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This study reports a sustainable and eco-friendly approach for the green synthesis and optimization

of silver nanoparticles (AgNPs) utilizing the Zaleya pentandra stem extract (ZSE). Critical reaction
parameters including temperature (25 °C), pH (9.0), extract volume (200 pL), and incubation duration
(24 h) were systematically optimized to enhance green-synthesized AgNPs yield. Successful synthesis
of AgNPs was confirmed by UV-Vis spectroscopy, exhibiting a distinct surface plasmon resonance
(SPR) peak at 426 nm. The FT-IR spectroscopy revealed phytochemical functional groups acting as
bioreductants and capping agents. Morphological and structural characterizations using Field Emission
Scanning Electron Microscope (FESEM) and XRD confirmed the formation of predominantly spherical
nanoparticles, while EDX spectroscopy validated silver as pure element with minor contributions

from plant-derived elements likely associated with phytochemical capping or sample preparation.

The green-synthesized AgNPs displayed potent antibacterial efficacy, with inhibition zones of

30.9 mm (Staphylococcus aureus), 27.6 mm (Klebsiella pneumoniae), and 25.0 mm (Escherichia coli).

In antifungal assays, the green-synthesized AgNPs achieved >97% mycelial growth inhibition against
a spectrum of phytopathogenic fungi. Antioxidant potential assessed via DPPH radical scavenging
assay yielded a significant ICs, value of 199.07 pg/mL for the green-synthesized AgNPs. Notably, the
green-synthesized AgNPs exhibited strong a-glucosidase inhibitory activity (ICso: 67.059 pg/mL),
surpassing the efficacy of the standard drug acarbose (ICso: 77.42 pg/mL).These multifunctional silver
nanoparticles, synthesized via an optimized process and a green route using Z. pentandra stem extract
demonstrated significant promise for applications in antimicrobial, antioxidant, and antidiabetic
therapeutics, underscoring their potential role in next-generation nanomedicine.

Keywords Zaleya pentandra, Green nanotechnology, Silver nanoparticles, Antimicrobial properties,
Antioxidant capacity, A-glucosidase inhibition

Recently, nanotechnology has developed as an emerging field of research due to its extensive applications in
medicine, agriculture, and the food industry'. Nanoparticles, with sizes ranging from 1 to 100 nm, possess
a large surface area to volume ratio and unique chemical properties, which contribute to their antimicrobial
capabilities®. Metal-based nanoparticles are highly popular due to their diverse industrial applications®.
Metallic nanoparticles are synthesized through physical and chemical methods which requires expensive
equipment and results in the generation of toxic wastes. Therefore, recently green synthesis of metallic
nanoparticles by using biological materials has gained popularity*. This approach includes utilizing capping
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and reducing properties of biological materials instance plant extracts, fungi, bacteria, and others>®. Green
synthesis is a straightforward, less time consuming, eco-friendly, and cost effective method of nanoparticles
synthesis’. This green synthesis approach not only reduces the use and production of harmful chemicals but
also aids the synthesis of metallic nanoparticles in mild conditions. However, during the biosynthesis process
reaction variables such as temperature, pH of media, incubation time, and concentration of the biological extract
significantly effects the yield, size and properties of the nanoparticles. The phytosynthesis of nanoparticles is also
influenced by the type of plant species, its geographical and seasonal distributions and types of biomolecules.
Therefore, it is necessary to carefully select the biological material and monitor the reaction conditions
impacting the size, shape, and surface of the nanoparticles®®. Although the mechanism of nanoparticle synthesis
by using plant extracts is not well known, it is believed that various biomolecules found in plant extracts, such
as terpenoids, enzymes, carbohydrates, alkaloids, phenols, flavonoids, and proteins, play a major role in the
reduction of metal ions during the phytosynthesis of nanoparticles'®!2.

