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Abstract

In this study the biosynthesis of gold nanoparticles (AuNPs) using the aqueous extract of the root bark of Hippocratea excelsa
(HE) is reported. AuNPs were synthesized by adding different volumes of HE extract, ranging from 0.2-1 mL, and utilizing
the gold precursor at 0.25 and 1 mM. All reactions were synthesized at room temperature. The AuNPs were characterized
by UV-vis, TEM, DLS, Z-potential, and XRD. Extract and AuNPs antioxidant capacity was obtained by ABTS and DPPH
methods. The photocatalytic activity was tested with methylene blue (MB) dye degradation. The UV-vis spectra showed a band
associated with the gold surface plasmon resonance (SPR) at around 535 nm, evidencing the presence of nanoparticles. The
hydrodynamic diameter suggests that the biomolecules of the extract attach to the nanoparticles, while the Z-potential reveals a
stable colloidal solution. Micrographs demonstrated predominantly spherical AuNPs with a size of approximately 25 nm. XRD
analysis confirmed the face cubic center (fcc) structure of the nanoparticles. On the other hand, the extract exhibited better
antioxidant properties than the AuNPs. Finally, the photocatalytic experiments reveal an MB dye degradation of up to 89%.
These results show that AuNPs produced by ecological and simple methods could be used in different applications.

Keywords: biosynthesis, nanoparticles, Hippocratea excelsa, antioxidant, photocatalysis.

Resumen

En este estudio se reporta la biosintesis de nanoparticulas de oro (AuNPs) utilizando el extracto acuoso de la corteza de raiz
Hippocratea excelsa (HE). Las AuNPs se sintetizaron agregando diferentes volimenes del extracto, desde 0.2 hasta 1 mL.
Ademas, se utiliz6 el precursor de oro a 0.25 y 1 mM. Todas las reacciones se sintetizaron a temperatura ambiente. Las
AuNPs se caracterizaron mediante espectroscopia UV-vis, TEM, DLS, Potencial Z, y XRD. La capacidad antioxidante del
extracto y de las AuNPs se obtuvo con los métodos ABTS y DPPH. La actividad fotocatalitica se probd con la degradacién
del colorante azul de metileno (MB). Los espectros UV-vis mostraron una banda asociada a la resonancia del plasmon superficial
(SPR) del oro alrededor de 535 nm, evidenciando la presencia de nanoparticulas. El didmetro hidrodindmico sugiere que las
biomoléculas del extracto se adhieren a las nanoparticulas, mientras que el potencial Z evidencia una solucién coloidal estable.
Las micrografias mostraron AuNPs predominantemente esféricas con un tamafio aproximado de 25 nm. Los andlisis XRD
confirmaron la estructura fcc de las nanoparticulas. Por otra parte, el extracto mostré mejores propiedades antioxidantes que las
AuNPs. Finalmente, los experimentos de fotocatdlisis revelan una degradacién del colorante MB hasta del 89 %. Estos resultados
muestran que las AuNPs producidas por métodos simples y ecoldgicos podrian ser utilizadas en diferentes aplicaciones.
Palabras clave: biosintesis, nanoparticula, Hippocratea excelsa, antioxidante, fotocatalisis.
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1 Introduction

