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ABSTRACT: In the current study, a facile, rapid, and ecologically safe photosynthesis of gold
nanoparticles (AuNPs) that remained stable for 3 months is reported to advocate the main aspects of
green chemistry, such as safer solvents and auxiliaries, and the use of renewable feedstock. Zi-AuNPs
were phytosynthesized by the aqueous extract of Ziziphus spina-christi leaves, and numerous
techniques were employed for their characterization. The results demonstrated the successful
phytofabrication of crystalline AuNPs with brownish-black color, spherical nanoparticles with a size
between 0 and 10 nm, a plasmon peak at 540 nm, and a surface charge of −25.7 mV. Zi-AuNPs
showed an effective photodegradation efficiency (81.14%) against malachite green and a good
recycling capacity of 69.2% after five cycles of regeneration. The cytotoxicity test by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay signified a high anticancer
efficiency for both Zi-AuNPs and Z. spina-christi extract against human breast cancer cells (MCF7 cell
line) with IC50’s of 48 and 40.25 μg/mL, respectively. Highly efficient antioxidant capabilities were
proven with 2,2-diphenyl-1-picrylhydrazyl (DPPH) removal percentages of 67.5% for Zi-AuNPs and
92.34% for Z. spina-christi extract.

1. INTRODUCTION

Nanotechnology has been postulated as a research area that
combines the principles of biology, physics, and chemistry to
synthesize new materials with unique properties at a very small
scale, which is the nanoscale (0−100 nm).1,2 It is an
interdisciplinary research area that involves developing,
controlling, and utilizing these nanomaterials at the molecular
level and in a lot of different applications.3,4 Optoelectronic
devices, catalysis, cancer treatment, drug delivery, energy, space
industry, and wastewater treatment are just some examples of
the applications that nanotechnology is transforming through
harnessing nanomaterials owing to their extremely small
particle size and high surface area that render them unique
characteristics.5,6

Various techniques could be employed in the fabrication of
nanomaterials such as chemical reduction, electrochemical
synthesis, physical synthesis, and lithography. These techni-
ques are usually expensive and hazardous because they
frequently involve the use of noxious reducing agents and
harsh reaction conditions.7 On the other hand, biosynthesis of
nanostructures via plants and microorganisms aroused as a
safe, inexpensive, and more sustainable alternative.8 Relying on
microorganisms requires cautious handling and maintenance in
culturing and growing of these organisms, which to some
extent adds to the expenses.9 Therefore, relying on plant
extracts in the synthesis of nanomaterials has garnered most of

the workers’ interests owing to the existence of various
phytoactive constituents in plant extracts that are working as
reducing and stabilizing agents at the same time, resulting in
lower cost, facile, rapid, and efficient synthesis.10 Extracts of
numerous plant species were utilized for nanomaterials
production including Potamogeton pectinatus, Scutellaria
barbata, and Phragmites australis to obtain different sized and
shaped nanomaterials that could be harnessed in many
applications.
Owing to their special properties such as quick synthesis,

catalytic and size-dependent properties, and low toxicity, gold
nanoparticles (AuNPs) are attracting more attention today in
numerous applications.11,12 AuNPs could be employed in
imaging, drug delivery, and photocatalysis.13 Production of
AuNPs with different morphologies and characteristics could
be accomplished through variation in the preparation
conditions including pH and other factors.5
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AuNPs and other nanomaterials have been widely employed
in wastewater treatment to remove different types of pollutants
as a result of their outstanding characteristics such as low cost
and recyclability.14,15 These pollutants have seriously threat-
ened human health and water quality.16 One of these toxic
pollutants is malachite green (MG) dye, which is used in food
coloring as well as in cloths, cotton, and wool industries.17

Currently, there is a high death rate from cancer in different
countries and the treatment protocols are not very efficient.18

Despite imposing deleterious impacts on human health,
conventional cancer treatments are also highly expensive.19

On this basis, there is an urgent requirement for less costly and
safer methods of improving anticancer drugs and therapies.20

Consequently, the synthesis of sustainable and low-cost
anticancer agents like AuNPs was targeted in the current study.
The role of free radicals’ scavengers, which are commonly

known as antioxidants, was confirmed to be quintessential
because of the detrimental impacts of these radicals.21 Free
radicals such as 2,2-diphenyl-1-picrylhydrazyl (DPPH) are
usually removed by antioxidants.22

