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Abstract

Background: One of the most widely used metal nanoparticles in biological applications is gold,
which has unique physicochemical characteristics. Strong localized surface plasmon resonance
(LSPR) endows them with exceptional optical properties that facilitate the development of innovative
methods for biosensing, bioimaging, and cancer research, particularly in the context of photothermal
and photodynamic therapy. Methods: This study marked the first time that Mandragora autumnalis
ethanolic extract (MAE) was utilized in the environmentally friendly synthesis of gold nanoparticles
(AuNPs). Several characterization methods, including dynamic light scattering analysis (DLS),
scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared (FTIR)
spectroscopy, thermogravimetric analysis (TGA), and biological methods, were used to emphasize
the anti-cancerous activity of the biogenic AuNPs. Results: MAE-AuNPs showed a surface plasmon
resonance band at 570 nm. DLS and SEM demonstrated the synthesis of small, spherical AuNPs with
a zeta potential of -19.07 mV. The crystalline nature of AuNPs was confirmed by the XRD pattern,
and data from FTIR and TGA verified that MAE-AuNPs played a part in stabilizing and capping the
produced AuNPs. Also, the MAE-AuNPs demonstrated their potential effectiveness as antioxidant
and anticancer therapeutic agents by demonstrating radical scavenging activity and anticancer
activity against a number of human cancer cell lines, specifically triple-negative breast cancer cells.
Conclusions: Green synthesis techniques are superior to other synthesis methods because they are
simple, economical, energy-efficient, and biocompatible, which reduces the need for hazardous
chemicals in the reduction process. This article highlights the significance of characterizing MAE-Au-
NPs and evaluating their antioxidant and anticancer properties.

Keywords: Mandragora autumnalis; gold nanoparticles; biosynthesis; characterization; antioxidant;
Anti-cancerous bioactivities

1. Introduction

"Nanotechnology” is the design, development, and application of components with sizes
ranging from 10 to 1000 nanometers. Nowadays, the field of nanotechnology is multi-disciplinary,
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involving physics, chemistry, biology, and engineering[1,2]. The need for producing metallic
nanoparticles has increased due to their numerous applications, including those in gold, silver, iron,
platinum, palladium, and other metals. The most widely used technique for creating metallic
nanoparticles is chemical synthesis[3]. The applications of metallic nanoparticles in chemistry,
electronics, medicine, and pharmaceutical sciences make them one of the most adaptable types of
nanoparticles[4]. The benefits of gold nanoparticles (AuNPs), including their biocompatibility, easily
adjustable surface chemistry, and tunable optical properties, make them stand out among others[5].
AuNPs are frequently employed as drug and molecular carriers to enhance disease diagnosis and
treatment due to their distinct physical-chemical characteristics[6]. Drug delivery is one of the most
well-known research topics centered on the widespread use of gold nanoparticles[7]. The
development of extremely effective delivery systems is made possible by the simple synthesis of
AuNPs and their synergistic interactions with a variety of ligands, including medications, nucleic
acids, chemotherapeutic agents, proteins, glycans, antibacterials, and photosensitizers[8]. It is already
well known that AuNPs can be synthesized chemically and physically. Nevertheless, these methods
typically involve the use of toxic materials and non-polar solvents, which have negative
environmental effects and necessitate multiple stages of product purification, making the procedure
costly[9]. Green synthesis methods have been employed recently to produce nanoparticles with
enhanced activities, low cost, non-toxicity, and environmental friendliness[10]. A variety of
biomaterials, including plant extracts, bacteria, fungi, and algae, are employed as reducing agents in
the environmentally friendly synthesis of nanoparticles[11]. Since plants do not need the intricate
procedure of maintaining microbial cultures, they are better candidates for NPs synthesis than
microorganisms like fungi and bacteria[12,13]. Compared to bacteria or fungi, plants—especially
plant extracts—can reduce metal ions more quickly. Additionally, it has been discovered that using
plant extracts rather than live plants is a more efficient and dependable green method for producing
and growing evenly distributed nanoparticles[14].

One of the biggest medical challenges of the twenty-first century is cancer, a condition in which
healthy cells in the body change from their normal state and divide uncontrollably[15]. The rising
incidence of cancer and the steadily rising death rate are among the major concerns of scientists and
medical professionals[16]. Today, one of the most difficult challenges facing health and medicine in
the century is the development of remarkably effective cancer treatment and diagnosis[17]. Their
many adverse effects and low specificity and sensitivity, which typically damage healthy tissues and
organs, have been major barriers to their use despite tremendous progress in drug development and
shipment[18,19]. However, the frequency of tumor cells that are resistant to standard cancer
treatments like chemotherapy, radiation, and surgery, as well as the fact that these treatments result
in several negative reactions and unsatisfactory treatment outcomes, highlights the urgent need for
the advancement and development of antitumor therapeutic research that could effectively target
tumors and kill cancer cells with minimal side effects[20]. Due to their exceptional safety and
effectiveness, cancer nanomedicines—also referred to as "magic bullets"—are now frequently used in
the treatment of cancer[21]. When compared to traditional drug administration techniques, the use
of nanoparticles in cancer treatment has significantly improved drug delivery to the target. It greatly
improves the efficacy and safety of the most widely used anticancer medications[18]. The major
advantages of nanomedicine and delivery systems include reduced toxicity, extended half-life,
delayed release, and effective targeting[12]. The leaking vasculature and insufficient lymphatic
drainage of tumor tissues make them more susceptible to NPs than healthy tissues[22]. This
improved the synthetic NPs' permeability to tumor tissues, making it easier for them to enter and
destroy cancerous cells[18]. Moreover, the solubility and half-life of metal nanoparticles are increased
by the presence of hydrophilic molecules on their surface, which shield them from macrophage-
mediated absorption and prolong their time in the systemic circulation.