Biologically produced silver nanoparticles (AgNPs) represent considerable interest with an eco-friendly and
sustainable alternative to the traditional chemical methods. Silver salt solutions (AgNO,) are utilized as the
precursor solutions for the production of AgNPs. Biological extract is introduced with the precursor solutions,
and the reducing agents of biological material mediate silver ions reduction to produce silver nanoparticles'>.
The novel application of silver nanoparticles includes its combination with material science to address global
challenges'®. Recently, it has been investigated that silver nanoparticles are highly antimicrobial compared to
other commercially available metal oxide nanoparticles'®. Silver nanoparticles possess antimicrobial, antiviral,
anti-cancer and anti-diabetic activities®®. Asif et al.!® synthesized silver nanoparticles by using leaf extract of
Moringa oleifera. The resulting nanoparticles were spherical in shape with particle size 10 nm to 25 nm showing
strong antibacterial activities. Bhati et al.!” synthesized silver nanoparticles using Artemisia scoparia extract and
reported their effectiveness as antibacterial agent.

Zaleya pentandra L. (African purslane) is an annual weed that thrives well in dry and semiarid environments
and belongs to the family Aizoaceae. It is mainly distributed in Africa, Iran, Pakistan, and India'®. Traditionally,
Z. pentandra treats malaria and snake bites'”. It has digestive and stomachic properties and can treat respiratory
tract infections and coughs®. The anti-diabetic properties of Z. pentandra has been reported?!. The Z. pentandra
possesses phytochemicals like alkaloids, phenolics, terpenoids, fatty acid derivatives, and carbohydrates with
potent antioxidant properties®. African purslane has been reported as a highly consumed plant for traditional
medicine. Zaleya pentrandra plays a significant role due to its capability to overcome challenging conditions and
explore the potential cultivations in different areas, providing a convenient option for food security?*. The above
mentioned medicinal properties and phytochemical composition signifies the biomedical applications of the Z.
pentandra.

Due to its strong phytochemical profile, this study has used Z. pentandra stem aqueous (water) extract
for the green-synthesis of AgNPs. However; the AgNPs green-synthesis requires optimized conditions such
as biological extract concentration, pH of the aqueous phase, synthesis temperature, incubation time, and
silver salt concentration?#%°. Presently no optimized protocol is available for the green-synthesis of AgNPs
using stem aqueous (water) extract of Z. pentandra. Moreover, this study has used water as a solvent for plant’s
extract preparation as it is ecologically more safe, highly compatible with biological systems and effective in
the extraction of certain phytochemicals like phenolics and flavonoids which play significant role in the green-
synthesis of nanoparticles. The current research developed an optimized protocol for the synthesis of AgNPs
using an aqueous (water) stem extract of Z. pentandra (ZSE). After characterization of the ZSE synthesized
AgNPs using advanced analytical techniques, they were tested for in vitro antimicrobial, antioxidant, and
antidiabetic activities.

Materials and methods

Formation of Z. pentandra extract

Fresh plants of Z. pentandra Fig. 1 were collected from District Bannu (32.9298 °N and 70.6693 °E) Pakistan.
This plant species is frequently found in the collection region and has been reported neither threatened nor
endangered. After authenticating taxonomically, the specimen was issued a voucher number Zp-2023-03 and
deposited in the herbarium of the Botany Department University of Science & Technology Bannu Pakistan.
The plants were rinsed three times with tap water and shade-dried for one week to get rid of the dust. After
defoliating, the dried stems of 100 plants were finely crushed and sieved using a sieve plate (5 mm particle size).
The 20 g stem powder was extracted in 1000 mL distilled water for three days with continuous shaking and then
filtered using a Whatman grade 1 filter paper. The extract obtained was called 2% Z. pentandra stem extract
(ZSE).

Preparation of silver nitrate solution
The 50 mL of AgNO, solution (0.01mM) was diluted with distilled water to obtain 100 mL 0.001 mM AgNO,
solution. The solution was transparent and free of any kind of solid particles.

The ZSE-mediated synthesis of silver nanoparticles

For the synthesis of AgNPs, a 5 mL solution of AgNO, (0.001 mM) was mixed with different concentrations (100,
200, 300 uL) of ZSE (2%). The resultant mixtures were constantly stirred at various temperature ranges (5 °C
to 45 °C) for 24 h. The pH of the solutions (initial pH of the extract being 5.6) was maintained from 2 to 9 by
drop wise addition of 0.1 M HCI or 0.1 mM NaOH solution. The solid AgNPs were separated by centrifugation
the mixture at 8000 x g for ten minutes. The centrifugation procedure was repeated twice to remove free silver
ions and obtain the maximum amount of AgNPs as a solid pellet. The final black pellet was dried in an oven for
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Fig. 1. Zaleya pentandra.

