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ARTICLE INFO ABSTRACT

Keywords: The age-old discipline of plant therapy has gained renewed importance through the utilization of

Cl‘mllm. Cf’loc)’nfhm plants for the synthesis of metal nanoparticles. However, toxicity testing and characterization of

gytOtomF"ty the recently synthesized nanomaterials are essential to evaluating their appropriate application.
enotoxicity

Citrullus colocynthis is a medicinal plant with several health benefits. Herein, we used its ethanolic
pulp extract (PE) to manufacture gold nanoparticles (PE-AuNPs). Various approaches were
employed to assess the MTTsg and NRs( values of PE and PE-AuNPs at different concentrations in
the human hepatocarcinoma cell line (HepG2). The study aimed to assess the genotoxic effects
and in vivo toxicity of PE and PE-AuNPs at MTTs, dosages. The quasi-spherical, cubic/triangular
prisms, and nail-looking particles exhibited no antioxidant properties. They had an absorbance
peak between 540 and 560 nm, diameters of less than 20 nm, hydrodynamic diameters of 177.9
nm, and a negative surface charge (—10.3 mV). The significant role of plant phytochemicals in the
formation of metal nanoparticles is confirmed by the diminished antioxidant capacity of extract
residues following PE-AuNP synthesis. PE-AuNPs exhibited in vivo and cytotoxic effects at rela-
tively lower concentrations compared to PE. In contrast to PE, PE-AuNPs exhibited lower geno-
toxic at MTTso dosages. Despite having MTTsq values of approximately 1.95 + 0.06 and 0.89 +
0.03 mg/ml, PE and PE-AuNPs can still be considered biocompatible. Nonetheless, our results
suggest that the characteristics of recently produced nanoparticles can differ from those of the
matching plant. Further investigation can provide a better understanding of the possible thera-
peutic and pharmacological impacts of PE-AuNPs.

Gold nanoparticles
Antioxidant activity
Green synthesis

1. Introduction

Nanotechnology, a field that focuses on particles with sizes ranging from 1 nm to 100 nm, is highly favored in modern sciences due
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to its extensive range of applications [1]. Nanotechnology is expected to bring about substantial technical advancements in the current
century [2]. Nanoparticles (NPs) can be produced using three primary methods: physical and chemical techniques, which are widely
used but require a significant amount of energy and involve hazardous additives. On the other hand, the biological method, also known
as green synthesis, is a one-step process that is quick, simple, cost-effective, environmentally friendly, and highly stable [3].

Metal nanoparticles (MNPs) are employed in several applications such as catalysis, molecular sensing, diagnosis, and disease
therapy owing to their distinctive physicochemical and biological characteristics [4]. These characteristics encompass their diminutive
dimensions, akin to cellular structures and organelles, expansive surface area that allows for multiple functional groups to be attached
[5], the ease of their interaction with receptors, proteins, and nucleic acids [6], and their capacity to be excreted through urine and
feces due to their small size [7]. Gold nanoparticles (AuNPs) have garnered significant attention in recent years as a subset of noble
MNPs. This is primarily due to their unique intrinsic characteristics, such as their size tunability, high surface-to-volume ratio, bio-
imaging capabilities, favorable biocompatibility, low toxicity, and the potential for surface modification [8]. Concerns have been
raised regarding the impact of gold nanoparticles on human health due to their increasing usage [9]. Although they possess utility, data
are scarce about their genotoxic potential. AuNPs are commonly perceived as bio-inert; yet, there exists a divergence of findings and
viewpoints on the safety and biocompatibility of these nanoparticles. Hence, it is imperative to direct attention towards the toxicity
and biocompatibility of AuNPs, as highlighted by Lebedova et al. and Patil et al. [8,10].

Green synthesis of AuNPs by many plants, such as Citrus maxima [11], Allium cepa [12], Piper nigrum [13], Lonicera Japonica
[14], Chenopodium murale [15], Crocus sativus [16], barberry [17], Coffea arabica seed [18], and Fenugreek seeds extracts [19] has
been reported. Despite the successful production of AuNPs using Citrullus colocynthis (C. colocynthis) seed aqueous extract [1],
insufficient practical support exists regarding the synthesis and cytotoxicity of AuNPs derived from the ethanolic extract of its pulp.
The preference for utilizing the pulp extract over the leaf or seed extracts was mostly driven by the difficulties encountered in ethanol
extract preparation. The process of isolating chlorophyll from the leaf extract and oils from the seed extract is a relatively difficult task
that necessitates thorough manipulation and use of toxic compounds, such as methanol, hexane, and chloroform before the final
product is obtained.

Colocynthis (bitter apple), a prominent member of the Cucurbitaceae family, exhibits extensive growth in arid regions spanning
North Africa, Asia, the Middle East, and Iran. The plant possesses significant nutritional and therapeutic properties [20,21]. Research
has demonstrated that C. colocynthis contains a diverse range of biologically active substances, including glycosides, flavonoids, al-
kaloids, carbohydrates, fatty acids, and essential oils. According to Salma [22], Cucurbitacins are the primary constituent of this
particular fruit. Cucurbitacins, tetracyclic triterpenoids with high oxidation levels, are widely distributed in plants and have
demonstrated significant inhibitory properties against several cancer cell lines [23]. Both the reducing and stabilizing steps during the
creation of nanoparticles entail the participation of these phytochemicals.

Using C. colocynthis extracts, researchers have synthesized copper nanoparticles (CuNPs), nickel nanoparticles (Ni-NPs), zinc oxide
nanoparticles (ZnONPs), and silver nanoparticles (AgNPs) with promising anticancer and antibacterial effects [2,24-28].