In this study, Mandragora autumnalis leaves were selected for the synthesis of gold nanoparticles.
Mandragora autumnalis, is a herbaceous perennial belonging to the Solanaceae family[23]. Mandragora
autumnalis has been demonstrated to possess narcotic effects as well as antibacterial, antioxidant, and
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antitumor properties. Several phytochemicals, such as lipid-like substances ([3-sitosterol), coumarins
(umbelliferone and scopoletin), alkaloids (atropine and scopolamine), and withanolides
(salpichrolide C), have been identified from Mandragora species[24]. It is well known that these plant
compounds possess biologically significant qualities like anticholinergic, antidepressant, antioxidant,
and anti-inflammatory qualities[24,25]. The current study intends to perform a green synthesis of
AuNPs using Mandragora autumnalis ethanolic extract (MAE), and to characterize and test their
antioxidant and anticancer potential.

2. Results

2.1. MAE-Based Green Synthesis of Gold Nanoparticles

MAE was used as a reducing agent to accomplish the green synthesis of AuNPs.

When MAE-AuNPs are successfully formed, the solution changes from yellow to dark purple
(Figure 1). We hypothesize that the reduction reaction is typically caused by a variety of biomolecules
found in MAE that function as reducing agents during the reduction reaction that yields gold
nanoparticles. Gold ions (Au®) are reduced into elemental gold nanoparticles (Au® by these
biomolecules, which include proteins, enzymes, polyphenols, flavonoids, and ascorbic acid.

©

) (B)
.,

E—)

MAE MAE+HAuCl14.3H20 AuNPs

Figure 1. Following sonication, the color changes from yellow (A)(Au3+) to brown (B) and finally to purple (C),
indicating the formation of MAE-AuNPs.

3.2. Analytical Characterization of the Synthesized Gold Nanoparticles

3.2.1. Ultraviolet—Visible (UV-Vis) Spectroscopy

The UV-Vis absorption spectrum of the MAE-AuNPs showed a surface plasmon resonance peak
at 570 nm, suggesting successful synthesis of the intended gold nanoparticles, and that the
phytochemicals in the Mandragora autumnalis extract may have stabilized the growth of relatively
large or aggregated gold nanoparticles (Figure 2).
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Figure 2. UV-visible spectrum of MAE- AuNPs.

3.2.2. ATR Characterization of Biofunctionalized Gold Nanoparticles

ATR-FTIR analysis was performed to investigate the functional groups present in the MAE and
their involvement in the synthesis and stabilization of MAE-AuNPs. The spectrum of the ethanolic
extract (Figure 3A) exhibited a broad absorption band around 3300 cm™?, corresponding to O-H and
N-H stretching vibrations, indicating the presence of polyphenols and amine-containing
biomolecules. Peaks observed at 2923 cm™ and 2853 cm™ were attributed to C-H stretching of
aliphatic chains, while the strong band near 1650 cm™ was assigned to C=0O stretching, likely from
carbonyl groups in flavonoids, aldehydes, or proteins. Additional peaks in the range of 1400-1000
cm! were attributed to C=C aromatic ring vibrations and C-O stretching of alcohols or esters. After
the formation of AuNPs (Figure 3B), noticeable shifts and reductions in the intensity of these peaks
were observed, particularly in the -OH, C=0, and C-O regions. These spectral changes confirm the
involvement of phytochemicals in the reduction of gold ions and their subsequent adsorption onto
the nanoparticle surface, indicating successful molecular capping and stabilization of the gold
nanoparticles by bioactive compounds in the plant extract.

o BRUKER (A)
T 8 7
é
fe-
€
Eg
8 ]
g -
@ 5 8 & d 3 8
g 8 g 8 g g 5
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0275.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 August 2025 d0i:10.20944/preprints202508.0275.v1

5 of 21

[e2]
® ER (B)
@ _|
[«
X
2
[0}
[$]
C
25
£
[2]
c
©
o
'_
[(o
(o]
[Tom
(o]
re) ~ QO © M NMm - © W
© S ®EBN S e8 = = 32 S go © g
o - SO o S99 o ¥ O 0 @~ w9
< o D = 10 S -O® W WK © o N o
© 1] DB DR ©® b¥ ® A« « O - S© o «
® ® ANNN = e = =< ©® KO 1 |
T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Figure 3. Fourier transform infrared (FTIR) spectra of (A) MAE and (B) MAE-AuNPs.

3.2.3. Morphometric and Size Profiling Analysis

DLS size distribution graph of the MAE-AuNPs revealed a dominant peak centered above 100
nm, was indicated by the polydispersity index (PDI), which was 0.188, indicating that the majority of
particles exist within the nanometric range, while a secondary, much smaller peak appearing above
1000 nm suggests the presence of some larger aggregates or polydispersity within the sample (Figure
4A). The zeta potential of the nanoparticles was measured at —19.07 mv (Figure 4C); in contrast, the
crude ethanolic plant extract exhibited a lower zeta potential of =7 mv (Figure 4D). Moreover, SEM
analysis further supported the DLS findings by showing aggregated structures with approximate
sizes around 500 nm, likely due to partial clustering of smaller nanoparticles rather than individual
particle size (Figure 4B). Furthermore, the Energy Dispersive X-ray (EDX) analysis of the MAE-
AuNPs revealed three primary elements: carbon (C), oxygen (O), and gold (Au). The elemental
composition by weight was approximately 50% carbon, around 7% oxygen, and about 43% gold.
These values were obtained from the spectral data and are presented in the accompanying bar chart
(Figure 4E), which clearly illustrates the relative abundance of each element detected in the sample.
The morphology, composition, size, and charge distribution are shown in Table 1.

