, these wrinkles were previously stated to be
accountable for the thermodynamic stability of two-dimen-
sional graphene.”’

The distribution of spherical AuNPs with size ranging from
5.49 to 26.58 nm on the surface of rGO sheets was obvious in
Figure Sc. Other shapes for AuNPs such as triangles, rods, and
rhomboids were also detected. Moreover, a size histogram
(Figure Sd) indicated that the size of the majority of AuNPs
decorating the rGO surface was in the range from 15 to 20 nm.
Our results were in agreement with other phyto-°*°" and
chemosynthesized rGO-AuNP nanocomposites.®”

2.5. ¢ Potential Measurement. { potential analysis of GO
showed a potential of —30.4 mV as displayed in Figure Sla due
to the presence of various oxygen functional groups on its
surface.”” Afterward, it changed to a slightly higher { potential
of —31.4 mV in rGO-AuNPs (Figure S1b), indicating that the
phytosynthesized nanocomposite has more stability than GO.
Additionally, the presence of oxidized polyphenols on the
surface of rGO-AuNPs after reduction was confirmed. These
oxidized polyphenols resulted in higher stability by preventing
the agglomeration of rGO-AuNP sheets. These findings were
concomitant with those of many workers.®*%°

2.6. EDX Spectroscopy. Strong signals of gold atoms were
detected at several energy levels mostly at 2.2 keV and 1.8, 2.3,
2.8, 42, 8.5, 9.8, 11.5, 11.6, and 13.4 keV as presented in
Figure S2. Signals for other elements including carbon, oxygen,
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sodium, potassium, magnesium, and calcium were also
detected and suggested to be of plant origin. Moreover, a
signal for copper was also detected that could have originated
from the carbon-coated copper grid used for analysis, in line
with other research works.”'

2.7. Raman Spectroscopy. Raman spectroscopy is a
quintessential tool to examine the ordered—disordered crystal
structures of carbonaceous materials, especially for graphene,
and it is also an effective means for determining the flake
thickness of graphene materials.”° The obtained results from
the spectrum of GO (Figure S3) demonstrated two intense
bands at 1352 and 1597 cm™’, corresponding to the D and G
bands, respectively. After the reduction of GO to rGO-AuNPs
by the plant extract, the D band shifted to 1345.5 cm !,
confirming the formation of few-layered graphene as
elaborated by Wang et al?’ Concerning the G band, it shifted
from 1597 to 1587 cm™’, indicating a higher degree of order
for rGO-AuNPs owing to the removal of the majority of
oxygen-containing functional groups as previously inter-
preted.*>®

The intensity of the G band could be harnessed in
determining the number of graphene layers since the number
of graphene layers decreases when there is a linear diminution
in the G band intensity. Thus, the diminution in G band
intensity observed after the GO reduction in the current work
indicated a decrease in the number of graphene layers.”” The
intensity ratio between the D and G peaks (Ip/I;) is utilized to
reflect the degree of graphitization of carbonaceous materials,
and it shows how effective the reduction process is, being more
effective when the intensity ratio is <17 Accordingly, the
intensity ratio of the D band relative to the G band could be
utilized as an indicator of the structural disorder in the basal
plane and the quality of the produced graphene. In this study,
the Ip/I ratio of rGO-AuNPs was 0.61, which was in line with
that reported by Mhamane et al.”> and less than the defect
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Table 1. Comparison between the Catalytic Degradation Efficiency of AuNPs, rGO-AuNPs, and Other Nanocatalysts Reported

in Other Studies against MB

dye concentration

degradation efficiency

catalyst (ppm) pH (%) time (min) refs

reduced graphene oxide—gold nanohybrid 10 6 98 10 76
Au-Fe;0,/graphene 20 7 99 120 77
reduced graphene oxide magnetic composite (rGO/CoFe,0,) 20 100 24 72
Au-Cu,0/rGO 20 10.5 99.8 20 78
reduced graphene oxide/meso-TiO,/AuNPs 30 ~100 240 79
manganese-reduced (Mn/RGO) nanocomposite 50 70.4 30 80
manganese-cobalt-reduced (Mn-Co/RGO) nanocomposite ~100
reduced graphene oxide—silver (rGO-Ag) nanocomposite 71.42 8 81
rGO-stabilized MnO/N-doped carbon nanofibers 20 100 180 73
MoS, 200 9 98 30 82
(MoS,-rGO) nanocomposite 10
graphene/MnO, hybrids S0 6 ~100 S 83
gold nanoparticles (AuNPs) 10 S ~100 immediately  the current work