In the current investigation, the ethanolic pulp extract (PE) of C. colocynthis was employed to synthesize gold nanoparticles (PE-
AuNPs). The particles were subjected to various analytical techniques, including UV-VIS spectroscopy, transmission electron micro-
scopy (TEM), field emission scanning electron microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDS), dynamic light
scattering (DLS), zeta potential, X-Ray diffraction analysis (XRD), Fourier-transform infrared spectroscopy (FTIR), coupled differential
scanning calorimetry—thermal gravimetric analysis (DSC-TGA), and agarose gel electrophoresis (AGE), after their filtration through a
0.45 pm syringe-driven filter. Next, we conducted a comparative analysis of the cytotoxicity and genotoxicity of PE-AuNPs in relation
to the raw extract (PE) in the context of human hepatocarcinoma (HepG2) cells. The selection of HepG2 cells as an experimental model
for in vitro toxicological investigations is primarily based on the confirmation from in vivo studies that the liver is the principal
location for the accumulation of AuNPs. The findings of our study indicated that PE-AuNPs exhibited higher cytotoxicity, although, at
MTTsg doses, they demonstrated lower genotoxicity compared to PE.

2. Materials and methods
2.1. Materials

The following chemicals were acquired from Sigma Aldrich (St. Louis, MO, USA): hydrochloroauric acid trihydrate
(HAuCl433H20), 3-[4,5-Dimethylthiazol-2yl]-2,5-diphenyltetrazolium bromide (MTT) reagent, low melting point (LMP) agarose,
Triton X-100, gallic acid, ferric chloride (FeCl3), and SYBR green dye. The Drechslera dematioidea strain Cytochalasin B was acquired
from Sigma Aldrich (Israel). The neutral red (NR) solution was acquired from Sigma Aldrich (Dorset, UK). The Folin-Ciocalteu phenol
reagent and 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ) were obtained from Sigma Aldrich (Switzerland). The compound potassium di-
chromate (PD) was acquired from Riedel-de Haen, (Seelze Hannover, Germany). PAN-Biotech (Aiden Bach, Germany) provided
Penicillin/Streptomycin (Pen/Strep). Gibco (New York, USA) supplied FBS, and fetal bovine serum (FBS), and ROTH (Karlsruhe,
Germany) supplied DMSO. The source of acridine orange was Hopkins & Williams Ltd. (Swansea, UK). The normal melting point
(NMP) agarose was acquired from Kawsar Biotech (Tehran, Iran). The LDH kit was obtained from Biorexfars (Fars, Iran), while DMEM
and 0.25 % trypsin-EDTA were acquired from Bio-Idea (Tehran, Iran). Additional compounds were acquired from Merck (Darmstadt,
Germany). The Trypan blue dye was acquired from Alfresco (Solon, USA). HepG3 cells were acquired from the National Cell Bank,
Pasteur Institute of Iran. The DLS, zeta potential, TEM, FESEM, SEM-EDS, DSC-TGA, XRD, and FTIR procedures were conducted by the
Center for Laboratory Services at Sharif University of Technology, Tehran, Iran. The comet experiment was conducted at the Institute
of Biochemistry and Biophysics (IBB) at Tehran University, under the supervision of Dr. Goliaie. The eggs of Artemia salina Leach, also
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known as brine shrimp eggs, were acquired from a pet store. The fruits of C. Colocynthis (voucher number PMP-3639) were gathered
from nearby regions in Shooshtar, Khuzestan, Iran.

2.2. Preparation of ethanolic C. Colocynthis pulp extract (PE)

The fruits were subjected to solar drying, resulting in the easy separation of seeds and rind from the dried fruits. Fruit pulp was
pulverized into a fine powder. Approximately 10 g of the powder was immersed in 166 ml of 96 % ethanol. The crude extract was
filtered using a Whatman filter No.1 after one week at room temperature. It was then dried in an oven at 37 °C. The crude component
(referred to as PE) was measured and preserved at a temperature of —20 °C [29].

2.3. Preparation of PE-AuNPs and analysis using UV-VIS spectroscopy

The study examined several concentrations of PE and HAuCl4.3H20 to determine the most effective concentrations for synthesizing
PE-AuNPs. To find the ideal PE concentration, we selected a 1 mM gold solution, commonly employed in the literature for the green
synthesis of nanoparticles. Various concentrations of PE (1, 3, 6, 9, 12 mg/ml) were combined with a stock solution of HAuCl4 (10 mM)
to achieve a final concentration of 1 mM. The mixture was then left undisturbed at room temperature in the dark. UV-VIS spectroscopy
was conducted within the wavelength range of 300-700 nm using a PerkinElmer UV/Vis Spectrometer (USA) and photographs of the
reaction mixtures were captured at 30-min intervals [30]. Subsequently, the chosen concentration of PE (6 mg/ml) was again
employed to choose the optimal concentration of HAuCl4.3H20 (from a range of 0.5, 1.0, 2.0, and 4.0 mM final concentrations) based
on the absorption spectra. The PE-AuNP reaction mixture (40 ml), filtered through a membrane (0.45 pm), underwent centrifugation at
29703 x g for 40 min. After washing twice with deionized water, the final pellet was either resuspended in deionized water or air-dried
for further operations.

2.4. Characterization of PE-AuNPs

2.4.1. Examination of the total polyphenol content (TPC) and total antioxidant content (TAC)

The TPC and TAC contents of PE (1, 3, 6, 9, 12 mg/ml solutions), the collected PE-AuNPs after synthesis and centrifugation, and the
resulting supernatants were measured using the Folin-Ciocalteu reagent and ferric reducing antioxidant power (FRAP) test, respec-
tively [30].

2.4.2. Agarose gel electrophoresis (AGE)

PE-AuNPs samples (20 pl) were combined with glycerol in a 1:1 ratio and subsequently applied onto the wells of a 0.8 % agarose gel
in a 0.5X TBE buffer solution with a pH of 8.0. The electrophoresis procedure was conducted for 40 min at a voltage of 135 V, utilizing
an electrophoretic tank (MupidOne, Japan) that was filled with TBE 1X (pH 8.0) [30].