24 h at 60 °C and ground finely. The powder was stored in a closed container for characterization and biological
activities.

Characterization of green-synthesized silver nanoparticles

The AgNPs green-synthesis was confirmed by recording the UV-Vis absorption spectra of samples at wave
length 190 to 800 nm. The absorbance spectra were recorded using Shimadzu (Japan) UV/visible scanning
spectrophotometer. The ZSE and the resulting nanoparticles were evaluated for the occurrence of various
biomolecules using Fourier Transform Infrared spectroscopy (Nicolet 6700 FT-IR instrument). The ZSE and
the resulting nanoparticles were evaluated at room temperature for the occurrence of various biomolecules
using Fourier Transform Infrared spectroscopy (Nicolet 6700 FT-IR instrument) using KBr method. The
spectrum measurements were confirmed in the range of 400-4,000 cm™'. The Field Emission Scanning
Electron Microscope (Model sigma 500 VP) attached with an Energy Dispersive X-Ray (Oxford instrument)
determined the morphology of the green-synthesized AgNPs and the prevalence of Ag element. The green-
synthesized AgNPs 1 mg was used for making a thin film on a carbon tape and then coated it with platinum.
Multiple microscopic images were prepared using different magnification images. The crystal structure of the
green-synthesized AgNPs was determined by X-ray crystallography technique (Bruker-D8 XRD machine). The
machine was operated at 30 mA/40 kV with Cu Ka radiation in the 26 range of 20-80 for analyzing crystallinity
of the green-synthesized AgNPs.

Biological evaluation of the synthesized AgNPs

Antibacterial activity

The green-synthesized AgNPs were tested for antibacterial activity using a method of 2°. Three bacteria, including
Escherichia coli (ATCC 25922), Klebsiella pneumoniae (MTCC 618), and Staphylococcus aureus (ATCC 6538),
were used in this research study. Freshly prepared cultures of the selected bacteria were streaked on the nutrient
agar plates using sterilized 3 cm long cotton swabs. Wells of size 6 mm were prepared in the agar plates by
applying a sterilized steel borer. Three suspensions of the AgNPs viz. 1000, 500, and 100 pg/mL were made in
sterilized distilled water by ultra-sonication. Similarly, aqueous (water) solutions of AgNO, (0.001 mM) and
Z. pentandra extract (2%) were also prepared. The aqueous (water) solution of antibiotic levofloxacin (1 mg/
mL) was poured into wells as a positive control, and distilled water (sterilized) was poured into specified wells
as a negative control. The wells were fill up with 100 pL suspensions of silver nanoparticles (AgNPs), AgNO,
solution, Z. pentandra extract, levofloxacin solution, or sterilized distilled water separately. After incubating
the Petri plates at 37 °C for 24 h, the zone of bacterial growth inhibition around each well was measured in
millimeters.
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The green-synthesized AgNPs minimum inhibitory concentration (MIC) effective in growth inhibition of
bacteria was determined using the broth dilution method'?. Different quantities of AgNPs (100, 80, 60, 40, 20,
10, 5, and 2.5 ug/mL) in deionized water were transferred to sterilized glass test tubes containing 5mL Mueller
Hinton broth. Then, 100 pL of fresh bacterial culture adjusted to a 0.5 McFarland suspension was transferred
to the test tubes, except for the negative control. The test tubes were incubated for 20 h by setting the incubator
thermostat at 37 °C. After completion of the incubation time, the test tubes were evaluated for turbidity by visual
comparison with positive and negative controls to confirm the MIC.

Antifungal evaluation

The green-synthesized AgNPs and stem extract of Z.pantandra were tested for antifungal activity against four
fungal species viz. Fusarium solanii, Aspergillus niger, Rhizoctonia solani and Colletotrichum sp*” in a modified
way. Saburaud dextrose agar medium 8.16 g/120 mL D.H,O was autoclaved for 21 min at 121 °C. 5 mL of this
melted media was put into glass test tubes. The test tubes were inverted slanting, and 8 cm long slants were
prepared. When the media was cooled to 40 °C then 100 pL of the AgNO (0.001 mM), Z. pentendra aqueous
extract (100 mg/100mL), Z. pentendra aqueous extract 50 mg/100mL, suspensions of green-synthesized AgNPs
100 and 50 mg/100mL were added to the test tubes separately. Each fungal strain’s 5 mm diameter mycelial block
was kept at the end of each slant. Antifungal terbinafine 3 mg/mL in deionized water and pure deionized controls
were considered positive and negative controls. At last, tubes were placed in an incubator for a week at 28 °C.

