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Statistical optimization of eco-
friendly synthesized silver
nanoparticles using Discopodium
penninervium Hochst leaf extract
for enhanced antimicrobial efficacy
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Infectious diseases caused by pathogenic microorganisms are a significant global threat, affecting
millions of people. The aim of this study was optimizing the eco-friendly synthesis of silver
nanoparticles (AgNPs) using Discopodium Penninervium Hochst leaf extract via a response surface
methodology approach. The ANOVA results revealed that the quadratic model (p <0.0001) was
sufficient to achieve the most precise prediction of particle size (R2=0.995). A minimum AgNPs size of
21.65 nm, was achieved under optimal conditions. The ultraviolet-visible (UV-vis) UV-vs spectroscopy
of the synthesized AgNPs revealed a strong absorption peak at 402 nm. The X-ray diffraction (XRD)
analysis confirmed a face-centered cubic crystal structure with average crystallite size of 17.60 nm.
Dynamic light scattering (DLS) value (38.62 nm) displays AgGNPs was in the nanoscale whereas the
zeta potential value (-14.20 mV) indicates its stability. The scanning electron microscopy (SEM) image
showed spherical in shape and exhibited an average particle size of 2 pm with some agglomeration.
Fourier transform infrared spectroscopy (FTIR) spectra depicted the presence of functional groups from
plant extract, which used as a capping agent and bioreduction process. thermogravimetric analysis
(TGA) measurement suggested that AgNPs exhibit good thermal stability. The AgNPs exhibited good
antimicrobial activities against Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus
aureus) bacteria, as well as fungus (Candida albicans) with corresponding inhibition zones of 25 mm
(mm), 21 mm, and 20 mm, respectively. The phytochemical screening revealed the presence of
bioactive components such as phenols, alkaloids, flavonoids, tannins, steroids, and terpenoids.

This study presented rapid, simple, and eco-friendly methods for synthesizing AgNPs with potential
antimicrobial applications.

Keywords Discopodium penninervium hochst, Green nanotechnology, Eco-friendly synthesis, Central
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Infectious diseases caused by pathogenic agents such as bacteria, viruses, and fungi are a major global hazard,
impacting millions yearly!. To solve this issue, researchers are investigating a new solution and approaches,
such as the synthesis of novel and efficient nanomaterials as an alternative to conventional antibiotics. The
production and manipulation of materials in nanometers is the focus of the developing field of nanotechnology
in modern science and technology. It also has different medical and biomedical application including the
synthesize of nanoparticles and carbon nanotube for bio-imaging, cancer treatment, drug delivery, and
antimicrobial purposes?. In comparison to bulk substances of the same compositions, nanomaterials display
unique physicochemical properties due to possessing a high surface area-to-volume ratio®. The main reason
for the widespread application of nanoparticles in medicine is their size similarity feature (nanoscale range),
which enables them to easily interact with cell membranes, receptors, proteins, and nucleic acids*. Through
its numerous applications in biomedicine, environmental remediation, renewable energy, and nanomaterial
synthesis, green nanotechnology has become a well-known and promising scientific area for environmental
sustainability®. In order to preserve the health and integrity of diverse ecosystems, it places a strong emphasis
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on the application of eco-friendly techniques and environmentally sustainable materials to achieve a balance
between economic, social, and environmental issues®. Therefore, nanoparticles have become increasingly
significant in scientific research due to their extensive applications in medicine, optics, energy, antimicrobial,
and catalysis. Metal nanoparticles like silver, copper, and zinc exhibit inhibitory effects on microorganisms.
Among them, silver nanoparticles (AgNPs) have gained a promising option due to their strong antimicrobial
activities against a broad range of pathogenic microorganisms, including fungi, yeast, and bacteria’. AgNPs have
remarkable properties such as surface plasma response (SPR), biocompatibility, high surface area to volume
ratio, and high stability®. These properties make them suitable for various applications, including antibacterial
and antifungal activities®, cancer treatment and drug deliverylo, corrosion resistance, and biosensors!!, and
catalysis!'2. In recent years, AgNPs have been confirmed to serve as a non-toxic and safe inorganic antimicrobial
agent, effectively eradicating approximately 650 different disease-causing microorganisms'.

Over the years, physical and chemical methods like the sol-gel process, co-precipitation, microwave-assisted
synthesis, pulsed laser ablation, electrochemical synthesis, ultrasonication, and chemical reduction of metallic
salt have been used to synthesize AgNPs'%. However, there has been a recent surge in the synthesis of AgNPs
using plants and microorganisms, such as bacteria and fungi'®>. Compared to other methods, green synthesis is
preferred for commercial production due to its simplicity, efficiency, scalability, and environmentally friendly
nature'®. Additionally, the plant-mediated synthesis of AgNPs is gaining popularity because it eliminates the
need for cell culture maintenance and poses no biohazard risk!. Despite using natural reducing agents and
being environmentally friendly, green production of nanoparticles has some drawbacks. Plant extracts contain a
complex variety of biomolecules which makes the size and shape of the nanoparticles vary!”.

Discopodium Hochst represents a unique African genus within the Solanaceae family and is largely available
and easily accessible in Ethiopia. Discopodium Penninervium Hochst locally known as “Ameraro” in the Amharic
language. It is a medical plant, predominantly found in Ethiopia, Cameroon, Uganda, and parts of central Africa.
Medicinal plants are one of the most significant global sources for developing novel medications'®. Discopodium
penninervium Hochst is an ethnomedicinal plant traditionally used in Ethiopia for treating wounds, fever, and
microbial infections'. Its therapeutic efficacy is attributed to a rich composition of bioactive phytochemicals,
including alkaloids, flavonoids, tannins, phenolics, tepenoids, and saponins and biologically, the plant has the
antimicrobial and antioxidant properties. These secondary metabolites not only account for the plant’s medicinal
value but also play a critical role in the green synthesis of nanoparticles by acting as reducing, capping, and
stabilizing agents®’. Hence, the phytochemical abundance and ethnopharmacological relevance of Discopodium
penninervium justify its selection as a sustainable and effective source for nanoparticle synthesis with enhanced
biological activity. Nowdays the researcher use this plant for the synthesis of AgNPs aimed at remediating
infectious microorganisms.

Response Surface Methodology (RSM) is a statistical technique used to optimize processes by exploring
the relationships between various factors and desired outcomes. It involves designing experiments, building
a mathematical model based on the results, and then using the model to identify the optimal combination
of factors that will yield the best results. This study employed central composite design (CCD) as an RSM
optimization method to investigate the effect of independent variables on the green synthesis of AgNPs. The
reaction temperature, pH, and concentration of silver nitrate were independent factors, while particle size
was a dependent variable.The adequacy of this model is subsequently validated through analysis of variance
(ANOVA)2L.

