Nano Biomed. Eng., 2025, 17(4)

561

Research Article

Nano Liomed £ng

Oxalis pes-caprae L. Extract Conferred Its Biological
Activities to Silver Nanoparticles

Zahid Khanl, Rahmat Ali Khan' , Mushtaq Ahmedl, Naila Sherl, Nadia Mushtaq2

' Department of Biotechnology, University of Science and Technology Bannu-KPK, Pakistan
2Department of Botany, University of Science and Technology Bannu-KPK, Pakistan

Corresponding author. E-mail: rahmatgul 81@yahoo.com/dr.rahmatali@ustb.edu.pk

Received: Aug. 20, 2023; Revised: Oct. 7, 2023; Accepted: Oct. 16, 2023

Citation: Z. Khan, R.A. Khan, M. Ahmed, et al. oxalis pes-caprae 1. extract conferred its biological activities to silver nanoparticles. Nano

Biomedicine and Engineering, 2025, 17(4): 561-569.
http://doi.org/10.26599/NBE.2024.9290057

Abstract

This study used Oxalis pes-caprae L. (OP) to develop a low-budget, low-maintenance, and
environment-friendly production method for silver nanoparticles (AgNPs) and evaluated their
antibacterial, antifungal, and antioxidant abilities. Ultraviolet—visible (UV—Vis) spectroscopy results
revealed a maximum of absorbance at 431 nm, confirming the formation of AgNPs. Moreover,
Fourier transform infrared spectroscopy (FTIR) analysis of synthesized AgNPs indicated the presence
of various important functional groups, such as O-H, CH, H-C-H, and C-O-C, which are involved in
the synthesis and stability of the OP-AgNPs. X-ray diffraction (XRD) analysis confirmed the
crystalline nature of the synthesized AgNPs, which had an average particle size of 46.31 nm and four
Bragg reflections at 38.2°, 44.32°, 64.4°, and 77.1°. The Nanomeasurer software confirmed that 89%
of the particles had an average size of 50 nm, and the scanning electron microscope analysis also
confirmed spherical shaped, monodispersed, high-density AgNPs formation. Energy dispersive X-ray
analysis confirmed that silver was the main element with a highest sharp peak at 3.0 keV. We
assessed the antibacterial and antifungal activities of the AgNPs and OP extract on the bacteria strains
Escherichia coli, Acetobacter, and Staphylococcus epidermidis, and fungi strains Aspergillus nigar
and Aspergillus flavus. The AgNPs displayed more potent antibacterial and antifungal inhibition
abilities than the plant. Similarly, in 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,2-azobis,3-
ethylbenzothiazoline-6-sulphonic acid (ABTS), and hydrogen peroxide (H,0O,) assays, AgNPs
displayed better reduction capacities than the plant extract.
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Introduction

Nanotechnology is the study of the synthesis,
manipulation, and imaging of nanostructures with a
size of 1-100 nm [1]. Due to their unique properties
and applications, nanoparticles have recently gained
attention [2, 3]. At present, many nanoparticle
manufacturing processes exist, including physical
methods chemical vapor

(plasma, deposition,

microwave irradiation, and pulsed laser), biological
methods (plants, bacteria, fungi, and alga), chemical
methods (chemical reduction), and hybrid methods
mixing two of these methods [4—6].

Initially, nanoparticles were manufactured through
physical and chemical routes, but these processes
involved toxic materials and by-products. Therefore,
researchers turned towards safe, simple, economical,
and environmentally clean nanoparticle synthesis
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routes involving plants and microorganisms, as these
processes do not yield toxic by-products and are user-
friendly [7-9]. Even though using microorganisms
like bacteria [10, 11] and fungi [12, 13] is a good way
of manufacturing nanoparticles, these processes
involve careful culturing, isolation, and media
preparation techniques, making the process sensitive
and increasing the overall cost of the procedure. To
make the process cost-effective, eco-friendly, and
readily available, using plants is a better option, as it
is easily scaled up and requires no special treatments
such as high pressure and temperature or toxic
chemicals [14, 15]. Hence, using plants to synthesize
nanoparticles has very few disadvantages compared
with physical, chemical, and microbial methods [8,
16].

Nanoparticles are either metallic or non-metallic.
Metallic nanoparticles have been studied in more
depth due to their unique characteristics, including
their catalytic, optical, electronic, magnetic, and
antimicrobial properties [11, 17]. Notably, silver,
coballt,
semiconducting materials are extensively used in

copper,  gold, nickel, and some
research [18]. Among them, silver nanoparticles
(AgNPs) are widely

tremendous

studied because of their

applications and unique electrical,
optical, drug delivery, nano-device fabrication and
biosensing properties [19-21]. They have been
utilized in the industry as antibacterial and antifungal
agents, as well as domestic and health care products,
medical device coatings, orthopedic treatments, and
anticancer medications. They have also been used to
improve the lump-slaying properties of already
existing anticancer medications [17]. They also have
applications in textile, wound dressing, and device
wrapping [22, 23]. The large volume-to-surface area

is their most sought-after property [24].