Ziziphus spina-christi is a deciduous tree that is commonly
found in warm temperate and subtropical regions including the
Middle East.23 Its antimicrobial, antifungal, antioxidant, and
antidiabetic potentials were meticulously investigated, and they
were accredited to its phytoconstituents including flavonoids,
saponins, alkaloids, glycosides, and terpenoids.24 Therefore,
the aqueous extract of Z. spina-christi was used in this work to
phytofabricate AuNPs (Zi-AuNPs). Thus, the novel part of the
current work is the rapid phytosynthesis of AuNPs using Z.
spina-christi extract that were stable for about 3 months and
further investigate the photocatalytic, anticancer, and anti-
oxidant potentialities of these nanoparticles.

2. RESULTS AND DISCUSSION

Z. spina-christi was proved to possess antinociceptive,
antidiabetic, antioxidant, and antibacterial properties.24 The

examination of the chemical composition of Z. spina-christi
unraveled the existence of numerous phytoactive constituents
such as alkaloids, flavonoids, glycosides, terpenoids, and
tannins.25,26 The biosynthesis procedures are provided in
Scheme 1. In addition, Figure 1 displays a facile probable
mechanism for the phytofabrication of Zi-AuNPs via hyperin,
which is a common flavonoid in Z. spina-christi leaves. Hyperin
and other phytoconstituents such as rutin, quercetin, isovitexin,
lucoside-7-O-rhamnoside, and apigenin in Z. spina-christi
aqueous extract24 are reducing gold ions (Au3+) into nano
gold (Au0). Furthermore, they contribute to the stabilization of
Zi-AuNPs by capping them, with other phytoactive compo-
nents, leading to the formation of stable Zi-AuNPs.

2.1. UV−Visible Analysis. In the current study, a
transformation in the color from light brown to brownish-
black after adding gold ions to the extract of Z. spina-christi and
a surface plasmon resonance (SPR) peak at 540 nm denoted
the successful formation of Zi-AuNPs (Figure 2a). The
obtained results were concomitant with others stated in
previous works that aimed at the phytofabrication of AuNPs
using other extracts such as Sunderam et al.27 who synthesized
AuNPs using Anacardium occidentale leaf extract and reported a
wavelength of 540 nm as well as Chen et al.28 who observed an
SPR peak at 539 nm when synthesizing AuNPs by the extract
of Curcumae kwangsiensis leaves due to the disappearance of
d−d transitions of gold ions, indicating the successful green
synthesis process. Additionally, it should be stated that the
synthesized Zi-AuNPs were stabilized for almost 3 months as
presented in Figure 2b,c, demonstrating the high efficacy of Z.
spina-christi extract in the biosynthesis of AuNPs and also its
promising application in the preparation of other nanomateri-
als.

2.2. Fourier Transform Infrared (FT-IR) Analysis. FT-IR
spectroscopy is often employed in the detection of functional
groups, which are likely participating in the reduction and
stabilization of phytosynthesized nanomaterials. Several bands

Scheme 1. Biosynthesis Procedures of Zi-AuNPs Colloidal Solution
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appeared in the IR spectrum of Z. spina-christi extract (Figure
3a) that are characteristic for different functional groups
including the H-bonded O−H band at 3242 cm−1 that shifted
to 3260 cm−1 in Zi-AuNPs accompanied with a dramatically
lower intensity as shown in Figure 3b. A C−H stretch was
observed at 2920 cm−1, which shifted to doublet C−H at 2915
and 2845 cm−1. Moreover, CC band and C−H bending
were identified at 1597 and 1400 cm−1, respectively.
Subsequently, they completely disappeared in the spectrum
of Zi-AuNPs. C−O stretching appeared at 1011 cm−1, which
then slightly shifted to a lower wavenumber of 1002 cm−1 in
Zi-AuNPs. Similar results to the current one were reported in
other recent works.29,30 Therefore, it was concluded that
various phytoconstituents, especially those containing O−H
functional groups, such as alkaloids, flavonoids, and tannins,
were responsible for the reduction and stabilization of Zi-
AuNPs.
2.3. High-Resolution Transmission Electron Micros-