Extensive researches have been conducted on the preparation of silver nanoparticles using different plant
extracts such as Pisonia Alba*?, Lallemantia royleana®® Moringa oleifera®* Azadirachta. indica (Neeem)?,
Trigonella. foenum-graecum (Fenugreek)?® and Citrullus colocynthis (Bitter Apple)?’, Capsicum frutescens (sweet
pepper)?®, Pongamia pinnata® Cinnamon zeylanicum bark®. In addition, previous studies have predominantly
employed the one-factor-at-a-time (OFAT) strategy to optimize process variables in the synthesis of AgNPs.
However, this method is both time-consuming, and resource-intensive, and it fails to adequately capture the
intricate interrelationships between parameters’. Discopodium penninervium Hochst is employed for the first
time as reducing and stabilizing agent in the environmentally friendly synthesis of nanoparticles, so the present
study, introduce a novel green synthesis of silver nanoparticles using Discopodium penninervium Hostchs leaf
extract. The phytochemical composition of this plant plays an important role in reducing and stabilizing silver
ions during the formation of nanoparticles. Moreover, this work implies a Central Composite Design (CCD)
under Response Surface Methodology (RSM) to optimize basic synthesis parameters making different from
many previous studies that used trial and error approaches. The synthesized AgNPs also shows strong and
broad-spectrum antimicrobial activities against Gram-positive, Gram-negative bacteria and fungus. Therefore,
this study provides a new plant-base route and a statistically optimized green methods that advances suitable
nanomaterial development.

Thus, this study aimed to develop novel AgNPs through a green synthesis approach using a leaf extract from
Discopodium Penninervium Hochst as a green reducing agent and to optimize the synthesis process, the influence
of pH, silver nitrate (AgNO,) concentration, and reaction temperature on the particle size was investigated
using the RSM-CCD. The synthesized AgNPs were characterized using various analytical techniques including
Ultraviolet-visible (UV-vis) spectroscopy, X-ray diffraction (XRD), Fourier Transform Infrared spectroscopy
(FTIR), Dynamic Light Scattering (DLS), Scanning Electron Microscopy (SEM), and Thermogravimetric
Analysis (TGA). Finally, the antibacterial and antifungal activities of the synthesized AgNPs were evaluated
against Gram-positive (Bacillus cereus and Staphylococcus aureus), Gram-negative (Escherichia coli and
Salmonella typhi) bacteria, and the pathogenic fungus (Candida albicans).

Scientific Reports |

(2025) 15:45017 | https://doi.org/10.1038/s41598-025-29253-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Materials and methods

Materials

In this study, analytical grade chemicals and reagents were utilized. Silver nitrate (AgNO,, 99.5% purity), Ferric
chloride (FeCl,, 99% purity), Hydrochloric acid (HCI, 35.5% purity), Sulfuric acid (H,SO,, 98% purity), Sodium
hydroxide (NaOH, 99% purity), Mercury chloride (HgCl,, 98% purity), Muller Hint agar nutrient (CM0337B),
and potassium iodide (KI, 89.0% purity) were purchased from (LOBA CHEMIE PVT.LTD,, India).

Experimental procedure

Plant collection and identification

A mature Discopodium peninervum leaf was freshly collected from Jimma Institute of Technology, Jimma,
Ethiopia, located 352 km southwest of Addis Ababa ( 7°41’6N and 36°49'53 E) in Autumn season. The
leaves were washed with double distilled water to remove impurities. The formal identification of Discopodium
penninervium Hochst undertaken by Zemede Asfaw, et*2, 26] Addis Ababa University. A voucher specimen has
been deposited in the National Herbarium (ETH) Addis Ababa University, under deposition number AT65. All
experimental research studies in volving Discopodium penninervium Hochst were conducted were conducted
in compliance with institutional, national, and international guidelines. The collection of plant material adhered
to the IUCN Policy Statement on Research Involving Species at Risk of Extinction and the Convention on
International Trade in Endangered Species of Wild Fauna and Flora (CITES)*.

Preparation of plant extract

The extraction of Discopodium Penninervium Hochst leaf extract was prepared using the method described with
a minor modification®*, as shown in Fig. 1. The mass 20 of gram (g) of the washed leaves were chopped into
small pieces using a knife, and the chopped leaves were placed in a 500 milliliter (mL) glass beaker with 200 mL
of double-distilled water. The mixture was stirred vigorously and heated on hotplate (HSC-19T, TX, USA) at 60
°C for 10 min (min). The extract was then filtered through Whatman No. 1 filter paper, and the clear filtrate was
then stored in a refrigerator at 4°C' for succeeding experiments.

Phytochemical screening of Discopodium penninervium Hochst leaf extract

The leaf extract of Discopodium Penninervium Hochst was subjected to initial phytochemical analysis to identify
secondary metabolites, using a slightly modified procedure of the established method used by*.To test for
saponins, 0.2 mL of the extract was manually agitated with 5 mL of double distilled water and heated to boiling
point on a hotplate (HSC-19T, TX, USA) at 100 °C. For flavonoids, 3 mL of the extract was treated with 1
mL of a 10% sodium hydroxide (NaOH) solution. Phenols were tested by adding 1 mL of the leaf extract to 2
mL of an aqueous ferric chloride (FeCl,) solution. Terpenoids and steroids were tested by mixing 5 mL of the
Discopodium peninervum leaf extract with 2 mL of chloroform and 3 mL of concentrated sulfuric acid (S,HO,).
For tannin, 0.5 mL of the Discopodium peninervum leaf extract was mixed with 1 mL of double distilled water
and 2 drops of FeCl, solution. Alkaloids were tested by adding 2 mL of the Discopodium peninervum leaf extract
to Wagner’s reagent and a drop of hydrochloric acid (HCI). Consequently, the presence of those phytochemicals
was confirmed based on color intensity, foam formation, and precipitation. To confirm the validity of the
phytochemical screening of Discopodium penninervium Hochst leaf extract, various standard compounds were
employed as positive controls, including gallic acid for phenols, catechin for tannins, quercetin for flavonoids,
reserpine for alkaloids, and a saponin standard for saponins. Distilled water served as the negative control*’.

Phytochemical determination of Discopodium penninervium Hochst leaf extract
The quantitative phytochemical of Discopodium Penninervium Hochst leaf extract was determined using a
method adopted by with slight modification.

Determination of flavonoids The 3 g of the sample was extracted with 50 mL of 80% aqueous methanol at
room temperature. The mixture was filtered through a Whatman No. 1 filter paper into a pre-weighted 250 mL
beaker. The extract from filtrate was evaporated to dryness in a water bath, and the final weight was measured.