Oxalis pes-caprae L. (OP) is a shade-loving
herbaceous plant with an underground bulbiferous
stem, indigenous to South Africa, Europe and
Mediterranean regions, Southwest Asia, and North
Africa [25]. Several cultures consumed it as food, a
source of acid, or a medicine. The bulb of the plant
can be used for treating tapeworm and other worm-
related diseases, or as a diuretic. The underground
stems are also eaten with milk as a folk medicine.
According to Li et al. [26], OP has potent anti-
inflammatory, analgesic, heart clearing, and wound-
healing effects. Its sour taste of the plant is due to

high vitamin C content, which is very efficient
against cancer. The whole plant and especially the
leaves contain oxalic acid and can be formulated into
a locally applied paste to treat swellings [27]. Various
OP family members have been used as traditional
medicinal  plants and were screened for
pharmacological activities and for biosynthesis of
AgNPs, including  Oxalis  adenophylla, O.
corniculata, O. griffithii, O. debilis, O. stricta, O.
bilimbi
carambola, and Biophytum sensitivum leaf [28-35].

barrelieri, Averrhoa fruit, Averrhoa
This prompted us to use OP for the synthesis of
AgNPs, as it had never been done before. We first
evaluated the use of this plant for the synthesis of
AgNPs. Then we characterized the synthesized
AgNPs using different techniques and evaluated their

antibacterial, antifungal, and antioxidant effects.

Materials and Methods

Materials

We colllected the whole plant from a guava garden in
the Bannu District of Khyber Pakhtunkhwa (KPK)
Province of Pakistan. Furthermore, Professor Tahir
Igbal of the Department of Botany at the University
of Science and Technology in Bannu confirmed the
botanic identity of the collected plant. We deposited
the plant specimen with voucher No. OP-C #01 in the
herbarium of the Department of Botany UST-Bannu
KPK. We obtained the chemicals (silver nitrate,
sulfuric acid, nutrient agar, NaOH, dimethyl sulfoxide
(DMSO0),
ammonium molybdenum, sodium acetate buffer,
2,2-diphenyl-1-picrylhydrazyl (DPPH), H,0,, 2,2-
azobis,3-ethylbenzothiazoline-6-sulphonic acid
(ABTS), K,S,04, and methanol from the Department
of Biotechnology and Department of Chemistry,

sodium phosphate, ascorbic acid,

University of Science and Technology, Bannu KPK.
Plant extraction

After identification, we washed the whole plant with
tap water to remove debris and dust and let it
completely dry. Next, we ground the whole plant to
powder. To prepare the extract, we soaked about 600
mg of powdered plant in 80% methanol on a shaker
for 12 h at 120 r/min. After 7 days we filtered the
solution with a Whatman filter paper No. 1 and
evaporated the methanol using a rotary vacuum
evaporator; we then stored the crude methanolic
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extract at 4 °C in a refrigerator until use.
Synthesis of Oxalis pes-caprae AgNPs

We synthesized the AgNPs from plant extract as
described in Ref. [36]. We dissolved silver nitrate in
50 mL of deionized water to make a 10 mmol/L
solution, which was then diluted 10 times in
deionized water to make a 1 mmol/L solution. Next,
we raised the solution’s pH value to 11 by adding
NaOH because at low pH values (5-8) no band was
obtained, but as the pH increased, the band became
sharp [37]. Most nanoparticle solutions use a pH
buffer [38] but in the case of AgNPs that is not
necessary because they are stable in alkaline water
solution; therefore, most of the literature suggests
using deionized water for the synthesis of AgNPs. We
produced a similar solution by adding 0.8 g of
methanolic plant extract into 100 mL of deionized
water, which was then stirred with a magnetic stirrer
for approximately 30 min. Next, we mixed the two
solutions (450 mL of silver nitrate + plant extract). As
AgNPs began to form, the solution’s color changed
from milky white to brownish. We than transferred
the solution into a 15 mL falcon tube and centrifuged
it for 10 min. We discarded the supernatant,
resuspended the precipitate, centrifuged it again, and
dried it over 10 days. After complete drying, we used
the AgNPs powder in the different assays and
characterized them by scanning electron microscopy,
X-ray diffraction, Energy dispersive X-ray (EDX),
Fourier transform infrared (FTIR), and ultraviolet-
visible (UV-Vis) spectroscopy analysis.
Characterization of synthesized AgNPs

We determined the concentration of the OP extract by
UV  spectroscopy at 300-800

morphological characterization at the nano level, we
took advantage of scanning electron microscopy.

nm. For the

We identified the functional groups using FTIR
spectroscopy [28]. To understand the crystalline
structure and phases of the silver nanoparticles, we
analyzed X-ray diffraction [39]. The bending pattern
of the rays entering the nanoparticle are acquired and
correlated with a standard to reveal structural
information about the particles. Besides, we identified
compounds EDX
spectroscopy. This method also allows the detection
of harmful substances present within the extract.

present in the solutions by

Bio-assays of synthesized silver

nanoparticles

We tested the antibacterial activity of the plant extract
and synthesized AgNPs on
epidermidis, Acetobacter, and Escherichia coli and

Staphylococcus

their antifungal activity on Aspergillus niger and

Aspergillus  flavus. Similarly, we assessed the
antioxidant scavenging potential of the AgNPs using

DPPH [40-42].

Determination of the optimal OP extract

concentration for AgNP synthesis

To determine the optimal OP extract concentration
for the synthesis of AgNPs, we performed the
reaction with OP extracts at different volumes (0.3,
0.5, 0.8, 1.5, and 2.0 mL) and recorded the UV
absorbance spectra of each resulting solution to find
the one with the highest absorbance peak.

Statistical Analysis

We expressed all data as mean and standard error.
After confirming the normal distribution of the data,
we compared groups using two-way ANOVA
followed by Tukey’s HSD test (P < 0.05). We
conducted all statistical analyses with OriginPro 8.5.

