
Green Synthesis of Withania coagulans Extract-Mediated Zinc Oxide
Nanoparticles as Photocatalysts and Biological Agents
Saima Maher,* Bakht Zamina, Musarat Riaz, Sana Riaz, Noreen Khalid, Muhammad Imran,*
Shagufta Fahmid, Hina Ishtiaq, and Shafia Parveen

Cite This: ACS Omega 2023, 8, 46715−46727 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Recently, biosynthesized nanoparticles (NPs) have played a vital role as an
alternative to physical and chemical methods. Here, a distinctive bioinspired synthesis of
zinc oxide nanoparticles (ZnO NPs) has been introduced using leaf extracts of Withania
coagulans as the reducing agent by using distilled water and methanol. The synthesized
catalysts were analyzed through ultraviolet−visible spectroscopy, dynamic light scattering,
scanning electron microscopy, Fourier transform infrared, energy-dispersive X-ray analysis,
and X-ray diffraction for NP synthesis, morphology, functional group, elemental
composition, and peak crystallinity analysis. The phytochemical analysis of 2,2-diphenyl-
1-picrylhydrazyl (DPPH), total flavonoid content, total alkaloid content, and total phenolic
content of the crude methanolic extract of the plant was also performed, suggesting the
greatest potential as the supporting material for ZnO NPs. The NPs were investigated for
their catalytic efficiency in the degradation of dyes (rhodamine B dye) and against important
human food-borne pathogens (Staphylococcus aureus, Pseudomonas aeruginosa, and
Escherichia coli). ZnO NPs exhibited a strong catalytic activity in the degradation of dyes
and against bacteria. The results also showed an enhanced activity of ZnO NPs of methanolic extract (ZnO-M) composites
compared to zinc oxide of distilled water (ZnO-D). The % age degradation of the dye, Kapp, and linear relationship were obtained
from pseudo-first-order kinetics. The highest reduction rate in 30 and 60 min was observed under sunlight by ZnO-M and ZnO-D,
respectively. The rate constant Kapp for the reduction of the dye was 13.6 × 10−1 min−1 and 6.8 × 10−1 min−1, respectively
(numerical values). For ZnO-M, ln(Kapp) ≈ 0.309. For ZnO-D, ln(Kapp) ≈ −0.385. These rate constants represent the degradation
of the dye in the presence of ZnO-M and ZnO-D catalysts. In addition, NPs were found to be most active against S. aureus (18 mm
in the case of ZnO-M and 15 mm in the case of ZnO-D) than P. aeruginosa and E. coli. The results suggested that the prepared ZnO
NPs could be used in pharmaceutical industries as well as photocatalysts. ZnO-M had greater control over particle size and
morphology, potentially resulting in smaller, more uniform NPs. ZnO-D achieved fine size control but not potentially better than
that compared to organic solvents.

1. INTRODUCTION
In recent years, the field of nanotechnology has experienced
remarkable growth and has made significant contributions to a
wide range of scientific disciplines. This burgeoning technology
has enabled the synthesis of nanoparticles (NPs), leading to
the creation of smart materials with unparalleled properties at
the nanoscale. The synthesis of functional nanomaterials is a
thriving field with immense potential for innovation and real-
world applications across various domains. As research in
nanotechnology continues to advance, we can expect to see
even more breakthroughs and novel applications in the future.1

Scientists are striving to create well-designed nanomaterials
using a range of physical, chemical, and biological processes in
light of their incredible applications.2 There are several uses for
nanomaterials in biotechnology, including medication delivery
via NPs, biolabeling with fluorescent quantum dots, gene
delivery, magnetic separation of biomolecules, drug encapsu-

lation, targeted and controlled drug delivery systems,
bioimaging, etc.3 Nanotechnology’s rapid advancement across
scientific domains, from medicine to agriculture and materials
science, showcases its transformative potential.4 Meanwhile,
promising remarkable benefits, responsible integration, and
ethical considerations are vital as we navigate this cutting-edge
frontier. Nanotechnology holds the key to addressing critical
challenges and shaping the future of scientific innovation. The
synthesis of NPs for the manufacturing of new smart materials
at the nanoscale with unique properties has rapidly increased in
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the past few years.5 NPs can be synthesized by chemical and
biological methods. Chemical methods are commonly used to
synthesize NPs. These methods involve the chemical reaction
of precursor materials to form NPs. Examples include sol−gel
synthesis, chemical vapor deposition, and precipitation
techniques. One of the most significant concerns with NPs
produced by chemical methods is their potential toxicity.6−8