Table 1. The parameters of the MAE-AuNPs, including their morphology, size, and charge distribution.

Parameter MAE-AulNPs Interpretation
Particle size ~200-500 nm Nanometric with some aggregates.
MAE-AuNPs have moderate stability, while the crude
ethanolic plant extract is unstable.
Aggregated clusters MAE-AuNPs tend to aggregate, confirming DLS and zeta

Zeta potential -19.07 mV

SEM ~500 nm scale potential data
C~50% _
EDX Au~43% High carbon and gold content

O~7% Low oxygen content
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Figure 4. The DLS(A), SEM(B), Zeta potential of MAE(C) and for MAE-AuNPs(D), and EDX (E) analysis of MAE-
AuNPs.

3.2.4. X-Ray Crystallinity Analysis

The XRD technique was employed to investigate the crystallographic structure of MAE-AulNPs.
The diffractogram (Figure 5) exhibited four distinct peaks located at 20 values of approximately 38.5°,
44.5°, 64.6°, and 77.5°, which correspond to the (111), (200), (220), and (311) crystallographic planes
of a face-centered cubic (FCC) gold lattice, respectively (Figure 5).
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Figure 5. XRD pattern of MAE-AuNPs.

3.2.5. Thermogravimetric Analysis

MAE extract and MAE-AuNPs' TGA graphs demonstrated a consistent weight loss between 150
and 600 °C (Figure 6).
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Figure 6. TGA of MAE-AuNPs, (1) represents the TGA of the MAE extract, and (2) represents the TGA of MAE-
AuNPs.

3.3. Antioxidant Activity of MAE-AuNPs

Two commonly used radical scavenging assays, H,O, and DPPH, were used to assess the
antioxidant potential of MAE-AuNDPs. The MAE-AuNPs demonstrated a dose-dependent increase in
percentage inhibition activity in the H,O, scavenging assay (Figure 7A), with ~50% inhibition at 5
pg/ml and about 82% inhibition at 100 pg/ml. The standard antioxidant ascorbic acid demonstrated
lower inhibition values (~76% at 100 pg/ml). Moreover, both MAE-AuNPs and ascorbic acid
exhibited high inhibition in the DPPH radical scavenging assay (Figure 7B), surpassing 75% even at
the lowest tested concentration (5 pg/mL). At all concentrations, ascorbic acid demonstrated
approximately similar inhibition as MAE-AuNPs, with nearly 92% inhibition at 100 pg/ml.
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Figure 7. Antioxidant activity of MAE-AuNPs using (A) H20z, and (B) DPPH assays.

3.4. Anti-Cancerous Activity of MAE-AuNPs

The anticancer potential of MAE-AuNPs was assessed against four human cancer cell lines
following their successful synthesis and characterization, including human colorectal cancer cell line
(HCT116), human breast cancer cell line (MDA-MB-231), human prostate cancer cell line (22RV), and
human pancreatic cancer cell line Capan-2. At 24, 48, and 72 hours after treatment, the impact of
various MAE-AuNPs concentrations (0, 5, 10, 25, 50, 75, and 100 pug/mL) on the viability of cancer
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cells was evaluated. The findings demonstrated that MAE-AuNPs reduced cell viability in a
concentration- and time-dependent manner in all cancer cell lines, but most efficiently on the MDA-
MB-231 cell line.

At 72 hours after treatment, for example, cell viability against MDA-MB-231 cells was the highest
among other cell lines using 5,10, 25, 50, 75 and 100 pig/mL AuNPs, with viability percentages at 74.72
+2,53.02£2.7,38.65+ 6.1, 28.01+ 2, 14.80 + 3.09, and 10.58 + 3.1 respectively (Figure 8). All cell lines'
half-maximal inhibitory concentration (ICso) values are shown in Table 2.
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Figure 8. The cell viability of HCT116 colorectal, MDA-MB-231 breast, Capan-2 pancreatic, and 22RV1 prostate
cancer cells is inhibited by MAE-AuNPs. For 24, 48, and 72 hours, cells were treated with and without AuNPs
at the specified concentrations. The vehicle was controlled by DMSO, and the cell viability was assessed by MTT
assay. The data are presented as a percentage of the corresponding control cells and show the mean + SEM of
three separate experiments (n = 3). P values were set as follows ***p < 0.001, **p < 0.005, ***p < 0.0001, *p < 0.05,
respectively.

Table 2. The ICso values of 22RV1, HCT116, MDA-MB-231, and capan-2 cancer cell lines.

Cancer cell line ICso(ug/mL)
HCT116 22.7+0.3
MDA-MB-231 10+0.06
Capan-2 41.1+0.09
22RV1 52+0.71

To better understand how MAE-AuNPs reduce cancer cell viability, we looked into how MAE-
AuNPs treated MDA-MB-231 breast cancer cells induced apoptosis. Using an inverted phase-contrast
microscope, the morphological features of the cells were analyzed following a 24-hour treatment with
the specified concentrations of MAE-AuNPs. The images' analysis revealed a decrease in the overall
number of cells per microscopic field that was dependent on the concentration of MAE-AuNPs.
Furthermore, the presence of apoptotic bodies, echinoid spikes, and membrane blebbing (Figure 9A)
verified apoptosis. Chromatin lysis, nuclear material condensation, and apoptotic body aggregation
were observed in additional examination of MAE-AuNPs-treated and DAPI-stained cells (Figure 9B).
All these findings clearly show that the induction of apoptosis is a corollary of the anticancer potential
of MAE-AuNPs.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9. MAE-AuNPs cause MDA-MB-231 cells to undergo apoptosis. (A) MDA-MB-231 cells were exposed to
AuNPs at the specified concentrations for a duration for 24 hours. Light microscopy was used to observe
morphological changes. (1) Apoptotic bodies, (2) echinoid spikes, and (3) membrane blebbing are all depicted
by arrows. (B) MDA-MB-231 cells were cultured for 24 hours with or without the specified MAE-AuNPs
concentrations. To view the cell nuclei, they were stained with 4-diamino-2-phenylindole (DAPI). The changes
in nuclear morphology were then seen using fluorescence microscopy. (1) Chromatin lysis, (2) nuclear

condensation, and (3) apoptotic bodies are all indicated by arrows.