Results

UV-Vis spectroscopy

Due to the surface plasmon resonance, AgNPs have a
dark brownish color. Upon mixing, the silver nitrate
and OP extract solution quickly turns from milky
white to metallic brown (Fig. 1). This indicates that
the Ag" concentration has decreased. Solutions
produced with OP extract at volumes of 0.3, 0.5, 0.8,
1.5, and 2.0 mL had absorbance maximums at 419,
421, 410, 421 and 429 nm, respectively (Fig. 2). The
increasing plant extract volume sharpened the surface
plasmon resonance bands. At the lowest volume (0.3
mL), the peak was at 419 nm with an absorbance of
1.23; meanwhile, at the highest volume (2.0 mL), the
solution had a surface plasmon absorption band with
an absorbance of 3.22.

Scanning electron microscopy analysis

We observed the morphology and distribution of
nanoparticles on the surface by scanning electron
microscopy. The current voltage varied from 5 to 20
kV, and the resolution of the microscopic lens was
between 5 000 and 50 000x%, indicating high-density
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Fig. 1 The color of an OP extract + AgNPs solution after 0 min and 24 h.
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Fig. 2 UV—Vis spectra of AgNPs solutions obtained from OP
extract at various volumes.

monodispersed, face-centered cubic rounded AgNPs,
(Fig. 3). Marking 10 particles in the Nanomeasurer

software confirmed that 89% of the particles have an
average size of 50 nm.

FTIR analysis

We performed FTIR analysis of the OP-AgNPs,
identified and analyzed the peaks for the various
functional groups in AgNPs, and compared with the

Probability

CRL LOP

100%

OP extract. We then contrasted the resulting FTIR
peaks with the common functional group value chart.
Figure 4 shows the peaks at 1041, 1399, 1597,
1728, 2853, 2926, and 3289 cm’', which
correspond to different functional groups that were
synthesized with the biological material. The peak at
2926 cm™ corresponds to CH functional groups, the
one that at 1728 cm indicates aldehydes, that at
1 399 cm' indicates H-C—H hexagonal vibration, that
at 1 041 cm indicates C—O—C (ether) stretching, and
all other peaks represent various functional group
vibrational bands. The peak at 3 289 cm™ indicates
that phenolic compounds will exhibit O—H stretching.

X-ray diffraction

We investigated the form of the AgNPs using an X-
ray diffractometer with fixed 1 ~1.54 A radiation
wavelengths. We recorded diffracted intensities
within 20-70 nm. Figure 5 shows four Bragg
reflections at 38.2°, 44.32°, 64.4°, and 77.1°, which
correspond to planes (101), (200), (220), and (311),
respectively. In accordance with Ag’s face-to-face
centered cubic crystal structure, the relevant index
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Fig. 3 Scanning electron microscopy image of AgNPs at 30 000x and calculated size of OP-AgNPs.
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Fig. 4 FTIR spectra of OP plant extract (red) and OP-AgNPs
(pink).

(111)

Intensity (a.u.)

40 50 60

20(%)

70

Fig. 5 X-ray diffraction of synthesized OP-AgNPs.

can be given. The average size of synthesized AgNPs
is 46.31 nm.

EDX measurements

The EDX measurements indicated that the OP extract
contained various inorganic ions in addition to carbon
and oxygen, both of which were initially derived from
the plant’s organic components. In addition to
magnesium, the OP extract also contained calcium,
chlorine, silica, and perhaps a significant amount of
chlorophyll, indicated by the presence of magnesium

in the extract. The elemental silver signal confirmed
the presence of AgNPs. On EDX spectra (Fig. 6), the
horizontal axis shows the energy in keV, and the
vertical axis shows the X-ray counts, indicating the
purity and complete chemical make-up of AgNPs.
The other elements served as organic capping agents
that were affixed to the surface of AgNPs.

DPPH scavenging investigation

We assessed the ability of OP-AgNPs, OP extract,
and ascorbic acid at various concentrations (50, 75,
and 100 pg/mL) to reduce DPPH using a colorimetric
assay. AgNPs and the OP extract showed minimal
DPPH reduction compared with ascorbic acid. The
maximum scavenging capacity of the AgNPs, OP
extract, and ascorbic acid were 46% =+ 0.04%, 39% +
0.31%, and 88% =+ 0.21%, respectively, at 100 pg/mL.
As shown in Fig. 7, DPPH reduction was dose-
dependent.

In vitro H,0, scavenging effect of AQNPs

We tested the H,O, scavenging ability of OP-AgNPs
and OP extract (50, 75, and 100 pg/mL). Figure 8
shows that the AgNPs, OP extract, and control
exerted their maximum scavenging effect (50% =+
0.032%, 42% =+ 0.21%, and 91% = 0.3%,
respectively) at the highest concentration.

In vitro ABTS scavenging effect of AQNPs

We compared the ABTS scavenging ability of OP-
AgNPs, OP extract, and ascorbic acid (standard) at
50, 75, and 100 pg/mL. Figure 9 shows that the
AgNPs, OP extract, and ascorbic acid exerted their
maximum scavenging effect (80% + 0.042%, 61% =+
0.03%, and 91% =+ 0.05%, respectively, at 100 pg/mL).