15 26.7

20 24
reduced graphene oxide—gold nanoparticles (rGO-AuNPs) 10 ~100

15

20

ratio (Ip/Ig = 1.31) reported by Chabot et al.”" for chemically
synthesized rGO, thus indicating that the rGO-AuNP nano-
composite synthesized by the plant extract acquired high
quality and fewer defects than the chemically synthesized
graphene.

2.8. Catalytic Degradation of MB. In the current study,
the catalytic degradation of different concentrations (10, 18,
and 20 ppm) of MB was carried out using only 0.1 mL of green
synthesized AuNPs and rGO-AuNP separately in the presence
of 0.1 mL of 0.058 M NaBH,. The obtained results indicated
the immediate disappearance of the characteristic blue color of
MB after the addition of rGO-AuNPs with all of the above-
mentioned concentrations as displayed in Figure 6a—c.
However, in the case of AuNP addition, the MB color was
immediately removed only in the case of the lowest
concentration (10 ppm) as shown in Figure 6a. Regarding
the higher concentrations, the degradation efficiency was 26.7
and 24% in the case of 15 and 20 ppm, respectively (Figure
6b,c). When control experiments were carried out in the
absence of AuNPs or rGO-AuNPs, there was no observed
color change. Additionally, when the catalytic degradation
efficiency of the P. salicifolia extract was examined, it was
concluded that the removal efficacy of MB was only 8% as
shown in Figure S4, denoting the essential role of the green
synthesized AuNPs and rGO-AuNPs in the degradation of MB.
Regarding the reusability of rGO-AuNPs, five cycles of reuse
were carried out in the removal of MB with a concentration of
15 ppm, and the results showed that the catalytic efficiency
remained 100% after two cycles of recycling. Nonetheless, the
efficiency began to decrease to 93, 86, and 81% in the third,
fourth, and fifth cycles, respectively (Figure SSa,b), confirming
the high applicability of rGO-AuNPs as a catalyst.

When the current results were compared to other studies
such as those of Wu et al.”> and Chen et al.”* who obtained a
catalytic degradation efficiency of 100% against MB solutions
with the same concentration (20 ppm) used in this study, it
was found that they achieved these results within 24 and 180
min, respectively. Therefore, it was concluded that the rGO-
AuNP nanocomposite in this work has higher efficiency and
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faster degradation than other rGO nanocomposites. Con-
sequently, it is considered to be an acceptable catalyst that
could be employed in the degradation of MB and other toxic
organic pollutants in wastewater. Furthermore, a thorough
comparison between AuNPs, rGO-AuNPs, and other nano-
catalysts elucidating different variables such as the dye
concentration, degradation time, and efficacy is elaborated in
Table 1.

A mechanism that clarifies the active role of the rtGO-AuNP
nanocomposite in the catalytic degradation of MB into leuco
MB is displayed in Figure 7 in which rGO-AuNPs have

H
400! 400!
\T S*/ T/ N S+/ T/

|

Methylene blue (MB)

Leuco MB

Catalytic degradation
of MB into leuco MB

NaBH,
(reducing agent)

rGO-AuNPs
(catalyst)

Figure 7. Proposed mechanism for the catalytic degradation of MB
using the rGO-AuNP nanocomposite.
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effectively transferred the electrons from NaBH, (reducing
agent) into MB and resulted in its immediate removal in the
case of all of the used concentrations (10, 15, and 20 ppm).
Also, it has to be noticed that because of the electrophilic
nature of MB and the nucleophilic nature of BH,™ ions, these
ions get adsorbed on the rGO-AuNP surface. Subsequently,
rGO-AuNPs accept electrons from BH,™ to form BH,*~ and
transmit them to the adsorbed dye molecules rapidly.”* In
addition, the OH groups over the surface of rGO-AuNPs were
suggested to effectively interact with cationic MB molecules via
electrostatic interactions and hydrosgen bonding, which
improved the removal of the MB dye.”

