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Abstract: Green synthesis of gold nanoparticles (AuNPs) is increasingly popular due to
their broad potential applications. Hence, this research reports the synthesis of AuNPs
by reducing of HAuCls using an aqueous extract of Haplophyllum canaliculatum Boiss as
both a reducing and stabilizing agent. In addition, the antioxidant activity of as-prepared
AuNPs was investigated. The physicochemical properties of AuNPs were characterized
by UV-visible (UV-Vis) spectroscopy, Fourier transform infrared spectroscopy (FT-IR),
X-ray diffraction (XRD), and field emission scanning electron microscopy (FESEM). The
UV-Vis spectra displayed a surface plasmon resonance band at 523 nm, which confirmed
the formation of AuNPs. Also, the FESEM image revealed that the particle sizes of the
AuNPs ranged from 15 to 25 nm. In addition, the Debye-Scherrer equation showed a
particle size of 16.4 nm from the XRD result. Furthermore, the biosynthesized AuNPs
exhibited significant antioxidant activity (P< 0.05) against DPPH free radicals’ scavenger
in a concentration-dependent manner. The ICso value of the AuNPs was obtained as
44.42 pg mL1. The antioxidant activity of the AuNPs likely stems from secondary
metabolites of the H. canaliculatum extract, such as quinoline alkaloids. These findings
offer a promising approach for developing biosynthesized AuNPs for potential
pharmaceutical applications.

Keywords: Green synthesis, gold nanoparticles, Haplophyllum canaliculatum,
antioxidant activity.
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Introduction

Nanomaterials have gained significant attention
owing to their promising applications in drug
delivery, biomedicine, material chemistry, and
pollution control over the past few years (Patil et al.,
2023). The high surface-to-volume ratio, small size,
shape, charge characteristics, and high reactivity of
nanoparticles (NPs) compared to their bulk
materials are expected to result in improved
performance (Boruah et al.,, 2021). Metal NPs are
nanomaterials consisting of a single metal. Some of
the most commonly produced metal NPs include
gold (Au), silver (Ag), platinum (Pt), palladium
(Pd), copper (Cu), zinc (Zn), ruthenium (Ru), etc.
(Saleh, 2022). Among the various metallic NP,
AuNPs, have attracted great interest due to their
unique intrinsic features, such as optical properties,
ease of synthesis, tunable sizes, multifunctional
capabilities, and facile surface modification. They
are very biocompatible, low in toxicity, relatively
inert, and generally stable (Santhosh et al., 2022;
Patil et al., 2023). In addition, colloidal Au solutions
have achieved increasing attention for studying
their cytotoxicity —properties, with potential
applications in pharmacology, medicine, the food
industry, water purification, etc. They have a wide
range of biological applications, including labeling,
drug delivery, photothermal therapy, tissue/tumor
imaging, and sensing (Saleh, 2022). There are
various approaches for the synthesis of AuNPs such
as chemical reduction methods, lithography, and
physical methods. However, these methods have
several drawbacks including the use of biological
toxic chemicals, ecological imbalance, high
processing cost, and the potential to create a toxic
environment (Ghasemi et al., 2025). Therefore,
developing a novel and green process to synthesize
the AuNPs is essential. In recent years, the
biological synthesis of AuNPs utilizing plants,
algae, fungi, and microorganisms has become
preferred because these methods decrease the
drawbacks of previously mentioned methods
(Boruah et al., 2021; Chen et al., 2021). Plant-based
synthesis of nanoparticles offers more advantages
than other biological methods, including the
elimination of the need to maintain microbial
cultures and being more cost-effective for large-
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scale nanoparticle production (Sujitha and Kannan,
2013; Ghasemi et al., 2025).