Determination of alkaloids The 1.5 g of the sample was weighed into a 250 mL beaker, and 200 mL of 10%
acetic acid in ethanol was added. The mixture was left to stand for 4 h (h), after which it was filtered. The filtrate
was concentrated in a water bath to reduce its volume to one-quarter of the original. Concentrated ammonium

Fig. 1. Extraction of Discopodium Penninervium Hochst leaf extract.
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hydroxide (NH,OH) was then added dropwise until precipitation was complete. The solution was allowed to
settle, and the resulting precipitate was collected and dried. The residue was weighed, which is alkaloids.

Determination of tannins The 3 g of the ground sample was measured into a conical flask, and 100 mL of 2 M
hydrochloric acid (HCI) was added. The mixture was heated in a water bath for 30 min. The extract was cooled
and filtered using Whatman No. 1 filter paper. The filtrate was extracted twice with 40 mL of diethyl ether. The
ether extract was evaporated in a water bath to dryness, and the residue was weighed.

Proximate analysis of discopodium penninervium Hochst leaf
The proximate composition of Discopodium Penninervium Hochst leaves was analyzed using the standard
methods prescribed by the Association of Official Analytical Chemists (AOAC)*. The compositions including
moisture content, Ash content, volatile matter, and fixed carbon were determined.

Moisture content (MC): To determine the MC, 10 g of Discopodium Penninervium Hochst leaf was dried in an
oven at 105°C' until the constant weight was reached. The MC was calculated by using Eq. (1).

Wi — Ws
1

MC = ( ) 100% (1)

where W/, represents the weight of sample before drying and W, the weight of the sample after drying.
Ash content (AC): The 10 g of the Discopodium Penninervium Hochst leaf was fired in furnace at 700 °C for
30 min to determine the AC. The total AC of the sample was determined by using Eq. (2).

Wa
4C = (52) 100 2
Wi % @
where W, represents the weight of the sample after firing and W, represents the weight of the sample before
firing.
Volatile matter (VM): A 10 g sample of Discopodium Penninervium Hochst leaf was heated in an oven at
105 °C for 1 h. to remove the moisture content. The heated leaf was then burned in a furnace 925 °C for 7 min to
measure the VM. The VM was calculated using Eq. (3).

W, — W3

VM:( Wi

) 100% 3)

where W/, is the weight before heating, W, after heating, and W, after burning.
Fixed carbon (FC): The mass balance for the sample Discopodium Penninervium Hochst leaf was used to
determine the FC content. FC was determined using Eq. (4).

FC% =100 % — (MC + AC + VM) (4)

Synthesize of silver nanoparticles (AgNPs)

The green synthesis of AgNPs (Fig. 2) followed a method by*° with a slight modification. 0.026 g of silver nitrate
(AgNO,) was dissolved in 100 mL of double distilled water in a glass beaker and stirred slowly with a magnetic
stirrer for 30 min. After stirring, 30 mL of Discopodium Penninervium Hochst leaf extract was added to the
AgNO, solution. Then, 1 mol of sodium hydroxide (NaOH) solution was added to adjust the pH to 11.

The solution was heated to 90 °C for 1 h until its color changed from clear white to reddish-brown, indicating
the formation of AgNPs. Subsequently, the solution was centrifuged at 2000 rpm for 10 min and washed several
times with double distilled water to remove any unreacted substances, impurities or excess reagents. The paste
was dried in an electric oven at 110 °C, calcinated in an air furnace at 200 °C for 6 h, and stored in a desiccator
for subsequent characterization and experimentation.

Optimization of process parameters

The most important step in the synthesis of nanoparticles is optimizing the process parameters to produce
smaller and more stable particles. Response surface methodology (RSM) has been frequently used for optimizing
an important component in the synthesis of biomolecules*!. This study employed central composite design
(CCD) as an RSM optimization method to investigate the effect of independent variables on the green synthesis
of AgNPs. The reaction temperature, pH, and concentration of silver nitrate were independent factors, while
particle size was a dependent variable. AgNPs have been synthesized from plant leaf extract at temperatures
ranging from 25 to 95 °C*>~*> Therefore, in this research, a low level (—1) was considered as 60 °C and a high level
(+ 1) as 90 °C (Table 1). The alkaline pH range significantly increased the reduction and stabilization potential
of plant extract in AgNP synthesis*. Hence, for this study, a pH of 8 was employed as low level (-1), while a
pH of 12 was employed as high level (+ 1). The most common silver salt concentration is 1 mM, although the
concentration levels of 0.1-10 mM and 0.5-2.5 mM were also reported by the previous study?’. However, silver
agglomeration became more pronounced when the concentrations of AgNO, exceeded 10 mM*®. Consequently,
for this study, 1.5 mM was selected as the low level (—1) and 5 mM as the high level as detailed in Table 1.

The total number of experimental runs was calculated using Eq. (5)%.

N =2"+2n+n. (5)
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Plant extract

Discopodium peninervum
leaves

Fig. 2. Synthesis of silver nanoparticles (AgNPs).

Reaction Temperature (°C' A 49.7731 |60 |75 |90 |100.227
pH level B 6.63641 | 8 10 12 | 13.3636
Concentration of AgNO, (mM) | C 0.06863 | 1.5 | 3.25 | 5 |6.19314

Table 1. The design of experimentation for the independent variables.

Where N is the total number of runs, n is the number of independent variables, and the terms 2", 2n, and n_
are the factorial runs, axial runs, and center runs, respectively. In this study, a total of 20 experimental runs
were conducted, consisting of 8 cube poins, 6 replications at the center pont, and 6 axial points for the three
independent variables tabluted in Table 1. The relationship between the components and the response was
determined by utilizing the quadratic model equation presented in Eq. (6).

where Y represents the particle size of AgNPs, which is the response variable. The term B0 stands for the
regression coefficient that represents the intercept; i, Bii, and Pij correspond to the linear, quadratic, and
interaction coeflicients, respectively. The independent variables are represented by Xi and Xj, and ¢ denotes the
error term*.

Model validation
The validity of the optimized parameters was evaluated using standard deviation (SD) to measure variability and
mean absolute percentage error (MAPE) to assess prediction accuracy Egs. (7 and 8)°!.

k k k—1 k
Y =0+ BiXi+y Biizi® + Y > BijXiXj +e (6)
=1 i=1 i=1 j=1
sp= /3 (- x7)* )
n—1

where, xi represents the actual value, ™ is the mean of actual values, and n is the number of experimental runs.

100 xactual—xpredict
MAPE = X Z ’ xactual ’ (8)

n
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Material characterization

UV- visible spectrophotometer analysis

UV-visible absorption spectroscopy (PerkinElmer Lambda 25, Massachusetts, USA) at a wavelength of 200-700
nm was employed to analyze the characteristic absorption peak of the synthesized AgNPs. The energy band gap
of the synthesized AgNPs was calculated by Tauc’s formula shown in Eq. (9)>.