In recent years, great interest in green chemistry
has emerged as a viable option for synthesizing
nanoparticles. This is because traditional physical and
chemical methods can be toxic to the environment
and often require too much energy (Serrano-Nifio
et al., 2020; Ying et al., 2020). Green synthesis or
biosynthesis from plant extracts is being implemented
in the production of nanoparticles (NPs) due to
its simplicity and sustainability (El-Borady et al.,
2020; Kumari & Meena, 2020). Biosynthesis presents
advantages, such as low cost, short production times,
industrial scalability, and biocompatibility (Doan et
al., 2020; Kamran et al., 2019; Keijok et al.,
2019; Kumari & Meena, 2020). Gold, synthesized
at the nanometric level, is widely studied due to its
ability to interact with light thanks to its Surface
Plasmon Resonance (SPR) (Kurhade er al., 2021),
its resistance to oxidation, its long-term stability,
and its biocompatibility (Kumari & Meena, 2020).
Therefore, AuNPs are applied in various areas, such
as chemical engineering, catalysis, medicine, optics,
and electronics (Cordero-Garcia et al., 2023; Irfan
et al., 2016; Kurhade et al., 2021). Some plants
have been used to produce AuNPs, such as Eryngium
heterophyllum, Amphipterygium adstringens (Aguilar-
Pliego et al., 2021), Hypericum perforatum (Serrano-
Nifio et al., 2020), Nigella arvensis (Chahardoli
et al., 2018), Camellia sinensis (T. Singh et al.,
2020), and Petroselinum crispum (El-Borady et al.,
2020). The plant extract and the reaction conditions
play a fundamental role in the shape and size
of the NPs (Aji et al, 2022; Kamran et al.,
2019). Leaves, stems, roots, flowers, and seed
extracts contain various phytochemicals (flavonoids,
aldehydes, ketones, amines, carboxylic acids, phenols,
terpenes, sugars, proteins, and alkaloids) that render
their use feasible as reducing and stabilizing agents in
the synthesis of NPs (Irfan et al., 2016; Kurhade et al.,
2021; J. Singh et al., 2018; T. Singh et al., 2020). In
addition to their reduction capacity, some plants have
medicinal value, highlighting their antioxidant, anti-
inflammatory, antibacterial, antifungal, and anticancer
properties (Chahardoli et al., 2018; Kurhade et al.,
2021).

In Mexico, the use of medicinal plants is a
common practice. Therefore, its study comprises an
area of great opportunity. It is desirable to study and
understand the role of bioactive agents and even to take
advantage of their medicinal properties. With such
knowledge, it is possible to design new materials that
can be used for potential applications. Aguilar Pliego
et al., (2021) synthesized gold clusters and AuNPs
using extracts of toad leaf (Eryngium heterophyllum)
and cuachalalate (Amphipterygium adstringens), two

plants with medicinal uses in Mexico. The materials
were immobilized on a support, and their catalytic
activity was tested.

The bark of the stems and roots of the Hippocratea
excelsa (HE) plant, commonly known in the central
part of Mexico as "cancerina" has been used to treat
various diseases (gastric ulcers, kidney diseases, skin
conditions, uterine infections, as an anti-inflammatory,
as a healing agent, and for the treatment of dysentery)
(Alanis et al., 2005; Apaza Ticona et al., 2022;
Escobedo Hinojosa et al., 2014; Mena-Rejon et
al., 2007; Navarrete et al., 2002; Veldzquez et al.,
2006). This plant contains active compounds such as
tingenone, celastrol, galactitol, pristimerin, excelsine,
friedelin, canophyllol, canophyllal, canophyllic acid,
triterpenes, sesquiterpene evoninoate and pyridine
alkaloids (Caceres-Castillo et al., 2008; Calzada &
Mata, 1995; Furukawa et al., 2002, 2018; Mata et
al., 1990; Mena-Rejon et al., 2007; Navarrete et al.,
2002; Perez et al., 1995; Reyes-Chilpa et al., 2003).
These molecules make this plant a potent reducing
agent in the synthesis of NPs. As far as we know, there
hasn’t been any report on the synthesis of AuNPs using
the HE extract. In addition, the synthesis does not
require any external surfactant, reducing, or capping
agent. Therefore, based on scientific studies of the
plant, we hypothesized that HE extract is rich in
esters, hydroxyl, and ketone groups, which make it an
excellent candidate for this process.

The biosynthesis of AuNPs using the aqueous
extract of the Hippocratea excelsa root bark was
investigated. The characterization of the synthesized
AuNPs was carried out through various techniques
such as UV-vis spectroscopy, Dynamic Light
Scattering (DLS), Transmission Electron Microscopy
(TEM), and X-ray Diffraction (XRD). Furthermore,
the antioxidant activity of both the extract and the
AuNPs using ABTS and DPPH assays was evaluated.
Finally, the photocatalytic activity of the synthesized
AuNPs in the degradation of the MB model molecule
was tested.