Linear growth of fungiin control (mm) — Linear growth of fungiin treatment (mm)

X100
Linear growth of fungiin conrol (mm)

Inhibition in linear growth % = 100 —

Antioxidant activity

The capability of green-synthesized AgNPs and Z. pentandra stem extract to scavenge free radicals was assessed?®.
Three concentrations of ZSE and green-synthesized AgNPs were prepared in 50% aqueous methanol, i.e.100, 200
and 300 pg/mL. The reaction was started by mixing 100 uL of AgNPs suspensions or ZSE with 3 mL 1mM DPPH
(2, 2-diphenylpicrylhydrazyl) solution. Ascorbic acid solutions of the same concentrations, mentioned above
(100, 200, and 300 ug/mL) were utilized for making control samples. The samples absorbance was measured at
517 nm using a UV/visible spectrophotometer (Perkin-Elmer Lambda 950, UK).

(O.D of control — O.D of sample)

X1
(O.D of control) 00

DPPH freeradical scavanging % =

Antidiabetic activity

The antidiabetic effects of the green-synthesized AgNPs were determined by assessing their inhibitory action
on the a-glucosidase enzyme. The AgNPs suspensions or solutions of standard drug acarbose (10 to 100 pg/
mL) were added to 20% w/v sucrose solution, maintaining the pH at 8.0 in the presence of Tris buffer (0.2 M).
The mixtures were incubated at 37 °C for five minutes. Later on, all the samples were added with 1 U/mL
a-glucosidase enzyme. After incubating all the samples at 35 °C for 40 min, 2 mL of the 6 N HCL solution was
added to them. All the samples were evaluated for optical density measurements at 540 nm?®. The a-glucosidase
% inhibition was measured using the formula.

(absobance value of control — absorbance value of sample)
(absorbance value of control)

a glucosidase % inhibition = * 100

Data analysis

The antimicrobial, antioxidant, and antidiabetic activity data were evaluated using variance analysis and least
significant difference tests. The statistical package STATISTIX-10 was used for data analysis. Standard error
values were determined using Microsoft excel-10. Linear regression analysis was used to calculate the IC50
values of antioxidant and antidiabetic activity (MLA-“Quest Graph IC50 calculator”). AAT Bioquest, Inc.

Results and discussion

Method optimization for the green-synthesis of AGNPs

The method uses aqueous (water) stem extract of Z. pentandra (ZSE 2%) and AgNO, solution (0.001mM)
for the phyto-synthesis of AgNPs. Different quantities (100, 200, and 300 pL) of ZSE were mixed with 5 mL
AgNO, (0.001mM) solution, maintaining pH 2 to 9. The variables like incubation time, temperature, pH, and
concentration of ZSE affecting green synthesis of AgNPs were studied in detail. Upon treatment with ZSE, the
color of AgNO, solution changed to dark brown Fig. 2. The color change of the AgNO, solution to brown
confirms the existence of silver nanoparticles’’. Aqueous solutions’ color changes mainly due to the surface
plasmon resonance phenomenon®"%2,

Incubation time

The working solutions of AgNO, added with ZSE were incubated for 12 and 24 h while keeping other reaction
conditions at optimum Fig. 3A. After 24 h of incubation, the color of mixture turned dark brown. The UV/Visible
spectrophotometry analysis showed a cute peak at 426 nm which is characteristic peak of silver nanoparticles.
The appearance of sharp peak at 426 nm after 24 h of incubation means high plasmon band formation due to
the conversion of the large amount of Ag* into Ag®®. The strong absorption at 426 nm reflects the degradation
of silver ions (Ag*) by the ZSE and the production of AgNPs. The appearance of the absorption peak at 426 nm
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Fig. 2. Visual analysis of the change in color of the AgNO, solution to brown that confirms the green-synthesis
of AgNPs. Key: ZSE: Z. pentandra stem extract.

indicated the production of small-size AgNPs. A broad peak suggests the production of large-size nanoparticles,
whereas a sharp peak at lower wavelengths indicates the production of small-size nanoparticles®.