3. Discussion

Biosynthesis techniques are being explored to prepare metallic nanoparticles due to their
extensive use in biology, medicine, and pharmaceuticals. The use of plant extracts has become
increasingly significant among the biosynthesis techniques discussed in the literature, as most plants
are generally accessible, affordable, and non-toxic[26]. Due to the SPR phenomenon that occurs in
metallic nanoparticles, noble metallic nanoparticles like gold and silver exhibit strong absorption in
the visible region, with the maximum in the range of 500-600 and 400-450 nm, respectively[27]. This
phenomenon is ascribed to the collective oscillation of free conduction electrons in metallic
nanoparticles caused by an interacting electromagnetic field. Thus, when characterizing metallic
nanoparticles, UV-Visible spectroscopy is typically the first method employed[28]. In this study, UV-
Visible spectrophotometry verified the successful synthesis of gold nanoparticles by detecting a clear
surface plasmon resonance (SPR) peak at about 570 nm (Figure 2). This red shift indicates the presence
of anisotropic shapes, mild aggregation, or the formation of larger particles when compared to the
typical SPR peak of spherical gold nanoparticles (~520-530 nm). Furthermore, the phytochemical
components of the extract from Mandragora autumnalis most likely adsorbed onto the surfaces of the
nanoparticles, changing the local dielectric environment and causing the SPR band to shift. This
spectral characteristic supports the extract's function as a capping and reducing agent during
nanoparticle formation and is consistent with biosynthesized gold nanoparticles stabilized by
biomolecules derived from plants[29]. The production of these nanoparticles is confirmed by the
observation of an absorption band in the specified wavelength regions following the change in extract
color to red or violet in the case of gold nanoparticles and brown in the case of silver
nanoparticles[30]. The size and shape of the produced nanoparticles can be inferred from the SPR
band[31].

ATR-FTIR analysis was performed to investigate the functional groups present in the MAE and
their involvement in the synthesis and stabilization of MAE-AuNPs. The spectrum of the ethanolic
extract (Figure 3A) exhibited a broad absorption band around 3300 cm™, corresponding to hydrogen-
bonded O-H and N-H stretching vibrations, indicating the presence of polyphenols and amine-
containing biomolecules[32]. Peaks observed at 2923 cm™ and 2853 cm™ were attributed to C-H
stretching of aliphatic chains, while the strong band near 1650 cm™ was assigned to C=0O stretching,
likely from carbonyl groups in flavonoids, aldehydes, or proteins[33].
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Additional peaks in the range of 1400-1000 cm™ were attributed to C=C aromatic ring vibrations
and C-O stretching of alcohols or esters. After the formation of gold nanoparticles (Figure 3B),
noticeable shifts and reductions in the intensity of these peaks were observed, particularly in the —
OH, C=0, and C-O regions. Significant changes were also observed in the fingerprint region (1500—
500 cm™), including shifts, broadening, and the disappearance of several characteristic bands,
suggesting the chemical involvement of various functional groups such as C-O, C-N, and aromatic
ring vibrations in nanoparticle formation[34]. Furthermore, a marked reduction in peak intensity in
the MAE-AuNPs spectrum—evident through smaller transmittance changes along the Y-axis—
indicates the consumption or modification of these functional groups during the reduction of gold
ions. These spectral changes confirm the involvement of phytochemicals in the reduction of gold ions
and their subsequent adsorption onto the nanoparticle surface, indicating successful molecular
capping and stabilization of the gold nanoparticles by bioactive compounds in the plant extract[35].
These results are consistent with earlier research showing that biomolecules derived from plants can
mediate the synthesis of gold nanoparticles through their functional moieties, as shown in FTIR
profiles[36].

The characterization of the biosynthesized MAE-AuNPs revealed a predominant size
distribution peak above 100 nm with a minor secondary peak beyond 1000 nm (Figure 4A), indicating
the formation of primarily nanoscale particles with some degree of aggregation or polydispersity.
Similar findings have been reported in green synthesis studies using plant extracts, where the natural
variability of phytochemicals often results in heterogeneous size distributions[36]. The minor peak
above 1000 nm could be attributed to nanoparticle clustering or the presence of larger biogenic
molecules forming nanoparticle aggregates.

The MAE extract exhibited a zeta potential of approximately -7 mV, indicating a relatively low
negative surface charge and weak electrostatic repulsion among the dissolved biomolecules (Figure
4C). This low magnitude is consistent with the presence of various phytochemicals that possess
limited ionization in aqueous solution, resulting in modest colloidal stability. In contrast, MAE-
AuNPs showed an increased negative zeta potential of 19 mV (Figure 4D). This shift toward a more
negative value is attributed to the adsorption of negatively charged functional groups, such as
phenolic hydroxyl and carboxyl moieties, from the extract onto the nanoparticle surface. The metal
core provides a high surface area for these biomolecules to bind and orient their charged groups
outward, thereby enhancing the overall surface charge and electrostatic repulsion. This increase in
negative surface potential suggests improved colloidal stability of the AuNPs relative to the crude
extract solution. The observed zeta potential values align well with previous reports on plant-
mediated synthesis of gold nanoparticles and confirm effective nanoparticle stabilization by the
extract’s biomolecular capping agents[37,38].