2 Materials and methods

2.1 Reagents

HAuCly-3H,0 (Sigma-Aldrich) and tri-distilled water
(Hycel de México S.A. de C.V.) were used, without
further purification. The root bark of Hippocratea
excelsa (HE) was purchased from a medicinal plant
shop in Puebla, Mexico.

2.2 Preparation of the HE extract

The root bark of HE was washed with tri-distilled
water. It was finely cut and shade-dried at room
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temperature for 5 days. Ten g of the root bark was
placed in 100 mL of tri-distilled water and added to
a flask with constant stirring. The mixture was boiled
for 10 min on a heating plate. The cooled solution was
centrifuged for 5 min at 5,800 rpm to remove solid
matter, and it was filtered through Whatman paper and
stored at 4°C.

2.3 Biosynthesis of AuNPs

AuNPs synthesis was carried out using different
volumes of HE aqueous extract, ranging from 0.2 mL
to 1 mL, both pure and diluted in water at a 1:1 ratio. In
addition, it was used 10 mL of HAuCly-3H,O aqueous
solution with concentrations of 0.25 and 1 mM. All
reactions were performed at room temperature. To
measure the antioxidant and photocatalytic properties,
the samples were used (1) directly and (2) washed with
distilled water a couple of times (centrifuged at 15,000
rpm for 15 min).

2.4  Characterization

The optical properties of the colloidal gold solutions
were studied and analyzed by UV-visible spectroscopy
utilizing a GENESYS 10S spectrophotometer
(Thermo Scientific) at 25°C and quartz cells with an
optical path of 1 cm. The hydrodynamic diameter
was measured from the colloidal gold solutions
with a Dynamic Light Scattering System (DLS;
Malvern Zetasizer Nano ZS, Malvern Instruments
Worcestershire, UK) equipped with a He-Ne laser
(4 = 633 nm) with 4.0 mW power and backscattering
mode. The Z-potential measurements were carried out
with the Zeta-Sizer IV system (Malvern Instruments
Worcestershire, UK) under the same conditions as
the ones used with the DLS system. The size and
shape of the AuNPs were determined by TEM
analysis utilizing a JEOL-JEM-2010 in conventional
transmission mode, operating at 80 kV. For this
characterization, samples were prepared by placing
a drop of the solution onto a carbon-coated Cu grid.
X-ray diffraction (XRD) patterns were measured
using an X-ray diffractometer from Panalytical
(model Empyrean, Almelo, Netherlands) with Cu
Ka radiation (1 = 1.5406 A) and a Ni filter. The
acceleration voltage and the applied currents were
40 kV and 35 mA, respectively. Data were collected
with a step width of 0.17° (26) from 10° to 90° (26).

2.5 Antioxidant properties assay

Eighty microliters of the plant extract (10, 20, 30,
40, and 50 pul/mL) or AuNPs samples were added
to 3,920 mL of the ABTS.+ radical-ethanol solution.
The solutions were perfectly homogenized (initial
absorbance) and were allowed to stand for 7 min (final
absorbance). Absorbance was measured at 517 nm

with a UV-vis spectrophotometer (Conde-Herndndez
& Guerrero-Beltrdn, 2014). The percentage of
inhibition was calculated by the following formula:

% Inhibition ABTS

_ Initial Absorbance - Final Absorbance

1 1
Initial Absorbance x100 (1)

The DPPH free radical scavenging activity of the
HE extract and AuNPs samples were tested by the
standard method. Briefly, 3,900 L of DPPH solution
(0.06 mM in methanol) was mixed with 100 uL. of
different concentrations of HE extract (10, 20, 30,
40, and 50 uL/mL) or AuNPs samples. The reaction
mixture was stirred well and incubated in the dark for
30 min. After incubation, absorbance was recorded at
517 nm against a blank. The scavenging percentage
of the free radicals was determined by the following
formula (Chahardoli et al., 2018):