Cl Ag
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3 Cl
@]
C Si Ca
e
L Il Il Il Il Il Il Il Il Il J
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Full scale 2 475 cts Cursor: 19.903 keV (0 cts) keV

Fig. 6 EDX spectrum of synthesized OP-AgNPs showing silver element as a chief element (highest peak) along with some

impurities.
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Fig. 7 DPPH reduced by OP-AgNPs, OP extract, and ascorbic
acid (standard) in a dose-dependent manner (Alpha 0.05
standard error for comparison 0.081 6, critical 7 values 2.101,
critical value for comparison 0.171 5, error term used: error,
18 DF. All 9 means were significantly different from one
another).
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Fig. 8 The H,0, scavenging effect of OP-AgNPs, OP extract,
and ascorbic acid (standard) is dose-dependent. (Alpha 0.05
standard error for comparison 0.081 6, critical 7 values 2.101.
Critical value for comparison 0.171 5, error term used: error,
18 DF. All 9 means are significantly different from one
another).

Antifungal activities

In this assay, we tested OP extract and OP-AgNPs (50
and 100 pg/mL) against selected fungi strains and
compared their effect with standard controls. AgNPs
showed a (31.7 = 0.4) mm A. niger growth
suppression at 50 pg/mL and a (39.0 £ 0.3) mm A4.
niger growth inhibition at 100 pg/mL. At 50 and
100 pg/mL, they inhibited 4. flavus growth by (32.7 +
0.4) and (39.4 £ 0.6) mm, respectively (Table 1). This
finding implies that significant results may be reached

1 Ascorbic acid

B3 OP-AgNPs
100 0@ OP extract a
b _T
¢ ] d
< 80F[ 1 ¢ %
S o
h 2 .
£ 60t :: =
o
Z 40t 2 >
<
: [
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= =
0
75 100

Concentration (pg/ml)

Fig. 9 The ABTS scavenging effect of OP-AgNPs, OP extract,
and ascorbic acid (standard) is dose-dependent (Alpha 0.05
standard error for comparison 0.078 6. Critical 7 values 2.101,
critical value for comparison 0.165 1. Error term used: error,
18 DF. All 9 means are significantly different from one
another).

by raising the concentration of AgNPs. The negative
control for this experiment was dimethyl sulfoxide
(DMSO, Sigma Aldrich, purity 99.9%), which does
not inhibit growth at all. Similarly, terbinafine
(dilution method) was used as positive control; as
shown in Table 1, it results in a 100 mm growth
inhibition. All samples were analyzed in 100 mm

slanted test tubes.
Antibacterial activity

We assessed the antibacterial activity of AgNPs and
OP extract at 500 and 1 000 pg/mL and a standard
control against the bacterial strains E. coli (Gram-
negative), Acetobacter (Gram-negative), and S.
epidermidis (Gram-positive) using the agar well
diffusion method. As shown in Table 2, at 500 pg/mL
AgNPs significantly outperformed OP extract in
inhibiting the growth of E. coli, S. epidermidis, and
Acetobacter (6.0, 6.13, and 6.5 mm inhibition,
respectively). At 1 000 pg/mL, the effect of OP-
AgNPs was even more potent, and, once again, more
than that of the OP extract at the same concentration.
This finding demonstrated that OP-AgNPs were more
active than plant extract in all situations, and that
AgNPs exerted a dose-dependent effect. DMSO
served as the negative control (Sigma Aldrich,
anhydrous, 99.9%), as it does not inhibit growth,

Table 1 Antifungal activity of OP-AgNPs in comparison to plant extract

Sample No. Growth inhibition (mm)
Strains OP-AgNPs OP extract Terbinafine DMSO
50 pg/mL 100 pg/mL 50 pg/mL 100 pg/mL
1 A. niger 100¢ or
31.7+0.4¢ 39.0£0.3° 24.4+0.2° 28.7+0.3¢
2 A. flavus 32.7+£0.4 39.4+0.6° 27.0+0.3° 31+031° 100° 0°

Note: The least significant difference was 2.994 5 for A. niger and 3.911 1 for A. flavus. The superscript symbols indicate significant differences.

https://www.sciopen.com/journal/2150-5578
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Table 2 Antibacterial efficiency of OP-AgNPs and OP extract

Sample No. Zone of inhibition (mm)
Strains OP-AgNPs Plant extract Levofloxacin DMSO
; 500 pg/mL 1 000 pg/mL 500 pg/mL 1 000 pg/mL 100 pg/mL
1 E. coli 0¢
6.0+0.6¢ 8.6+0.4° 6.0+0.6¢ 4.0+0.4¢° 18+£0.6°
2 S. epidermidis or
6.13+£0.4¢ 9.16 £0.5° 30+0.3¢ 4.8+0.6¢ 21+£03®
3 Acetobacter (1
6.5+0.3¢ 10.16 £ 0.6 43+0.5¢ 6.0+0.3¢ 21+£04¢

Note: The least significant difference was 0.859 4 for E.coli, 1.0525 for S. epidermidis, and 1.120 5 for Acetobacter. The superscript symbols indicate

significant differences.

while levofloxacin was used as the positive control.