(ochv)™ = A (hv — Eg) 9)

where hv is photon energy, « is the absorption coeflicient, A is constant, E is the energy band gap, and n is
either 2 for direct transformation or ¥ for indirect transformation.

X-ray diffraction (XRD) analysis

X-ray diffractometer (XRD, Drawell XRD-7000, China) was used to determine the crystalline size and
crystallinity of greenly synthesized AgNPs, and the average crystalline size was computed using the Debye-
Scherrer formula Eq. (10)°°.

kA
b= 3 cos

(10)

where D is the mean crystalline size, k is the Scherrer’s constant (shape factor) with a value of 0.9, A is the X-ray
wavelength =0.15406, f is the full width at half maximum (FWHM) in radian, and is the Bragg angle.

Fourier transform infrared (FTIR) analysis

The functional groups involved in the synthesized AgNPs were determined using the Fourier transform infrared
spectrum (FTIR, PerkinElmer Spectrum Two, Massachusetts, USA) in the wavenumber range of 4000-400 cm™!
with a resolution of 4 cm~1.

Dynamic light scattering (DLS) and zeta potential analysis
Average crystallite size and zeta potential analysis were carried out by DLS (Malvern Analytical, UK).

Scanning electron microscopy (SEM)
The surface morphology of the synthesized AgNPs was studied using scanning electron microscopy (SEM,
SHIMANDZU, Brno) with a voltage of 15 kV.

Thermogravimetric analysis (TGA)
The thermal stability of AgNPs was assessed with a thermal analyzer model DTG-60 H (SHIMADZU, Japan)
across a temperature range of 0 to 800 °C' at a heating rate of 10°C'/min under an inert nitrogen (N,) atmosphere.

Antibacterial and antifungal activities

The antibacterial and antifungal properties of AgNPs were assessed using the agar disc diffusion method™.
Bacterial and fungal samples for this study were obtained from a microbiology research laboratory, at Jimma
University, Ethiopia. AgNPs were tested against gram-positive (Bacillus cereus and Staphylococcus aureus), gram-
negative (Escherichia coli and Salmonella typhi), and pathogenic fungus (Candida albicans). Pure cultures of the
test organisms were first subcultured on nutrient agar and incubated at 37 °C for 24 h to obtain fresh colonies.
A loopful of each bacterial culture was then transferred into 5 mL of nutrient broth and incubated at 37 °C with
shaking at 20 rpm 18 h to reach the logarithmic growth phase. The bacteria were cultured on Muller Hinton
agar (MHA) and fungi on potato dextrose agar (PDA). The pure colonies were transferred to tubes containing a
sterile normal saline solution (0.85%NaCl) and mixed to agust its tubidity at the McFarland standard solution.
Then sterile filter paper disks, 6 mm in diameter, were placed on a Petri dish containing agar media. AgNPs
were dissolved in dimethyl sulfoxide (DMSO) at concentrations of 50, 25, 6.25, 3.125, and 1.5625 milligram per
milliliter (mg/mL). DMSO served as a negative control, while gentamicin and clotrimazole were used as positive
control bacteria and fungi, respectively. The inhibition zone for each bacterial and fungal strain was measured
in mm after the plates were incubated for 24 h at 37 °C and the minimum inhibition concentration (MIC) was
determined by comparing the concentration at which growth started to the control.

Results and discussions
Phytochemical characterization of Discopodium penninervium Hochst leaf extracts
A qualitative phytochemical screening was performed on Discopodium Penninervium Hochst leaf extract to
identify various phytochemicals present in the leaves of this plant.The existence of these phytochemicals was
confirmed by observing changes in color, foam formation, and precipitation. The phytochemical properties of
the Discopodium Penninervium Hochst leaf extract were summarized in Table 2; Fig. 3.

The result confirmed the presence of bioactive compounds such as alkaloids, tannins, saponins, phenols,
flavonoids, terpenoids, and steroids in the leaf extract. The presence of bioactive compounds may contribute a
significant role to the reduction, capping, and stabilization of AgNPs*®.

Phytochemical characterization of Discopodium penninervium Hochst leaf extracts
The quantitative analysis of primary metabolites indicated the presence of various phytochemical constituents in
the leaf extract of Discopodium Penninervium Hochst. The test was performed by triplicate measurements, and
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Phytochemical
No~ | Compounds Tests/Reagents Observation Results
1 Tannins Ferric chloride test | Blue-black color +
2 Alkaloids Mayer’s reagent Cream precipitate +
3 Saponins Frosting test Frothing +
4 Phenols Ferric chloride test | Black color +
5 Flavonoids Alkaline reagent test | Intense yellow color +
6 Terpenoids Salkowski test The reddish-brown color at the interface | +
7 Steroids Salkowski test The red color at the lower surface +

Table 2. Bioactive phytochemical analysis of Discopodium penninervium Hochst leaf extract. (+) indicates the
presence of bioactive compounds.

Fig. 3. Bioactive phytochemical screening of Discopodium Penninervium Hochst leaf extract.

No~ | Phytochemicals | Quantity (W/m)
1 Alkaloids 6.94+0.31
2 Flavonoids 18.182+1.02
3 Tannins 2.42+0.52

Table 3. Quantitative phytochemical determination of Discopodium penninervium Hochst leaf extract.

the mean values are presented along with their standard deviations, as detailed in Table 3. The extract contained
6.9410.31 W/m of alkaloids, 18.182+1.02 W/m of flavonoids, and 2.42 +0.52 W/m of tannins.

Proximate analysis of Discopodium penninervium Hochst leaves

The proximate analysis of Discopodium peninervum leaves, as shown in Fig. 4, provides valuable insights into their
suitability for nanoparticle synthesis. The relatively low moisture content (4.3%) suggests minimal interference
from water during the synthesis process, which can enhance nanoparticle stability>. The ash content (14.5%)
indicates the presence of inorganic components that may contribute to the formation of bioactive nanoparticles.
The high volatile matter (60.3%) suggests a rich composition of organic compounds, which could act as reducing
and stabilizing agents during AgNP synthesis®’. Additionally, the fixed carbon content (29.9%) may influence
the structural integrity of the synthesized nanoparticles, potentially enhancing their stability and functionality®.

Design of experiment and statistical analysis

Experimental design

CCD-RSM methodology was used to optimize the synthesis of silver nanoparticles (AgNPs) using different
process parameters (reaction temperature, pH, and concentration of silver nitrate), which affect the dependent
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Proximate analysis of Discopodium Penninervium Hochst

29.9%

leaf

4.3%

14.5%

60.3%

=MC =AC = VM =+ FC

Fig. 4. Moisture content, ash content, volatile matter, and fixed carbon content of Discopodium Penninervium
Hochst leaves.

variables (response). The design matrix generated by the Design Expert consists of 20 experiments, including
predicted and actual values with obtained results in Table 4.