copy (HRTEM) Analysis. Size, shape, and other morpho-
logical characteristics of nanoparticles could be provided by
microscopy techniques. Data collected from HRTEM analysis

indicated that the size of Zi-AuNPs ranged from less than 2 nm
to more than 10 nm and the principal shape formed was
spherical as shown in Figure 4a−c. Furthermore, a histogram
demonstrating the various sizes of Zi-AuNPs is displayed in
Figure 4d, indicating that the average size is 6−8 nm with
around 25%. The detected particle size in this study was
concluded to be smaller than that observed in many studies
such as AuNPs phytosynthesized by the Convolvulus fruticosus
extract that was around 30 nm.31 Moreover, other shapes were
observed, including rod, triangle, and others, and it was
concluded that diverse shapes of phytosynthesized AuNPs are
mainly formed through the various phytocomponents present
in the plant extracts that have different reducing capacities.32

Crystalline Zi-AuNPs had an interplanar spacing of d = 0.22
nm, which is presented in Figure 4c (inset).

2.4. X-ray Diffraction (XRD) Analysis. The face-centered
cubic (FCC) crystalline structure of Zi-AuNPs was confirmed
via XRD analysis that is displayed in Figure 5a as this analysis
is reckoned as an essential step in determining the crystal
structure of nanomaterials.33,34 Four distinguishing peaks of Au
were observed at 37.31, 44.31, 64.51, and 78.73° matching the

Figure 1. Proposed mechanism of Zi-AuNPs synthesis.
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planes of (111), (200), (220), and (311), respectively.
Moreover, the main growth orientation was the (111) plane
as previously reported in different works.35 These values were
matching the reported standards JCPDS file no. 04-0784 for
crystalline Au. The crystallite size of Zi-AuNPs was measured
by the Scherrer equation and found to be nearly 4.18 nm that
was within the size range (0−10 nm) measured by HRTEM.
This crystallite size was similar to that reported in another
study that targeted the formation of AuNPs via the extract of
Atriplex halimus,36 which was 6.31 nm.
2.5. EDX Analysis. In the current research, the

bioreduction of Au3+ into Zi-AuNPs was ensured by EDX

analysis that was designated by the strong peaks of Au0 at 2.3,
1.8, 8.5, 9.7, 11.5, and 13.4 keV as displayed in Figure 5b.
These signals were concomitant with other previously reported
results.37 Signals for carbon and oxygen were observed that are
deemed to be resulting from the plant extract. The production
yield of Zi-AuNPs was found to be 20.75%, as demonstrated in
Figure 5b (inset), indicating the high efficiency of the Z. spina-
christi extract in reducing Au3+ into Zi-AuNPs.

2.6. ζ Measurement. The existence of negative charge on
the Zi-AuNPs surface is commonly attributed to the presence
of several biological constituents in Z. spina-christi extract that
preserves the colloidal stability of Zi-AuNPs. The ζ-potential of
Zi-AuNPs was −25.7 mV, as displayed in Figure 5c, at a pH
value around 6 denoting the prominent role of the
phytoconstituents found in Z. spina-christi leaf aqueous extract
in preserving the stability of the phytofabricated Zi-AuNPs.
When the obtained results were compared to previously
published ones such as ref 29, it was concluded that the current
ζ-potential value is better as they detected a ζ value of −7.47
mV. Thus, the high degree of stability of Zi-AuNPs was
confirmed.

2.7. Photocatalytic Degradation. In the current study,
the photodegradation of MG, which is a toxic organic pollutant
usually resulting from various manmade sources via Zi-AuNPs,
was examined using UV light irradiation. Two concentrations
of MG were tested in the current work: 25 and 50 ppm.
Regarding the lower concentration, its degradation percentage
was about 81.14% after 100 min under UV irradiation, as
displayed in Figure 6a. However, the photodegradation
efficiency in the case of the higher concentration (Figure 6b)
was 63.29% during the same time under pH 6 and 25 °C
temperature and without the addition of free radicals.
When the pH of the solution was first examined within 100

min of photodegradation of MG with a concentration of 25

Figure 2. (a) UV−visible spectrum of immediately synthesized Zi-AuNPs. (b) UV−visible spectrum of Zi-AuNPs after 3 months. (c) Image of Zi-
AuNPs promptly after synthesis and after 3 months.