Temperature

Temperature is a significant variable affecting nanoparticles’ synthesis, shape, and size*!. The AgNPs green-
synthesis was influenced by alteration in temperature (5, 15, 25, 25, 45 °C) of the aqueous phase Fig. 3B. The
AgNPs creation was verified by measuring the maximum absorption value at 426 nm at 25 °C. A dominant
peak at 426 nm confirms the presence and dominancy of AgNPs. With an increase (> 25 °C) or a decrease (< 25
°C) in temperature, the absorbance value was decreased. Low temperature favors better nano-sizing due to the
clumping of silver nanoparticles®.

pH

The AgNP green-synthesis was significantly affected by the most critical parameter, i.e., the pf! of the media
Fig. 3C. The reaction mixtures were prepared at different p™ (2 to 9). The p™ 9, with 24 h of incubation with
all optimum reaction conditions, resulted in maximum absorbance value of 426 nm. A decrease in pH below
7 resulted a significant reduction in absorbance value. This showed that acidic media (pH 2-5) did not favor
the AgNPs synthesis suggesting that lower pH inhibited nucleation to form new AgNPs. High pH favors the
biosynthesis of Ag nanoparticles®®. Sharp and narrow bands appear in basic pH due to the ionization process
of phenolic compounds occurring in the plant extracts. High pH favors the availability of various functional
groups in the plant extracts for silver binding, producing nanoparticles with small diameters*’. Therefore, p* 9
is reccommended as an ideal pH for the ZSE-mediated AgNPs green-synthesis.

Concentration of ZSE

Absorption spectra Fig. 3D of the aqueous phase were recorded at varying concentrations of ZSE (100, 200, and
300uL). Maximum absorbance value was recorded by reacting 200uL ZSE with a 5 mL solution of AgNO, (0.001
mM). This study indicated that green-synthesis of AgNPs was greatly dependent on the concentration of ZSE.
Sher et al.* also reported similar results during the biosynthesis of AgNPs using plant extract. The plant extract
concentration significantly affect the yield, size and shape of the resulting nanoparticles®.

Characterization of the ZSE synthesized AgNPs
This study used a variety of analytical techniques for the characterization of ZSE green-synthesized AgNPs.

Fourier infrared spectroscopy

Fourier infrared spectroscopy (FT-IR) was used to identify different types of biomolecules in Z. pentandra stem
extract, which reduced silver ions into silver nanoparticles Fig. 4. The Z. pentandra stem extract showed several
characteristic peaks representing the presence of different kinds of biomolecules in it. The bands appeared
at 3344.48, 1625.97, 1374.18, 1317.54, 870.46, and 692 cm™ ! were designated to stretching vibration of -OH
bond of alcohol, C = C bond of conjugated alkenes, O-H bond of phenolic compounds, C-N bond of aromatic
compounds, C-H bending and C-Br bonding of aliphatic bromine compound. A shift of peaks in the phyto-

Scientific Reports |

2025 15:38000 | https://doi.org/10.1038/s41598-025-21909-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A .
4.0+ B
354 T
- —(150C)
- 2 ——(250C)
) ©
K] 't (35 0C)
g " £ —— (450C
S £ (45 0C)
8 204 g
o
3 2
S 151 4
1.0 -
0.5+
0.0 ey T ; . . . : - : ; :
200 300 400 500 600 700 800 300 400 500 600 700 800
Wavelength(nm) Wavelength(nm)
C D’
— (2pH) 34 —(100uL)
) —(3pH) £) —— (2004L)
i — (4pH) g —— (300pL)
g g
e c
s g 24
5 £
2 2
< <
14
0 . . -
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength(nm) Wavelength(nm)

Fig. 3. The effect of reaction variables (A) incubation time (B) temperature (C) media pH (D) plant extract
concentration on the green-synthesis of AgNPs using Z. pentandra stem extract.

synthesized AgNPs suggested that various functional groups found in the Z. pentandra stem extract participated
in the AgNP formation. In the case of AgNPs, the frequencies for the -OH bond of alcohol, -OH bond of phenolic
group and C = C stretching alkene are assigned at 3328.95, 1634.17 and 812.30 cm™ ! while several absorption
peaks have disappeared®.