2.4.3. Analysis of particle size and zeta potential

The nanoparticle suspension was subjected to dynamic light scattering (DLS) technique (Malvern Nano ZS (red badge) ZEN 3600,
UK) to determine the particle sizes and size distributions [specifically, the hydrodynamic diameters of the PE-AuNPs and polydispersity
index (PDI)] as well as the zeta potential or surface charges [30].

2.4.4. Transmission electron microscopy (TEM), field emission scanning electron microscopy (FESEM), and energy dispersive X-ray
spectroscopy (EDS)

A 3-pl droplet of PE-AuNP suspension was placed on a thin carbon supporting foil (TEM grid). After applying a gold coating, the
shape, size, arrangement, and microscale surface structure of PE-AuNP suspension were analyzed using TEM (Zeiss EM-900, Germany).
Concurrently, SEM was performed for both the PE-AuNP suspension as prepared and the air-dried powder (TESCAN, MIRA 3 LMU).
The frequency size distribution was computed using ImageJ program. The EDS analysis was used to characterize the elemental
composition of the air-dried sample.

2.4.5. X-ray diffraction (XRD) analysis
A thin layer of PE-AuNPs underwent non-destructive testing - X-ray diffraction from polycrystalline and amorphous materials-2
procedures using PANalytical (XPert PRo MPD) instrument. The scanning range (20) spanned between 0.8° and 10°.

2.4.6. Fourier transform infrared spectroscopy (FTIR)

The presence of phytochemicals on the surface of nanoparticles was confirmed by conducting Fourier-transform infrared spec-
troscopy (FTIR) on the extract, supernatant, and washed nanoparticles. FTIR spectra were recorded using a PerkinElmer Spectrum RX-
1 instrument (USA) throughout the frequency range of 4000 to 400 cm—1.

2.4.7. Thermogravimetric analysis (TGA)

Coupled differential scanning calorimetry-thermal gravimetric analysis (DSC-TGA) was carried out using METTLER TOLEDO
TGA/DSC 1 apparatus (OH, USA). A 5.70 mg sample of the air-dried PE-AuNP was placed in an alumina holder and subjected to
heating under a flow of nitrogen gas (50 ml/min) at a rate of 5 °C/min within a temperature range of 25-800 °C.
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2.5. Assessment of toxicity

2.5.1. Assays for MTT, NRU, and LDH

Once the cells were seeded in triplicate (2.5 x10* HepG2 cells per well) in low glucose DMEM medium supplemented with 10 %
FBS, 100 units/ml penicillin, and 100 pg/ml streptomycin, and allowed to adhere for 24 h at 37 °C in a humidified atmosphere with 5
% CO2, they were synchronized for 72 h by replacing the medium with an FBS-free medium. The complete medium was then
introduced to the control cells, while the other cell groups (treatment groups) were separately treated to full media containing different
doses of filtered PE (0.5, 1, 2, 4 mg/ml) and PE-AuNPs (0.2, 0.4, 0.8, 1 mg/ml). Cell viability was assessed using the MTT colorimetric
test at 24, 48, and 72 h following treatment [30]. After the 24-h exposure period, further tests were conducted, including the neutral
red uptake (NRU) assay, following the methodology described by Borenfreund and Puerner [31], and the LDH assay using a Biorexfars
LDH assay kit (Iran, Fars).

2.5.2. Trypan blue exclusion test

The cells were cultured at a density of 3 x 10° cells per well in a 24-well plate with a total volume of 1 ml. The cells were subjected to
MTTs( doses of PE and PE-AuNPs (2 and 0.9 mg/ml, respectively) in triplicate for 24 h after adhesion and synchronization. A he-
mocytometer and the trypan blue dye (0.4 % solution) were employed to manually enumerate the viable cells. According to Nowak
et al. [32], the percentage of viability was determined by applying the formula: viable cells % = (total number of viable cells per
ml/total number of cells per ml) x 100 %.

2.5.3. The cytokinesis block micronucleus (CBMN) assay

The CBMN assay was conducted according to the protocol outlined by Bigdeli et al. [33]. In a 6-well plate, cells were seeded in
triplicate at a density of 1.0 x10° cells per well in a total volume of 3 ml. Following adhesion and synchronization, the cells were
subjected to MTT5( doses of PE and PE-AuNPs (2 and 0.9 mg/ml, respectively) for 24 h. Subsequently, the supernatants were extracted,
and the cells were incubated at 37 °C with a concentration of 6 pg/ml of cytochalasin B dissolved in 0.1 % (v/v) DMSO for a minimum
of 28 h. The attached cells were subsequently rinsed with cold PBS and subjected to two rounds of fixation using cold methanol and
acetic acid (3:1 v/v) for 20 min following harvesting. In the initial fixation process, a dropwise addition of 4 % formaldehyde was
employed to preserve the cytoplasm. The preserved cells were placed onto microscopic slides, allowed to dry naturally, and subse-
quently stained with a 10 % (v/v) Giemsa solution (pH 7.4) for 20 min at ambient temperature. A total of one thousand bi-nucleated
cells were selected at random and thereafter examined using a light microscope (Leica, Germany) at a magnification of 40x. The
frequency of micronuclei (MNi) in each sample was determined by dividing the number of cells harboring micronuclei (MNi) by the
total number of bi-nucleated cells. The control group (untreated cells) represented the cells with spontaneous induction of MNi. The
nuclear division index (NDI) was used to construct an additional measure of cytotoxicity. The formula used is [M1 + 2(M2) + 3(M3) +
4(M4)/N]. In this formula, M1-M4 represents the number of cells with 1-4 nuclei, examined in 500 cells (N) for both exposures and
controls.