NPs can behave differently than larger particles of the same
material due to their small size. They may enter cells and
tissues more easily, leading to adverse effects on living
organisms. NPs released into the environment can accumulate
and persist, potentially causing harm to ecosystems and
wildlife. For instance, certain NPs may be toxic to aquatic
organisms and disrupt the natural ecological balance.9 While
NPs have valuable applications in various fields like medicine,
electronics, and materials science, they also come with
potential side effects and risks, particularly when produced
using chemical methods. Understanding and mitigating these
risks are essential to ensure the safe and responsible use of NPs
in technology and industry. Regulations, ongoing research, and
safety measures play crucial roles in managing these risks and
ensuring the safe deployment of NPs in society. Green
synthesis is considered eco-friendly because it eliminates the
need for hazardous chemicals and high-energy processes that
are often used in traditional chemical methods.10 Green
synthesis of NPs using plant extracts is an exciting and
promising area of research, especially in the field of
nanobiotechnology. This method offers environmental sustain-
ability, cost-effectiveness, and nontoxicity, making it attractive
for various applications, particularly in biomedicine. However,
further research is needed to address challenges and fully
harness the potential of green synthesis methods for NP
production. In the biomedical field, NPs of metal oxides
exhibited auspicious effects against different diseases like
anticancer, antimicrobial, cell imaging, etc.11 Metal oxide
NPs, zinc oxide nanoparticles (ZnO NPs), and other metal-
based NPs hold great promise in various applications,
including antibacterial agents, catalysis, and addressing anti-
biotic resistance. Their unique properties and mechanisms of
action make them valuable tools in scientific research and
potentially in medical and industrial fields.12,13 Metal NPs can
target multiple biomolecules in bacteria, compromising their
ability to develop resistance. This multifaceted action is a
significant advantage in the fight against antibiotic-resistant
bacteria.14−16 Characterizing metal-based NPs using a
combination of these techniques provides valuable information
about their morphology, physicochemical properties, and
electric properties, which are crucial for their in vivo activity
and the development of safe and effective applications in fields
such as medicine and nanotechnology.17−19 We investigated
the effectiveness of green synthesis and the chemical
precipitation approach. We have used a pharmacologically
important medicinal plant. Withania coagulans is widely known
as Indian rennet and is one of the most essential plants in
Ayurvedic and Unani medicine. This critically imperiled
therapeutic plant is a rich natural source of bioactive steroidal
lactones known as withanolides.20 Diabetes can be treated with
W. coagulans. Aside from ethnobotanical uses, this plant has
been linked to antihyperglycemic, anti-inflammatory, anti-
tumor, antimicrobial, hepatoprotective, cardiovascular, immu-
nosuppressive, free radical scavenging, and central nervous
system depressant properties.21 W. coagulans offers several
advantages for the green synthesis of ZnO NPs, including its

effectiveness as a reducing and capping agent, cost-effective-
ness, and the absence of harmful chemicals and microbial
contamination. These factors make it a promising natural
source for NP fabrication, aligning with the growing interest in
sustainable and eco-friendly nanotechnology applications.
However, it is important to conduct thorough research and
experiments to optimize the synthesis process and characterize
the properties of the resulting NPs for specific applications.22

W. coagulans methanolic and water fractions were evaluated for
bioactivity, such as bioreducing potential for the fabrication of
ZnO NPs and antibacterial activities, and the potential
influence of dye degradation was also investigated. It has
been discovered that W. coagulans aqueous and methanolic
extracts exhibit strong bioreducing and antibacterial capa-
bilities, and the specific is optimized for practical applications.
This provides a low-cost, environmentally benevolent, non-
toxic, and efficient source for medicinal and synthetic uses. The
W. coagulans extract is highly effective in photocatalytic
degradation and biological activity.

2. MATERIALS AND METHODOLOGY
2.1. Collection and Preparation of the Plant Extract.

Medicinal plants, W. coagulans, were collected from Botanic
Garden, Department of Botany, Sardar Bahadur Khan Women
University, with full permission obtained from an institute. The
W. coagulans plant material was gently cleaned with tap and
distilled water to eliminate dust particles and shade dried to
remove residual moisture. Powder was made from dried leaves.
Five grams of fine powdered leaves was boiled in 100 mL of
double-distilled water for 1 h at 60 °C to make the aqueous
extract and filtered through Whatman no. 1 filter paper and
kept at 4 °C in a refrigerator. Moreover, methanol was used to
make the methanolic extract. The dried powder plant material
was soaked in methanol for 3 days and then filtrated. The
liquid solution was extracted in a rotary evaporator, and the
crude methanolic extract (CME) was kept in a refrigerator.
2.2. Preparation of ZnO NPs by the Green Synthesis

Method. A solution of zinc acetate dihydrate (Zn-
(CH3COO)2·2H2O) with a concentration of 0.02 M was
prepared. To create an aqueous plant extract, 5 g of finely
powdered leaves was boiled in 100 mL of double-distilled
water for 1 h at 60 °C. The resulting plant extract was filtered
through Whatman no. 1 filter paper to remove solid particles
and then stored at 4 °C. A solution of 1 M NaOH (sodium
hydroxide) was prepared. To synthesize ZnO NPs, 10 mL of
the plant extract was mixed with 0.02 M Zn(CH3COO)2·
2H2O solution. The mixture underwent continuous stirring on
a hot plate for 3 h using a magnetic stirrer, resulting in the
rapid formation of white precipitates (ZnO NPs). The white
precipitates (ZnO NPs) were separated from the solution,
likely through filtration using a glass filter, and were then
washed repeatedly with distilled water to remove impurities.
Further purification was carried out by washing the NPs with
ethanol. The purified NPs were finally oven-dried at 100 °C for
1 h to remove any remaining moisture. The thermal stability of
the biosynthesized NPs was assessed, and a comparative study
was conducted, likely using a similar method with methanol
extract. Additionally, ZnO NPs were synthesized using a
methanolic extract, which were labeled as ZnO-M. This
method represents a green synthesis approach3 for ZnO NP
production, utilizing a plant extract as a reducing and
stabilizing agent, potentially resulting in environmentally
friendly and unique NPs due to the bioactive compounds
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present in the plant extract. ZnO NPs were prepared and
labeled as ZnO-M.
2.3. Characterization of the Synthesized ZnO NPs. W.

coagulans water and methanolic extracts were used for the
biosynthesis of ZnO NPs. The synthesized ZnO NPs were
characterized through Fourier transform infrared (FTIR)
spectroscopy, measuring the absorption of infrared radiation
by a sample to identify functional groups and chemical bonds
in the material. Ultraviolet−visible (UV−vis) spectroscopy was
used to measure the absorption of ultraviolet and visible light
by a sample to determine its electronic structure and
concentration of absorbing species. Scanning electron micros-
copy (SEM) was used to produce high-resolution images of
the surface of a sample by scanning it with a focused beam of
electrons and detecting secondary electrons or backscattered
electrons. Energy-dispersive X-ray (EDX) analysis was utilized
to determine the elemental composition of a sample by
measuring the energy and intensity of X-rays emitted when
electrons interact with the sample. Dynamic light scattering
(DLS) and X-ray diffraction (XRD) were used to determine
the crystalline structure of materials by analyzing the
diffraction pattern of X-rays scattered by a crystal lattice.
The antimicrobial properties of the biosynthesized NPs were
also evaluated against a number of Gram-positive and Gram-
negative pathogenic strains, which recommended that these
could be used as substitute therapeutics against the drug-
resistant microbes in the global emergence of drug
resistance.23−25