SEM imaging further confirmed the presence of aggregated particles with a characteristic scale
of ~500 nm(Figure 4B), which has also been observed in other studies[39]. Also, the EDX results
demonstrated the successful green synthesis of gold nanoparticles (Figure 4E), as evidenced by the
presence of elemental gold (~43%) alongside significant amounts of carbon (~50%) and oxygen (~7%).
The gold signal confirms the reduction of Au®*ions from HAuCly-3H;O to elemental Au’, a key step
in nanoparticle formation. The high carbon and oxygen content is attributed to phytochemicals from
the plant extract, such as polyphenols, flavonoids, terpenoids, and alkaloids, which act as both
reducing and stabilizing agents in the synthesis process. These organic compounds form a capping
layer around the nanoparticles, enhancing their stability and preventing aggregation, which is
consistent with findings in similar green synthesis studies[9,36]. The oxygen peak further supports
the presence of hydroxyl, carbonyl, or other oxygen-containing functional groups that may be
involved in both the reduction of gold ions and the surface functionalization of the nanoparticles[34].
Thus, the EDX profile confirms not only the formation of gold nanoparticles but also the successful
capping by bioactive plant constituents, which is a hallmark of environmentally friendly nanoparticle
synthesis. Overall, these results are consistent with previously published literature on green-

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0275.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 August 2025 d0i:10.20944/preprints202508.0275.v1

12 of 21

synthesized nanoparticles and affirm the effectiveness of plant extracts in reducing and stabilizing
gold nanoparticles, albeit with some degree of size variation and aggregation[40].

The XRD analysis of MAE-AuNPs confirms the successful formation of crystalline metallic gold.
The observed diffraction peaks at 20 = 38.1°, 44.3°, 64.6°, and 77.5° correspond to the (111), (200),
(220), and (311) planes of the face-centered cubic (FCC) structure of gold, as reported in the standard
JCPDS file No. 04-0784 (Figure 5). The dominance of the (111) peak is particularly noteworthy, as it
indicates that the nanoparticles exhibit preferential growth along this plane. This orientation is
thermodynamically favorable and is frequently reported in green-synthesized gold nanoparticles due
to the selective binding of phytochemicals to specific crystal facets[41].

The sharpness and narrow width of the peaks suggest that the MAE-AuNPs are highly
crystalline, with minimal structural defects. The absence of impurity peaks further confirms the phase
purity of the gold nanoparticles, indicating that the biosynthesis method employed was both efficient
and specific. The biological molecules present in the MAE —likely including phenolics, flavonoids,
and alkaloids—are known to act as both reducing and capping agents during nanoparticle
formation[42]. These biomolecules not only reduce the gold ions to metallic gold but also stabilize
the nanoparticles by binding to their surfaces, leading to well-defined crystalline structures.

Furthermore, the FCC structure of gold and the specific orientation of the (111) plane have
significant implications for applications in catalysis, biomedical imaging, and drug delivery, where
surface reactivity and stability are critical. Green synthesis methods such as this are increasingly
favored due to their environmental compatibility, cost-effectiveness, and ability to yield
nanoparticles with desirable physicochemical properties without the use of hazardous chemicals[43].

The thermal stability of both MAE and MAE-AuNPs was evaluated using TGA. As shown in
Figure 6, the MAE extract remained thermally stable up to approximately 100 °C, beyond which it
began to lose mass rapidly, which is attributed to the evaporation of physically adsorbed water, with
major decomposition occurring between 150 °C and 600 °C, and complete degradation observed
around 800°C, leaving less than 25% residual mass, reflecting the thermal degradation of
phytochemicals such as alkaloids, phenolics, and flavonoids commonly present in plant extracts. This
sharp decline in weight (~70% total loss) indicates that MAE is composed predominantly of thermally
labile organic matter. In contrast, the MAE-AuNPs exhibited initial thermal stability up to
approximately 150 °C, with a slower and more gradual weight loss extending up to 900 °C, at which
point around 50% of the initial mass remained. The overall weight loss for the MAE extract was
approximately 80%, while the MAE-AuNPs showed a reduced weight loss of about 50%. This
comparative analysis demonstrates that the synthesis of gold nanoparticles significantly enhances
the thermal stability of the bioactive constituents, likely due to the interaction of phytochemicals with
the gold surface, forming a protective organic-metallic matrix. Such stabilization suggests that the
phytochemicals capping the nanoparticles are more resistant to thermal degradation, thus supporting
the successful functionalization and encapsulation of plant-derived compounds in the nanoparticle
formulation. Additionally, the higher residual mass in the nanoparticle sample at 800-900°C is
consistent with the presence of gold, which remains undecomposed and thermally stable at high
temperatures.

These observations align with findings reported in similar studies by Nasrollahzadeh et al.[44]
who discussed that the thermal stability of green-synthesized metal nanoparticles is influenced by
the nature of the capping biomolecules, which undergo structural rearrangement and form more
robust layers when interacting with metal surfaces. Similarly, Singh et al.[45] highlighted that phyto-
stabilized metal nanoparticles often display improved thermal and chemical resistance compared to
their uncapped or extract counterparts due to strong binding between phytochemicals and metal
ions. This increase in thermal stability reinforces the successful formation of MAE-AuNPs and
suggests their suitability for applications in drug delivery, catalysis, or materials science, where heat
stability is desirable.