Discussion

In this work, we synthesized silver nanoparticles from
a novel plant material, Oxalis pes-caprae L. After
mixing silver nitrate with the OP extract, the
synthesis of the particles can be visually confirmed
by observing the color change of the solution, which
turns from pale yellow to dark brown. Besides, an
intense peak can be observed by UV spectroscopy at
460 nm. When we mixed the OP extract with silver
nitrate salt, the color changed over time and reached
its maximum darkness after about 24 h, indicating the
reduction of silver ion to AgNPs, as confirmed by UV
spectroscopy. A low-concentration plant extract
would have low concentrations of likephenols,
saponins, and flavonoids [43], so we used a highly
concentrated plant extract. pH is the most important
factor affecting AgNPs production and stability, and
alkaline conditions improve AgNPs formation;
therefore, we added NaOH to keep the pH value high

[19]. After centrifugating and drying the AgNPs, we

examined the powder by scanning electron
microscopy, revealing an uniform distribution of
spherical and mono-dispersed particles. We

determined the the crystalline structure and chemical
make-up of the particles using X-ray diffraction. We
spread a small amount of sample across a plate,
coated it lightly with aluminum, and let it dry.
Finally, a thick coat of sample is formed [44] for
further investigation. We calculated the diameter of
the AgNPs produced from peaks obtained in the
graph using the method. To
determine elemental constituents and impurities, we

Debye—Scherrer

used EDX. We first centrifuged the silver nitrate salt
centrifuged for about 10-15 min at 10 000 r/min for
FTIR study. We also combined KBr with the plant
powder and AgNPs for the FTIR analysis. Based on

Refs. [24, 45], we examined the spectra produced
between 400 and 4 000 cm™' with a diffuse reflectance
mode operating at a resolution of 4 cm™'. We
calculated the DPPH scavenging abilities of the OP
extract and the OP-AgNPs at different concentrations.
We found that OP-AgNPs had a good reducing ability
compared with OP extract and ascorbic acid
(standard). OP-AgNPs were more efficient than OP
extract at high concentrations [46]. H,O, is an
inorganic compound. Here, we examined the ability
of OP-AgNPs to scavenge H,0,. The OP-AgNPs had
reasonable, dose-dependent radical
activity [47]. Similarly, the chemical compound

antioxidant

ABTS is frequently utilized in antioxidant assays. We
found that OP-AgNPs were more effective at
scavenging ABTS than the OP extract. Next, we
tested the antifungal efficacy of the OP-AgNPs and
OP extract at two concentrations on two strains of
fungi. AgNPs displayed a better growth inhibition
than the OP extract in test tubes placed in slanted
condition for about 2 weeks. Similarly, we tested the
antibacterial efficacy on three bacterial strains and
found that AgNPs inhibited their growth more
potently than the OP extract did.

Conclusion

Although there are many ways to synthesize silver
nanoparticles, green synthesis is the most attractive in
terms of budget, low environment toxicity, and
human health. Among green routes, the most
sophisticated one is using plants for synthesizing
AgNPs, which can enhance the development of
This paper documents the

optimization of the green synthesis of AgNPs using

nanotechnology.

OP and the characterization of these nanoparticles.
The synthesized AgNPs were characterized by
UV-Vis spectroscopy, scanning electron microscopy,
FTIR, X-ray diffraction, and EDX. These bio-derived
AgNPs present good antioxidant, antimicrobial, and
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antifungal properties relative to the crude OP extract.
These results demonstrate that the plant is rich in
molecules with potential for medicinal
purposes. Thus, the synthesis of AgNPs-encapsulated

active

drugs combined with OP extract can enhance this
potential, opening up unprecedented opportunities.

CRediT Author Statement

Zahid Khan: writing, review, and editing; Rahmat
Ali Khan: supervision. Mushtaq Ahmed: data
curation. Naila Sher: methodology. Nadia Mushtaq:
editing.

Conflict of Interests

The authors do not have any conflict of interest
regarding this article and its publication.

References

[11] A. Fakhri, S. Tahami, M. Naji. Synthesis and
characterization of core-shell bimetallic nanoparticles for
synergistic antimicrobial effect studies in combination
with doxycycline on burn specific pathogens. Journal of
Photochemistry and Photobiology B: Biology, 2017, 169:
21-26. https://doi.org/10.1016/j.jphotobiol.2017.02.014

[2] M.C. Daniel, D. Astruc. Gold nanoparticles: assembly,
supramolecular chemistry, quantum-size-related
properties, and applications toward biology, catalysis, and
nanotechnology. Chemical Reviews, 2004, 104(1):
293-346. https://doi.org/10.1021/cr030698+

[3] J. Pulit, M. Banach, R. Szczyglowska, et al. Nanosilver
against fungi. Silver nanoparticles as an effective biocidal
factor. Acta Biochimica Polonica, 1970, 60(4): 795—-798.
https://doi.org/10.18388/abp.2013 2060

[4] J.R.Liu, H. Chen, X.J. Shi, et al. Hydrogel microcapsules
with photocatalytic nanoparticles for removal of organic
pollutants. Environmental Science: Nano, 2020, 7(2):
656—664. https://doi.org/10.1039/c9en01108k

[S1 G. Caroling, S. Tiwari, A. Ranjitham, et al. Biosynthesis
of silver nanoparticles using aqueous broccoli extract-
characterization and study of antimicrobial, cytotoxic
effects. Asian Journal of Pharmaceutical and Clinical
Research, 2013, 6: 165—172.