Figure 3. FT-IR spectra of (a) Z. spina-christi extract and (b) Zi-
AuNPs.
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ppm since the pH is postulated to be the most influential factor
on the photodegradation process because the variation in pH
usually influences the surface charge, adsorption ability, and
electron transfer capability of the photocatalyst, consequently
affecting the photodegradation rate.38 When the photo-

degradation process was carried out under highly acidic
conditions (pH 2), the removal efficiency was about 56.5%.
Afterward, the removal efficiency increased to 60.5 and 81.14%
with increasing the pH value to 4 and 6. However, the
degradation efficiency diminished to approximately 76% when

Figure 4. (a−c) HRTEM images of Zi-AuNPs and (d) particle size distribution histogram of Zi-AuNPs.

Figure 5. (a) XRD spectrum of Zi-AuNPs. (b) Energy-dispersive X-ray (EDX) spectrum of Zi-AuNPs: inset: elemental analysis. (c) ζ-Potential of
Zi-AuNPs.
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the pH value was 8, denoting that the optimum pH level is 6.
Thus, it was concluded that Zi-AuNPs could be applied as a
photocatalyst for the photodegradation of MG over various pH
levels as shown in Figure 7a.
Concerning the influence of temperature on MG removal

with the concentration of 25 ppm in 100 min and under the
optimum pH that is 6 (Figure 7b), the removal efficiency was
recorded to be 67.85% when the temperature was 10 °C. Yet,
the efficiency increased to approximately 81 and 84.7% when
the temperature was set at 25 and 40 °C, respectively.
Therefore, it was determined that by increasing temperature,
the photodegradation process becomes enhanced due to the
excessive release of hydroxyl radicals, which is in agreement
with other previously published works.39 However, the average
temperature (25 °C) was used for the rest of the experimental
work to simulate the natural conditions, which are usually
found in wastewater.
To determine the effect of free radicals such as H2O2 on the

photodegradation of MG, four different concentrations of
H2O2 (25, 50, 75, and 100 mM) were applied to the MG
solutions (25 ppm) with a pH of 6 for 100 min as presented in
Figure 7c. The obtained photodegradation percentage was
approximately 87.22% when the radical concentration was 25
mM. Then, on increasing the concentration of H2O2 to 50, 75,
and 100 mM, the removal efficiency was enhanced to 87.88,
90.38, and 91.42%, respectively. Therefore, the positive effect

of H2O2 addition was proven through the improvement of MG
removal by increasing the concentration of H2O2 that could be
accredited to the release of hydroxyl groups that led to the
provision of more hydroxyl radicals to the photodegradation
system.40

When the stability and recycling of Zi-AuNPs as a
photocatalyst was investigated (Figure 7d) within 100 min of
photocatalytic degradation of 25 ppm MG under pH 6, it was
observed that the efficiency diminished from 81 to 69.2% after
five recycling times, signifying the high applicability of Zi-
AuNPs regeneration. The kinetics study of MG removal with
the concentration of 25 ppm by Zi-AuNPs is presented in
Figure 7e, in which the rate constant (K) was found to be
0.0129 min−1. The obtained K in this study was suggested to
be better than other previously reported studies on the
photodegradation of MG, such as Tsvetkov et al.,41 who
reported rate constants of 0.0083 and 0.0073 min−1 for
MgFO/AgNPs and ZnFe2O4 nanocomposites, respectively, as
well as better than Sharma et al.42 who reported a rate constant
of 0.0102 min−1 using a nanocomposite hydrogel.
According to the above-mentioned results, it was deter-

mined that Zi-AuNPs is a promising photocatalyst that could
proficiently be employed in wastewater treatment via the
degradation of toxic organic pollutants. Furthermore, the effect
of time on the photodegradation process of the two
concentrations of MG is presented in Figure 6c,d. A