The dual antioxidant assays show that MAE-AuNPs (Figure 7) have significant radical
scavenging capabilities, possibly as a result of the intrinsic surface characteristics of gold
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nanoparticles and the synergistic effects of the bioactive compounds from the MAE extract used in
synthesis. Prior research has documented comparable patterns where, according to Chandran et al.
[46], for example, plant-mediated AuNPs frequently exhibit better radical scavenging capabilities
than free plant extracts because of their larger surface area and quantum effects. Gold nanoparticles
made with Azadirachta indica extract showed a DPPH scavenging activity of up to 85% [47], which
is similar to the current findings. Phytochemical capping of gold nanoparticles enhances their
biocompatibility and antioxidant activity, which qualifies them for therapeutic use[48]. Green-
synthesized AuNPs have higher antioxidant potential than chemically synthesized AuNPs because
of the bioactive molecules that are involved in the stabilization and reduction process[49]. AuNPs
can be strong radical scavengers, but their effectiveness frequently varies based on the type of
reducing agents used in biosynthesis, according to studies like Singh et al.[45]. Their unique surface
interaction with peroxide radicals may be the reason for the comparatively higher activity of MAE-
AuNPs in H20O; scavenging when compared to DPPH. This is corroborated by previous research on
surface-mediated catalytic decomposition of H20, by metal nanoparticles[50]. Overall, the
antioxidant activity of MAE-derived gold nanoparticles is consistent with prior research in the field,
demonstrating both promising biological activity and potential applications in oxidative stress-
related therapies. These findings support the continued exploration of phytochemical-synthesized
nanoparticles as alternatives or adjuncts to conventional antioxidants.

Additionally, those biosynthesized nanoparticles demonstrated anticancer properties against
many human cancer cell lines[51]. Biosynthesized nanoparticles—especially metal-based ones such
as gold (AuNPs), silver (AgNPs), zinc oxide (ZnO-NPs), and others—have emerged as promising
tools in cancer therapeutics due to their biocompatibility, targeted cytotoxicity, and eco-friendly
synthesis. Unlike chemically synthesized nanoparticles, green or biosynthesized nanoparticles utilize
plant extracts, microorganisms, or other biological systems for their formation, which not only
reduces toxic byproducts but also imparts them with bioactive functional groups that can enhance
their anticancer efficacy[12]. In our study, MAE-AuNPs showed potent, significant, and highest anti-
cancerous activity against triple negative breast cancer cells (Figure 8) with the least ICso value of
10.05pg/mL, which was emphasized by the morphological changes on these cancer cells obtained after
this treatment. In addition, MAE-AuNPs inhibited colon, human pancreatic cancer, and prostate
cancer cell lines, which is consistent with several studies that have demonstrated the cytotoxic
potential of biosynthesized nanoparticles against a variety of cancer cell lines. For instance, reported
that silver nanoparticles synthesized using Ocimum sanctum leaf extract exhibited significant
cytotoxicity against human breast cancer (MCF-7) cells through the generation of reactive oxygen
species (ROS), mitochondrial dysfunction, and activation of apoptosis[52]. Similarly, another study
has shown that gold nanoparticles synthesized using Terminalia arjuna bark extract selectively
induced apoptosis in HepG2 liver cancer cells, sparing normal liver cells—a key feature for effective
cancer treatment[53]. Moreover, zinc oxide nanoparticles biosynthesized using Aloe vera extract
induced dose-dependent cytotoxicity in lung carcinoma A549 cells by promoting oxidative stress and
nuclear fragmentation[54]. For instance, flavonoid-coated gold nanoparticles from Azadirachta indica
leaves demonstrated potent activity against cervical cancer HeLa cells due to enhanced
internalization and apoptosis induction[55]. When combined, these findings clearly show that MAE-
AuNPs' anticancer properties are accompanied by apoptosis induction (Figure 9).

4. Materials and Methods

4.1. Preparation of Mandragora autumnalis Ethanolic Extract (MAE)

The leaves of Mandragora autumnalis were gathered from south Lebanon in the spring. After
being cleaned, the leaves were allowed to dry at room temperature. Mohammad Al-Zein, a resident
plant taxonomist at the American University of Beirut (AUB) herbarium, identified the plants. A
voucher specimen bearing identification number GA 2025-1 is kept at the Post Herbarium, AUB. The
leaves were mechanically ground after being cleaned and allowed to dry at room temperature. For
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72 hours, the powder was shaken at 40 rpm in the dark while suspended in 80% ethanol. The
suspension was then lyophilized using a freeze-dryer and filtered through filter paper. The resulting
powder was utilized to create gold nanoparticles.

4.2. Gold Nanoparticles Synthesis Utilizing MAE

MAE and gold (III) chloride trihydrate (HAuCls.3H20) (Acros Organic) were combined in a 4:1
ratio in 20 mL of double-distilled water at 70 to 80 °C for the environmentally friendly synthesis of
AuNPs. After 30 minutes of sonication, the solution's color changed from yellow to dark purple. The
solution was then centrifuged for 15 minutes at 15,000 rpm using a super-speed centrifugation
machine. The gathered AuNPs were lyophilized after being dissolved in double-distilled water, and
the resulting powder was kept at 4 °C for later use.

4.3. Gold Nanoparticles Characterization

4.3.1. Ultra Violet-Visible Spectroscopic Analysis

The synthesis of gold nanoparticles was verified, and their optical characteristics were described
using UV-visible spectroscopy[56]. A UV-visible spectrophotometer (JASCO V-570 UV-Vis-NIR
spectrophotometer) was used to measure the optical absorption of the produced AuNPs at room
temperature in the wavelength range of 450-800 nm.

4.3.2. Fourier Transform Infrared Spectroscopic Analysis

FTIR in conjunction with Attenuated Total Reflectance (ATR) is a powerful method for
characterizing gold nanoparticles. The surface chemistry of AuNPs can be quickly and non-
destructively analyzed using ATR-FTIR by identifying the functional groups of stabilizing and
capping agents[57]. FTIR-ATR measurements were employed to investigate the characteristics of
molecules associated with nanoparticles. A Bruker Tensor 27 FT-IR with a diamond lens ATR module
was used to acquire FTIR-ATR spectra.