2.9. Antimicrobial Study of AuNPs and rGO-AuNPs.
The potentiality of using green synthesized AuNPs and rGO-
AuNPs as antibacterial agents against Gram-negative and
Gram-positive bacteria at a concentration of 100 mg~mL_1 was
determined using the zone of inhibition as shown in Figure 8.

rGO-AuNPs

rGO-AuNPs

Figure 8. Antibacterial effect of AuNPs and rGO-AuNPs against (a)
E. coli and (b) K. pneumonia.

The bacterial strains used in the current study are E. coli and
Klebsiella pneumonia (Gram-negative bacteria) and also Bacillus
subtilis and S. aureus (Mrsa) (Gram-positive bacteria). Our
results revealed that there was no growth detected at all for E.
coli and K. pneumonia in the case of rGO-AuNPs, indicating
that rGO-AuNPs were highly efficient against Gram-negative
bacteria. However, AuNPs did not show any activity against
Gram-negative bacteria. Also, it has to be observed that both
nanomaterials did not exhibit any activity against Gram-
positive bacteria. The antibacterial activity of rGO-AuNPs is
suggested to be related to changing the shape of the cell
membrane and inhibiting normal budding owing to a loss of
membrane integrity, leading to an increase in the formation of
reactive oxygen species (ROS), oxidative stress, a disorder with
DNA replication, and finally apoptosis as mentioned in earlier
studies.””® Therefore, the acquired data revealed that the
rGO-AuNP nanocomposite is a potential antibacterial that has
high eflicacy against Gram-negative bacteria at a high
concentration (2 X 10° CFU/mL). A plausible reason behind
such a superior antibacterial activity for rGO-AuNPs
synthesized from P. salicifolia is that the extract of P. salicifolia
contains several antioxidant, analgesic, antimicrobial, and
antitumor active biochemical ingredients.%’87 Furthermore,
these plants were proven to have many medicinal benefits™® as
they contain phenolic acids, glycosides, terpenoids, and
flavonoids. In addition, a comparison between the antibacterial
activity of AuNPs, rGO-AuNPs, and other nanomaterials is
given in Table 2 to indicate the high antibacterial efficiency of
rGO-AuNPs, which is better than various previously reported
results.

2.10. Antioxidant Study. As a result of basic and essential
metabolic activities, toxic free radicals, including reactive
oxygen species (ROS), are usually produced.”’° DPPH is
characterized as a persistent free radical owing to the molecular
delocalization of free electrons across the whole molecule.”””®
Many antioxidants are efficient in DPPH removal including
metal nanoparticles, metal oxides, and graphene nanostruc-
tures.””'*

In the current study, the scavenging % of DPPH increased
steadily from S5.8% to approximately 32.11% when the
concentration of rGO-AuNPs increased from 12.5 to 50 pug/
mL (Figure 9). This percentage was considered promising, and
it is concomitant with other research works. Furthermore, the
antioxidant efficiency of rGO-AuNPs could be accredited to
the antioxidant potentiality of the P. salicifolia aqueous
extract.'’’ Vitamin C, which is used as a reference, achieved
14.25, 32.0S, and 48.7% of DPPH removal at concentrations of
12.5, 25, and S0 pug/mL (Figure 9), respectively, which are
higher than that of rGO-AuNPs. All in all, the current results
confirmed the good antioxidant capability of the rGO-AuNP
nanocomposite against DPPH and its promising application in
the scavenging of other free radicals in further studies.
Additionally, it has to be mentioned that the antioxidant
efficiency of rGO-AuNPs is better than that of AuNPs that we
synthesized using the same plant extract in a recent study'®" as
the efficiency of AuNPs was 57.7% but at a much higher
concentration (300 pg/mL). Furthermore, a comparison
between the antioxidant efficiency of rGO-AuNPs and other
nanomaterials is presented in Table 3 to indicate the good
antioxidant efficiency of rGO-AuNPs, which is comparable to
other previously reported results.