Figure 6. UV−visible absorption spectra of photodegradation of MG by Zi-AuNPs using different MG concentrations: (a) 25 ppm and (b) 50
ppm. Effect of time on the photodegradation of MG at concentrations of (c) 25 ppm and (d) 50 ppm.
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comparison of the photodegradation efficacies between Zi-
AuNPs and other photocatalysts utilized in MG photo-
degradation is presented in Table 1.
A mechanism for the photodegradation of MG is

demonstrated in Figure 8, in which Zi-AuNPs resulted in
MG degradation into simple, nontoxic, and inorganic products
such as CO2 and H2O. The photodegradation process of MG
is simply demonstrated through charge transfer procedures,
which were previously elaborated in refs 43 and 44 through the
following equations

MG AuNPs MG AuNPs(e )* + → * ++ − (1)

AuNPs(e ) O O2 2+ → *−
(2)

O H O H O OH2 2 2 2* + → → * (3)

O or OH MG CO H O byproducts2 2 2* * + → + + (4)

By absorbing UV light, MG adsorbed on the surface of Zi-
AuNPs became excited and commenced to donate its electrons
to the conduction band of Zi-AuNPs. Afterward, these
electrons were scavenged by dissolved oxygen and resulted in
the formation of a highly reactive superoxide oxygen radical
(O2*). Moreover, the O2* can react with H2O adsorbed on the
MG surface to form H2O2 that is promptly transformed into
OH*. Eventually, both O2* and OH* led to the degradation of
MG into CO2, H2O, and byproducts. The obtained results are
similar to Huang et al.45 and Li et al.46 who clarified the
important role of reactive oxygen species (ROS) in the
photocatalytic degradation of different organic pollutants.

2.8. Estimation of Cell Viability3-(4,5-Dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT)
Assay. A variety of unique properties of AuNPs enabled
them to be utilized as drug delivery carriers. These properties
include small particle size, nontoxicity, and low levels of

Figure 7. Effect of (a) pH, (b) temperature, and (c) H2O2 concentration on the removal efficiency of MG. (d) Recycling of Zi-AuNPs in MG
removal. (e) Kinetics of MG removal by Zi-AuNPs.
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immunogenicity.53 Therefore, they were extensively utilized in
cancer treatment. As tumor-targeting delivery materials get
smaller like AuNPs, the possibility of them bypassing the
body’s natural barriers becomes better.54

Apoptosis is inhibited by physiological ATP levels, so ATP is
thought to control apoptotic signals.55 Caspase is supposed to
play a crucial role in programmed cell death in a group of
protease enzymes, and its activation is believed to depend on
intracellular ATP concentrations,56 so a drop in the ATP level
after the addition of Zi-AuNPs might be presumed accountable
for causing apoptosis via caspase pathways and resulting in cell
death. Green synthesized AuNPs were also proved to be
responsible for the release of ROS in a dose-dependent
manner.57 ROS are generally toxic to cancer cells, and their
role in the cellular death process is deemed to be
indispensable.58 Additionally, affecting cell membrane integ-
rity, disrupting ATP synthesis, and obstructing electron
transfer are deemed to be the most commonly induced
disorders when Zi-AuNPs interacted with MCF7 cancer cells
that led to cell shrinkage and apoptosis.59

In this study, the anticancer efficacies of Zi-AuNPs and Z.
spina-christi extract were examined against MCF7 utilizing
MTT assay. The acquired results indicated that both samples

exhibited good anticancer performance as the recorded cell
viabilities were 35.73 and 25.44% at the highest concentration
(100 μg/mL) of Zi-AuNPs (Figure 9a) and Z. spina-christi

extract (Figure 9b), respectively. This may possibly be
accredited to their capability of penetrating cell membrane,
interacting with and disrupting proteins and other biomole-
cules.
Zi-AuNPs and Z. spina-christi extract acquired IC50

concentrations of 48 and 40.25 μg/mL, respectively, signifying
good efficacy in cancer treatment. A comparison between Zi-
AuNPs and other synthesized AuNPs to indicate the higher
cytotoxic efficiency of Zi-AuNPs is presented in Table 2.