4.3.3. Dynamic Light Scattering Analysis

Using a PMT detector (HAMAMATSU, HC120-30) and a laser source operating at 658 nm, the
dynamic light scattering (DLS) technique (Brookhaven Instruments Corps) was used to evaluate the
size distribution and zeta potential of AuNPs solution. The program, 90Plus Particle Sizing Software
Ver. 5.23, was utilized, and the dust was set to 40.

The hydrodynamic size and size distribution of gold nanoparticles in solution are measured
using Dynamic Light Scattering, which offers information on their stability and aggregation. By
assessing the nanoparticles' surface charge, which affects their colloidal stability and interactions,
zeta potential analysis enhances DLS. Zeta potential and DLS work together to evaluate the behavior
and physical stability of gold nanoparticles in a variety of applications[58]. Using a PMT detector
(HAMAMATSU, HC120-30) and a laser source operating at 658 nm, the dynamic light scattering
technique (Brookhaven Instruments Corps) was used to evaluate the size distribution and zeta
potential of AuNPs solution. The program, 90Plus Particle Sizing Software Ver. 5.23 was utilized, and
the dust was set to 40.

4.3.4. Scanning Electron Microscopy Analysis

Scanning Electron Microscopy-is used to visualize the morphology, size, and surface structure
of gold nanoparticles with high spatial resolution. It provides direct images that reveal particle shape
and aggregation state. Energy Dispersive X-ray Spectroscopy, often coupled with SEM, identifies the
elemental composition of the nanoparticles, confirming the presence of gold and detecting any
impurities or surface elements[59]. Together, SEM and EDX offer complementary information on the
physical and chemical characteristics of gold nanoparticles. In short, a carbon-coated aluminum stub
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was coated with a drop of diluted AuNPs, allowed to air dry, and then examined using a scanning
electron microscope.

4.3.5. X-Ray Diffraction Analysis

Gold nanoparticles' crystalline structure and phase purity are ascertained using X-ray
diffraction. By examining diffraction patterns, it offers details on the nanoparticle's crystallinity,
crystal size, and lattice parameters. Understanding the stability and physical characteristics of gold
nanoparticles requires this structural understanding[60]. After being recovered as fine powder, the
samples were put on the zero-background holder. With increments of 0.02°, the scan type was
coupled 20/0 for 20 between 30° and 80°.

4.3.6. Thermogravimetric Analysis

Thermogravimetric Analysis is used to assess the thermal stability and composition of gold
nanoparticles, particularly to quantify the amount of organic capping or stabilizing agents on their
surface. By measuring weight changes as the sample is heated, TGA helps determine the degradation
temperatures and the proportion of organic material versus the metallic core. This information is
crucial for understanding nanoparticle stability and for optimizing synthesis and functionalization
processes[61]. Using a Netzsch TGA 209 in a nitrogen atmosphere, thermogravimetric analysis was
used to evaluate the thermal stability of HUE and AuNPs in a temperature range of 30 to 900 °C with
a step size of 15 K/min.

In aluminum oxide (Al2Os) crucibles, 5 mg of the samples was used for this measurement.

4.4. Radical Scavenging Antioxidant DPPH Assay

The antioxidant activity of MAE-NPs was evaluated using the free-radical-scavenging activity
of a, a-diphenyl-a-picrylhydrazyl (DPPH). With a 0.5 mM DPPH solution in methanol, MAE-AuNPs
at various concentrations (5, 10, 25, 50, 75, or 100pg/mL) were added. The blank solution, used for
comparison, consisted of 0.5 mL of DPPH solution, 3 mL of methanol, and 0.5 mL of 80% ethanol.
After the combined samples were left in the dark for half an hour, the optical density (OD) at 517 nm
was measured using a spectrophotometer. The percentage of DPPH-scavenging activity for each
MAE-AuNPs concentration was determined using the formula below. Ascorbic acid served as the
standard for comparison. The percentage of DPPH-scavenging activity for each MAE-AuNPs
concentration was determined using the formula below.

Inhibition%= (absorbance of control — extract absorbance)/ (absorbance of control) x 100.

4.5. Hydrogen Peroxide Radical Scavenging H202 Assay

The capacity of AuNPs to scavenge hydrogen peroxide was another metric used to evaluate their
antioxidant activity. After making a 40 mM hydrogen peroxide solution in 1 mM phosphate buffer
(pH 7.4), different concentrations of synthesized AuNPs made in DMSO were added, and the mixture
was incubated for ten minutes. Each reaction mixture received two milliliters of the dichromate-acetic
acid reagent following incubation. The reference was a blank that contained only phosphate buffer
and no hydrogen peroxide, and the control was a reaction mixture devoid of AuNPs[62]. The
absorbance was measured at 570 nm, and the following formula was used to determine the hydrogen
peroxide scavenging percentage:

Inhibition%= (absorbance of control — extract absorbance)/(absorbance of control) x 100.

The experiment was performed in triplicate, and the results are expressed as mean + SEM. For
both antioxidant assays, after obtaining the scavenging percentage, ICs values can be determined, as
it is referred to as the concentration of AuNDPs that caused 50% inhibition.
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4.6. Cell Culture and MTT Cell Viability Assay

The cells were cultivated at 37 °C with 5% CO2 in a humidified incubator. Capan-2 human
pancreatic cancer cells (Cell Line Service, CLS, Eppenlheim, Germany), and 22RV1 human prostate
cancer cells (ATCC, Manassas, VA), and human breast cancer cells MDA-MB-231 (American Tissue
Culture Collection, ATCC, Manassas, VA) were cultured in DMEM high-glucose medium
supplemented with 10% fetal bovine serum (FBS) (both from Sigma-Aldrich, St. Louis, MO, USA)
and 1% penicillin/streptomycin (Lonza, Switzerland). 10% fetal bovine serum (FBS), one percent
penicillin/streptomycin, and one percent sodium pyruvate were added to RPMI-1640 medium
(Sigma-Aldrich, St. Louis, MO, USA) to support human colorectal cancer cells HCT116 (ATCC,
Manassas, VA).