3. CONCLUSIONS

According to the aforementioned findings, the following
conclusions can be drawn. The P. salicifolia aqueous leaf
extract was successfully utilized for the synthesis of a rGO-
AuNP nanocomposite for the first time according to the
available literature. Raman analysis proved that the phytosyn-
thesized rGO was composed of a few sheets as well as
demonstrated the high quality of the rGO-AuNPs synthesized
using the plant extract with a low defect ratio. AuNPs
decorating the rGO surface were shown to be mostly spherical
with an average particle size of 15—20 nm. However, other
shapes were sporadically recorded including triangles, rods,
and rhomboids. Results demonstrated the higher efficiency of
rGO-AuNPs in all of the tested applications compared to
pristine AuNPs. The catalytic degradation efficiency of rGO-
AuNPs reached almost 100% against all of the MB
concentrations, while the recorded degradation percentage of
AuNPs was 24% at the highest concentration (20 ppm). rGO-
AuNPs acquired a potent antibacterial effect against E. coli and
K. pneumonia, whereas AuNPs did not exhibit any effect. A
prominent antioxidant efficacy of rGO-AuNPs was also
evident. These findings confirmed the higher efficacy of
rGO-AuNPs compared to AuNPs phytosynthesized using the
same plant extract in the applications studied in this work.

4. MATERIALS AND METHODS

4.1. Chemicals and Reagents. All reagents used without
further purification in this study including sodium nitrate
(NaNO;), potassium permanganate (KMnO,), hydrogen
peroxide (H,0,), sulfuric acid (H,SO,), sodium borohydride
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Table 2. Comparison between the Antimicrobial Efficiency of AuNPs and rGO-AuNPs Synthesized in the Current Study and

Other Nanomaterials Mentioned in Other Studies

sample

reduced graphene oxide (rGO)
graphene oxide (GO)

palladium-decorated reduced graphene oxide/zinc oxide nanocomposite (Pd-
RGO-ZnO)

reduced graphene oxide (rGO)

silver-reduced graphene oxide nanocomposite (Ag-rGO)

reduced graphene oxide—zinc oxide nanocomposite (RGO-ZnO)

gold-reduced graphene oxide nanocomposite (Au-rGO)

graphene oxide (GO)

reduced graphene oxide (rGO)

gold nanoparticles (AuNPs)

reduced graphene oxide—gold nanocomposite (rGO-AuNPs)

sample concentration bacterial zone of inhibition
(mg-mL™") strain (mm) refs
100 E. coli 18 88
S. aureus 23
E. coli resistant
S. aureus resistant
K. pneumonia 11 89
P. aeruginosa 10
E. coli 11 90
100 S. aureus 8 91
B. subtilis 9
E. coli 18
200 K. pneumonia 14 92
P. aeruginosa  14.5
150 K. pneumonia  23.4 93
P. aeruginosa  24.4
S. aureus 21.4
100 B. subtilis 9 94
E. coli 8
P. aeruginosa 6
B. subtilis 18
E. coli 14
P. aeruginosa 7.5
100 E. coli resistant the current
work
K. pneumonia
S. aureus
B. subtilis
E. coli no growth
(sensitive)
K. pneumonia
S. aureus resistant
B. subtilis

B Scavenging activity % of rGO-AuNPs (12.5-50 pug/mL)
# Scavenging activity % of Vitamin C (12.5-50 ug/mL)
60

50

40

30

20

Scavenging activity %

10

2

W

Concentration pg/mL

Figure 9. Antioxidant efficiency of rGO-AuNPs and vitamin C
(reference) against DPPH.

(NaBH,), gold tetrachloroaurate solution (HAuCl,-3H,0),
sodium hydroxide (NaOH), sodium borohydride (NaBH,),
and methylene blue (MB) were purchased from Merck.