2.5.4. The alkaline comet assays

The alkaline comet assay was conducted following the methodology outlined by Queiroz et al. [34], with some adjustments. Briefly,
following the distribution of 3.0 x 10° cells per well on 24-well plates and subsequent synchronization, the HepG2 cells were parti-
tioned into four distinct groups. The experiment involved subjecting two groups to MTTsq doses of either PE or PE-AuNPs (2.0 and 0.9
mg/ml, respectively) for 24 h. An untreated group was designated as the negative control. A fourth group was subjected to ultraviolet
(UV) radiation for 20 min before collecting the cells. Approximately 5.0 x 10* cells from each group were collected and placed in a 0.5
% (w/v) pre-warmed LMP agarose solution on a slide pre-coated with a thin coating of 1 % (w/v) NMP agarose. The slides were
submerged in a lysis buffer solution (2.5 M NaCl, 0.1 M EDTA, 0.01 M Tris-HCl, and freshly added 1 % (v/v) Triton X-100, pH 10). The
immersion process lasted for 1 h at 4 °C. The slides were incubated in a denaturation buffer (0.3 M NaOH and 0.001 M EDTA, pH 13.6)
for 30 min at 4 °C. Subsequently, electrophoresis was performed using a fresh electrophoresis buffer with the same composition, at a
voltage of 16 V (1 V/cm, 300 mA) for 30 min. The slides were then immersed in a neutralization buffer (0.4 M Tris HC, pH of 7.5) for 5
min. The slides were treated with a 50 pl solution of SYBR® Green (20 pg/ml) and then examined using a fluorescence microscope
(x20). A minimum of 200 comet photos were randomly picked from each group and subsequently analyzed and evaluated using the
OpenComet software.

2.5.5. Double staining using acridine orange and ethidium bromide (AO/EB)

The cells are stained for apoptosis in this test [35]. In summary, the HepG2 cells that were not treated and those that were treated
for 24 h with MTTs( concentrations of PE (2 mg/ml) and PE-AuNPs (0.9 mg/ml) were collected and subjected to three washes with
PBS. Subsequently, the cells were stained with 1 ml of cold PBS containing a 40 pl mixture of 1 mg/ml ethidium bromide (EB) and 1
mg/ml acridine orange (AO) (1:1) in the absence of light for 10 min. The fluorescence microscope (Axioskop 2 plus, Zeiss, Germany)
was used to assess the cellular morphology.

2.5.6. Assessment of brine shrimp lethality

According to Kapali and Sharma [36], the present study aimed to assess the impact of extracts and nanoparticles on the hatching
process of brine shrimp eggs. Brine shrimp eggs weighing 0.01 g were placed in 60 mm plates and submerged in seawater that con-
tained either PE or PE-AuNPs at concentrations of 2.0 and 0.9 mg/ml, respectively. The artificial seawater was generated by adding
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11g of sea salt to 500 ml of tap water. Following a 48-h incubation period at ambient temperature, which is the duration necessary for
seeds to undergo hatching, and a subsequent 72-h period, the larval count was determined in a 1 ml sample extracted from each plate
following agitation to ensure homogeneity. Every dosage underwent two tests, and the counting process was repeated three times. The
positive control in this experiment involved potassium dichromate (PD, 0.35 mg/ml), while the negative control consisted of a sample
without any medication. The percentage of viability was determined by employing the subsequent formula: Viability = (the number of
larvae in 1 ml of test/number of larvae in 1 ml of negative control) x 100 %.

2.6. Statistical analysis

The MTTso and NR5 values were obtained using Prism software for data analysis, and the results were reported as Mean + SD. One-
way analysis of variance (ANOVA) was employed, followed by repeated post-hoc comparisons using Tukey’s test, to ascertain the p-
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Fig. 1. The absorption kinetics of PE-AuNP synthesis. The color profile (SPR) (a), the absorption maximum profile over time, as well as the UV-vis
absorption spectra at different times for the synthesis of PE-AuNP employing varied concentrations of PE (b) and HAuCl4.3H20 (c). The term “0 (+)"
denotes the initial extract at time zero, which occurs immediately following the introduction of the HAuCl, solution. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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values that were deemed statistically significant, meaning they were below the threshold of 0.05.
3. Results
3.1. Preparation of extracts from the pulp of C. colocynthis (PE)

A yield of approximately 2.58 + 0.05 g (25.46 %) of dry material was obtained from 10.0 g of C. colocynthis pulp.

3.2. Synthesis of AuNPs using PE

The color change observed in Fig. 1a was a result of the reduction of Au>* ions to Au® when the extracts were mixed with the
HAuCl4 solution at various concentrations of PE. The color change ranged from pale yellow to various shades of purple, depending on
the duration of time elapsed. The synthesis of a limited number of NPs was observed at low concentrations of PE (1 and 3 mg/ml)
(Fig. 1b, left and right). Conversely, higher concentrations of PE resulted in the formation of larger particles (as indicated by the
redshift of absorption maxima from 540 to 550, Fig. 1b, right). The optimal peak area was achieved at a concentration of 6 mg/ml of PE
at the lightest wavelength of 540 nm.

In contrast to the rapid initiation and early stabilization of absorption maxima profiles observed at low concentrations of HAuCl4,
higher concentrations of HAuCl4 resulted in a delayed or alternative pathway for the synthesis of PE-AuNP, as depicted in Fig. 1c, left.
The gradual production of a significant quantity of bigger particles was seen as the concentrations of gold salt increased (Fig. 1c, right).
The wavelength at which the highest absorption occurred (Amax) exhibited an upward trend when the concentrations of both reactants
(PE and HAuCl4) rose. The optimal peak at 540 nm was achieved with a concentration of 6 mg/ml of PE and a concentration of 1 mM of
gold salt solution. A reaction medium with a volume of 10 ml, comprising 6 mg/ml of PE and 1 mM of gold salt, resulted in the
production of approximately 4.5 mg of PE-AuNPs.

3.3. Quantification of total polyphenol (TP) and total antioxidant (TA) levels

The TPC and TAC values for the initial PE at various concentrations and the supernatants after collecting the NPs from the reaction
mixture are presented in Table 1, based on GA and Fe?' equivalents. The supernatants exhibited a notable drop in antioxidant ca-
pabilities following the production of NP (Suppl. S1). Additionally, the synthesized PE-AuNPs did not demonstrate any antioxidant
activity.