The XRD analyses
The XRD crystallography ensured the crystalline nature of the green-synthesized AgNPs Fig. 5. The XRD analysis
showed four distinct peaks at 26, i.e., 38.2, 44.76, 64.39, and 77.48°> which showed planes of (111), (200), (220),
and (311), indicating the crystalline cubic structure of the AgNPs*!. The peaks of the planes at (111), (200),
(220), and (311) were also reported in green synthesized AgNPs using leaf extract of Cucumis prophetarum®*.
The peak sharpening provided evidence of the presence of nanoscale particles®’.

The green-synthesized AgNPs diameter was calculated using the Debye Scherrer formula.

D=0.9*\/Bcosd

Where A = x-ray wavelength, B = width of FWHM (Full Breath Half Maximum), 6 = Bragg’s angles. According
to Debye Scherrer formula the average crystalline size of the green-synthesized AgNPs was 7.78 nm. The average
crystalline diameter was smaller than findings of Firdous et al.** who reported crystal diameter of 21.80 nm
for Carissa spinarum derived AgNPs. Ahmad et al.*> reported that mean crystalline diameter of Piper cubeba
derived AgNPs was 7-51 nm. These findings suggested that bioactive compounds found in the ZSE were not
only responsible for the stabilization but also played important role in providing the crystalline structure of
green-synthesized AgNPs*2.

The FESEM analysis

The FESEM analysis revealed that the ZSE synthesized AgNPs were spherical in shape. The FESEM images
showed that the average particle size was around 13.68 nm while calculating size of 50 particles using image ]
software Fig. 6A,B. These findings are consistent with studies of Azizi et al.*® reporting 12.31 to 35.61 nm particle
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Fig. 5. The X-ray diffraction diffractogram of green-synthesized AgNPs using Z.pantandra stem extract.
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size for Peganum harmala derived AgNPs. Salih et al.¥” demonstrated that shape of Juniperus procera derived
AgNPs was spherical having particle size 19 to 26 nm. This indicated that particle size and morphology depends
upon the bioactive compounds present in plant extract*®4,

The EDX analysis

The occurrences of Ag elements were confirmed by the EDX analysis Fig. 7. The Ag peak around binding energy
3kev with an atomic mass percentage of 35.6 showed the presence of a silver element®>>!. The EDX spectrum
confirms silver as the major component but also indicates the presence of oxygen, carbon, potassium, sodium
and trace amounts of other elements which were likely due to phytochemical residues from the plant extract
acting as capping agents. These results are in agreement with previous studies as EDX spectrum of biosynthesized
AgNPs contained other signals of O, Na, Mg, Cu, Al, Cl and Si*2.

Mechanism of biosynthesized AgNPs formation

The bioactive compounds found in ZSE as revealed by FT-IR analysis such as alcohol, phenols, and other
aromatic compounds donated electrons to silver ions ultimately reducing them to metallic silver. The high basic
media (pH 9) ensured binding of the anioinic functional groups of ZSE with Ag* resulting in the formation
of a large number of nuclei for AgNPs. The phytochemicals found in plant extracts function as reducing and
stabilizing agents during the green synthesis of silver nanoparticles®. This study suggested that biosynthesis of
the AgNPs took place in three stages (1) induction phase during which generation of the Ag seeds occurred as a
result of the reduction of silver ions due to redox properties of the bioactive compounds found in ZSE (2) growth
phase resulting in growing of small Ag seeds into larger aggregates (3) termination phase during which surface
stabilization of the Ag aggregates occurred due to capping with bioactive compounds of plant origin, which also
play important role in the determination of size and morphology of the nanoparticles®.

Antimicrobial potential of the AGNPs

Antibacterial activity

The green-synthesized AgNPs inhibited the growth of tested bacteria Fig. 8. Moreover, the antibacterial potential
of green-synthesized AgNPs was more significant than the AgNO, solution and Z. pentandra stem extract when
tested alone. Maximum bacterial growth inhibition was recorded at the highest concentration of the AgNPs,
i.e., 1000 pg/mL. The AgNPs at 1000 ug/mL showed 30.9 mm, 27.6 mm, and 25 mm growth-inhibition zones
against S. aureus, K. pneumonia, and E. coli. The negative control showed no bacterial growth inhibition. The
Z. pentandra stem extract showed a 17 mm, 14 mm, and 13 mm zone of growth inhibition against S. aureus, K.
preumonia, and E. coli. The pure AgNO, solution showed 19 mm, 17 mm, and 18 mm zones of inhibition against
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Fig. 7. The EDX spectrum of the green-synthesized AgNPs using Z.pantandra stem extract.
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Fig. 9. MIC of AgNPs, Z. pentandra extract, and AgNO, against the tested bacteria.

