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Abstract: Withania coagulans fruit extract was used as a reducing and stabilizing agent in an eco-friendly 
synthesis  process  to  prepare  zinc  oxide  nanoparticles  (NPs).  Fourier  transform  infrared  (FTIR) 
spectroscopy, X-ray diffraction, scanning electron microscopy and ultraviolet–visible spectroscopy were 
used to characterize the NPs. The X-ray diffraction patterns revealed a crystalline hexagonal wurtzite phase 
with an estimated average crystallite size of approximately 9.25 nm. The presence of a unique absorption 
peak at 365 nm confirmed the formation of ZnO NPs. The morphological analysis showed unevenly shaped 
particles with aggregates of the NPs due to the presence of biomolecules on the surface. Effective bio-
capping was confirmed by the FTIR analysis, which also showed Zn–O vibrational band at 582 cm⁻¹ and 
revealed the presence of phytochemical moieties from the extract on the NPs surface. Total phenolic content 
(TPC),  total  flavonoid content  (TFC),  linoleic  acid oxidation inhibition and DPPH radical  scavenging 
techniques were used to evaluate the antioxidant activity (AOA). Aqueous ethanol extracts showed a 
promising AOA and the  highest  concentrations  of  phenolics  and flavonoids  among the  investigated 
solvents. Phenol red dye was used to evaluate the photocatalytic activity of the synthesized ZnO NPs under 
solar light radiation and a 90% degradation was observed in 240 minutes. This work highlights the potential 
uses of ZnO NPs in environmental remediation and associated biomedical disciplines by demonstrating an 
environmentally benign method for preparing the ZnO NPs with a significant AOA and photocatalytic 
efficiency.
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1. Introduction

Nanotechnology has gained significant attention due to its extensive application in different fields,  
including biosensors, catalysts and biomedical applications [1-2]. Currently, a lot of research is dedicated 
to  the  design,  development  and  characterization  of  materials  ranging  from  1  to  100  nanometers, 
encompassing the  study of  these  materials  at  atomic  and molecular  levels  [3].  Nanomaterials,  when 
reduced to a nano-crystalline size, can exhibit atom-like behaviors. This is due to their increased surface 
energy, resulting from a greater surface area and a wider band gap [4]. These NPs are intriguing because 
they  exhibit  significantly  different  chemical  and  physical  aspects  compared  to  their  macroscopic 
counterparts. This makes them particularly attractive for use in a variety of fields, including medicine, food, 
cosmetics, agriculture, wastewater treatment and dye degradation [5-10]. 

Among synthesis  approaches,  i.e.,  physical  and chemical,  are  expensive  and  require  hazardous 
chemicals and specialized equipment [2]. Green synthesis techniques, on the other hand, produce NPs that 
are economical, non-toxic and environmentally benign  [5]. However, one of the most sustainable and 
benign routes for preparing metal and metal oxide NPs is green synthesis, which uses plant materials. This 
method has  shown great  promise by using renewable biological  resources  like plant  extracts,  which 
function as capping, stabilizing and reducing agents all at once. This technique does away with the need 
for hazardous chemicals and difficult reaction conditions. Plant-mediated green synthesis makes it possible 
to produce stable, large-scale NPs with controlled size and shape due to its ease of use, affordability, 
scalability  and  environmental  friendliness.  Furthermore,  this  method  is  especially  appealing  for 
applications in environmental remediation, catalysis and biomedical fields because the phytochemicals 
found in plant extracts improve NP stability and frequently impart additional functional properties [11]. 
Green synthesis is very successful in regulating the size, shape and morphology of the desired NPs in 
addition to helping the environmental ecosystem. The various phytochemicals found in plant extracts,  
including proteins, alkaloids, flavonoids, and phenolics, are essential for controlling the nucleation and 
growth processes, which improve the stability and homogeneity of NPs. Green synthesis is a dependable 
and adjustable method for creating NPs suited to particular uses because of this intrinsic control over NP 
characteristics, which improves their physicochemical qualities and performance [12, 13].

Zinc  oxide  has  attracted  considerable  commercial  and  industrial  interest  owing  to  its  unique 
physicochemical  properties,  which enable  its  application across  diverse sectors,  including food,  feed, 
aerospace, healthcare, and cosmetics.  These wide-ranging applications necessitate the development of 
environmentally safe and green synthesis methods [14]. The photocatalytic efficiency of a catalyst is closely 
related to its porosity, surface area, band gap energy, crystal structure, and surface hydroxyl group density 
[15]. ZnO NPs possess a band gap energy of approximately 3.37 eV [16], making them a promising material 
for the remediation of contaminants from wastewater [17].