[6] A. Abida, M.H. Almutairi, N. Mushtaq, et al.
Revolutionizing nanotechnology with Filago desertorum
extracts: Biogenic synthesis of silver nanoparticles
exhibiting potent antioxidant and antibacterial activities.
ACS Omega, 2023, 8(38): 35140—-35151. https://doi.org/
10.1021/acsomega.3c04373

[71 D. Nayak, S. Ashe, P.R. Rauta, et al. Bark extract
mediated green synthesis of silver nanoparticles:
Evaluation of antimicrobial activity and antiproliferative
response against osteosarcoma. Materials Science and
Engineering: C, 2016, 58: 44—52. https://doi.org/10.1016/
j.msec.2015.08.022

[8] A. Shah, M. Ahmed, N. Sher, et al. Efficacy of Silene
arenosa extract on acetylcholinesterase in Bungarus

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

sindanus (krait) venom. Journal of Traditional Chinese
Medicine, 2021, 41(3): 349—354. https://doi.org/10.19852
/j.cnki.jtcm.2021.03.001

N. Sher, M. Ahmed, N. Mushtaq, et al. Ex vivo
antiacetylcholinesterase studies on silver nanoparticles
synthesized using green approach. Applied
Organometallic Chemistry, 2023, 37(12): €7273. https://
doi.org/10.1002/a0c.7273

Sher, N., Ahmed, M., Mushtaq, N. Plant-based synthesis
of AuNPs using Hippeastrum hybridum (L.): Their ex
vivo anti-acetylcholinesterase property. BioNanoScience,
2023, 13: 1766-1778. https://doi.org/10.1007/s12668-023-
01227-6

N. Sher, M. Ahmed, N. Mushtaq. Green synthesis of
silver nanoparticles using Heliotropium eichwaldi L.
extracts: Acetyl cholinesterase modulation in rat brain
tissue. BioNanoScience, 2023, 13(4): 1753—1765. https://
doi.org/10.1007/s12668-023-01226-7

A. Ahmad, P. Mukherjee, S. Senapati, et al. Extracellular
biosynthesis of silver nanoparticles using the fungus
Fusarium oxysporum. Colloids and Surfaces B:
Biointerfaces, 2003, 28(4): 313-318. https://doi.org/10.
1016/S0927-7765(02)00174-1

M. Parveen, F. Ahmad, A.M. Malla, et al. Microwave-
assisted green synthesis of silver nanoparticles from
Fraxinus excelsior leaf extract and its antioxidant assay.
Applied Nanoscience, 2016, 6(2): 267-276. https://doi.
org/10.1007/s13204-015-0433-7

S.S. Shankar, A. Rai, A. Ahmad, et al. Rapid synthesis of
Au, Ag, and bimetallic Au core—Ag shell nanoparticles
using Neem (Azadirachta indica) leaf broth. Journal of
Colloid and Interface Science, 2004, 275(2): 496—502. https://
doi.org/10.1016/j.jcis.2004.03.003

J.L. Gardea-Torresdey, J.G. Parsons, E. Gomez, et al.
Formation and growth of Au nanoparticles inside live
alfalfa plants. Nano Letters, 2002, 2(4): 397—401. https://
doi.org/10.1021/n1015673+

M. Ahmed, N. Sher, N. Mushtaq, et al. Phytochemical
analysis and inhibitory effects of Calligonum
polygonoides on pancreatic a-amylase and B-glucosidase
enzymes. Journal of Traditional Chinese Medicine, 2022,
42(3): 426—431. https://doi.org/10.19852/j.cnki.jtcm.2022.
03.009

N. Sher, M. Ahmed, N. Mushtaq, et al. Cytotoxicity and
genotoxicity of green synthesized silver, gold, and
silver/gold bimetallic NPs on BHK-21 cells and human
blood lymphocytes using MTT and comet assay. Applied
Organometallic Chemistry, 2023, 37(2): €6968. https://
doi.org/10.1002/a0c.6968

D. Bharathi, S. Vasantharaj, V. Bhuvaneshwari. Green
synthesis of silver nanoparticles using Cordia dichotoma
fruit extract and its enhanced antibacterial, anti-biofilm
and photo catalytic activity. Materials Research Express,
2018, 5(5): 055404. https://doi.org/10.1088/2053-1591/
aac2ef

N. Sher, M. Ahmed, N. Mushtaq, et al. Calligonum
polygonoides reduced nanosilver: A new generation of
nanoproduct for medical applications. European Journal
of Integrative Medicine, 2020, 33: 101042. https://doi.org/
10.1016/j.eujim.2019.101042

N. Sher, M. Ahmed, N. Mushtaq, et al. Enhancing
antioxidant, antidiabetic, and antialzheimer performance
of Hippeastrum hybridum (L.) using silver nanoparticles.
Applied Organometallic Chemistry, 2022, 36(7): €6724. https://
doi.org/10.1002/a0c.6724

S. Naila, A. Mushtaq, M. Nadia, et al. Synthesis of
biogenic silver nanoparticles from the extract of
Heliotropium eichwaldi L. and their effect as antioxidant,
antidiabetic, and anti-cholinesterase. Applied
Organometallic Chemistry, 2022, 37(2): €6950. https://