Different parts of plants such as leaves, fruits, bark,
flowers, peels, seeds, rhizomes, and roots can be
used for the biosynthesis of AuNPs. The
constituents extracted from roots and above-ground
plant parts of medicinal plants contain various
secondary = metabolites also  known  as
phytochemicals such as phenolic compounds (e.g.,
polyphenols, flavonoids, tannins, and lignans),
terpenoids, quinones, coumarins, alkaloids,
saponins, steroids, and glycosides (Arzani et al.,
2025). They have multiple health-promoting
benefits to animals and human, especially as
antioxidants, antimicrobials, anticarcinogens, and
the suppression of inflammatory responses
(Mohammadinejad et al., 2019), and also act as both
reducing and stabilizing agents (Saleh, 2022).
Biosynthesis of AuNPs by plants such as Curcumae
kwangsiensis, Moringa oleifera, Glaucium flavum,
Stevia rebaudiana, and Plumeria alba have been
reported (Boruah et al., 2021; Chen et al., 2021;
Santhosh et al., 2022). Haplophyllum canaliculatum
(H. canaliculatum) Boiss. member of the Rutaceae
family, is an endemic species of Iran primarily
distributed in southeastern mountainous regions.
The genus Haplophyllum contains essential oils,
alkaloids, fixed oils, coumarins, sterols, flavonoids,
and lignans (Varamini et al,, 2009;
Mohammadhosseini et al., 2021). It has been
reported that Haplophyllum spp. has various
pharmacological activities including antioxidant,
cytotoxic, anti-leishmanial, and anti-inflammatory
properties (Nikbakht et al., 2016). Varamini et al.
isolated five quinoline alkaloids from the
methanolic extract of H. canaliculatum, namely 7-
isopentenyloxy-y-fagarine, atanine, skimmianine,
flindersine, and perfamine (Varamini et al., 2009).
Previous studies have demonstrated that secondary
metabolites, including phenolic acids, alkaloids,
flavonoids, and terpenoids, commonly found in
plant extracts, contribute to the reduction of NPs
and improve their stability (Fatima et al., 2024). To
the best of our knowledge, the use of H.
canaliculatum extract for the biosynthesis of AuNPs
has not been explored. Inspired by the above
discussions, we presented the green synthesis of
AuNPs using an aqueous extract of Haplophyllum
canaliculatum to investigate the antioxidant activity.
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Materials and Methods

Materials

Hydrogen tetrachloroaurate (iii) trihydrate
(HAuCl4. 3H20; = 99.9 %), polyvinylpyrrolidone
(PVP), 2,2-diphenyl-1-picrylhydrazyl (DPPH =
98 %), ascorbic acid (C6H806) and methanol
(CH30H, = 99.9 %) were purchased from Sigma
Aldrich. The aerial parts of H. canaliculatum were
collected from an altitude of 1300 meters of Tang
Zagh Mountains with 27°933'44” latitude and
55°916’66" longitude in Hormozgan province, Iran
in November 2022.

Preparation of the extract

The aerial parts of H. canaliculatum were air-dried in
the shade environment at room temperature and
finely powdered using a household mixer. Then, 10
g of the plant powder was mixed with 100 mL of
deionized water and stirred at 45°C for 60 min.
After stirring, the supernatant was collected by
Whatman No. 1 filter paper. The obtained extract
was stored at 4°C for further experiments.

Synthesis of AuNPs

The aqueous solution of HAuCls with a
concentration of 1 mM was prepared. 0.004 g of PVP
was added to 1 mM of HAuCls solution as a capping
and soft reducing agent (Ismillayli et al., 2024;
Ortega-Cordova et al.,, 2024). Then, the mixture was
stirred at 60°C using a magnetic hotplate stirrer for
1h. Then, 1 mL of plant extract was added dropwise
to the stirring solution. The color change from
yellow to purple during the reaction was observed,
which confirms the synthesis of the AuNPs. The
resulting AuNPs solution was centrifuged at 13000
rpm for 15 min. The collected AuNPs were rinsed
three times with deionized water.

Materials characterization

The absorbance spectra of AuNPs were
characterized by a UV-Vis spectrophotometer
(Jenway company (6305 model), England). The
spectra were monitored by scanning the sample in
the200-860 nm range. XRD pattern of AuNPs was
obtained by GBC Scientific Equipment Pty Ltd.
Australia, using Cu-Ka radiation (A =1.54 A, 40 keV)
in the 20 range of 10-80° at 25 °C with a scan speed
of 10° min~!. FT-IR spectra were carried out within
the range of 400-4000 cm™ using an ABB Bomem
MB-100 FT-IR spectrophotometer.
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The crystallite size of AuNP was calculated through
the Deby-Sherrer formula from XRD analysis from
follwing equation:

_ 094
pcosé @)

Where D, A, 3, and © are the nanocrystal diameter,
light wavelength, full-width half maximum
(FWHM, in radians), and Bragg angle, respectively.
The morphology of the as-prepared AuNPs was
investigated by field emission scanning electron
microscopy (FESEM, MIRA-TESCAN).

Free radical scavenging activity

Free radical scavenging activities of the plant
extract, AuNPs, and ascorbic acid (Vit C) as the
standard were determined according to the DPPH
method of Molyneux (2004) with some
modifications. The dried extract and powdered
form of AuNPs were obtained using a freeze dryer
(OPERON, Korea). Stock solutions of extract,
AuNPs and Vit C were prepared at concentration of
10 mgmL- in distilled water . These stock solutions
were then used to prepare different concentrations
(31.25, 62.5, 125, 250 pg mL?) of the extract, AuNPs
and Vit C. Then, 80 mg mL' DPPH solution in
methanol was added to an equal volume of various
concentrations of extract, AuNPs, and Vit C. The
mixtures were incubated in the dark at 25°C for 45
min. After the incubation period, the absorbance of
the samples was determined at a wavelength of 517
nm using a spectrophotometer. The percentage of
free radical scavenging DPPH (I %) was calculated
using the following equation:

1% = [(ABc-Ass)/Asc] x 100 (1)

where Asc is the absorbance of the negative control
and Ass is the absorbance of the experimental
samples.