4.2. Collection of Plant Specimens and Preparation
of Extracts. Representative samples of P. salicifolia leaves were

34961

collected from the Nile delta in northern Egypt. Leaves were
rinsed with deionized water (DW) several times to remove
impurities and debris. Then, leaves were shredded and left to
dry in open air, followed by overnight drying at 60 °C till a
constant weight is reached. Afterward, dry leaves were ground
in a stainless steel mixer to obtain a fine powder. Five grams of
this powder was mixed with 100 mL of DW, stirred, and
heated at 85 °C for approximately 15 min, and eventually, it
was filtered and the filtrate extract was stored in a glass beaker
at 4.0 °C for further use.

4.3. Phytosynthesis of AuNPs and rGO-AuNPs. For
AuNP synthesis, 1 mL of the obtained leaf extract was mixed
with 1 mL of HAuCl,-3H,0 (0.011 M); then, an instantaneous
color change was detected from golden yellow to violet at
room temperature. The purification step was conducted via
centrifugation of the AuNP colloidal solution and then
collecting the precipitated pellets and washing them using
DW. This step was repeated three times to purify the AuNPs
when synthesized or generated. Then, the formed colloidal
solution was stored at 4.0 °C for further use. For rGO-AuNP
synthesis, 1 mL of the gold ion solution was mixed with the
graphene oxide (GO) solution, which was prepared via the
modified Hummers method,'®” with a concentration of 0.1
mg~mL_1; next the mixture solution was stirred and heated at
40 °C for 30 min to promote the interaction between gold ions
and GO surfaces, and then, 2 mL of the plant extract was
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Table 3. Comparison between the Antioxidant Efficiency of
rGO-AuNPs Synthesized in the Current Study and Other
Metal Nanomaterials Prepared in Other Studies

scavenging
concentration  percentage
antioxidant (ug/mL) (%) refs
reduced graphene oxide (rGO) 160 25 102
graphene oxide (GO) 400 40 103
zinc oxide—reduced graphene 22
oxide nanocomposite (ZnO-
rGO)
reduced graphene oxide—Zinc 200 4S 92
oxide nanocomposite (RGO-
Zn0)
graphene oxide (GO) 100 Ss 94
reduced graphene oxide (rGO) 80
reduced graphene oxide 160 80 104
quantum dots (rGOQDs)
graphene oxide (GO) 200 20 105
reduced graphene oxide (rGO) 30
graphene oxide (GO) 750 25 37
reduced graphene oxide (rGO) 60
graphene oxide (GO) 200 60 91
silver-reduced graphene oxide 90
nanocomposite (Ag-rGO)
graphene oxide (GO) 100 SS 106
reduced graphene oxide (rGO) 80
gold nanoparticles (AuNPs) 300 57.7 36
reduced graphene oxide (rGO- 50 32.11 the
AuNPs% current
work

added under stirring and heating at 70 °C for 6 h.
Furthermore, a black precipitate was noticed, and the solution
was centrifuged at 5000 rpm and washed many times with DW
until neutralization. Eventually, the pellets were dried over-
night in an oven at 50 °C, and then they were stored for
turther use.

4.4. Characterization Techniques. UV—Visible spectros-
copy measurements were conducted via a double-beam
spectrophotometer (T70/T80 series UV/Vis spectrophotom-
eter, PG instruments Ltd, UK.), in the scanning range 200—
800 nm. TEM measurements were performed on a JEOL,
JEM-2100F, Japan, operated at an accelerating voltage of 200
kV. FTIR measurements were conducted on a JASCO
spectrometer in the range 4000—600 cm™'. { potential was
examined in a { potential analyzer (Zetasizer Nano ZS
Malvern). XRD was conducted on an X-ray diffractometer
(X’Pert PRO, The Netherlands) operated at a voltage of 45 kV
and a current of 40 mA with Cu Kal radiation (4 = 1.54056
A) in the 26 range from 20 to 80°. Energy-dispersive X-ray
spectroscopy (EDX) was performed by a JEOL model JSM-
IT100. Raman spectroscopy was performed on the dried
sample at room temperature using a SENTERRA Raman
spectrometer, Bruker, Germany, with a 514.5 nm excitation
wavelength to determine the extent of graphitic disorder within
the prepared material.