2.4. Phytochemical Analysis. 2.4.1. Total Alkaloid
Content. The alkaloid content was determined by following
the Harborne (1973) method with slight modification to
determine the total alkaloid content in the plant, and 5 g of
plant extracts was added in 10% acetic acid (CH3COOH) in
ethanol, covered, and allowed to stand for 4 h. The mixture
was then filtered, and extracts of the plant were then
concentrated on a water bath to one-quarter of the original
volume. Ammonium hydroxide (NH4OH) was added for
precipitation. The precipitates were collected and washed with
dilute ammonium hydroxide and then filtered. Alkaloids were
residues that were then dried and weighed.26,27 This
experiment was carried out three times to ensure the accuracy
of the results.
2.4.2. Total Phenolic Content and Total Antioxidant

Capacity. The total phenolic content and antioxidant capacity
were determined with the help of the proposed method by
Kamath et al.28 with little modification. The total amount of
phenolic content was determined by the a/c to Folin−
Ciocalteu (FC) procedure. The sample (2 mL) (triplicates)
was taken into the test tubes and then added 1 mL of FC
reagent and 0.8 mL of 7.5% sodium carbonate (Na2CO3) and
left for half an hour. Gallic acid (C7H6O5) was used as the
standard. Absorption was made at 750 nm by using a
microplate reader. The model of the instrument was UV-
1700 SHIMADZU. The calibration curve (y = 1.5239x −
0.065; R2 = 0.9912) was obtained, which acted as a positive
control. The correlation was observed as significant at 0.05
levels. Analysis of the sample was performed in triplicate. TPC
was expressed as gallic acid equivalents (GAE) per milligram
extract (GAE/mg).28

The total antioxidant capacity of the plant extract was
evaluated by the phosphomolybdenum method. The prepared
plant extract (2 mL) was taken and then added into 1 mL of
reagent solution (28 mM sodium phosphate (NaH2PO), 0.6 M

sulfuric acid (H2SO4), and 4 mM ammonium molybdate
(NaH2PO)) in the test tubes. These tubes were capped and
incubated in a boiling bath for 90 min at 50 °C. The test tubes
were cooled at room temperature; absorption was taken at 695
nm with the help of a spectrophotometer. Ascorbic acid
(C6H8O6) was used as the standard by taking different
concentrations (0.05, 0.2, 0.4, 0.6, and 0.8 mg/mL). The
results were expressed as AAE (ascorbic acid equivalent) in
milligram per gram of extract.28

2.4.3. Total Flavonoid Content. The total flavonoid content
was determined by the aluminum chloride (AlCl3) colorimetric
method proposed by Suman (2014). Ascorbic acid (C6H8O6)
was used as the standard. Standard solution of ascorbic acid
was made by dissolving 0.25 g in 100 mL of methanol. A series
of dilutions were prepared (0.05−0.8 mg/mL) up to 1 mL and
added methanol. Similarly, another stock solution was
prepared by taking 0.25 mg/g CME dissolved in 100 mL of
methanol and a series of dilutions (0.05−0.8 mg/mL) were
then made by adding 1 mL of methanol. An amount of 0.6 mL
of 2% aluminum chloride stock solution was added in each test
tube and covered by aluminum foil and incubated for 60 min at
room temperature. The absorbance noted at 420 nm by a
microplate. The total flavonoid content of the test sample was
calculated from the calibration curve of ascorbic acid (y =
0.21x − 0.1444; R2 = 0.9966) and expressed as mg/g AAE.29

All of the estimations were carried out in triplicate.
2.5. Radical Scavenging Activity�DPPH Assay. The

DPPH (2,2-diphenyl-1-picrylhydrazyl) radical coupling assay
was calculated following the V.Y.A. Barku methods.29 The
DPPH assay involved the following procedure while
determining the antioxidants in the CME. The solutions of
the CME of different concentrations (0.05−0.1 mg/mL) were
prepared in methanol. Freshly prepared 1 mL of DPPH
solution was mixed with 2 mL of all the samples (0.05−0.1
mg/mL). Ascorbic acid (C6H8O6) was used as the standard.
After the addition of DPPH solution to the test samples, the
solutions were kept in the dark place for 30 min. The UV−vis
absorbance was calculated to be 517 nm. To measure the
absorbance of the control, the plant extract was replaced with
methanol, i.e., 1 mL of DPPH, to make the concentration the
same, as was taken in the case of test solutions. The absorbance
of the blank was recorded and replaced with methanol. The
DPPH radical scavenging capacity assay was subtracted from
the absorbance of the reaction mixture and expressed as the
percent drop-off in the absorbance of the reacting species
compared with that of the control. The experiment was carried
out in triplicate; the greater radical capturing capability of the
CME of W. coagulans was indicated by the declined absorbance
of the reaction mixture. The ability to capture the DPPH free
radical by the CME was measured through the following
equation:

= ×

Percentage of radical capturing activity

(Abs(control)Abs(sample))/Abs(control) 100%

2.6. Antibacterial Assay of the Plant Methanolic
Extracts. 2.6.1. Test Microorganism. The antibacterial
potential of the plant extract was evaluated using four bacterial
strains causing bacterial diseases. The clinical isolates of
Pseudomonas aeruginosa (ATCC 4853), Staphylococcus aureus
(ATCC 23235), and Escherichia coli (ATCC 25922) were used
for antibacterial analysis during this study. These bacterial
strains were isolated from different sources such as pus, urine,
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vaginal swab, etc. from the diagnostic laboratory of Aga Khan
Hospital, Karachi. Nutrient agar plates were used to preserve
the bacterial culture. The temperature for the culture was
maintained at 4 °C.
2.6.2. Antibacterial Assay of the Selected Plant Extracts.