% Tnhibition DPPH )

Control Absorbance - Sample Absorbance
- x 100

Control Absorbance

2.6 Degradation of MB

In brief, 5 mL of AuNPs colloidal solution was added
to 40 mL of MB solution with a concentration of 5
ppm. The samples were placed under the direct action
of the sun with constant agitation for 90 min. The
degradation of the dye was measured by recording
the absorption peak of MB in the range of 200-
800 nm at regular time intervals using the UV-vis
spectrophotometer. The reduction in the intensity of
the absorption peak of the MB at 665 nm reflects
the decrease in the dye concentration in the solution.
Therefore, MB degradation was calculated in terms
of the percentage of degradation using the following
equation (Boruah et al., 2021):
Ao - A

% total removal = ——— x 100 3)
Ao

where A is the initial absorbance of the dye solution,
and A; is the absorbance of the dye solution after
photocatalytic degradation.

3 Results

3.1 Synthesis of AuNPs with different
volumes of the extract

Since the HE extract acts as a reducing and stabilizing
agent during the synthesis of AuNPs, it is essential
to find the correct extract concentration to achieve
sufficient reduction and stabilization (Aji et al., 2022).
Figure la depicts the UV-vis absorption spectra of
the NPs using HAuCly (1mM) and different amounts
of the pure extract (0.2, 0.4, 0.6, 0.8, and 1 mL).
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Figure 1. (a) UV-vis spectrum of PHE-AuNPs, (b)
optical images of PHE-AuNPs synthesized with
different volumes of the HE extract. Reaction time,
120 min.

The samples are denominated PHE-AuNPs. The SPR-
associated band is observed between 540 and 573
nm, it clearly indicates the reduction of Au* to Au’
and the formation of spherical AuNPs (Khatua et
al., 2020; Mariychuk et al., 2020; Serrano-Nifio et
al., 2020). The band of NPs synthesized with 0.2
mL of the extract is located at ~573 nm, suggesting
aggregated nanoparticles due to insufficient protective
coating (Mzwd et al., 2022; Vo et al., 2022). However,
as the volume of the extract increases, an increase
in absorbance is observed. Also, a blue shift appears
(~540 nm), especially in the samples synthesized
with 0.6, 0.8, and 1 mL of extract. The increase in
absorbance is related to the increased concentration
of NPs (Mzwd et al., 2022). The blue shift reveals
a decrease in particle size (Chen et al., 2019; Mzwd
et al., 2022). This behavior could be attributed to a
higher amount of extract, which reduces gold ions and
prevents the agglomeration of NPs (Chen et al., 2019;
Fan et al., 2020). In addition, the samples synthesized
with 0.6, 0.8, and 1 mL of the extract demonstrate an
additional band at wavelengths >700 nm, related to
non-spherical NPs (Mariychuk et al., 2020).

The color change during the reaction, from yellow
to dark purple, indicates that AuNPs have been formed
(Fig. 1b) (Chen et al., 2019; Mariychuk ef al., 2020).
The color change in nanoparticles appears to be due to
the SPR phenomenon. This phenomenon is due in turn
to the excitation of the free electrons in the conduction
band, generating the collective oscillation of all of the
electrons (Aji et al., 2022).

Figure 2 presents the UV-vis spectra of NPs
synthesized with the diluted extract and HAuCly (1
mM), denominated DHE-AuNPs. As the volume of
extract increases, the absorbance increases, and a
blue shift is observed. Even the sample synthesized
with 1 mL of extract presents a narrower band,
suggesting monodispersing sizes. Moreover, when the
diluted extract is used, the intensity of the bands
at wavelengths >700 nm decreases or disappears,

—1.0mL
—0.8mL
4 —0.6mL

Absorbance

0 T T T
400 500 600 700 800
A (nm)

Figure 2. UV-vis spectra of DHE-AuNPs. Reaction
time, 120 min.
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Figure 3. UV-vis spectra of DHE-AuNP synthesized at
various times using (a) 0.6, (b) 0.8 and (c) 1 ml of the
HE extract.

suggesting that the samples contain mostly spherical
NPs (Aji et al., 2022).
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Figure 4. Kinetics of DHE-AuNPs formation: (a) Inax
vs. time and (b) Apax vs. time. Solid lines are visual
aids. Error bars indicate the standard deviations (SD)
for the measurements taken in triplicate.