https://www.sciopen.com/journal/2150-5578


https://doi.org/10.1016/j.jphotobiol.2017.02.014
https://doi.org/10.1021/cr030698+
https://doi.org/10.18388/abp.2013_2060
https://doi.org/10.1039/c9en01108k
https://doi.org/10.1021/acsomega.3c04373
https://doi.org/10.1021/acsomega.3c04373
https://doi.org/10.1016/j.msec.2015.08.022
https://doi.org/10.1016/j.msec.2015.08.022
https://doi.org/10.19852/j.cnki.jtcm.2021.03.001
https://doi.org/10.19852/j.cnki.jtcm.2021.03.001
https://doi.org/10.1002/aoc.7273
https://doi.org/10.1007/s12668-023-01227-6
https://doi.org/10.1007/s12668-023-01227-6
https://doi.org/10.1007/s12668-023-01226-7
https://doi.org/10.1016/S0927-7765(02)00174-1
https://doi.org/10.1016/S0927-7765(02)00174-1
https://doi.org/10.1007/s13204-015-0433-7
https://doi.org/10.1007/s13204-015-0433-7
https://doi.org/10.1016/j.jcis.2004.03.003
https://doi.org/10.1021/nl015673+
https://doi.org/10.19852/j.cnki.jtcm.2022.03.009
https://doi.org/10.19852/j.cnki.jtcm.2022.03.009
https://doi.org/10.1002/aoc.6968
https://doi.org/10.1088/2053-1591/aac2ef
https://doi.org/10.1088/2053-1591/aac2ef
https://doi.org/10.1016/j.eujim.2019.101042
https://doi.org/10.1016/j.eujim.2019.101042
https://doi.org/10.1002/aoc.6724

Nano Biomed. Eng., 2025, 17(4)

569

(22]

[24]

(23]

[26]

[33]

[34]

[36]

(37]

doi.org/10.1002/a0c.6950

N. Sher, M. Ahmed, N. Mushtaq, et al. Antioxidant,
antidiabetic, and anti-Alzheimer performance of green
synthesized silver, gold, and silver/gold bimetallic
nanoparticles. Applied Organometallic Chemistry, 2023,
37(9): €7208. https://doi.org/10.1002/a0c.7208

S.H. Hamed, E.A. Azooz, E.A.J. Al-Mulla. Nanoparticles-
assisted wound healing: A review. Nano Biomedicine and
Engineering, 2023, 15(4): 425—435. https://doi.org/10.
26599/nbe.2023.9290039

N. Sher, M. Ahmed, N. Mushtag, et al
Acetylcholinesterase activity in the brain of rats: Presence
of an inhibitor of enzymatic activity in Heliotropium
eichwaldi L. induced silver/gold allied bimetallic
nanoparticles. Nano Biomedicine and Engineering, 2023,
15(3): 317-329. https://doi.org/10.26599/nbe.2023.
9290034

S. Naila, M. Ibrar. Pharmacological studies of Oxalis pes-
caprae L. Pharmacognosy Journal, 2018, 10(4):
705-711. https://doi.org/10.5530/pj.2018.4.117

ZY. Li, Y.Z. He, X.J. Qiu. Research progress of
biological activity of Oxalis. Medicinal Plant, 2014,
5(10): 1-3,6.

D. Bown. The Royal Horticultural Society Encyclopedia
of Herbs & Their Uses. London: Dorling Kindersley,
1995.

N. Kapoor, A. Manav, P. Chauhan, et al. Weed mediated
synthesis of silver nanoparticles. International Journal of
Pure & Applied Bioscience SPI, 2018, 6(2): 288-292.

J.J. Ochoa, A.H. Ladio. Ethnoecology of Oxalis
adenophylla Gillies ex hook. & Arn. Journal of
Ethnopharmacology, 2014, 155(1): 533—542. https://doi.
org/10.1016/j.jep.2014.05.058

M. Raghavendra, S. Satish, K. Raveesha. Phytochemical
analysis and antibacterial activity of Oxalis corniculata; a
known medicinal plant. My science, 2006, 1(1): 72—78.
D.X. Song, J.Z. Dai, X.Y. Zhang, et al. Experimental
study on pharmacodynamical of Oxalis griffithii, a
national medicine in Guizhou. China Journal of Chinese
Materia Medica, 2005, 30(3): 215-218. (in Chinese)

J. Ali Junejo, G. Gogol, K. Zaman, et al. Phytochemical
profiling and toxicological studies of Oxalis debilis Kunth
leaves. International Journal of Green Pharmacy, 2016,
10(3): 165-171.

R.S. Rimal Isaac, G. Sakthivel, Ch. Murthy. Green
synthesis of gold and silver nanoparticles using Averrhoa
bilimbi fruit extract. Journal of Nanotechnology, 2013,
2013: 906592. https://doi.org/10.1155/2013/906592

S. Thomas, D.A. Patil, A.G. Patil, et al. Pharmacognostic
evaluation and physicochemical analysis of Averrhoa
carambola L. fruit. Journal of Herbal Medicine and
Toxicology, 2008, 2(2): 51-54.

P. Kalita, B.K. Tapan, T.K. Pal, et al. Estimation of total
flavonoids content (TFC) and anti oxidant activities of
methanolic whole plant extract of Biophytum sensitivum
Linn. Journal of Drug delivery and Therapeutics, 2013,
3:33-37. https://doi.org/10.22270/jddt.v3i4.546

I. Khan, K. Saeed, I. Khan. Nanoparticles: Properties,
applications and toxicities. Arabian Journal of Chemistry,
2019, 12(7): 908-931. https://doi.org/10.1016/j.arabjc.
2017.05.011

N. Sher, D.HM. Alkhalifah, M. Ahmed, et al

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Comparative study of antimicrobial activity of silver,
gold, and silver/gold bimetallic nanoparticles synthesized
by green approach. Molecules, 2022, 27(22): 7895. https://
doi.org/10.3390/molecules27227895