For the cell viability assay, the cells were seeded into 96-well plates (5 x 10° cells per well), then
incubated for 24 hours, or until 30-40% of them were confluent. Following treatment with 0, 5,10, 25,
50, 75, and 100 pg/mL of AuNPs, cells were incubated for 24, 48, and 72 hours. Using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma Aldrich, St. Louis, MO, USA)
reduction assay, cell viability was assessed. The MTT assay is frequently used to evaluate the viability
and proliferation of cells. Under these circumstances, "healthy" cells convert the yellow MTT reagent
into purple formazan crystals, which are active metabolic processes in the mitochondria[63]. The cells
go through some morphological and biochemical changes during apoptosis, including a decrease in
metabolic activity and a subsequent decrease in formazan formation due to the loss of mitochondrial
membrane integrity[64]. Cell growth was calculated by comparing the proportional viability of
treated cells to those treated with vehicle (DMSO), where 100% viability was assumed. The assay was
performed in triplicate and repeated three independent times.

The data is displayed as mean values + SEM.

4.7. Microscopic Analysis of Apoptotic Morphological Change

In 6-well plates, MDA-MB-231 cells were cultured with or without the specified MAE-AuNPs

concentrations. After 24 hours, morphological features of apoptotic cells were examined at
magnifications of x10, 20, and x40 using an inverted phase-contrast microscope.
Changes in nuclear morphology were identified using 4', 6-diamidino-2-phenylindole,
dihydrochloride (DAPI) (Cell Signalling #4083) staining. For 24 hours, cells were cultured in 12-well
plates with or without the specified MAE-AuNPs concentrations. Following 4% formaldehyde
fixation, DAPI staining, and fluorescence microscopy visualization, cells were examined.

4.8. Statistical Analysis

The student's t-test was used to evaluate the findings. Two-way ANOVA followed by Tukey-
Kramer's post hoc test or one-way ANOVA followed by Dunnett's post hoc test were also used when
comparing more than two means. Statistical significance was defined as P-values below 0.05.

5. Conclusions

The necessity to create environmentally friendly processes for the synthesis of metallic
nanoparticles has grown as a result of the biological applications of these particles, particularly gold
nanoparticles. Plants present a sustainable, affordable, and generally safe option for the green
synthesis of metallic nanoparticles. Their extracts are easy to prepare and, due to the vast diversity
of plant species, they offer a wide range of natural reducing and capping agents. This diversity
enables the controlled synthesis of metallic nanoparticles with various shapes and morphologies. The
biogenesis of nanomedicine holds great promise for the treatment of cancer in the twenty-first
century through the development of effective anticancer nanomedicine and drug delivery systems
that efficiently deliver powerful medications to targeted areas. It is anticipated that green-synthesized
AuNPs will eventually be useful in the fields of cancer therapy and diagnostics, given the enormous
significance of AuNPs over the past few years and the safety and biocompatibility of green synthesis
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methods. To the best of our knowledge, this study provides the first direct insight into the use of
MAE for the green synthesis of gold nanoparticles (AuNPs) with anticancer potential. The produced
MAE-AuNPs are not only eco-friendly and cost-effective but also biocompatible and non-toxic,
offering a promising alternative for therapeutic applications. These MAE-AuNPs may serve as
innovative agents in the treatment of cancer and other chronic inflammation-related diseases.
Furthermore, their therapeutic efficacy could be enhanced through surface functionalization with
specific drugs or targeting ligands to improve cellular uptake and selectivity. When combined with
conventional chemotherapeutics, these MAE-AuNPs may also exhibit synergistic anticancer effects.
Opverall, our findings underscore the significance of MAE as a sustainable source for the development
of pharmacologically active AuNPs, particularly as novel candidates with anti-inflammatory and
anticancer properties. Nevertheless, there hasn't been much focus in the published literature on the
in vivo investigation of AuNPs in different animals, as well as three-dimensional spheroids and
organoid models. In order to increase confidence in translational to clinical studies for the safe and
efficient use of AuNPs in cancer patients, more research is required. To do this, AuNPs functionalized
with anticancer medications and targeting ligands must be produced on a large scale economically
and effectively.
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Abbreviations

The following abbreviations are used in this manuscript:

MAE Mandragora autumnalis ethanolic extract
LSPR localized surface plasmon resonance
AuNPs Gold nanoparticles

PDI Polydispersity index

XRD X-ray diffraction

TGA Thermogravimetric analysis

ATR Attenuated total reflectance

DLS Dynamic light scattering

SEM Scanning electron microscopy

SPR surface plasmon resonance (SPR)

DAPI 4', 6-diamidino-2-phenylindole, dihydrochloride
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
DMSO Dimethyl sulfoxide

DPPH 2,2-diphenyl-1-picrylhydrazyl

H20: Hydrogen peroxide

EDX Energy dispersive X-ray spectroscopy
FTIR Fourier transform infra-red

ROS Reactive oxygen species

UV-VIS Ultra violet-visible spectroscopy
HCT116 Colorectal cancer cell line
MDA-MB-231 Triple negative breast cancer cell line
22RV1 Human prostate cancer cell line
Capan-2 Human pancreatic cancer cell line
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