3.4. Characterization of particles for PE-AuNPs

3.4.1. Analysis of DLS, zeta potential, and AGE

Suppl. S2 displays the hydrodynamic diameters of PE-AuNPs categorized by intensity, number, and zeta potentials after the
filtration process. Table 2 indicates that the particles had hydrodynamic diameters of 177.9 nm and a polydispersity index of around
0.311. The electrophoretic mobility pattern of the PE-AuNPs confirmed the presence of a negative surface charge, measuring —10.3
mV. After being filtered using a syringe-driven filter with a mesh size of 0.45 pm, all PE-AuNPs successfully passed through the gel and
gathered in a single band (Suppl. S2).

3.4.2. TEM, FESEM, EDS

The data acquired from the examination of TEM and SEM images (Fig. 2a—e) of PE-AuNP suspension in water as prepared is
summarized in (Table 2). The bulk (86 %) of PE-AuNPs exhibited quasi-spherical and hexagonal shapes, with diameters smaller than
20 nm; the chart in Fig. 2f displays the frequency size distribution of the TEM micrographs. The TEM pictures revealed the presence of

Table 1
Total polyphenol content (TPC) and total antioxidant capacity (TAC) for C. colocynthis ethanolic pulp extract (PE), the PE-mediated AuNPs
(PE-AuNPs) and the supernatant solutions after NP collection.

TPC TAC

Sample (mg/ml)

(GAE mg/ml), (GAE mg/g)

(Fe** mM), (Fe’>tmg/g)

PE (1.0) 0.012 + 0.00, (12.0 + 0.00) 0.332 + 0.02, (18.59 + 1.12)
PE supernatant (1.0) 0.004 + 0.00%, (NA) 0.018 + 0.01%, (NA)

PE (3.0) 0.032 + 0.00, (10.66 + 0.00) 1.041 £+ 0.07, (19.43 + 1.30)
PE supernatant (3.0) 0.011 + 0.00%, (NA) 0.400 + 0.007%, (NA)

PE (6.0) 0.054 + 0.002, (9.0 + 0.33) 1.946 + 0.03, (18.16 + 0.28)
PE supernatant (6.0) 0.027 + 0.00%, (NA) 0.941 + 0.03%, (NA)

PE (9.0) 0.073 + 0.001, (8.11 + 0.11) 2.517 + 0.04, (15.66 + 0.24)
PE supernatant (9.0) 0.044 + 0.00%, (NA) 1.522 4+ 0.01% (NA)

PE (12.0) 0.122 + 0.001, (10.16 + 0.08) 3.55 + 0.04, (16.56 + 0.18)

PE supernatant (12.0)

0.066 =+ 0.00°, (NA)

1.846 + 0.01°%, (NA)

a

, indicate significant differences in comparison to PE and PE supernatant, in each group, respectively; p < 0.0001. NA, not applicable.
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Table 2
The TEM and SEM sizes and zeta potential of C. colocynthis derived PE-AuNPs
after filtration.

Weight (mg) in 10 ml reaction media 45+0.7

TEM data

Minimum (d. nm) 2.001

Maximum (d. nm) 55.86

Mean for all NPs (d. nm) 12.41 +9.80

NPs <20.0 nm (%) 86.72

Mean for NPs <20.0 (d. nm) 9.04 + 3.49

SEM data

Mean diameters (nm) 262.36 + 68.32
Cubes or pyramids 343.91 + 272.10
Nails (length) 259.89 + 107.19
Spheres

DLS data

Hydrodynamic d.(nm) 177.9 nm

Zeta potential —10.3 mV
PDI 0.311

various AuNP forms, such as spheres, rods, triangles, and prisms.

Several nanoparticle morphologies, such as sharp nail-like rods of different lengths and widths, spheres, and cubic or triangular
prisms, were found via SEM observations. Fig. 3a displays the surface morphology of the air-dried powder of PE-AuNP, while Fig. 3b
provides the elemental composition. The EDS graph provides evidence of carbon, oxygen, chloride, and gold in PE-AuNPs, with atomic
percentages of around 83 %, 12.6 %, 0.13 %, and 4.3 %, respectively.

3.4.3. XRD analysis

The XRD spectrum (Fig. 4) confirms the successful formation of pure crystalline PE-AuNPs. All diffraction peaks align with the
planes of the face-centered cubic (FCC) structure of gold. The distinctive diffraction peaks corresponding to the crystallographic planes
(111), (200), (220), and (311) were identified at specific 20 values of 38.1°, 44.4°, 64.6°, and 77.8°, respectively. These values align
with those found in the reference (code 03-065-2870).

3.4.4. Fourier transform infrared spectroscopy (FTIR)

Phenols, flavonoids, alkaloids, glycosides, saponins, tannins, and terpenoids are present in PE. The extract, supernatant
(concentrated five folds), and PE-AuNPs were found to contain alcohols, phenols, phosphine, alkenes, amides, amines, alkanes, aro-
matics, carboxylic acids, and alkynes, as determined by FTIR analysis (Suppl. S3). The adsorption of phytochemicals on the surface of
PE-AuNPs was observed through the presence of vibrations at 3449.01 cm ™ for alcohols or phenols, 2360.51 cm™! for phosphine,
1639.98 cm ™! for alkenes or amides, 1559.54 em ™! for amines, 1472.49 cm ™! for alkanes and aromatics, 1419.14 cm™! for carboxylic
acids, and 668.25 cm ™! for alkynes. The utilization of phytochemicals in the production of PE-AuNPs served as stabilizing and reducing
agents.

3.4.5. TGA analysis

TGA (Fig. 5) revealed a significant and consistent weight loss of approximately 27 % between temperatures of 150 and 471 °C, as
indicated by the broad and continuous decline. This weight loss coincided with a notable exothermic reaction observed in the dif-
ferential scanning colorimetry (DSC) trace. The weight loss seen between 100 °C and 200 °C is likely due to the evaporation of water
adsorbed by the capping extract. The significant weight reduction within the temperature range of 250-500 °C can be attributed to the
combustion of the thin layer of organic material surrounding the nanoparticles. Furthermore, it is postulated that the degradation of
resilient aromatic compounds takes place after reaching 400 °C [37]. At the end of the thermal decomposition process, approximately
68 % of the remaining substance consists of pure AuNPs.