Figure 3 shows the effect of reduction time in
the synthesis of DHE-AuNPs. In the three colloidal
solutions, a red-shift is observed. The NPs synthesized
employing 0.6 mL of extract (Fig. 3a) exhibit broad
bands with low absorbance. The NPs synthesized with
0.8 and 1 mL of extract reveal narrower bands with
higher absorbance (Fig. 3b and 3c). As the amount of
extract increases, a decrease in red-shift is observed
(see the A in the inserts), suggesting that 0.8 and 1 mL
of the extract are optimal for the control of particle
growth (Du et al., 2020).

The green synthesis of metallic NPs is still
not completely understood, but there is a proposed
mechanism that suggests three stages. (1) bioreduction
of metal ions (from Au3* to Au®) due to the presence
of reducing molecules, such as antioxidants, in the
plant extract. (2) growth phase, Au’ forms gold
clusters by combining spontaneously. The clusters
act as the nucleation center and further promote the
reduction of the remaining gold ions. Finally, (3) the
termination phase, where the final form of the NPs is
defined (Kumari & Meena, 2020; J. Singh et al., 2018).

Figure 4 presents the maximal absorbance (/jax)
and maximal wavelength (Apyax) of the SPR bands of
the DHE-AuNPs. I,x increases with the increasing
amount of extract, indicating the formation of a

a)

—— 10 mM HAuCl,
—&—0.25 mM HAuCl,

0 . : : : . .
0 20 40 60 80 100 120
time (min)
20
b)
1.0 mM HAUCl,
151 0.25 mM HAuCI,
>
®
$ 10
S
5<

00 50 160 150 200 230 300 350 400
size (nm)

Figure 5. (a) Imax Vvs. time, solid lines are visual

aids and error bars that indicate the standard

deviations (SD) for measurements in triplicate; (b)

Hydrodynamic diameter determined by DLS of

DI1HE-AuNPs using 0.25 and 1.0 mM of HAuCly.

higher amount of AuNPs, especially in the sample
synthesized with 1 mL (Fig. 4a) (Aji et al., 2022;
Mzwd et al., 2022). All samples reached equilibrium
after 60 minutes, indicating good colloidal stability
(Aji et al., 2022). The colloidal solution synthesized
with 1ml of HE extract also exhibits a lower Amax,
suggesting smaller AuNPs (Fig. 4b) (Irfan er al.,
2016). Therefore, 1 mL of the HE extract was selected
as the optimal volume for the synthesis of the NPs.
In the next stage, we will work with this sample,
denominated D1HE-AuNPs.