Model fit statistics (ANOVA)

The analysis of variance (ANOVA) results provide information on the importance of the model terms. The
model F-value of 219.70 implies that the model is significant, as indicated in Table 5. A high F-value of 219.70
indicates that the possibility of obtaining such a large F-value by chance is extremely low, with only 34.29%
chance. A P-value less than 0.05 indicates that the model terms are significant®. In this case, A, B, C, A%, B and
C2 are significant model terms. The values greater than 0.1 indicate that the model terms are not significant. As
aresult, all interactions, squares, and linear terms significantly impact AgNPs synthesis.

On the other hand, the Lack of Fit F-value of 1.46 suggests that the lack of fit is not significant compared to
the pure error. There is only a 34.29% lack of fit F-value this great might occur due to noise. A non-significant
lack of fit indicates that the model is very near to perfect fitness®.

Additionally, the model’s suitability was assessed using the coefficient of determination (R?) value in Table 6,
which indicates the extent to which variability in the green synthesis of AgNPs can be explained by the model.
A higher R? value suggests a better fit between expected and observed data®!. The R? value of 0.995 indicates
that the model can explain 99.50% of the variability in the green synthesis process. Furthermore, the adjusted
R? value of 0.99 and the predicted R? value of 0.97 were computed. These values suggest a satisfactory match
between observed and predicted values. The other important statistic is adequate precision, which determines
the signal-to-noise ratio, which should generally be more than 4 according to®2. The appropriate precision was
determined to be 47.97, indicating that the signal-to-noise ratio is sufficient for navigating the design area.

Model fit summary

The detailed model fit summary of RSM is shown in Table 7. The result revealed the R? values of the linear and
quadratic models were 0.7333 and 0.995, respectively. The lower R? value of 0.7333 for the linear model indicates
that it captures a moderate amount of variance but may fail to adequately account for complex relationships
in the data. In contrast, the much higher R? value of 0.995 for the quadratic model suggests a near-perfect fit,
demonstrating its higher capability to model the relationship between the independent and dependent variables.
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Factor 3
Factor 1 Factor 2 | C: Concentration of | Response
Std | Run | A: Temperature (°C') | B: pH AgNO, (mM) Particle size (nm) | Predicted value (nm)
14 1 75 10 6.19 117.98 121.35
6 2 90 8 5 99.99 98.91
7 3 60 12 5 89.95 87.14
20 4 75 10 3.25 34.53 37.24
15 5 75 10 3.25 35.98 37.24
12 6 75 13.36 3.25 35.6 38.61
18 7 75 10 3.25 34.48 37.24
16 8 75 10 3.25 38.38 37.24
3 9 60 12 1.5 25.74 26.03
2 10 90 8 1.5 43.74 45.77
4 11 90 12 1.5 21.55 20.78
1 12 60 8 1.5 64.08 65.69
17 |13 75 10 3.25 40.88 37.24
9 14 49.7731 10 3.25 73.75 73.92
10 |15 100.23 10 3.25 63.49 64.43
19 |16 75 10 3.25 39.38 37.42
8 17 90 12 5 98.18 95.78
5 18 60 8 5 104.94 104.93
11 |19 75 6.64 3.25 76.48 74.58
13 |20 75 10 0.31 27.54 25.28

Table 4. Predicted and actual response of the experimented central composite design of AgNPs.

Mean
Source Sum of Squares | Df | Square | F-Value | P- Value
Model 17381.81 9 1931.31 |219.70 | <0.0001 | Significant
A- Temperature 108.56 1 108.56 12.35 0.0056
B- pH 1562.58 1 1562.58 | 177.75 | <0.0001
C-Concentration | 11140.20 1 | 11140.20 | 1267.26 | <0.0001
AB 107.53 1 107.53 12.23 0.0058
AC 96.67 1 96.67 11.00 0.0078
BC 239.04 1 239.04 27.19 0.0004
A? 1837.21 1 1837.21 | 208.99 | <0.0001
B? 674.87 1 674.87 76.77 | <0.0001
c? 2344.42 1 2344.42 | 266.69 | <0.0001
Residual 8791 10 8.79
Lack of Fit 52.24 5 10.45 1.46 0.3429 | Not significant
Pure-error 35.67 5 7.13
Cor Total 17469.72 19

Table 5. The ANOVA result of the response surface quadratic model.

St. Dev. | 2.96 |R? 0.995
Mean | 58.33 | Adjusted R? 0.99
C.V.% 5.08 | Predicted R? 0.97

Adeq precision | 47.97

Table 6. Model accuracy measurement for particle size.
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Source Std. Dev. | R? Adjusted R? | Predicted R?> | PRESS

Linear 17.06 0.7333 | 0.6833 0.6208 6623.78

2FI 18.01 0.7587 | 0.6474 0.3737 10940.82

Quadratic | 2.96 0.995 | 0.993 0.9743 449.73 | Suggested
Cubic 2.54 0.9978 | 0.9930 0.9581 723.50 | Aliased

Table 7. Model fit summary response surface methodology (RSM).

Therefore, quadratic model is suggested for the best determination of the relationship between independent and
dependent variables.

Model equation for particle size

The RSM results showed that the particle size ranged from 21.55 to 117.98 nm. Equation (11) expresses the
predictive quadratic model equation obtained from multiple regression analysis of experimental data to model
the relationship between independent and dependent (response) variables.

Y =37.24 — 3.06A — 12.15B + 26.89C + 3.6TAB + 5.47BC

2 2 2 2 2 2 (11)

+12.29A% +6.84B" + 12.75C“ + ABC + A“"B+ A°C + AB
The parameters’ coding values were A for the reaction temperature, B for the pH, and C for the concentration
of AgNO,. The coefficients of the coded parameter in the equation indicate the main and interaction effects of
each coded factor, along with the impacts of the squared terms. A positive coefficient implies that increasing
the coded factor increases the particle size, whereas a negative coefficient suggests that increasing the coded
factor decreases the particle size. According to the equation, reaction temperature (A) and pH (B) have negative
coefficients. This demonstrates that increasing the A and B factors leads to smaller particle sizes®*. However, the
concentration of AgNO, (C) shows a positive coefficient. As a result, raising the concentration of AgNO, yields
larger particle sizes®*. The interaction effect, such as AB, AC, and BC, indicates the combined effects of two
factors on the particle size.

Additionally, based on the coefficients of the squared terms (A%, B?, and C?), these factors also influence the
particle size®®. The concentration of AgNO, and pH have a relatively strong effect on the particle compared to
the reaction temperature by considering the magnitude of the coefficient values. In case of cubic model the R?
value of 0.9978 and adjusted R? of 0.993. This indicates that the model can explain 99.780% of the variability. The
cubic model shows slightly higher R? in comparision with quadratic model. This indicates overfiting due to the
additional polynomial term as illuastared in Eq. (12). Therefore, quadratic model was selected as optimal model
and minimizing averfitting risk.