The antibacterial assay was performed via an agar well diffusion
method.30 All bacterial strains were inoculated into Mueller−
Hinton broth for a period of 8 h. The pH was maintained at
7.4 during analysis. Cotton webs were utilized for seeding of
isolated organism agar plates. A well of 6 mm was bored with
the help of a sterilized metallic borer. DMSO solution was used
as a negative control. The 10% DMSO solution was prepared,
and 100 μL of this solution along with 1000 μL of test solution
was poured into a separate agar plate well. Penicillin G (10U)
and ampicillin (10 μg/mL) were used as standard antibiotics,
which acted as the positive control against Gram-positive and
Gram-negative bacteria, respectively. All plates containing
crude plant extract samples (negative control and positive
control) were incubated for 24 h at 37 °C. All the samples
(plant extracts) were checked in triplicate for each test
organism.
2.6.3. Relative Percentage Inhibition. The relative %

inhibition was calculated using the formula mentioned
below31 with respect to the standard drug:

= [ × ] [ ]x y z y

Relative percentage inhibition of the test extract

100 ( ) / ( )

where x represents the zone of inhibition of the test sample, y
represents the total inhibition area of the solvent, and z reflects
the inhibition zone of the standard drug.
2.7. Degradation of Rhodamine B Dye. The catalytic

efficiency of the prepared ZnO-D and ZnO-M catalysts was
carried out by using rhodamine B (RhB) dye and sodium
borohydrate (NaBH4) having concentrations 0.05 mm and 0.1
M, respectively. From the prepared solution of dyes, 2.5 mL
was taken in the UV−vis spectrophotometer cuvette, followed
by the addition of 0.5 mL of freshly prepared NaBH4 solution;
in the meantime, by the addition of sodium borohydride, the
color change was observed, and the NaBH4 concentration was
controlled during dye degradation using the prepared NPs,
experiments were conducted with varying NP and NaBH4
concentrations, and the conditions were optimized for
maximum efficiency. A control strategy was developed to
maintain the desired concentrations during the process. After
the addition of 5 mg of catalyst, the solution was put under
sunlight and dark conditions to observe the effect of irradiation
on the catalytic efficiency. After every 5 min, the color change

was monitored by using a UV−vis spectrophotometer to
observe the absorbance spectra of the dye before and after the
irradiation of sunlight and without any light in dark conditions.
In this way, the role of the added different catalysts was
investigated on the conversion of colored dye solution to
colorless. The regular decrease in the maximum absorbance
(λmax) was observed and recorded after every 10 min by using a
UV−vis spectrophotometer. The catalytic efficiency of the
ZnO catalyst was observed with eqs 1, 2, and 3.

= C CDecrease in concentration /t 0 (1)

= ×A A ARemoval% ( )/ 1000 t 0 (2)

where C0 is the initial concentration of the dye, Ct is the
concentration at different time intervals, A0 is the initial
absorbance, and At is the absorbance at different intervals of
time.

The pseudo-first-order kinetics is calculated by

=C
C

kln t

0
t

(3)

2.8. DLS Analysis. The stability of suspensions can be
monitored by measuring the zeta potential. Suspensions of
ZnO were stable in the neutral pH range. The assessment of
the hydrodynamic size and stability of NPs was done in a
solution. Specifically, the NPs in question were ZnO NPs, and
their size distribution was found to be uniform, ranging from
1.0 × 1003 to 1.0 × 1004 nm. This was determined by using
DLS, which provides an average particle size and distribution
as well as a polydispersity index (PDI). Before zeta potential
measurements, all samples were sonicated for 5 min. Zetasizer
Nano ZS used laser Doppler velocimetry to determine
electrophoretic mobility. The zeta potential was obtained
from the electrophoretic mobility by the Smoluchowski
equation. The pH of the suspension was automatically adjusted
by an automatic titrator using hydrochloric acid (0.25 and
0.025 mol/L) and sodium hydroxide (0.25 mol/L). The
concentrations of additives (SDS, CTAB, and NaCMC) were
5 mmol/L.

3. RESULTS AND DISCUSSION
3.1. Characterization of W. coagulans-Mediated NPs.

3.1.1. UV−Vis Spectroscopy. The UV−vis spectrum of the
green synthesized ZnO-D NPs is shown in Figure 1a, which
gave an intense blue-shifted maximum absorption peak at
368.5 nm. Maximum absorption peaks exhibited an intensive
absorption in the ultraviolet band at about 200−400 nm. The
UV−vis spectra showed the formation of the biosynthesized

Figure 1. UV−vis spectra of ZnO-D (a) and ZnO-M (b) NPs.
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ZnO NPs. A sharp peak obtained at 368.5 and 354 nm regions
is a great evidence of pure biosynthesized ZnO NPs.
Differences in the wavelength of maximum absorption (λmax)
and the intensity of absorption peaks of the UV−vis absorption
spectra of both catalysts were compared. These differences can
indicate variations in the bandgap energy and particle size. The
UV−vis spectroscopy results and chemical interactions were
clearly evidenced by differences in peak shapes and widths.
Wavelength shifts indicate the changes in the electronic
structure or environment, with bathochromic shifts (red shifts)
indicating lower energy transitions and hypsochromic shifts
(blue shifts) indicating higher energy transitions. The ZnO-D
showed the peak at 368.5 nm. The ZnO-M (Figure 1b)
subjected for UV−vis absorption gave an intense blue-shifted
peak at 354.5 nm.
3.1.2. FTIR Spectra of ZnO NPs of W. coagulans. The