Statistical analysis

To ensure a reliable comparison of the results, at
least three replicates of each measurement were
performed, and the results are presented as mean *
standard deviation. The statistical analysis was
performed with one-way analysis of variance
(ANOVA) followed by Duncan’s multiple range
test to identify significant differences between
groups. Statistical significance was defined as a p-
value of less than 0.05.
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Figure 1. Schematic illustration of the synthetic strategy of AuNPs.

Results

The synthesis of AuNP and its characterization
The green synthesis of the AuNPs is schematically

extract showed the absorption band appearing at
shown in Figure 1.

631 cm™, which can be attributed to the aliphatic C-

UV-Vis was carried out to confirm the formation of
AuNPs. As shown in Figure 2, the AuNPs exhibited
a surface plasmon resonance (SPR) band at 523 nm
(Rosyidah et al., 2024).
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Figure 2. UV-Vis spectrum of AuNPs.
The FT-IR spectroscopy technique was used to

characterize the plant extract and AuNPs. As can be
seen in Figure 3, the FT-IR spectrum of the plant

H bending (Zakaria et al., 2019). The observed peak
at 747 cm? can be ascribed to the out-of-plane
bending of C-H. The peaks at 1029 and 1265 cm!
were probably related to the C-O stretching
vibrations in esters, alcohols, or ethers (Shehzad et
al., 2018). The peak appeared at 1259 cm™ can be
ascribed to the C-O-C stretching of functional
groups in aldehydes, ketones, or carboxylic acids.
The band located at 1405 cm™ can be ascribed to the
bending vibrations of O-H bonds in alcohols or
carboxylic acids. The peak at 1630 cm’ can be
attributed to the stretching vibrations of C=C
(Deghiedy and El-Sayed, 2020). The band at 1725
cm! can be associated with the stretching vibration
of C=0 (Zidan et al.,, 2019). The two peaks at 2823
and 2890 cm! can be attributed to the C-H stretching
vibration (Abdelghany et al., 2015). The observed
broad band at the region of 3400 cm! was typically
ascribed to the stretching vibrations of H:0
molecules. For AuNPs, the peak at 605 cm™ can be
ascribed to aliphatic C-H bending (Zakaria et al.,
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2019). The peak located at 720 cm™ was related to
the out-of-plane bending of C-H (Tharani et al,
2020). The peak at 1003 was indexed to the
stretching vibrations of C-O. The peak at 1265 cm!
can be ascribed to the C-N stretching vibration (Wei
et al., 2009). The peak located at 1391 cm™ can be
assigned to the bending vibrations of O-H. The
observed peak at 1628 cm can be ascribed to the
stretching vibrations of C=C (Deghiedy and El-
Sayed, 2020).

AuNPs

——— Plant extract

C‘(‘T

\'H CcH
c.0.C aliphatic
c-0

Transmittance/ %

C-H
aliphatic

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber/ cm™

Figure 3. FT-IR spectra of plant extract and AuNPs.

The band at 1711 cm™ belonged to the stretching
vibrations of C=0. The peaks at 2872 and 2927 cm"!
were attributed to the C-H stretching vibration. The
appeared broad band at 3370 cm can be related to
the stretching vibrations of H20. The crystal
structure of the as-prepared AuNPs was analyzed
by XRD.

AuNPs (111)

Intensity/ a.u.

(200)
i ﬁ (220) (311)

JCPDs card no. 04-0784 | I |

N N i N N N
10 20 30 40 50 60 70 80
26/Degree

Figure 4. XRD pattern of AuNPs and the corresponing
JCPDs card.
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Figure 4 exhibits a broad diffraction peak at 20 =
25.5°, corresponding amorphous PVP (Lv et al,
2019). The diffraction peaks at 38.1°, 44.3°, 65.1°, and
77.7° were attributed to the (111), (200), (220), and
(311) crystal planes, indicating the synthesis of
AuNPs (JCPDs card no. 04-0784) (Alharbi et al.,
2017). Figure 5 shows the SEM image of the AuNDPs.
The SEM image showed the particle size of AuNPs
in the range of 18-25 nm. However, agglomeration
of the AuNPs can be observed in some areas from
the SEM images.

VS nm

' \23 nm .
. .
- v .=
\18 nm & /lS nm
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» b 4
4 20 nm »

—
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Figure 5. SEM image of AuNPs.