Y =37.24 — 3.06A — 12.15B 4 26.89C + 3.67TAB + 5.47TBC

12
+12.294% + 6.84B% + 12.75C% + ABC + A>B + A*C + AB? (12)

Model diagnostics test
The diagnostic plots were thoroughly evaluated to determine the suitability of the suggested model as shown in
Fig. 5(a-b). Figure 5 (a) shows a normal probability plot of the residual value, which shows that the residual aligns
with a straight line with no significant variance. This indicates the distribution of the errors follows a normal
pattern, thus supporting the assumption of normality. Figure 5 (b) shows the correlation between experimental
and predicted particle sizes. The mathematical model utilized in this study is a second-order polynomial equation
that describes the effect of individual variables and interactions. The adequacy of this model was evaluated by
plotting and comparing the experimental values against the predicted values of the particle size.

The fitted line plot shows the overall agreement between the result obtained from experimental data and the
predicted values. The straight-fitted line suggests a minimal difference and indicates a good agreement between
the experimental data and the predicted value.

Effect of single process parameters on the particle size
The Fig. 6(a-c) illustrates the influence of three parameters temperature, pH, and silver nitrate concentration
(AgNO,) on particle size.

The particle size appears to decrease from 64. 08 nm to 43.74 nm as the temperature increases from 60°C
to 90°C as illustrated in Fig. 6 (a). This trend suggests that higher temperatures may enhance nucleation rates
over growth rates, leading to the formation of smaller particles. Increased thermal energy at higher temperatures
promotes faster reaction kinetics, resulting the formation of more uniform and smaller particle®. The Fig. 6 (b)
shows that particle size is influenced by pH, as the pH increasing from 8 to 12 particles size decreasing from
64.08 nm to 25.75 nm. This could be due to changes in surface charge or solubility affecting nucleation and
growth processes””. The particle size increases from 64.08 to 104.94 nm as the concentration of AgNO, rises
from 1.5 to 5 mM as shown in Fig. 6(c). Higher silver ion concentrations provide more material, which leads
to larger particles. At lower concentrations, there is less material, so smaller particles are formed®®. Generally,
temperature and pH can be fine-tuned to minimize particle size, while higher concentrations of AgNO, tend to

increase particle size®.
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Interaction effect

The 3D response surface plots indicate the effects of synthesis parameters on particle size. Figure 7(a-c) is a
surface graph demonstrating how synthesized parameters affect particle sizes. When examined, the impact of
the two components on the response value, with one factor remaining constant at the center point. Figure 7 (a)
shows the effect of reaction temperature and pH on particle size while maintaining the silver nitrate (AgNO,)
concentration constant. It has been shown that as both reaction temperature and pH increase, the size of
particles decreases. Compared to lower pH ranges, higher pH ranges produce smaller particle sizes, particularly
pH ranges 10.2-12. According to”°, a higher pH level results in a smaller particle size.

The interaction effect between reaction temperature and the concentration of AgNO, is illustrated in Fig. 7
(b). The concentration of AgNO, and reaction temperature have a negative interaction effect at the center point
of pH., The reaction temperature rose from 60 to 90 °C. The particle size slightly decreases as the concentration
of AgNO, solution decreases. According”!, the size of the nanoparticles (NPs) decreases as the temperature rises,
which aligns with this study.

The interaction effect of pH and concentration of AgNO, at a constant reaction temperature is shown in Fig. 7
(). The concentration of AgNO, has significant impacts on particle formation and size. High metal precursor
concentrations in the reaction mixture can induce NPs to agglomerate, resulting in high particle size.

According to’?, increasing the pH level and decreasing the concentration of precursor results in a smaller
particle size, which is in line with this study.
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concentration of AgNO,, (c) concentration of AgNO, and pH.

Optimization of the experimental parameters
Figure 8 shows that the optimal conditions for the process were a reaction temperature of 81.06 ‘C, a pH of

11.49, and AgNO, concentration of 2.13 mM. CCD-RSM analysis of optimized results revealed that the smallest
particle size of silver nanoparticles (AgNPs) was 21.65 nm.

Model validation
Triplicate experiments were conducted using the predicted optimal process parameters from the Design Expert
software to validate the developed model, as shown in Table 8. The validation analysis showed a standard

deviation (SD) of 0.54, a mean absolute percentage error (MAPE) of 3.84%, and an accuracy of 96.16% were
calculated.

Material characterization
UV-Vis analysis
The UV-vis spectroscopic study shows the plasmon resonance property and confirms the reduction of metal ions
and the formation of nanoparticles. As shown in Fig. 9, the sharp peak of AgNPs was observed at a wavelength
of 402 nm, which proves the formation of AgNPs. The presence of a peak in the 300-500 nm range revealed the
successful green synthesis of AgNPs, consistent with previous finding”*.

The relationship between hv and (.« hv)? is expressed by Tauc’s plot (Fig. 10). The Tauc plot generated for the
synthesis of AgNPs, as illustrated in Fig. 10, indicated a direct band gap energy of 3.38 eV for AgNPs, which is
in agreement with the previous finding’*. Similar results were reported by'762.

XRD analysis
The XRD measurement was carried out to identify the phase purity and crystal structure of the prepared
AgNPs”°. The XRD pattern of the produced AgNPs is illustrated in Fig. 11. As shown in Fig. 11, the XRD pattern
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Fig. 8. Optimized ramps for the minimum particle size of silver nanoparticles (AgNPs) by CCD-RSM.

Temperature ('C) | [AgNO3] | pH | Actual Value (nm) | Predicted Value (nm) | SD | MAPE (%) ?;;umcy
81.06 2.13 11.5 | 22.6 21.65

81.06 2.13 11.5 | 20.57 21.65

81.06 2.13 11.5 | 21.21 21.65 0.54 | 3.84 96.16

Table 8. Model validation for optimization of silver nanoparticles (AgNPs) particle size.

of the synthesized AgNPs showed a well-defined face-centered cubic (FCC) crystal structure, as revealed by the
presence of characteristic peaks at 34.4° , 38.34° , 44.46° , 64.67° , and 77.59° . These peaks correspond to
(100), (111), (200), (220), and (311) planes, respectively, which are in agreement with the standard JCPDS card
74-225176, Furthermore, the calculated average crystallite size, as depicted in Table 8, of 17.60 nm is consistent
with the previous study. Additionally, the calculated average crystallite size of 17.60 nm, as shown in Table 9,
aligns with the findings of a previous study*® that reported a similar average crystallite size of 20 nm. A few extra
unassigned peaks were also observed near the main characteristic peaks, indicating the possible crystallization
of a bioorganic layer on the surface of the nanoparticles””.