FTIR of ZnO NPs is shown in Figure 2a. The biomolecules
that are present in the plant extract were responsible for the
stabilization and reduction of green synthesized ZnO NPs. The
FTIR technique showed peaks at 3330.7, 2135.5, 1635.6, and
526 cm−1. An intense and broad peak was observed at 3330.7
cm−1 that was due to the stretching vibration of the O−H
group. This indicated the presence of the alcohol/phenolic
group. The band appearing at 1635.6 cm−1 indicated the
presence of the carbonyl group (C=O) and primary amine, and
the band at 2135.5 cm−1 confirmed the presence of nitrile
(C�N) and alkynes (C�C). The synthesis of pure ZnO was
indicated in the FTIR spectra by giving a characteristic peak20

at 526 cm−1, whereas the same pattern of the FTIR spectrum
was observed in ZnO-M NPs.

3.1.3. XRD Analysis of the Biosynthesized ZnO NPs. The
size of green synthesized ZnO NPs was confirmed by XRD
data (Figure 2b). The XRD data confirmed the crystalline
structure of the biosynthesized ZnO NPs. The structure of
ZnO NPs was confirmed as hexagonal wurtzite. XRD
spectroscopy of ZnO NPs confirmed that ZnO NPs
synthesized in their pure phase.21 In ZnO NPs, the crystalline
structure was confirmed by observation at different distinct
diffraction peaks at 31.5, 34.2, 36.0, 47.3, 56.4, 62.7, 66.3, 67.8,
68.7, 72.3, and 76.7° in the spectra, which corresponded to the
index values of (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004), and (202).22 These Miller index
values were compared with JCPDS card no. 36-1451 and
concluded that synthesized NPs were a hexagonal wurtzite
structure. The same patterns were observed for the ZnO-M
NPs.
3.1.4. SEM Analysis. SEM technology was used for

identifying the morphology and size of the biosynthesized
ZnO NPs. The images of green synthesized ZnO NPs showed
that the shape of ZnO NPs was spherical, hexagonal plates, and
highly aggregated, with a rough and irregular surface.
Meanwhile, ZnO-M showed the flowering structure with an
aggregated rough and irregular surface (Figure 2c).
3.1.5. EDX Analysis. EDX analysis confirmed the elemental

composition of ZnO NPs. Figure 2 confirms that ZnO NPs are
in a pure chemical state. There were two peaks observed
between 0 and 2 keV in which one peak was of zinc and other
peak was of oxygen and two peaks of the zinc element were
observed between 8 and 10 keV. The same EDX result was
observed for ZnO-M. The zinc and oxygen weight % (73.95
and 26.5) and atomic % (40.99 and 59.01) result is observed in

Figure 2. FTIR (a), XRD (b), FESEM (c), and EDX analysis (d) of the biosynthesized ZnO NPs.
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Table 1. The result of EDX exhibited that synthesized ZnO
NPs were in the chemical state of the selected plant. EDX
analysis showed the weight % and atomic % of the zinc and
oxygen elements present in Figure 2d.
3.2. Phytochemical Analysis. Secondary metabolites are

phytochemicals produced by plants. Various procedures have
been conducted for the analysis to establish the existence of
secondary metabolites in a selected plant. These analyses are
referred to as “phytochemical analysis”.
3.2.1. Total Alkaloid Contents. The total alkaloid contents

in the CME of the W. coagulans plant were calculated to be
0.349 g.
3.2.2. Total Phenolic Contents. The total phenolic content

of the methanolic plant extract was estimated by following the
method that was mentioned in the experimental part with high
phenolic content observed in the methanolic crude extract of
W. coagulans (Table 2 and Figure 3a). The TPC was expressed

in mg/mL of gallic acid equivalents (GAE) per gram of the
CME: 3.13 mg of GAE/g extract. The trial was performed in
triplicate, and the flavonoid concentration was recorded in μg
equiv of gallic acid per milligram extract.
3.2.3. Total Flavonoid Contents. The high concentration

(0.568 mg/g) of flavonoid was observed in the methanolic
crude extract of the W. coagulans plant. The results are shown
in Table 2 and Figure 3b.
3.2.4. Antioxidant Analysis. The total antioxidant content

in the CME of the plant W. coagulans was estimated to be
0.061 by the phosphomolybdenum method. The antioxidant
calculation (AOC) was expressed in milligrams of AAE per

gram of the CME 12.056 mg of AAE/g extract (Table 3 and
Figure 4).
3.4.5. DPPH Free Radical Scavenging Activity. The results

of antioxidants by the DPPH free radical scavenging assay
exhibited a significant conclusion. By increasing the concen-
tration of the CME, the decrease in the absorbance of the
DPPH free radical resulted in the selected plant possessing
antioxidant activity due to its proton-donating properties
(Tables 3 and 4 and Figure 5).
3.5. DLS Analysis. A study found that plant extracts