3.5. Assessment of cytotoxicity and genotoxicity

3.5.1. Viability assays using MTT and neutral red uptake (NRU)

In this study, HepG2 cells were subjected to varying concentrations of PE (0.5, 1.0, 2.0, 4.0 mg/ml) and PE-AuNPs (0.2, 0.4, 0.8, 1.0
mg/ml) for 24, 48, and 72 h in the context of MTT experiments. However, for NRU experiments, the treatment duration was limited to
24 h. The extract, regardless of the concentrations employed, resulted in substantial reductions in the percentage of viable cells
compared to the untreated cells, with these declines being dependent on both time and dosage (p < 0.0001). The toxicity of PE-AuNPs
commenced at a concentration of 0.8 mg/ml (Suppl. S4). PE-AuNPs exhibited higher toxicity compared to PE, as indicated by their
lower MTTsg and NRsq values (Table 3).

3.5.2. The LDH assay
The release of LDH by HepG2 cells to the culture media was boosted by a high concentration of PE-AuNPs (1.0 mg/ml). All
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TEM size distribution

PE-AuNPs

d. (nm)

Fig. 2. Two representative transmission electron microscopy (TEM) pictures (a and b), three scanning electron microscope (SEM) images (c—e), and
the frequency of size distribution for PE-AuNPs suspension (f). Triangular, rod-shaped, and hexagonal nanoparticles are shown by yellow, blue, and
red arrows, respectively. SEM revealed various sizes of different forms of nanoparticles including spherical, cubic, or triangular prisms, and nail-
looking spikes with broad flat heads. The images were magnified at 20 000 x . (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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Atomic %

Fig. 3. SEM image (a) and EDS analysis (b) for the powder sample of PE-AuNPs. The SEM image reveals a heterogeneous surface composed of
various particles, some elongated and rod-like, while others appear more irregular and rounded.

concentrations of PE were found to be safe. The information was reported as a percentage of the specific activity of the Control (Suppl.
S4).

3.5.3. Trypan blue exclusion test
The MTTs( doses of PE and PE-AuNPs over 24 h resulted in notable reductions in the percentage of viable cells. Notably, the PE-
AuNPs exhibited more cytotoxicity compared to PE, as indicated in Suppl. S4.

3.5.4. Cytokinesis-block micronucleus (CBMN) assay

The untreated cells exhibited a binucleated cell shape, which is characteristic of normal cell division, as evidenced by the presence
of micronuclei (MNi) below 2 % (Fig. 6a). Following a 24-h exposure to PE (2.0 mg/ml) and PE-AuNPs (0.9 mg/ml), there was a
considerable increase in the number of HepG2 cells with MNi (Fig. 6b).

Furthermore, it was observed that there was a notable rise in mononucleated cells (M1) and a considerable decline in binucleated
cells (M2) following exposure to PE and PE-AuNPs at the MTTs( concentrations after 24 h (Fig. 6¢). The findings of this study suggest
that exposure to PE and PE-AuNPs leads to a cytostatic impact. The cytostatic impact of PE and PE-AuNPs on HepG2 cells was
confirmed by a considerable drop in the nuclear division index (NDI) for both PE and PE-AuNPs, as shown in Fig. 6d.
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Fig. 4. XRD pattern of face-centered cubic (fcc) structure gold nanoparticles (PE-AuNPs). The peaks are located at 20 = 38.08°, 44.44°, 64.60°, and
77.72°, and were indexed as (111), (200), (220), and (311), respectively. The reference XRD pattern of Au (JCPDS 03-065-2870) is shown in the
lower part. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. TGA analysis of dry PE-AuNPs.

3.5.5. Alkaline comet test using single-cell gel electrophoresis

In this study, an alkaline comet assay was conducted to identify DNA strand breaks in HepG2 cells. Following treatment with PE
(2.0 mg/ml) and PE-AuNPs (0.9 mg/ml), the analysis of over one hundred fluorescent comets in each group using OpenComet Software
(Fig. 7a—d) indicated that the percentage of DNA in the tail (% TD) was 11.18 % + 10.59 and 8.60 % =+ 7.45 for PE and PE-AuNPs,
respectively (Fig. 7e). There was a significant difference (p < 0.0001) in the %TD of PE and PE-AuNPs compared to the control
(3.29 % + 1.87). The findings of our study are consistent with the documented genotoxic and DNA-damaging effects of AuNPs, as
described by Avalos et al. [38]. The %TD value of around 56.5 % + 22.9 % observed in cells exposed to UV light as a positive control
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Table 3
The ICsq values calculated from MTT and NRU assays for C. colocynthis pulp ethanol extract and the corresponding PE-AuNPs.

ICso (mg/ml)

NRso MTTso

24 h 24 h? 48 h 72h
PE 1.72 £ 0.03 1.95 £+ 0.06 0.73 +£ 0.03 0.76 + 0.03
PE-AuNPs 0.71 + 0.04 0.89 £+ 0.03 0.56 + 0.04 0.53 + 0.04

@ Note: The 24 h MTTs, concentrations of PE and PE-AuNPs (2.0 mg/ml and 0.9 mg/ml, respectively) were used for trypan blue, micronucleus,
comet, AO/EB, and shrimp assays.

b c d
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Fig. 6. Micronucleus assay. The microscopic images with blue, yellow, red, green, and black arrows depict various cell types, namely mononuclear,
binucleate, trinucleate, and binucleate cells with Mni and buds, respectively (a). Additionally, the frequency of MNi per 1000 cells (b), the frequency
of M1-M4, the cell number containing 1-4 nuclei per 500 cells (c), and the NDI (d) are also depicted. The nuclear division index (NDI) is calculated
using the formula [M1 + 2(M2) + 3(M3) + 4(M4)/N1, where N represents the total number of cells, which is 500. 1, p < 0.05; , p < 0.01; =|=, p<
0.001; *, p < 0.0001 compared to control (C). The data is reported as the mean + standard deviation of three studies. The magnification is 40 x .
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 7d) indicates that the comet assay process was conducted correctly.