The textile industry consumes a large amount of water during its dyeing processes, which leads to the 
discharge of dye-laden effluents and severe pollution of natural water bodies  [18]. Such contaminated 
wastewater poses serious risks to human health and adversely affects aquatic ecosystems by reducing light 
penetration and inhibiting the growth and photosynthetic activity of aquatic plants. The development of 
sophisticated and effective wastewater treatment technology has improved significantly during the last 20 
years. Among these, nanotechnology has become a potent and cutting-edge strategy that uses NPs with 
improved  physicochemical  characteristics  for  wastewater  treatment  and  associated  environmental 
applications [19–20]. In particular, zinc oxide NPs have gained considerable attention as photocatalysts due 
to their suitable band gap, high surface reactivity, and strong oxidative potential. Under light irradiation, 
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ZnO NPs generate reactive oxygen species that effectively degrade organic dyes and toxic pollutants into 
less harmful products, highlighting their strong potential for photocatalytic wastewater remediation. 

The Paneer dodi (W. coagulans) belongs to the family Solanaceae. It is a small shrub commonly found 
in Afghanistan, Iran, Pakistan and India  [21].  Plants and herbs have been reported to possess different 
phytochemicals, which are required to cure a variety of health disorders  [22]. Besides their medicinal 
impact, some compounds in plant-derived extract can exhibit the properties of allelochemicals when a 
suitable concentration is present in the soil to affect plants grown [21]. Plant materials contain bioactive 
molecules that can act as synthesis and reducing agents in the fabrication of NPs, i.e., steroidal lactones 
(withanolides), phenolic compounds, flavonoids, alkaloids, saponins, tannins, carbohydrates, reducing 
sugars  and  organic  acids.  It  shows  promising  antioxidant  and  anti-microbial  properties  [23].  These 
characteristics make it suitable for diverse applications [24-25]. Numerous plant-mediated routes have been 
employed for the synthesis of ZnO NPs with varying particle sizes and photocatalytic efficiencies, largely  
governed by extract composition and synthesis conditions (Table 1). Compared with previously reported 
systems, the W. coagulans can potentially be used for the preparation of ZnO NPs, which simultaneously 
demonstrate  strong  antioxidant  potential  and  photocatalytic  activity.  This  combined  antioxidant–
photocatalytic  evaluation highlights  the  advancement  of  the  current  study over  existing reports  that 
typically focus on photocatalysis or bioactivity alone.

Based on the aforementioned facts, this work reports the use of  W. coagulans fruit extract for the 
preparation of ZnO NPs, to develop. The goals were to prepare ZnO NPs using the eco-friendly approach 
and characterized by employing XRD, SEM, FTIR and UV–visible techniques to examine the structural, 
morphological and functional properties. Additionally, TPC, TFC, linoleic acid peroxidation inhibition and 
DPPH  scavenging  assays  were  employed  to  assess  the  antioxidant  potential.  The  photocatalytic 
performance of ZnO NPs toward dye degradation under sunlight irradiation was also assessed, with the 
broader objective of exploring their potential applications in environmental remediation. 
2. Experimental
2.1. Reagents and chemicals

The chemicals used were of analytical grade and were purchased from Sigma-Aldrich. Methanol 
(≥99.8%), ethanol (≥99.9%), butylated hydroxytoluene (≥99.0%), gallic acid (≥98.0%), potassium ferricyanide 
(≥99.0%), ammonium thiocyanate (≥99.0%),  ferrous chloride (≥98.0%), ferric chloride (≥97.0%),  sodium 
carbonate (≥99.5%), sodium hydroxide (≥98.0%), sodium nitrite (≥99.0%), trichloroacetic acid (≥99.0%), 
aluminum chloride (≥99.0%), ascorbic acid (≥99.0%), DPPH (≥95.0%), and zinc acetate dihydrate (≥99.0%) 
were used without further purification. 
2.2. Preparation of extract