facilitated the synthesis of ZnO NPs with a size distribution of
10 to 120 nm and a maximum size distribution of −90 nm
(Figure 6). The “−90 nm” is a specific value that indicates the
size of the particles in nanometers. The negative sign indicates
that this size is likely an average or median size. The maximum
size distribution of −90 nm is based on their DLS analysis; the
most common or dominant particle size in the sample is
approximately 90 nm. But this size is obtained through the
analysis of the intensity of scattered light, and it is often used as
a representative value to describe the size of particles in a
sample. DLS provides a distribution of particle sizes, and this
value represents the peak or central size in that distribution.
The actual size distribution may vary, and other parameters,
such as the PDI, can provide additional information about the
spread or heterogeneity of particle sizes in the sample. While
the solution contained particles of uniform size, another broad
size distribution peak was observed at 900 nm, which could be
due to NP aggregation. It is important to note that capping
agents, such as proteins and enzymes present in biological
materials, can affect the size of the NPs. The stability of the
synthesized ZnO NPs was evaluated using a zeta potential
assessment based on the NPs’ surface charge. The resulting
zeta potential value of −33.4 mV indicated that the synthesized
NPs were highly stable in the solution (Figure 6). In a different
study, P. aeruginosa was used to synthesize ZnO NPs, which
were found to have a mean hydrodynamic diameter of 81 nm.
This size could potentially be due to NP agglomeration or the
hydrodynamic radii of the ZnO NPs, including the solvent
layer, which contributes to their stability. This approach
utilizes the unique biochemical capabilities of microorganisms
to produce NPs. Here is how a bacterial strain like P.
aeruginosa can be useful in NP synthesis.32,33 The Smolu-
chowski equation is used to estimate the zeta potential (ζ-
potential) of colloidal particles in a fluid medium. It relates the

Table 1. Detection of Phytochemicals in the Plant Extract of W. coagulans

phytochemicals experiments observation result

test for flavonoid 2 mL of extract + few drops of 20% NaOH intense yellow color + 70% dil HCl;
yellow color disappeared

present

test for alkaloids
(a) Mayer’s test few mL of plant extracts + 2 drops of Mayer’s reagent positive response present
(b) Wagner’s test few drops of Wagner’s reagent added along sides to few mL of plant extracts reddish brown precipitates present
test for tannins 2 mL of extract + 10% alcoholic ferric chloride black color present
test for phenolic 2 mL of extract + 2 mL of 5% aqueous ferric chloride blue color present
test for protein 2 mL of extract + 1 mL of 40% NaOH + few drops of 1% copper sulfate violet color present
test for cardiac
glycosides

1 mL + 0.5 mL of glacial acetic acid + 3 drops of 1% ferric chloride brown ring present

test for carbohydrate 1 mL of extract + few drops of Molisch’s reagent + 1 mL con H2SO4 at the sides of
the tubes, allowed to stand for 2−3 min

red/violet color present

test for terpenoids 1 mL of extract + 0.5 mL of chloroform + few drops of concentrated H2SO4 reddish brown precipitates present
test for saponins 2 mL of extract + 6 mL of H2SO4; shake vigorously bubbles foam present
test for detection of
diterpenes

water was added to extract + copper acetate solution no result absent

Table 2. Total Phenolic, Flavonoid, and Antioxidant
Content Result (Standard)

total flavonoid
content

total phenolic
content

total antioxidant
content

s.
no.

con.
mg/
mL absorbance

con.
mg/
mL absorbance

con.
mg/
mL absorbance

1 0.05 0.06 0.05 0.01 0.05 0.009
2 0.2 0.29 0.2 0.25 0.2 0.025
3 0.4 0.46 0.4 0.54 0.4 0.043
4 0.6 0.67 0.6 0.75 0.6 0.054
5 0.8 0.92 0.8 0.95 0.8 0.065
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electrophoretic mobility (μ) of the particles to the zeta
potential with eq 4:

[ = { }{ }]0 (4)

where μ is the electrophoretic mobility of the particles
(measured in cm2/V·s or μm/s·V); ε is the permittivity of
the medium (measured in F/m or C/V·m); ζ is the zeta
potential of the particles (measured in V); η is the dynamic
viscosity of the medium (measured in Pa·s or N·s/m2); and η0
is the viscosity of the pure solvent (measured in Pa·s or N·s/
m2).

Overall, this explanation provides insight into the character-
ization of ZnO NPs’ size and stability, highlighting the

potential effects of capping agents and different synthesis
methods on their properties.
3.6. Antibacterial Activity. Antibacterial activities of

ZnO-M showed greater inhibition zones against the following
pathogenic bacteria (S. aureus and P. aeruginosa) than ZnO-D
(Table 5). Meanwhile, the CME showed less inhibition zones
than ZnO NPs. Additionally, ZnO NPs have the capacity to
inhibit the growth of ciprofloxacin-resistant bacteria consid-
erably. There was a direct relationship between the inhibitory
effect of ZnO NPs against both standard and resistant bacteria.
The highest inhibition of resistant bacteria was shown at 18
mm of ZnO NPs. An NP inhibited the growth of both isolated
resistant bacteria by about 15 mm. Moreover, the NP effects in
the growth of isolated bacteria are greater than the standard.
These results are well-concordant with those of other studies.
Additional research has shown that ZnO NPs with a size of 30
nm and a concentration of 6 mM can inhibit the spread of
methicillin-resistant S. aureus (MRSA), E. coli, and several
other bacteria.34 Our results express the effectiveness of ZnO
NPs on both standard and isolated P. aeruginosa at 18 and 15
mm. Several researchers have investigated various mechanisms
of nano-ZnO’s antibacterial action.35 According to certain
findings, NPs are more efficient against Gram-positive bacteria
than Gram-negative bacteria.36,37 ZnO NPs exhibit antibacte-
rial activity against both Gram-negative and Gram-positive
bacteria. They are generally more effective against Gram-
negative bacteria like E. coli and P. aeruginosa due to differences
in the cell wall structure.38 The NPs disrupt bacterial cell
membranes, leading to cell damage and death. But the
effectiveness can vary based on the NP size, concentration,
and specific bacterial strains. Studies often rely on MIC values
and growth inhibition assays to provide experimental evidence
for ZnO NP antibacterial activity against specific strains.
However, our findings suggested that ZnO NPs have beneficial
effects on the bacteria P. aeruginosa and S. aureus.39

Ciprofloxacin was chosen as a standard (positive control)
since it is not as active as ZnO NPs. As a consequence, ZnO-M
demonstrated a strong antibacterial activity. This study

Figure 3. (a) Plant extract absorbance of 0.617 and linear graph of the total phenolic content calculation. (b) Plant extract absorbance of 0.568 and
linear graph of the TFC calculation.