DPPH free radical scavenging activity

The antioxidant activity of the AuNPs and the plant
extract was measured by DPPH scavenging assay,
with Vit C as the standard (Figure 6). DPPH is a
stable violet-colored free radical compound that can
accept electrons from antioxidant compounds,
resulting in the formation of a yellow hydrazine
derivative (Kureshi et al., 2020). The obtained
results from the antioxidant activity demonstrated
effective free radical inhibition for the AuNPs and
the plant extract. As shown in Figure 6, the
percentage of DPPH radical scavenging activity
exhibited a dose-dependent response for both of
them (P< 0.05). At the lowest (31.25 ug mL") and
highest (250 pg mL1) concentrations, the AuNPs
exhibited 46.66+1.65% and 86.33+1.86% inhibitory
activities, respectively. Similarly, the plant extract
showed 45.83£1.29% and 84.98+1.90% inhibition at
concentrations of 3125 and 250 pg mL7Y,
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respectively. The statistical evaluation revealed no
significant difference in antioxidant activ between
the extract and AuNDPs at the same concentrations
(P>0.05).

Vit € ddd
m Extract

W AuNPs

I I
c Cc C
i _
© b b b
I
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50 . -
| I
30
20
10
0
31.25 62.5 125 250

Concentration (ug mL™Y)

Scavenging activity (%)

Figure 6. DPPH free radical scavenging activity of the
AuNPs and the plant extract (columns with same letter
are not significantly different at the 0.05 level).

ICso was determined based on the sample
concentration required for 50% scavenging of
DPPH radicals (Table 1). Lower values in the test
demonstrate greater antioxidant potency of the
samples. The ICso value of the AuNPs was
determined to 44.42 pg mL".

Table 1. IC50 values of the AuNPs, extract, and Vit C (ug
mL7).

Samples ICs0 (ug mL1)

Vit C 34.35

AuNPs 44.42

Extract 49.04
Discussion

In general, the preparation of AuNPs involves two
main cases: (I) the HAuCls releases Au* ions, which
ultimately leads to the formation of AuNPs, (II) the
secondary metabolites of plants, such as alkaloids,
flavonoids, and terpenoids, can act as reducing

2025 | Volume 13 | Issue 1

agents. These bioactive compounds reduce Au®
ions and facilitate the formation of AuNPs. Also,
they play a crucial role in stabilizing the NPs,
inhibiting agglomeration, and ensuring a consistent
size distribution (Mahajan et al., 2025). In addition,
PVP was used as a capping and soft reducing agent
for the preparation of stable AuNDPs. It can be
explained that PVP coordinates with the Au ion
through the lone pair electrons of the oxygen atoms,
resulting in anchoring the PVP polymer chain to the
Au surfaces. The complex facilitates Au ion
reduction and Au nucleation to form stable AuNPs.
Additionally, PVP surrounds the Au surface via
physical and chemical bonding, which prevents
contact between particles that can result in severe
particle agglomeration. The UV-Vis spectra showed
an intense peak, which indicates the SPR, that
occurs as a unique phenomenon in plasmonic metal
nanoparticles. It enhances all radiative properties,
including scattering and absorption. The FT-IR
results proved the formation of AuNPs and
presence of the secondary metabolites on the
surface of AuNPs. The crystallite size of AuNP was
obtained 16.4 nm from the XRD analysis.

Free radicals can damage cells and cause mutations,
which are harmful to human health. Antioxidants
play a crucial role in protecting against this damage.
The considerable antioxidant activity of the AuNPs
can be attributed to the secondary metabolites of the
H. canaliculatum extract. According to the study by
Varamini et al. (2009), five quinoline alkaloids (7-
Isopentenyloxy-y-fagarine, Atanine, Skimmianine,
Flindersine, and perfamine) have been identified in
the methanolic extract of this plant. These
secondary metabolites are known for their
antioxidant properties and may contribute to the
reduction and stabilization of AuNPs through
adsorption onto their surface (Shabaani et al., 2020;
Ghasemi et al., 2025). Additinally, the small size and
large surface area of AuNPs also provide abundant
active sites for the absorption of such bioactive
compounds (Khan et al., 2019).

Conclusion

In the present study, we describe a novel, simple,
and eco-friendly method for the synthesis of AuNPs
using an aqueous extract of H. canaliculatum. The
color change from yellow to purple during the
reaction confirmed the formation of the AuNPs.
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Moreover, the UV-Vis spectroscopy exhibited a
surface plasmon resonance band at 523 nm,
indicating the synthesis of the AuNPs. Also, the
SEM image revealed particle sizes of 18-25 nm for
the AuNPs, which showed an agreement with the
particle size (16.4 nm) obtained by XRD analysis.
Furthermore, FT-IR spectroscopy suggested the
involvement of secondary metabolites, e.g.,
alkaloids, flavonoids, and phenolic compounds
during the synthesis process. The as-prepared
AuNPs presented significant inhibitory activity
(86.33+1.86%) at the highest concentration (250 pg
mL") in the DPPH assay due to the surface covered

2025 | Volume 13 | Issue 1
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