3.2 Synthesis of DIHE-AuNPs by
modifying the concentration of HAuCL4

Figure 5a presents the In,x vs. time of the D1HE-
AuNPs samples synthesized with HAuCly, 0.25,
and 1.0 mM. NPs synthesized with HAuCly at 1.0
mM exhibit a higher I, suggesting greater NPs
production. This result is expected, in that a larger
amount of precursor was used. Seku et al. (2019), have
demonstrated that, by increasing the concentration of
HAuCly, the amount of AuNPs also increases. On the
other hand, NPs size is confirmed by DLS. The DLS
technique measures the hydrodynamic diameter. This
diameter includes any biomolecules adsorbed onto its
surface (Rey-Méndez et al., 2022). Figure 5b depicts
the particle size distribution of the DIHE-AuNPs
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samples synthesized with 0.25 mM (red line) and 1.0
mM (black line) of HAuCly. The sample prepared with
0.25 mM of HAuCly exhibits an abundance ranging
from 25-160-nm particles. The average hydrodynamic
diameter is 41 nm, and the Z-potential is -28.6 mV.
The sample synthesized utilizing 1.0 mM of HAuCly
reveals sizes of between 15 and 300 nm. The average
hydrodynamic diameter is 60 nm, and the Z-potential
is -30.9 mV. The high negative value evidenced that
the NPs form a stable colloidal solution (Aji et al.,
2022). The negative surface charge is attributed to the
biomolecules adsorbed onto the surface of the AuNPs.
These biomolecules form an organic layer around the
particles, preventing their agglomeration (Aji et al.,
2022; Rey-Méndez et al., 2022). Different authors
suggest that large particle size may be due to NPs with
multiple protective layers (Parial & Pal, 2015; Rey-
Méndez et al., 2022), the large size can be caused
by various interaction forces in the solution, including
Van der Waals forces (Aji et al., 2022; Khlebtsov &
Khlebtsov, 2011; Rey-Méndez et al., 2022).

TEM images of the sample DIHE-AuNPs using
0.25 mM of HAuCly showed spherical particles
with an average size of 27.3 + 5.9 nm (Fig.
6a). Additionally, the TEM results of the sample
employing 1 mM HAuCly confirm that the particles
are spherical and that, based on the histogram, the
average particle size is 17.1 + 6.8 nm (Fig. 6b). Both
images reveal gray shadows that could be related to
the extract. The size of AuNPs obtained by DLS was
larger compared to TEM images. This is because the
TEM measurement provides the size of the core of the
metallic NPs, and the DLS measures the core and the
biomolecules attached to it (Aji et al., 2022).

The thickness of the protective organic layers
often affects the properties of the AuNPs. The thick
organic layers can inhibit the physical contact of the
metal surface with the targets (Aji et al., 2022). To
measure the antioxidant and photocatalytic properties,
AuNPs were employed: (1) directly (D1HE-AuNPs),
and (2) centrifuged and washed (D1HE-AuNPs W).
The size and morphology of the centrifuged and
washed NPs were measured by DLS and TEM.
In both samples, DLS reveals an increase in size,
suggesting agglomeration (Fig. 7a). The sample
prepared with 0.25 mM of HAuCly exhibits sizes
between 60 and 250 nm, while NPs prepared
with 1.0 mM of HAuCly depict sizes between 35
and 400 nm. In the first case, TEM micrographs
demonstrate agglomerated NPs (Fig. 7b). Some
branched particles with sizes ranging from 30-60
nm even appear (Fig. 7c). Residual gold ions or
tiny NPs probably agglomerated under centrifugation,
causing anisotropic growth of the particles (Osonga
et al., 2022). In the second case, apparently, the
particles retained their shape and size. However,
under centrifugation, they agglomerated (Fig. 7d and

3540

> Diameter (nm)

Figure 6. TEM images of the DIHE-AuNPs
synthesized with HAuCly (a) 0.25 mM, and (b) 1 mM.
Inset corresponds to the size-distribution histogram.

7e). In both cases, the gray shadow disappears,
suggesting partial removal of the HE extract.

The crystalline nature of the DIHE-AuNPs was
confirmed by XRD analysis. As shown in Figure 8, the
AuNPs shows five diffraction peaks at 20 = 38.2, 44.5,
64.5, 77.6, and 81.6 related to the (111), (200), (220),
(311), and (222) planes of the face-centered cubic (fcc)
structure, indicating that the AuNPs are crystalline in
nature (JCPDS 04-0783)(Cordero-Garcia et al., 2023;
Du et al., 2020). These findings agree with previous
research using Pogestemon benghalensis (B) O. Ktz
or Parkia roxburghii leaf extract for AuNP synthesis
(Paul et al., 2015, 2016). The XRD pattern supports
the presence of gold nanomaterials, as seen in UV-Vis
spectra and TEM images.