3.5.6. Fluorescent labeling as a method for assessing apoptosis

Representative images and the percentage of cells in each stage of apoptosis are presented in Fig. 8 and Table 4, respectively.
Significant reductions in the proportion of healthy non-apoptotic cells were observed as a result of a 24-h exposure to PE (2.0 mg/ml)
and PE-AuNP (0.9 mg/ml), which induced a shift towards early apoptosis. PE resulted in a greater proportion of late apoptosis
compared to PE-AuNPs. At the doses employed in this experiment, both PE and PE-AuNPs induced negligible levels of necrosis.

3.5.7. In vivo lethality assay of brine shrimp
Fig. 9 demonstrates that the presence of PE (2.0 mg/ml) and PE-AuNPs (0.9 mg/ml) had a significant inhibitory effect on the
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Fig. 7. The comet test. The fluorescent microscope photos depict the experimental conditions for Control (a), cells treated with MTTsq doses of PE
(2.0 mg/ml, b) and PE-AuNPs (0.9 mg/ml, c), and UV-exposed cells (d). Additionally, the percentage of DNA tailing is shown in chart (e). 1, p <
0.05; and *, p < 0.0001 compared to control (C). The data is presented as the mean + standard deviation. The magnification is 20 x .

hatching of Artemia Salina shrimp eggs. Simultaneously, PE exhibited greater toxicity compared to PE-AuNPs. The LCsq values for PE
and PE-AuNPs were estimated to be 1.48 x10° and 1.15 x 10 ppm (ug/ml), respectively, based on the percentage declines in hatching.
Thus, as substances with LCsq values exceeding 1000 ppm are not deemed to have potential pharmacological activity [39], it may be
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Control (0.0 mg/ml)

[
PE(20mg/dl) T

.y
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Fig. 8. The assessment of apoptosis using AO/EB double labeling. The fluorescent microscope images depict the control group (a) and cells sub-
jected to MTTs, doses of PE (b) and PE-AuNPs (c) for 24 h. The magnification is 40 x .

Table 4

Apoptosis assay for C. colocynthis ethanolic pulp extract and the corresponding PE-AuNPs.
Sample (mg/ml) No Apoptosis (%) Early Apoptosis (%) Late Apoptosis (%) Necrosis (%)
Control 99.60 + 0.28 0.39 £ 0.28 None None
PE (2.0) 79.03 + 1.82° 14.96 + 1.77¢ 6.0 + 0.04 =|= None
PE-AuNPs (0.9) 83.80 + 2.81° 15.5 + 2.45° 0.69 + 0.36 None

+, p < 0.001; and.
@, p < 0.0001 compared to control, C. Data are presented as mean =+ SD.

concluded that PE and PE-AuNPs are safe.
4. Discussion

Gold nanoparticles (AuNPs) were effectively synthesized through by the ethanolic extract of C. colocynthis pulp (PE), employing a
one-step, environmentally friendly, and economically viable method for NP synthesis. Following the introduction of PE into the gold
solution, the observed alteration in color from yellow to a deep purple hue served as an indication of the existence of AuNPs inside the
solution. The reduction of Au™ to Au® was facilitated by the reducing agents in the extract. The phytochemicals present in the extract
acted as both reducing and stabilizing (capping) agents during the synthesis of PE-AuNPs. Nanoparticles were synthesized using
various concentrations of PE (1, 3, 6, 9, 12 mg/ml). However, the yield and size of the nanoparticles were found to be dependent on the
concentration of the extract and HAuCls.3H20. The peak absorption exhibited a concentration-dependent increase, with higher
concentrations of both HAuCls.3H20 and extract causing a redshift in the wavelength of Amax. This shift was indicative of larger
nanoparticles [1,40,41]. The initiation and completion rates of the reaction exhibited an upward trend as the concentrations of the
extract were raised. Nevertheless, the reaction rate was shown to decrease as the concentration of HAuCl,.3H,0 was increased (Fig. 1).
A separate investigation examined the production of AuNPs using different concentrations (0.51 mM-4.055 mM) of gold ions (Au*®).
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Fig. 9. Brine shrimp lethality assay. {, p < 0.01; =|=, p < 0.001 *, p < 0.0001 compared to control (C).

The results revealed that no AuNPs were formed when the Au™ concentration was below 1.53 mM [42]. The results of this study
suggest that the synthesis pathways or mechanisms were influenced by varying concentrations of HAuCl4.3H30. Additional research is
required to elucidate that.

Upon measurements of total phenolic content (TPC) and total antioxidant capacity (TAC) in extracts, supernatants, and AuNPs, a
notable disparity in antioxidant potency was observed between the extracts and supernatants. The utilization of phytochemicals
(present in PE) for nanoparticle synthesis was demonstrated by the decrease in antioxidant content in the supernatant, the identifi-
cation of functional groups resembling the extract on the surface of the nanoparticles through FTIR, and the results of EDS, and TGA
analyses (Table 1, Suppl. S1 and S3, and Figs. 3 and 5). However, consistent with previous research, the biosynthesized PE-AuNPs
exhibited diminished antioxidant activity in comparison to PE [43]. This observation may be attributed to the adsorption of phyto-
chemicals onto the nanoparticle surface.

Numerous studies have provided empirical evidence supporting the efficacy of gold nanoparticles as effective anticancer agents
against a range of cancer cell lines, including bladder (T24) and prostate (PC-3) cancers [37,44], breast (AMJ 13 and MCF7), lung
(A549), colon (HCT-15), liver (HepG2), thyroid (SW579), and colorectal adenocarcinoma cells (HT-29) [45-47]. The anticancer
characteristics of gold nanoparticles are attributed to three widely acknowledged mechanisms: cell membrane damage and mito-
chondrial failure, formation of reactive oxygen species (ROS) and DNA fragmentation, and interference with protein/DNA chemistry.