S. aureus, K. pneumonia, and E. coli. This indicated that when used alone, biosynthesized AgNPs were more

effective antibacterial agents than the AgNO3 and Z. pentandra stem extract.

The MIC of green-synthesized AgNPs was 2.5 ug/mL against S. aureus, while 5 pg/mL against both K.
pneumoniae and E. coli Fig. 9. The MIC of Z. pentandra stem extract was 20 pug/mL against S. aureus, 60 ug/mL
against K. pneumoniae, and 40 pg/mL against E.coli. The MIC of AgNO, against the tested bacteria was higher
than the green-synthesized AgNPs. The MIC values of ZSE derived AgNPs were lower than those reported by
Elsaffany et al.® for S. aureus (31.15 ug/mL), E. coli (62.5 ug/mL) and K. pneumoniae (62.5 pg/mL) while testing

antibacterial activity of Bombyx mori cocoon extract derived AgNPs.
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% inhibition in linear growth
Concentration Aspergillus niger | Fusarium solanii | Rhizoctonia solani | Colletotrichum sp.
AgNO, (0.001 mM) 32.67+1.764 24.00+1.73¢ 28.80+3.47e 37.22+1.19¢
Z. pentendra extract (100 mg/100mL) | 60.33 +0.88¢ 63.13+1.04¢ 52.76£16.17¢ 61.13+1.53¢
Z. pentendra extract (50 mg/100mL) | 58.00+1.21¢ 52.66+ 1.45° 42.20+8.03¢ 51.76 +6.06°
AgNps (100 mg/100mL) 98.30+2.08* 97.71+2.08* 97.43+13.98* 98.64+9.49*
AgNps (50 mg/100mL) 81.33+0.93 85.00+ 1.45¢ 83.91+3.47 84.20+2.85
Terbinafine (3 mg/mL) 96.00+0.58* 92.69+1.15° 92.43 +£1.44° 93.80+7.96°

Table 1. Antifungal activity of the AgNPs, Z. pentandra stem extract and antifungal terbinafine.

DPPH free radicals scavenging (%)
Concentration (ug/mL) | AgNPs Z. pentandra extract | Ascorbic acid
100 62.37+£5.23° | 43.42+4.21° 70.21+3.24¢
200 64.99+2.9° | 46.31+3.87° 77.17 £4.23°
300 69.19+3.72% | 48.38+5.29% 85.25+2.85°
IC50 208.64 218.45 195.04

Table 2. The DPPH scavenging activity of Z. pentandra stem extract, AgNPs, and ascorbic acid. + indicates
values of standard error.

The green-synthesized AgNPs in this study exhibited small size and uniform distribution making them
highly antibacterial. The AgNPs continuously release silver ions that get attached to the negatively charged
components of the cell wall causing denaturation of the membrane proteins, a possible mechanism of killing
microbes®®*’. The other possible mechanism may be that AgNPs make bonds with the DNA and other cellular
molecules, causing inhibition of cell proliferation®®. The AgNPs inhibit activity of different enzymes necessary
for bacterial metabolism, results in the formation of extensive reactive oxygen species creating oxidative stress
that can oxidate cellular components like lipids, proteins and DNA leading to cellular injury®. The research
findings of the antibacterial activity of phyto-synthesized AgNPs indicated their possible potential biomedical
applications.

Antifungal activity of AgNPs

The green-synthesized AgNPs and stem extract of Z.pantandra were tested for antifungal activity against four
fungal species such as Aspergillus niger, Fusarium solanii, Rhizoctonia solani, and Colletotrichum sp (Table 1).
The antifungal action of the green-synthesized AgNPs was significantly greater (p < 0.05) than Z. pentendra stem
extract and AgNO,. The green-synthesized AgNPs at 100 mg/100mL showed 98.30 + 2.08%, 97.71 + 2.08, 97.43
+ 13.98 and 98.64 + 9.49% mycelial growth inhibition of Aspergillus niger, Fusarium solanii, Rhizoctonia solani
and Colletotrichum sp. The antifungal activity of the green-synthesized AgNPs at 100 mg/100mL was highly
comparable to that of the antifungal drug terbinafine. Silver nanoparticles inhibit the cellular growth of fungi
by altering the morphology of the cell wall and cell membrane, causing cell lysis®*-2. The AgNPs bind to the
surface proteins, creating pores and interfering with DNA replication. Moreover, AgNPs cause the production
of reactive oxygen species, which damage the cell’s biomolecules®*%*, The antifungal potential of the green-
synthesized AgNPs suggested their potential application in the control of diseases caused by the tested fungi.