3.3 Antioxidant activity tests

DPPH and ABTS are methods commonly used to
investigate the antioxidant potential of plant extracts.
The antioxidant activity at different concentrations
(ranging from 10 uL/mL-50 pl/mL) of HE extract
was examined by DPPH and ABTS scavenging
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assay. It was found (Fig. 9) that scavenging activity extract showed an inhibition percentage of only 35% at
increases with the increase in the concentration of a concentration of 500 mg/mL. Therefore, the extract
HE extract due to inhibition of the interaction with obtained in this work exhibited a higher inhibition
free radicals, reaching a percentage of inhibition of percentage at a lower concentration, indicating that it
90 % at a concentration of 50 uL/mL. According to has much higher antioxidant activity.

Chahardoli et al. (2017), the Nigella arvensis leaf

30
a) D1HE-AuNPs W [1.0 mM]
D1HE-AuNPs W [0.25 mM]
> 201
‘@
c
2
£
104
0 T T T
0 100 200 300 400
size (nm)
b) c)

Figure 7. (a) Particle size distribution of DIHE-AuNPs W; (b, c) TEM micrographs for washed particles synthesized
with 0.25 mM of HAuCly; (d, e) TEM micrographs for washed particles synthesized with 1. 0 mM of HAuCly.
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Figure 8. XRD pattern of the DIHE-AuNPs
synthesized with HAuCly 1 mM.
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Figure 9. DPPH and ABTS scavenging activity of the
HE extract at various concentrations.

The ICsg value is a crucial metric in determining
the potency of a substance in combating free radicals.
It measures the concentration at which the initial
concentration of the free radical is halved (Baruah et
al., 2018). The ICsq value of the scavenging-activity
value of the HE extract is 20 uL/mL for both the
DPPH and the ABTS methods. The IC5q values of
licorice root (Glycyrrhzia glabra L.) extract by DPPH
and ABTS methods were 86.90 and 83.81 mg/mL,
respectively (Al-Radadi, 2021). The lower ICsq value
indicates higher antioxidant activity; therefore, the HE
extract has higher antioxidant activity than the licorice
extract.

Among the compounds found in the extract are
canophyllol, pristimerin, celastrol, and galactitol
(Reyes-Chilpa er al., 2003). However, according
to Munteanu & Apetrei (2021), several factors
affect the efficacy of antioxidant compounds, the
most important of which are structural properties,
temperature, concentration, characteristics of the

Table 1. Percentages of inhibition obtained for the
AuNPs.

Samples ABTS DPPH

DI1HE-AuNPs 375 821
[HAuCl4 0.25 mM]
DI1HE-AuNPs W 546 9.7
[HAuCl4 0.25 mM]

DIHE-AuNPs 14.5 28.2
[HAuCly 1 mM]
DIHE-AuNPs W 3.8 5.8

[HAuCly 1 Mm]

substrate susceptible to oxidation, along with the
presence of synergistic and pro-oxidant compounds
and the physical state of the system.

For the unwashed (DIHE-AuNPs) and washed
(D1HE-AuNPs W) nanoparticles, their antioxidant
activity was measured directly without dilution; the
percentages of inhibition obtained are presented
in Table 1. The percentages of inhibition were
higher for the DIHE-AuNPs. NPs synthesized with
HAuCly4 [0.25 mM] are highlighted for their efficiency,
presenting the highest percentage of inhibition in
the scavenging of ABTS and DPPH radicals. Zayed
et al. (2020), note that the antioxidant activity is
attributed to the phenolic compounds in the extract
that coat the NPs and that are found in the medium.
It is suggested that the unwashed AuNPs possess a
higher coating of phenolic compounds from the HE
extract; consequently, they achieve higher percentages
of inhibition.