Table 3. Antioxidant Activity of Plant Extracts of W. coagulans

s. no. concentration (mg/mL) abs of blank abs of test net abs abs of control antioxidant activity

1 0.05 0.012 0.711 0.699 0.8789 20.46876778
2 0.2 0.023 0.521 0.498 0.8789 43.33826374
3 0.4 0.081 0.436 0.355 0.8789 59.60860166
4 0.6 0.112 0.338 0.226 0.8789 74.28603937
5 0.8 0.145 0.257 0.112 0.8789 87.25679827

Figure 4. Plant extract absorbance of 0.061 and linear graph
calculation.

Table 4. Antioxidant Standard Useda

s.
no.

concentration
(mg/mL)

abs of
standard

abs of
control

antioxidant
activity

1 0.05 0.014 0.8789 98.40709978
2 0.2 0.011 0.8789 98.74843554
3 0.4 0.009 0.8789 98.97599272
4 0.6 0.007 0.8789 99.20354989
5 0.8 0.004 0.8789 99.54488565

aAbsorbance of control = 0.8789.
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indicates that ZnO NPs exhibit antibacterial activity against
both negative and positive bacterial strains. This result aligns
with previous research in the field that has demonstrated the
broad-spectrum antibacterial properties of ZnO NPs. Our
findings have reported similar trends in the antibacterial
activity of ZnO NPs. These studies have consistently
demonstrated the superior antibacterial efficacy of ZnO NPs
against specific bacterial strains due to factors such as particle
size, surface charge, and release of reactive oxygen species
(ROS) upon exposure to bacteria. Our research provides

evidence of the antibacterial activity of ZnO NPs against both
negative and positive bacterial strains, with a stronger effect
observed against the selected strain. We have referenced
relevant literature to support our findings and will ensure that
this information is appropriately presented in the manuscript
to offer a clear and evidence-based explanation.
3.7. Mechanism of ZnO NPs against All Bacterial

Strains. ZnO NPs possess powerful antibacterial properties.
They work by generating ROS upon contact with water, which
damage bacterial cell components (Figure 7). Additionally,
ZnO NPs disrupt bacterial cell membranes, leading to the
leakage of cellular contents and cell death. They can also enter
bacterial cells, causing internal damage to essential processes.
Furthermore, ZnO NPs interact with bacterial DNA and
proteins, leading to DNA damage and protein denaturation,
ultimately inhibiting bacterial growth and causing cell death.
3.8. Degradation of Dyes. 3.8.1. Degradation of RhB

Dye. Recently, water contamination due to industrial
revolution becomes a serious issue to the community health.40

Figure 5. Comparison of % DPPH radical scavenging activity.

Figure 6. DLS analysis of ZnO NPs.

Table 5. Antibacterial Activity Results of ZnO NPs

zone of inhibition (mm) standard

samples S. aureus P. aeruginosa E. coli ciprofloxacin

ZnO-M 18 mm 13 mm 12 mm
ZnO-D 15 mm 12 mm 10 mm
CME (ZnO-D) 10 mm 11 mm 11 mm
CME (ZnO-M) 9 mm 10 mm 9 mm
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Various contaminants such as biodegradable dump waste,
heavy metals, dyes, carcinogenic chemicals, and pharmaceutical
products are discharged into water bodies. Dye industries
discharged the waste effluents directly into water bodies
without any proper treatment,42 which are harmful to the
aquatic system, block the photosynthetic activity of plants, and
disturb the natural equilibrium process by aquatic diversity
reduction. The textile dye RhB 9-(2-carboxyphenyl)-3,6-
bis(diethylamino)xanthylium chloride is used as a colorant in
drug and cosmetic preparations.41 It is mostly used as a dyeing
reagent in the cell fluorescence, in the study of water pollution
used as a tracing agent, and as a colorant in dyeing fabrics,
glass, leather, herbicide, and sprays. RhB has toxic effects on
health, if ingested.42 Its chronic carcinogenicity and neuro-
toxicity have been proven experimentally. Thus, due to their
toxic health effects, the development of a new method for the
degradation of RhB is of great significance. In this study,
reduction of RhB was carried out by the use of ZnO NPs
prepared in deionized water and methanol. A degradation
study was carried out under sunlight and dark by using a UV−
vis spectrophotometer. The RhB UV−vis spectra showed a
strong absorption peak at 556 nm and a small peak at 275
nm.43 The peak at 557 nm was used to observe degradation,