4.5. Catalytic Degradation of Methylene Blue (MB).
Briefly, 0.1 mL of AuNPs and rGO-AuNPs were added
separately to 10 mL of various aqueous solutions of MB with
concentrations ranging from 10 to 20 ppm (10, 15, and 20
ppm). Then, 0.1 mL of freshly prepared aqueous NaBH,
solution (0.058 M) was added to these solutions. Progress of
the reaction was monitored by recording the time-dependent
UV—vis absorption spectra of these mixtures at 664 nm in a

quartz cuvette (path length 1 cm) using UV—vis spectroscopy
(T70/T80 series UV/vis spectrophotometer, PG instruments
Ltd, UXK.). Control experiments were conducted under the
same experimental conditions yet without AuNPs, rGO-
AuNPs, or NaBH,. Scanning was performed in the range
200—800 nm at ambient room temperature (25 °C), and the

efficacy was measured by the following equation®”'%*
. = A
degradation percentage % of MB = ———— X 100
Ao (1)

where A represents the initial absorbance and A refers to the
final absorbance.

4.6. Antimicrobial Test. 4.6.1. Inoculum Preparation.
The stock culture of reference strains (in glycerol broth) was
subcultured onto tryptic soy agar plates. After overnight
incubation, the tops of 3—5 colonies of pure culture of the
organism to be tested (E. coli (ATCC 8739), K. pneumonia
(ATCC 1388), B. subtilis (ATCC 6633), and S. aureus (Mrsa)
(ATCC 25923)) were touched with a loop and suspended in a
sterile test tube containing 2 mL of saline. Turbidity of the
suspended colonies was compared with the 0.5 McFarland
turbidity standard equivalent to 2 X 10® CFU/mL, and the
density of the organism suspension was adjusted by adding
more bacteria or more sterile saline.

4.6.2. Preparation of Seeded Agar. Muller Hinton agar was
weighed and dissolved in distilled water and then sterilized by
autoclaving after being divided into 25 mL portions into six
separate flasks. Flasks were left to cool to 50 °C, and then
tested reference strains (1%) were added on sterile Muller
Hinton agar. Flasks were shaken and poured onto sterile Petri
dishes and left to solidify. With a sterile cork borer, three wells
(each 8 mm diameter) were made in each seeded agar plate.

4.6.3. Placing of Tested Materials (AuNPs and rGO-
AuNPs). The panel of the selected material to be evaluated was
placed on the inoculated plates using a sterile automatic
pipette directly onto its specific well after sterilization by
filtration; the plates were put in the refrigerator overnight to
allow the diffusion of tested materials.

4.6.4. Incubation. Plates were incubated at 35 + 2 °C for 24
h.

4.6.5. Reading Results. All measurements were made with
the unaided eye while viewing the back of the Petri dish a few
inches above a nonreflecting background and illuminated with
reflected light.

4.7. Antioxidant Activity of rGO-AuNPs (DPPH Assay).
The free radical scavenging activity was examined via the
DPPH (2,2-diphenyl-1-picrylhydrazyl) assay to measure the
antioxidant efficiency of both AuNP and rGO-AuNP samples.
The assay was conducted in triplicate. Briefly, 1 mL of each
sample was mixed with 1 mL of DPPH (0.2 mM) along with a
control sample. Solutions were mixed for 3 min under dark
conditions at room temperature. Then, after 20 min, the
radical’s concentration was measured by the reduction in
absorbance % of the mixture at 517 nm wavelength. The
absorbance change was measured at 517 nm. Vitamin C
(ascorbic acid) was employed as a positive control. The
activity was measured by the following equation'”""

radical scavenging activity

_ (control absorbance — sample absorbance) % 100
B control absorbance

2)
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where control absorbance is the absorbance in the absence of
antioxidants and sample absorbance is the absorbance in the
presence of antioxidants (AuNPs, rGO-AuNPs, or vitamin C)
at 517 nm.

4.8. Statistical Analysis. All experiments were conducted
in triplicates (n = 3), while the gained data were presented as a
mean value corrected by the standard deviation (+SD).
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