Overall, the antioxidant activity of the HE extract
was much higher than the antioxidant activity of
AuNPs. Our results are in agreement with those of
the study of Nakkala et al. (2015, 2016), whose
authors reported that the antioxidant activity of the
Costus pictus and Piper longum plant extracts was
higher than that of biosynthesized AuNPs. Likewise,
Kuppusamy et al. (2015), obtained similar results
using green-synthesized AuNPs from Commelina
nudiflora. Phenolic compounds from HE extract
may have coated the nanoparticles, leading to their
DPPH scavenging activity. In addition, the electronic
configurations of AuNPs can accept or donate an
electron to scavenge the free radical (Zayed et al.,
2020). Food scientists and medical professionals are
interested in natural antioxidants because they protect
food from spoilage and the body from oxidative stress.

3.4 Photocatalytic activity tests

This study aimed to evaluate the catalytic properties
of AuNPs for the reduction and degradation of MB
dye as a model reaction. The MB was degraded
at different times in the presence of DIHE-AuNPs
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utilizing HAuCly 0.25 mM (unwashed and washed).
The spectra analysis revealed that pure MB (0 min)
exhibits a main absorption peak at 664 nm, which
corresponds to n-z* transition, and a shoulder peak
at 614 nm (Kumar et al., 2016). Figure 10a shows
the UV-vis spectra of MB degradation employing the
unwashed AuNPs. The colloidal solution reveals a
high percentage of adsorption of MB (about 70%),
possibly due to the extract adsorbed onto the AuNPs.
According to Paul et al. (2015), the extract has been
found to prevent the agglomeration of NPs, resulting
in better dye adsorption and improved photocatalytic
activity. The data clearly shows a gradual decrease in
absorbance, which resulted in a significant reduction
of MB (90 min). It is evident that the colloidal
AuNPs played a crucial role in this process by
acting as an electron transfer mediator. The unreacted
phytochemicals of the HE extract undergo a redox
reaction with MB due to the electron relay effect
facilitated by the AuNPs. This finding is consistent

with the research conducted by Kumar ez al. (2016).
The total percentage of dye removal was 89%. The
degradation of MB in the absence of NPs was
investigated, the response of which was only 19%.

On the other hand, MB degradation was monitored
using washed AuNPs (Fig. 10b). The washing process
removes the extract and, as the TEM images show,
some NPs agglomerate or fuse, giving rise to an
increase in particle size. The adsorption percentage of
MB decreases to 35%, achieving a total removal of
70%.

Figure 10c shows the plot of —In(C/Cp) vs. time
for the photocatalytic degradation of MB solutions
using both samples. The rate constant derived from
Figure 10c amounts to 0.02847 and 0.01568 min~!
for the unwashed and washed NPs, respectively. The
regression coefficient values for these samples were
0.945 and 0.941, respectively, which indicates that the
experimental data are fit to a pseudo first-order kinetic
model (Baruah et al., 2018; Kumar et al., 2016).
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Figure 10. UV-vis spectrum of MB degradation using (a) unwashed, (b) washed AuNPs, and (c) plot of —In(C/Cy)

vs. time.
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Conclusions

In the present study, gold nanoparticles were
synthesized using the extract of the root bark of
Hippocratea excelsa, an endemic plant of Mexico with
medicinal properties. UV-vis spectroscopy confirmed
the successful biosynthesis of AuNPs and increasing
the extract volume resulted in a higher number of
NPs. Furthermore, the size distribution of the NPs
obtained through DLS indicates that they have a
protective layer, making them stable and resistant
to aggregation. TEM images demonstrate that the
AuNPs are mostly spherical with sizes of 27 nm,
and the XRD pattern confirms the presence of gold
nanomaterials. The findings also reveal that the extract
has potent antioxidant properties, and so do the
AuNPs. The AuNPs synthesized with 0.25 mM of
HAuCly unwashed revealed the highest percentage
of inhibition of antioxidant activity. Additionally, this
sample shows a high percentage of MB adsorption,
which resulted in a total percentage of dye removal
of 89%. These results show that the AuNPs produced
by ecological, simple, and cost-effective methods are
viable candidates for different applications.
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