The utilization of AuNPs in cancer treatment has been associated with little adverse effects and cytotoxicity towards healthy cells
[48]. In the present investigation, it was observed that PE-AuNPs exhibited cytotoxic properties on HepG2 cells at lower doses
compared to PE. This study provides more evidence in line with prior research conducted by Chang et al. (2021) [49], which docu-
mented the 48-h ICs values of Cannabis sativa leaf extract and its AuNPs as 535 and 329 pg/ml against the MOLT-3 cell line, and 673
and 381 pg/ml against the TALL-104 cell line, respectively. Silver nanoparticles produced from aqueous extracts of C. colocynthis
exhibited significant anticancer properties in HCT-116, MCF-7, Hep-G2, and Caco-2 cell lines, as compared to the aqueous extracts of
the plant [50]. Hoshyar et al. demonstrated that the application of crocin-AuNPs at elevated concentrations (>2.7 mg/ml) resulted in
the release of LDH from MCF-7 cells [51]. A link between the morphology of particles and the release of LDH, which acts as a signal of
membrane damage, can be established. Nanoparticles have distinct shapes that result in unique properties, facilitating a broad
spectrum of applications [52]. During our inspection, the scanning electron microscope identified many morphologies, including
nail-like structures with a rod-shaped appearance. These rods possess the potential to penetrate cell membranes, therefore aiding in the
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liberation of LDH.

The present study was conducted to assess the occurrence of apoptotic cell death in cells following exposure to PE and PE-AuNPs. In
the context of fluorescence microscopy, it was shown that control cells exhibited undamaged DNA and nuclear membranes, leading to
the manifestation of a brilliant green hue. On the other hand, the cells that underwent treatment exhibited early apoptosis charac-
terized by the presence of green granulation within the cells, while late apoptosis was indicated by the emission of orange fluorescence.
The findings of this study indicate that both PE and PE-AuNPs can trigger apoptosis in HepG2 cells at the ICsy concentration.
Enterococcus sp.-synthesized AuNPs have also been shown to exhibit cytotoxic effects against the HepG2 cell line and to be extremely
efficient in causing apoptosis [53].

Several studies have demonstrated the genotoxicity of AuNPs [9,54,55]. The alkaline comet test and micronucleus assay were
conducted to assess DNA damage in cells treated with MTTso concentrations of PE and PE-AuNPs. While the comet assay permits the
quantification of a tested agent’s direct DNA-strand breaking capacity, the MN test allows for the estimation of the induced number of
chromosome and genome mutations. Our results showed that PE-AuNPs and PE caused significant DNA damage in HepG2 cells. The
possibility of small nanoparticles (NPs) directly interacting with DNA by traversing the nuclear membrane is improbable in this context
because the size of nuclear pores is smaller than 8 nm [56]. However, NPs can induce DNA damage by contact with DNA during mitosis
when the nuclear membrane disappears [57]. Another mechanism that causes DNA damage is the release of DNase from the lysosome
due to lysosomal membrane disruption by NPs [58]. Govindaraju et al. [59] conducted a biosynthesis of AuNPs utilizing Pongammia
pinnata (pongam) leaf extract. The genotoxicity of these AuNPs was assessed through a comet test. The researchers demonstrated that
the ICsg concentration of AuNPs resulted in an elongated DNA tail in MCF-7 cells as compared to cells that were not treated.

PE-AuNPs exhibited greater cytotoxicity than PE against HepG2 cells, as evidenced by a lower IC50 in MTT and NRU assays and
lower viability of cells in the Trypan blue staining test. Conversely, PE resulted in a more pronounced decrease in the hatching % of
brine shrimp eggs. PE-AuNPs exhibited notable DNA damage in HepG2 cells at lower IC50 concentrations compared to PE, as shown by
comet and micronucleus assays. Additional research is necessary to ascertain the precise mechanism by which PE-AuNPs exert their
effects. However, it appears that PE-AuNPs exhibit superior anticancer properties against HepG2 cells compared to PE.

5. Conclusion

The work effectively achieved the green synthesis of AuNPs by utilizing C. colocynthis in conjunction with an ethanolic extract
derived from its pulp. The components derived from pulp extract were utilized as reducing and stabilizing agents in the synthesis of
AuNPs. The extract’s antioxidants facilitated the bioreduction of Au*® to Au®. The capping phytochemicals in the extract allowed the
biologically produced nanoparticles to be nearly stable, as demonstrated by the TEM, DLS, agarose gel electrophoresis, and UV-VIS
spectra. The cytotoxicity, genotoxicity, and apoptosis of synthesized AuNPs were seen at lower ICso values in HepG2 cells
compared to the crude extract. Nevertheless, the crude extract exhibited superior antioxidant properties compared to the AuNPs,
effectively inhibiting the hatching of brine shrimp. Gold nanoparticles produced from the ethanolic extract of C. colocynthis pulp can be
utilized in hepatocarcinoma treatment, provided that they are approved through in vivo tests and clinical trials.

The findings of our study indicate that the characteristics of PE-AuNPs differed from those of PE. Hence it is crucial to system-
atically analyze and perform toxicity assessments on the recently produced nanomaterials to ascertain their suitable application.
Additional research endeavors could encompass assessing regulated cell death (RCD) mechanisms induced by nanomaterials, to
establish universally accepted screening techniques to evaluate the safety of newly developed nanomaterials. Given the absence of
antioxidant activity in PE-AuNPs, investigating the inflammation and ROS generation in the cells exposed to them should yield further
insight into their harmful properties. Additionally, it would be intriguing to examine the chemical and physical transformations of PE-
AuNPs upon their introduction into natural environments and their interaction with biomolecules. The investigation of the antidiabetic
qualities and effects of PE-AuNPs would also be of interest, considering the antidiabetic nature of bitter apple.
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