2.9. Antioxidant Test. Antioxidants, such as metallic
nanoparticles, play a significant role in the fight against free
radicals like DPPH which is a commonly harmful free radical.65

Regarding the mechanism of the DPPH assay, it was
concluded that via receiving a hydrogen atom or an electron
from an antioxidant such as Zi-AuNPs, the OH-DPPH solution
was altered into the nonradical form of DPPH-H, thus leading

Table 1. Comparison of Photodegradation Efficacies
between Zi-AuNPs and Other Photocatalysts against MG

catalyst

dye
concentration

(ppm)
degradation
efficiency (%)

time
(min) ref

CuFe2O4 18 62.37 210 47
ZnO 5 49 60 48
ZnO modified
with EDTA

94.14

CdSe/TiO2 10 99 360 49
chitosan-
supported ZnO

5 ∼100 90 50

Pd/WO3
photocatalyst

5 66.66 360 51

Au−ZnO
nanofilm

10 76.92 240 52

Zi-AuNPs 25 81.14 100 current
study50 63.29

Figure 8. Probable mechanism of the photodegradation of MG by Zi-AuNPs.

Figure 9. Anticancer efficiency % of (a) Zi-AuNPs and (b) Z. spina-
christi extract against MCF7 cancer cells.
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to DPPH removal. The assay was intended to detect the
difference in DPPH concentration resulted from the reaction
of DPPH with Zi-AuNPs using a spectrophotometer.
Accordingly, the reception of an electron given by Zi-AuNPs
led to the degradation of DPPH, which was determined
quantitatively via the absorbance changes at 517 nm.
Using Zi-AuNPs to prevent the oxidative chain reaction

from starting results in the generation of nonreactive radicals,
which is what the antioxidant activity concept refers to. It was
also found that AuNPs, particularly those made using
biological or green methods, have significant antioxidant
potential to control oxidative damage.28 Another important
point to keep in mind is that Zi-AuNPs’ antioxidant activity is
reliant on the phytoconstituents that are capping the
nanoparticles.
In the current work, Figure 10 indicates that all of the

samples had an inhibitory effect against DPPH in a
concentration-dependent manner. Both Z. spina-christi extract
and Zi-AuNPs demonstrated high efficacies of DPPH removal
of about 92.34 and 67.5%, respectively, at a concentration of
100 μg/mL. The scavenging activity of vitamin C that was used
as a reference was found to be less efficient since it removed
about 55.84% of DPPH at the same concentration. It should be
noted that the presence of numerous phytoconstituents such as
flavonoids on the surface of Zi-AuNPs could be liable for their
boosted antioxidant efficacy as previously deduced.59

Other workers have concluded that plants with high
reducing ability also have a high antioxidant efficiency.66,67

The antioxidant potency of Z. spina-christi is well reported.24

As a result, the aqueous extract of Z. spina-christi was found to
be a better antioxidant, as evidenced by the rapid trans-
formation of Au3+ into Zi-AuNPs after the addition of the
extract.
Similarly to the obtained results, other workers reported

higher antioxidant efficacies of aqueous plant extracts than
AuNPs fabricated via these extracts, such as Zayed et al.,68 who
mentioned that Pimpinella anisum extract was a more efficient
antioxidant compared to AuNPs, and Sathishkumar et al.,69

who indicated a higher inhibitory efficacy for Couroupita
guianensis extract compared to phytosynthesized AuNPs.
Additionally, Nakkala et al.70 reported a higher antioxidant
efficiency for Costus pictus extract than AuNPs phytoproduced
by the same extract. A comparison among Zi-AuNPs and other
metallic nanoparticles in the scavenging efficiency of DPPH is
presented in Table 3.

3. CONCLUSIONS
According to the aforementioned results, the following
conclusions could be drawn. Z. spina-christi extract played a
dual role of a reducing agent and a stabilizing agent in a single-
step process for the synthesis of Zi-AuNPs that remained stable
for almost 3 months. FT-IR results revealed that the
phytoconstituents of Z. spina-christi extract such as flavonoids,
glycosides, terpenoids, and tannins were accountable for
reducing and preserving the stability of the phytosynthesized
AuNPs, which were majorly spherical with a surface plasmon

Table 2. Comparison of Cytotoxic Efficiencies between Zi-
AuNPs and Other Gold Nanoparticles

anticancer
agent

concentration
(μg/mL)

cell viability
(%) ref

AuNPs 250 40 60
AuNPs 320 10 61
AuNPs 10 40 62
AuNPs 120 45 63
AuNPs 100 38.7 64
Zi-AuNPs 100 35.73 current study

Figure 10. DPPH scavenging activity % of Z. spina-christi extract, Zi-AuNPs, and vitamin C (reference).