Antioxidant activity

Results of DPPH free radicals scavenging activity showed that green-synthesized AgNPs possessed strong
antioxidant properties by increasing concentration from 100 to 300 pg/mL. At 300 pg/mL, biosynthesized
AgNPs showed a maximum value of DPPH free radical scavenging activity up to 69.19% as compared to Z.
pentandra stem extract (48.38%). The IC50 values recoded for standard ascorbic acid, AgNPs, and Z. pentandra
stem extract were 195.04 pg/mlL, 208.64 ug/mL, and 218.45 ug/mL. This indicated that the IC50 value of AgNPs
was close to the IC50 value of standard ASCA (ascorbic acid) (Table 2). Talib et al.%> reported IC50 value 264 pg/
mL for Viburnum grandiflorum derived AgNPs which is higher than the IC50 value reported in present study.
This indicated that the antioxidant capability of the AgNPs might be owing to the doping of biomolecules of Z.
pentandra at their surfaces. Previous researchers have found that photosynthesized silver nanoparticles were
highly efficient in free radicals scavenging and alleviation of oxidative stress®®. This study suggested the potential
applications of ZSE-synthesized AgNPs as an alternative to synthetic antioxidants.

Antidiabetic activity

The in vitro antidiabetic activity results showed that the a-glucosidase enzyme inhibition activity of both the
AgNPs and acarbose remained dose-dependent Fig. 10A. Maximum inhibition in the activity of a-glucosidase
was recorded at the 100 ug/mL of the ZSE derived AgNPs and standard drug acarbose. However, the AgNPs
showed significantly the highest a-glucosidase inhibition activity over acarbose at all the tested doses. The
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Fig. 10. (A) a-glucosidase inhibition activity of AgNPs and acarbose (B) IC50 values of the AgNPs and
acarbose.

IC50 values showed that AgNPs were substantially more effective in inhibiting a-glucosidase activity than
acarbose. The IC50 values calculated for AgNPs and acarbose against glucosidase enzyme were 67.059 pg/
mL and 77.424 pg/mL Fig. 10B. The AgNPs synthesized by using other plants have also shown a-glucosidase
inhibition activity®”. Alpha glucosidases are essential enzymes involved in the metabolism of carbohydrates.
Therefore, their inhibition is studied as a critical factor for diabetic treatment®. Owing to the potentially harmful
side effects of the present synthetic antidiabetic medications such as miglitol and acarbose, it is necessary to
identify their natural and effective alternatives. Silver nanoparticles generated from medicinal plants are a safe
and effective way to treat diabetes®. These findings support using ZSE derived AgNPs as a safe and effective
antidiabetic treatment for diabetes.

Conclusion

The present research demonstrated the efficacy of ZSE in the green-synthesis of AgNPs. The green-synthesized
AgNPs were characterized by UV-Vis spectroscopy, FT-IR, XRD, FESEM and EDS analysis. The green-
synthesized AgNPs were spherical in shape, with mean particle size of 13.68 nm. The FT-IR analysis indicated
various biomolecules involved in the reduction and stabilization of AgNPs. The green-synthesized AgNPs
revealed potential antimicrobial activity against pathogenic bacteria and fungi recommending them for
further application in the biomedical field. The antioxidant activity of the green-synthesized AgNPs was nearly
comparable to that of standard drug ascorbic acid which identify their application in food and pharmaceutical
industries. The green-synthesized AgNPs considerably inhibited a-glucosidase activity surpassing standard
antidiabetic drug acarbose. This study concluded that green-synthesis of AgNPs using ZSE is an environment
friendly, cost effective and easy approach that diminishes the use of toxic materials. However, additional studies
are necessary to evaluate their in Vivo cytotoxicity and antidiabetic potential using animal model.
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