which starts decreasing after the addition of the catalyst. The
decrease in the peak intensity was recorded continuously with
a time interval of 10 min, as shown in Figures 7 and 8. The
peak maxima at 557 nm decreased gradually and a new peak at
255 nm appeared after a short time in the presence of the
catalyst showing RhB reduction. The decrease in the peak
intensity was continuously recorded with a specific time
interval, typically expressed in minutes or seconds, to track
changes in the system over time. The time interval helps
capture the kinetics of the process. Thus, the catalyst causes
the de-ethylation process of RhB at the −N(C2H5)2 site by
producing aromatic amine N-de-ethylated compounds. Figures
8 and 9 show the successful degradation of the dye in the
presence of both catalysts. However, ZnO-M was proved more
active as compared to ZnO-D produced in water, causing a
complete degradation in a short time (Figures 8 and 9). To
observe the effect of light on the photocatalytic activity
process, RhB removal was investigated by exposing the dye
sample under dark and sunlight. RB degradation showed that
under dark conditions, the % removal of RhB was less as
compared to sunlight by both catalysts. This significant RhB
dye degradation in the presence of sunlight obviously showed
the role of ZnO as a photocatalyst.44,45 Furthermore, the
degradation reaction showed pseudo-first-order kinetics
showing a straight line with respect to the dye by using eq
3. Here, the ZnO-M catalyst showed the highest % reduction
and decrease in the initial concentration of RhB with the
highest rate constant value within a minimum time as
compared to ZnO-D (Figures 8−12 and Tables 6 and 7).
The larger removal percentage of ZnO-M (zinc oxide
nanoparticles-monodisperse) compared to ZnO-D (zinc
oxide nanoparticles-dispersed) can be attributed to factors
such as a smaller and more uniform particle size, better
dispersion, increased reactivity, surface chemistry, kinetics,
agitation, and the nature of contaminants. These factors
influence the NPs’ ability to interact with and remove specific
substances in various applications. The highest reduction rate
within 30 and 60 min was observed under sunlight by ZnO-M
and ZnO-D, respectively. The rate constant Kapp for the
reduction of the dye was 13.6 × 10−1 min−1 and 6.8 × 10−1

min−1, respectively (numerical values). For ZnO-M, ln(Kapp) ≈

Figure 7. Mechanism of ZnO NPs against all bacterial strains.

Figure 8. UV−vis spectra of the reduction of RhB dye by ZNO-D under dark conditions and under sunlight.
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0.309. For ZnO-D, ln(Kapp) ≈ −0.385. These rate constants
represent the degradation of the dye in the presence of ZnO-M

and ZnO-D catalysts. The reduction of RhB dye by ZnO-D or
ZnO-M is more effective under sunlight due to photon-

Figure 9. UV−vis spectra of the reduction of RhB dye by ZnO-M under dark conditions and under sunlight.

Figure 10. Results of Ct/C0 for the reduction of RhB dye by ZnO-M under dark/sunlight conditions and ZnO-D under dark/sunlight conditions.

Figure 11. Results of removal (%) for the reduction of RhB dye by ZnO-M under dark/sunlight conditions and ZnO-D under dark/sunlight
conditions.
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induced electron−hole pair generation, which accelerates the
reaction. In the absence of sunlight (dark conditions), this
energy source is absent, leading to slower reaction rates.

4. CONCLUSIONS
In this study, an efficient approach was developed to support
ZnO NPs with the W. coagulans plant. ZnO NPs were prepared
in both methods. The ZnO-D (aqueous solution) are more
stable in water-based environments, minimizing agglomeration
and phase changes. Conversely, ZnO NPs synthesized in
methanol (ZnO-M) tend to perform better in organic solvents
and nonaqueous settings. ZnO-M had greater control over
particle size and morphology, potentially resulting in smaller,
more uniform NPs. ZnO-D achieved fine size control but not
potentially better than that compared to organic solvents. The
choice should align with your application’s stability require-
ments and desired particle size characteristics. The synthesized
ZnO NPs were characterized by different advanced techniques,
e.g., UV−vis, FTIR, SEM, XRD, DLS, and EDX. UV−vis
spectroscopy gave a sharp peak for ZnO-D at 368.5 nm and at
354.5 nm for ZnO-M. The XRD spectra showed the wurtzite
hexagonal structure of both samples of ZnO NPs based on the
reported data. FESEM observed spherical shapes for ZnO-D
NPs and flowering shapes for ZnO-M. The EDX and FTIR
spectra are the same for both samples. The different
phytochemical tests and antioxidant activity of the W.

coagulans medicinal plant were estimated by TPC, TOC,
TFC, and DPPH assay. The results indicated that the selected
plant is a good natural source of antioxidants. In this study,
water and methanolic extracts were used for the biosynthesis of
ZnO NPs. ZnO NPs were found to be active in the
degradation of RhB dye under sunlight. Furthermore, the
antibacterial activity of ZnO NPs showed that the inhibition
zone (mm) for ZnO-M is greater than ZnO-D against various
pathogenic bacteria like S. aureus and P. aeruginosa and no
inhibition zone was shown against E. coli. The antimicrobial
properties of the biosynthesized NPs were also evaluated
against a number of Gram-positive and Gram-negative
pathogenic strains, which recommended that these could be
used as substitute therapeutics against the drug-resistant
microbes in the global emergence of drug resistance. It was
concluded that the biosynthesized ZnO NPs of the methanolic
extract have more potential against bacterial pathogens than
ZnO-D and W. coagulans, which is a great natural source of
antioxidants. The study opens doors to a range of future
prospects in photocatalysis, biomedicine, nanotoxicology, and
sustainable chemistry. Continued research and development in
these areas may lead to innovative applications of W. coagulans-
mediated ZnO NPs.
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Figure 12. Results of ln(Ct/C0) for the reduction of RhB dye by ZnO-M under dark/sunlight conditions and ZnO-D under dark/sunlight
conditions.

Table 6. Degradation of RhB with ZnO-M and RhB Dye
with ZnO-D

RhB with ZnO-M RhB dye with ZnO-D

catalyst name R2 Kapp R2 Kapp

ZnO-M dark 0.81 6.8 × 10−1 min−1 0.86 6.1 × 10−1

min−1

ZnO-M sunlight 0.89 13.6 × 10−1 min−1 0.91 6.8 × 10−1

min−1

Table 7. Removal (%) of RhB with ZnO-M and RhB with
ZnO-D

RhB with ZnO-M RhB with ZnO-D

catalyst name
removal
(%)

removal time
(min)

removal
(%)

removal time
(min)

ZnO-M dark 98 50 96 70
ZnO-M
sunlight

99 30 97 60
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