FTIR analysis

Fourier transforms infrared spectroscopy (FTIR) analysis is commonly conducted to identify the functional
groups involved in Discopodium Penninervium Hochst leaves extract and silver nanoparticles (AgNPs). The FTIR
spectra of AgNPs and Discopodium peninervum leaf extract were recorded in the range of 400-4000 cm™!, as
shown in Fig. 12.

The projecting peaks for AgNPs were observed at 3451.38 cm™}, 1636.36 cm™!, 1381.03 cm™}, 1066.40 cm™,
and 568.38 cm™!. The strong absorption peak at 3458.49 cm™! corresponds to the O —H stretch of alcohols
and phenols’®, while the peak at 1636. 36 cm™! is attributed to the C —N bend due to primary amine. The
peak at 1381.03 cm™! is assigned to the C —H bending of alkanes, and the peak at 568.38 cm™! corresponds to
C —Cl stretching of alkyl halide”. This indicate that the AgNPs are well formed and have functional groups
that could potentially useful for various application in nanotechnology®’. In the Discopodium peninervum leaf
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Fig. 10. The energy band gap of silver nanoparticles (AgNPs).

extract, peaks were observed at 3412.65 cm™!, 2068.77 cm™!, 1630.04 cm™!, 1400 cm™!, 1138.34 cm™!, 1059.29
cm™}, 758.10, cm™, 660.08 cm™!, and 607.11 cm™! These peaks are associated with O —H stretching, alkynes
(C = C)stretching, C —H stretching due to alkanes, C =C stretching of alkenes, C-O stretching corresponds
to vibrations in alcohols, esters, or ethers, which are commonly found in plant-derived biomolecules, phenolic
groups, or flavonoids®!, N —O bending due to nitro groups, C —N stretching of alkyl amine, the peak at 758.10
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Fig. 11. XRD pattern of silver nanoparticles (AgNPs).

Position26 (°) | FWHM (° ) d -spacing (nm) | Lattice parameter (nm) | Crystallite size
34.40 0.3574 0.23 0.23 23.28
38.34 0.4571 0.26 0.45 18.41
44.46 0.5252 0.21 0.41 16.35
64.67 0.6362 0.14 0.40 14.78
77.59 0.6721 0.12 0.40 15.17
Average crystallite size 17.60

Table 9. Physical parameters of silver nanoparticles (AgNPs) calculated from XRD data.

cm™! to 660 cm™ can be attributed to aromatic C-H bending vibrations®?, and C —Br stretching®?, respectively.
Therefore, the main functional groups of hydroxyl alcohols, alkanes, amines, alkenes, alkyls, alkynes, and
phenols were identified. Similar results were reported by>>40:¢,

DLS and zeta potential analysis

The particle size distribution and zeta potential of the green synthesized silver nanoparticles (AgNPs) were
evaluated using Dynamic light scattering (DLS). The synthesis AgNPs exhibited an average size of 38.61 nm
(Figs. 13) with a polydispersity index (PDI) of 0.346.

PDI is a measurement of the size distribution of AgNPs from 0.000 to 0.5. PDI greater than 0.5 value indicates
the aggregation of particles®’. Therefore, AgNPs synthesized using Discopodium Penninervium Hochst leaf
extract exhibit good stability, with no aggregation observed.

Additionally, zeta potential analysis (Fig. 14) and the result revealed a negative surface charge of —14.2
mV, indicating good colloidal stability. Balamurugan et al.®> reported that AgNPs synthesized by utilizing
Elaeocarpus serratus fruit extract have a zeta potential value of —13.9 mV, which is in good agreement with this
research. Particles having zeta potential values ranging from + 30 to —30 mV are regarded as being in a stable
suspension®®,

SEM analysis

Figure 15 illustrates a SEM micrograph of greenly synthesized AgNPs obtained through the mediation of
Discopodium Penninervium Hochst leaf extract. The analysis revealed that these synthesized AgNPs have a
spherical shape and also show agglomeration. This observation is consistent with a previously reported study®’.
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Fig. 12. FTIR graph of silver nanoparticles (AgNPs) and Discopodium Penninervium Hochst leaf extract.

TGA analysis

The thermal stability of the biosynthesized silver nanoparticles AgNPs was evaluated using thermogravimetric
analysis (TGA) by taking 5.44 milligram (mg) of AgNPs. Figure 16 shows the thermal properties of greenly
synthesized AgNPs. TGA analysis revealed three distinct decomposition stages within the temperature range
of 0 to 800°C, with a heating rate of 10°C'/min under a nitrogen atmosphere. The initial weight loss of 1.7%
observed between 161.59 and 327.23°C is due to the decomposition of volatile organic compounds and the
desorption of surface-adsorbed moisture. The second stage showed a 10.42% weight loss between 327.23 and
466.49°C attributed to the decomposition of plant-derived organic biomolecules such as flavonoids, phenolic
acids, and carbohydrates adhered to the AgNPs surface®®. At the third stage, a gradual weight loss of 2.28% was
observed between 466.49 and 796.9°C, probably related to the thermal degradation of oxygen molecules and
persistent aromatic compounds on the surface of the AgNPs. The TGA result indicated a total decomposition of
14.4% of the AgNPs due to the desorption of bioactive organic compounds. At a temperature above 800 °C, the
TGA curve showed no weight loss, indicating that the synthesized AgNPs were stable within this temperature
range. This is in agreement with the reported decomposition behavior of AgNPs as described by®.

Analysis of antibacterial and antifungal activities of AgNPs
The antimicrobial activity of AgNPs was evaluated against four bacterial strains: two gram-positive bacteria (B.
cereus and S. aureus) and two Gram-negative bacteria (E. coli and S. typhi), as well as one fungus (C. albicans) by
employing the disk diffusion method (Fig. 17). Gentamicin and clotrimazole were used as positives for bacteria
and fungi, respectively, while DMSO served as a negative control. The antimicrobial effectiveness of AgNPs
against tested bacteria and fungi was confirmed by measuring the result inhibition zone in mm, as shown in Fig.
17. The result, presented in Table 10, indicated that AgNPs exhibited significant antimicrobial activity against
all tested bacterial and fungal strains. Notably, the AgNPs exhibited the highest antibacterial activity against
E. coli and S. aureus, with inhibition zones of 25 mm and 21 mm, respectively. Gram-negative bacteria were
more sensitive to AgNPs than Gram-positive bacteria, due to their outer layer of lipopolysaccharides and thin
peptidoglycan layer, which attract the positively charged AgNPs and facilitate adhesion. In contrast, the thick
peptidoglycan layer in Gram-positive bacteria limits the AgNPs’ release and uptake of vital cellular components,
impairing their function. However, AgNPs can penetrate the cell wall of the bacteria and be effective against both
Gram-positive and Gram-negative bacteria®. For C. albicans, the inhibition zone was 20 mm which is similar
to the positive control (clotrimazole), demonstrating the AgNPs efficiently inhibit this pathogenic fungus strain.
Minimum inhibition concentration (MIC) is the lowest concentration of antimicrobials that prevent the visible
growth of microorganisms®!. In this study, the MIC AgNPs were determined by using the broth microdilution
method as recorded by*2.