Table 3. Comparison of Antioxidant Efficiencies between
Zi-AuNPs and Other Metal Nanoparticles

antioxidant concentration (μg/mL) scavenging activity ref

PtNPs 100 70 71
PtNPs 30 72
AgNPs 4 80 73
AgNPs 250 85.9 74
AuNPs 300 57.70 59
Zi-AuNPs 100 67.5 current study
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peak at 540 nm and a surface charge of −25.7 mV. Moreover,
rod, triangle, rhomboid, pentagonal, and other irregular shapes
were also detected. Crystalline nature with an FCC structure
and a small particle size range of 0−10 nm were also
confirmed. Furthermore, the crystallite size was measured and
found to be 4.18 nm. Photodegradation results indicated the
good applicability of Zi-AuNPs as a photocatalyst against MG
with a photodegradation efficiency of 81.14% and good
recycling capacity that was 69.2% after five cycles of
regeneration. The high efficiencies of both Zi-AuNPs and Z.
spina-christi extract as efficient anticancer agents against MCF7
cancer cells with cell viabilities of 35.73 and 25.44% for Zi-
AuNPs and Z. spina-christi, respectively, were confirmed.
Prominent antioxidant efficiencies were proven with DPPH
scavenging percentages of 67.5% for Zi-AuNPs and 92.34% for
Z. spina-christi extract.

4. MATERIALS AND METHODS

4.1. Chemicals and Reagents. All of the reagents
employed in the current work were of high purity, including
gold tetrachloroaurate solution (HAuCl4·3H2O), 2,2-diphenyl-
1-picrylhydrazyl (DPPH) (99%), ascorbic acid, and methylene
blue (MB), that were purchased from Merck. Dimethyl
sulfoxide (DMSO) was purchased from HiMedia (India),
and the MCF7 cancer cell line was purchased from Vacsera
center, Giza, Egypt.
4.2. Preparation of Plant Extract. To remove impurities

and undesired elements, Z. spina-christi leaves were repeatedly
rinsed with deionized water (DW). After that, it was fractured
and let to dry in the open air before being dried in the oven
overnight at 60 °C. After that, dry leaves were pulverized into a
fine powder in a stainless steel mixer. The resulting powder (5
g) was mixed in 100 mL of DW, and then the mixture was
agitated and heated for about 20 min until it was boiling.22

Finally, the heated solution was filtered, and the filtrate extract
was kept at a temperature of 4.0 °C for further use.59

4.3. Biosynthesis of Zi-AuNPs. In brief, 10 mL of the
leaves extract was mixed with 1 mL of HAuCl4·3H2O (0.011
M). As a result, after 5 min of heating and stirring, the color
changed from light brown to brownish-black. The purification
phase involved centrifuging the Zi-AuNPs colloidal solution,
collecting the precipitated pellets, and washing them with DW.
To purify AuNPs once they were generated, this step was done
three times. The colloidal solution was then kept at 4.0 °C for
later use.59

4.4. Characterization Techniques. The size and shape of
AuNPs were determined by HRTEM measurements per-
formed on a JOEL, JEM-2100F, Japan, with an accelerating
voltage of 200 kV. The formation of AuNPs was monitored by
the UV−vis spectroscopy measurements on a double-beam
T70/T80 series UV/vis spectrophotometer (PG Instruments
Ltd., U.K.).36 Furthermore, the FT-IR spectrum measurements
were conducted for the ground sample with KBr on a JASCO
spectrometer over the range 4000−600 cm−1. The ζ-potential
of AuNPs was determined by a ζ-potential analyzer (Zetasizer
Nano ZS Malvern). XRD measurements of powdered AuNPs
were conducted on an X-ray diffractometer (X’Pert PRO, the
Netherlands) operated at a voltage of 45 kV and current of 40
mA with Cu Kα1 radiation (λ = 1.54056 Å) in the 2θ range of
20−80°. The crystallite size was calculated from the width of
the XRD peaks using the Scherrer formula59 given by

D( )
0.9
cos

λ
β θ

=

where D is the average crystallite size, β indicates the line
broadening the value of the full width at half-maximum
(FWHM) of a peak, λ is the wavelength of irradiated X-rays,
and θ is the maximum peak position value. Elements were
determined by energy-dispersive X-ray (EDX) spectroscopy,
JEOL model JSM-IT100.