K. Afshinnia, M. Baalousha. Effect of phosphate buffer
on aggregation kinetics of citrate-coated silver
nanoparticles induced by monovalent and divalent
electrolytes. Science of The Total Environment, 2017,
581-582: 268-276. https://doi.org/10.1016/j.scitotenv.
2016.12.117

S.H. Sun, C.B. Murray, D. Weller, et al. Monodisperse
FePt nanoparticles and ferromagnetic FePt nanocrystal
superlattices. Science, 2000, 287(5460): 1989—1992. https://
doi.org/10.1016/10.1126/science.287.5460.198

W. Brand-Williams, M.E. Cuvelier, C. Berset. Use of a
free radical method to evaluate antioxidant activity. LWT -
Food Science and Technology, 1995, 28(1): 25-30. https://
doi.org/10.1016/50023-6438(95)80008-5

S. Mathew, T.E. Abraham. /n vitro antioxidant activity
and scavenging effects of Cinnamomum verum leaf
extract assayed by different methodologies. Food and
Chemical Toxicology, 2006, 44(2): 198-206. https://doi.
org/10.1016/j.fct.2005.06.013

E. Pick, D. Mizel. Rapid microassays for the
measurement of superoxide and hydrogen peroxide
production by macrophages in culture using an automatic
enzyme immunoassay reader. Journal of Immunological
Methods, 1981, 46(2): 211-226. https://doi.org/10.1016/
0022-1759(81)90138-1

Y. Liu, Y.C. Zhang, M. Zhang. Green hydrothermal
synthesis and characterization of CdO2 nanoparticles.
Materials Letters, 2010, 64(16): 1779—1781. https://doi.
org/10.1016/j.matlet.2010.05.047

C. Udayasoorian, K.V. Kumar, M. Jayabalakrishnan.
Extracellular synthesis of silver nanoparticles using leaf
extract of Cassia auriculata. Digest Journal of
Nanomaterials and Biostructures, 2011, 6: 279-283.

N. Sher, M. Ahmed, N. Mushtaq, et al. Detection of the
anticancer and genotoxic activities of Heliotropium
eichwaldi L.-fabricated silver nanoparticles on BHK-21
cells and human blood lymphocytes using MTT and
comet assays. Nano Biomedicine and Engineering, 2023,
15(4): 389—400. https://doi.org/10.26599/nbe.2023.
9290037

K. Murugan, B. Senthilkumar, D. Senbagam, et al.
Biosynthesis of silver nanoparticles using Acacia
leucophloea extract and their antibacterial activity.
International Journal of Nanomedicine, 2014, 9(1):
2431-2438. https://doi.org/10.2147/ijn.s61779

R. Mata, J.R. Nakkala, S.R. Saras. Biogenic silver
nanoparticles from Abutilon indicum: Their antioxidant,
antibacterial and cytotoxic effects in vitro. Colloids and
Surfaces B: Biointerfaces, 2015, 128: 276-286. https://doi.
org/10.1016/j.colsurfb.2015.01.052

© The author(s) 2025. This is an open-access article distributed
under the terms of the Creative Commons Attribution 4.0
International License (CC BY) (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original author
and source are credited.

https://www.sciopen.com/journal/2150-5578


https://doi.org/10.1002/aoc.6950
https://doi.org/10.1002/aoc.7208
https://doi.org/10.26599/nbe.2023.9290039
https://doi.org/10.26599/nbe.2023.9290039
https://doi.org/10.26599/nbe.2023.9290034
https://doi.org/10.26599/nbe.2023.9290034
https://doi.org/10.5530/pj.2018.4.117
https://doi.org/10.1016/j.jep.2014.05.058
https://doi.org/10.1016/j.jep.2014.05.058
https://doi.org/10.1155/2013/906592
https://doi.org/10.22270/jddt.v3i4.546
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.3390/molecules27227895
https://doi.org/10.1016/j.scitotenv.2016.12.117
https://doi.org/10.1016/j.scitotenv.2016.12.117
https://doi.org/10.1016/10.1126/science.287.5460.198
https://doi.org/10.1016/s0023-6438(95)80008-5
https://doi.org/10.1016/j.fct.2005.06.013
https://doi.org/10.1016/j.fct.2005.06.013
https://doi.org/10.1016/0022-1759(81)90138-1
https://doi.org/10.1016/0022-1759(81)90138-1
https://doi.org/10.1016/j.matlet.2010.05.047
https://doi.org/10.1016/j.matlet.2010.05.047
https://doi.org/10.26599/nbe.2023.9290037
https://doi.org/10.26599/nbe.2023.9290037
https://doi.org/10.2147/ijn.s61779
https://doi.org/10.1016/j.colsurfb.2015.01.052
https://doi.org/10.1016/j.colsurfb.2015.01.052
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and Methods
	Materials
	Plant extraction
	Synthesis of Oxalis pes-caprae AgNPs
	Characterization of synthesized AgNPs
	Bio-assays of synthesized silver nanoparticles
	Determination of the optimal OP extract concentration for AgNP synthesis
	Statistical Analysis

	Results
	UV–Vis spectroscopy
	Scanning electron microscopy analysis
	FTIR analysis
	X-ray diffraction
	EDX measurements
	DPPH scavenging investigation
	In vitro H2O2 scavenging effect of AgNPs
	In vitro ABTS scavenging effect of AgNPs
	Antifungal activities
	Antibacterial activity

	Discussion
	Conclusion
	CRediT Author Statement
	Conflict of Interests
	References