The detailed results of the MIC of AgNPs are in Table 10. The result revealed the MICs of the synthesized
AgNPs were 0.78, 0.40, 0.07, 1.56, and 0.20 mg/mL for B. cereus, S. aureus, S. typhi, E. coli, and C. albicans,
respectively as shown Fig. 18.
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Fig. 13. Particle size distribution graph of silver nanoparticles (AgNPs).

T-tests analysis

The statistical validation of antimicrobial activites of AgNPs were confirmed by t-test. T-test analysis revealed
a statistically significant difference between the inhibition zone mean (11.68 mm), and the hypothesized mean
(0.2 mm) (t=12.41, df=4, p=0.00024 < 0.05) as indicated in Table 11. This indicates that the synthesized AgNPs
exhibited a significant antimicrobial effect against the tased strain.

Mechanism of antimicrobial activities of AgNPs

Reactive oxygen species (ROS) mechanisim of antimicrobial activities of the synthesized AgNPs was illustrated
in Fig. 19 below. Reactive oxygen species (ROS) are metabolic byproducts produced by various cells, with the
endoplasmic reticulum and mitochondria being key in their production and metabolism®®. These highly reactive
molecules can oxidize cellular structures and biomolecules, leading to DNA damage, protein modifications,
and lipid peroxidation, which ultimately cause cell death. AgNPs can generate ROS within cells, resulting in
oxidation stress and damage to cellular structure. AgNPs release Ag* ions, which can deactivate vital enzymes
by interacting with their thiol groups®. When these ions contact bacterial cells, they disrupt essential functions,
leading to cell damage. This disruption can generate ROS by inhibiting respiratory enzymes, causing the
microbial cell to self-destruct™.

Comparision study
The comparision study of AgNPs with the previous work is depected in Table 12 below.

Conclusion

In this study, Discopodium Penninervium Hochst leaf extract was employed to green synthesize silver nanoparticles
(AgNPs) for antimicrobial activities. The RSM analysis result revealed the concentration of AgNO, significantly
influences the size of AgNPs. The smallest particle size of 21.65 nm was obtained at the reaction temperature of
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Fig. 15. SEM image of silver nanoparticles (AgNPs).
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Fig. 16. TGA graph of silver nanoparticles (AgNPs).

81.06°C, pH of 11.49, and AgNO, concentration of 2.13 mM. Additionally, the physicochemical characterization
studies of AgNPs were conducted by UV-Vis spectroscopy, XRD, FTIR, DLS, SEM, and TGA.

The UV-Vis spectra result revealed the sharp peak observed at a wavelength of 402 nm belongs to AgNPs,
which demonstrated the proper synthesis of AgNPs. The XRD pattern exhibited the characteristic face-centered
cubic (FCC) and an average crystallite size of 17.60 nm. FTIR analysis showed that AgNPs contain O —H,
C —N, C —H, and C —Br functional groups, indicating their significant roles in the synthesis of AgNPs. The
particle size distribution and zeta potential analysis by DLS exhibited an average particle size of 38.61 nm and a
surface charge of 14.20 mV, respectively, which exhibit good stability of the synthesized AgNPs. SEM and TGA
analysis revealed the synthesized AgNPs are spherical and exhibit good thermal stability. The synthesized AgNPs
demonstrated effective antimicrobial activity against E. coli. Thus, this study presented simple, and eco-friendly
methods for synthesizing AgNPs with potential antimicrobial applications. However, Gas chromatography Mass
spectroscopy (GCMS) is recommended to investigate the concentration of bioactive compound in Discopodium
peninervum Hochst leaf extract. To gain a better understanding of the thermal and physical properties of the
synthesized AgNPs, techniques such as differential scanning calorimetry (DSC), energy dispersive spectroscopy
(EDS), and transmission electron microscopy (TEM) analysis are recommended. Moreover, the leaf extract west
management and cytotoxicity assessment of AgNPs and MBC are recommended for future studies.
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Fig. 17. Antibacterial (a) and antifungal (b) activities of silver nanoparticles (AgNPs) mediated Discopodium
Penninervium Hochst leaf extract.

B. cereus 14 11 10.75 9 8.25 7.25 22 - 0.78
S. aureus | 21 12 10.50 9.50 8.75 8.25 25 - 0.40
E. coli 25 12.50 11.25 10.83 9.73 9.50 24 - 0.07
S. Typhi 13 10 9.50 8.25 8 7 24 - 1.56
C. albicans | 20 16 14 13.5 13 9 20 - 0.20

Table 10. Evaluation of antibacterial and antifungal activities of silver nanoparticles (AgNPs).
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Fig. 18. Minimum inhibition concentration (MIC) of silver nanoparticles (AgNPs).

Average inhibition zone (mm)

10.042 Mean (X) 11.68
11.667 Standard deviation (s) 2.07
13.135 Count (n) 5.00
9.292 Standard error mean (sem) | 0.92
14.250 Degree of freedom (df) 4.00

Hypothesized mean (1) | 0.2

T- test 12.41
P -value 0.00024

Table 11. T-test analysis of AgNPs againest antimicrobials.
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ROS generation

AgNPs

Membrane damage

Fig. 19. Reactive oxygen species (ROS) mechanisim of antimicrobial activities of the synthesized silver
nanoparticles (AgNPs).

Nonmaterial | Plant used Microorganisms | Zone of inhibition | References
. . S.aureus 14 mm %
AgNPs Ginkgo Biloba leaf extract E. coli 18 mm
P, aeruginosa 8.93 mm
AoNPs Salvia sclarea L. (Clary Sage) E. coli 10.46 mm 97
8 flower extract S.aureus 13.63 mm
B. cereus 15.13 mm
AgNPs Santalum album Leaf extract IS).aureus' 17.2mm 98
) aeruginosa 12.3 mm
E. coli 26.33 mm
AgNPs Sida schimperiana Hochst leaf extract K- Pneumonia 22 mm %
S. aureus 23.33 mm
S. epidermidis 22.33 mm
B. cereus 14 mm
S. aureus 21 mm
AgNPs Discopodium Penninervium Hochst leaf extract | E. coli 25 mm This study
S. Typhi 13 mm
C. albicans 20 mm

Table 12. Comparison of antimicrobial activities of AgNPs.
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