4.5. Photocatalytic Experiments. The photocatalytic
activity of the green synthesized Zi-AuNPs against MG dye
was evaluated. Zi-AuNPs (10 mg) was added to 10 mL of two
different concentrations of MG solution (25 and 50 ppm).
Various levels of pH were examined, including 2, 4, 6, and 8.
Three different temperatures were tested comprising 10, 25,
and 40 °C. Furthermore, the effect of free radicals such as
H2O2 was inspected using four different concentrations (25,
50, 75, and 100 mM). All of these factors were optimized to
achieve the best photocatalytic removal of MG. Test solutions
were mixed for 30 min in the dark for adsorption/desorption
equilibration.75 Subsequently, the solutions were stirred under
a xenon lamp as a UV light source (λ > 400 nm) and
monitored.76 Next, 2 mL aliquots were removed and
centrifuged at 17 000 rpm for 1 min to separate the solid
nanocatalyst.77 The absorbance of the resultant supernatant of
MG solutions was measured at a 610 nm wavelength using
UV−vis spectroscopy (T70/T80 series UV/vis spectropho-
tometer, PG Instruments Ltd., U.K.).36 The percentage of MG
degradation was calculated by the following formula

A
A

% degradation 100o= ×
(5)

where A0 represents the initial absorbance and A refers to the
final absorbance.
Regarding the recycling process, Zi-AuNPs were first

removed from the solution by centrifugation at 17 000 rpm
for 1 min, then thoroughly washed with DW, and eventually
dried overnight in the oven.

4.6. Estimation of Cell ViabilityMTT Assay. The
effect of AuNPs on MCF7 cells was assessed by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay.32 Briefly, the cells (2 × 105 cells) were treated with
various concentrations of Zi-AuNPs and Z. spina-christi extract
(0.097−100 μg/mL) separately and incubated at 37 °C for 48
h using a CO2 incubator. Over the incubation period, 10 μL of
MTT solution (5 mg/mL) was added and the cells were
incubated again for 4 h. The formed purple color formazone
crystals were dissolved in 100 μL of dimethyl sulfoxide
(DMSO), and the intensity was measured at 570 nm. The
experiment was conducted in triplicate, and the percentage of
cell viability was calculated by eq 2

percentage of viability
(OD value of experimental sample)
(OD value of experimental control)

100= ×
(6)

where OD stands for the optical density that was measured at
average room temperature 25 °C and atmospheric pressure 1
atm.

4.7. Antioxidant Activity of AuNPs (DPPH Assay). The
free radical scavenging activity was examined via DPPH assay
to determine the antioxidant efficiency of Zi-AuNPs and Z.
spina-christi extract. The assay was conducted in triplicate. In

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c06714
ACS Omega 2022, 7, 3121−3133

3130

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the process, 1 mL of Zi-AuNPs and Z. spina-christi extract was
mixed separately with 1 mL of DPPH (0.2 mM) along with
control DPPH that does not contain any nanoparticles. The
two mixtures were blended for 3 min in the dark at ambient
temperature. Then, after 20 min, the concentration of radical is
examined by the reduction in absorbance percentage of the
mixture at 517 nm wavelength. Vitamin C (ascorbic acid) was
used as a reference. The radical scavenging activity was
determined by the following equation

radical scavenging activity
(control absorbance sample absorbance) 100

control absorbance
=

− ×

(7)

where control absorbance is the absorbance in the absence of
antioxidants and sample absorbance is the absorbance in the
presence of antioxidants (Zi-AuNPs, Z. spina-christi extract,
and vitamin C) at 517 nm.
4.8. Statistical Analysis. All experiments were conducted

in triplicate (n = 3), while the gained data were presented as a
mean value corrected by the standard deviation (±SD).
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