The W. coagulans fruit was collected from the Faisalabad local market. Using a grinder, the dried fruit 
was ground to a fine powder. Then, 100 mL of distilled water and 10 g of fruit powder were placed in an  
orbital shaker at 120 rpm for 6 hours at 25 °C. Other solvents and concentrations, such as ethanol and 
methanol, were also used to prepare the extract. After that, the extract solution was subjected to microwave 
for 3.5 minutes. To get rid of the residues, the extract was filtered using filter paper. A concentrated extract 
was obtained by employing a rotary evaporator to remove excess solvent. For additional investigation, the 
crude concentrated extract was kept at -4 °C [26–28]. 
2.3. Synthesis of ZnO-NPs

Zinc acetate dihydrate (1.5 g ) was mixed with 36 mL of distilled water and mixed thoroughly [29]. 
After that, 16 mL of fresh W. Coagulans fruit extract was added to the above solution. The solution was 
stirred by a magnetic stirrer for 6 hours at 400 rpm and 60 ℃. After 6 hours, 1 M NaOH was mixed with 
the solution, which was then stirred overnight. The precipitates were formed and NPs formation was 
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confirmed by the change in color of the mixture. The precipitates were centrifuged (HERMLE, D-78564, 
Germany) at 8,000 rpm for 5 min. The NPs were washed 5 times with distilled water and then with ethanol. 
The recovered NPs were heated in an incubator at 100 ℃ for 4 hours, which was then ground to a fine 
powder using a pestle and mortar and stored for characterization. 

2.4. Characterization of ZnO-NPs
Using a Shimadzu UV-2450 spectrophotometer, ultraviolet–visible absorption spectra in the 300–500 

nm range were recorded to validate the formation of ZnO NPs. Scanning electron microscopy was used to 
analyze the surface morphology (Hitachi SX-650, Tokyo, Japan). X-ray diffraction was used to determine 
the crystalline structure and crystallite size of the  NPs (D8 Advance, Bruker, Germany). Zn–O bonding 
was confirmed and surface functional groups were identified using FTIR spectroscopy (ATR Summit Lite, 
Thermo Scientific, USA). 

2.5. Photocatalytic dye degradation 

The ZnO NPs' photoatalytic activity was evaluated using the phenol red dye. To attain an adsorption 
equilibrium on the catalyst's surface, 10 mg of ZnO NPs were added to 20 mL of dye and the mixture was  
shaken in an orbital shaker for 30 minutes in the absence of light (dark). Similarly, the catalyst and dye 
mixture was subjected to sunlight to evaluate the ZnO NPs' photocatalytic activity (the average light 
intensity for the irradiation period was 1.57 × 10−4 E s−1). After a stipulated time interval, 2 mL of the  
solution was taken, filtered using a Millipore filter syringe and the absorbance at 570 nm was measured. 
Equation 1 was used to calculate the degradation efficiency [17]. An overview of the eco-friendly synthesis 
of ZnO NPs, their characterization and applications is depicted in Figure 1. 

Degradation  (% )  =
C0−C t

C0

 ×100          (1)

 
Where the absorbance values at time "t" before and after irradiation are referred to as  C0 and  Ct, 

respectively.

Figure 1. The schematic for the eco-friendly synthesis of ZnO NPs, characterization and applications.
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2.6. Antioxidant activity
2.6.1. Evaluation of TPC

The method described by [30] was used to determine the TPC. For this, 0.5 mL of Folin-Ciocalteu 
reagent, 7.5 mL of distilled water and 1.5 mL of 2.5% Na2CO3 were mixed with 1 mg/mL of concentrated 
crude extract (CCE). The final solution was heated in a water bath for 25 minutes at 50 °C. At 755 nm, the  
resulting solution's absorbance was measured. Similar procedures were used to prepare the standard gallic 
acid solution (5 to 100 ppm). Gallic acid equivalent GAE/g of DW was used to calculate and express TPC. 
Triplicates of each of the CCE were tested for each parameter. 
2.6.2. Evaluation of TFC

The method described by [28] was employed for the TFC analysis, which was estimated by dissolving 
100 mg/mL of CCEs in 5 mL of distilled water and mixing 0.3 mL of 5% NaNO2 in a volumetric flask. 2 mL 
of NaOH and 0.6 mL of 10% AlCl3 were added to the resulting solution after it had been incubated for 5 
minutes at room temperature. At 510 nm, the solution's absorbance was measured. Catechin equivalents  
(CE/g) of DW were used to calculate and express the amount of TFC. Each test was run thrice and the  
average of the responses was calculated. 
2.6.3. Antioxidant capacity using the linoleic acid system

By preventing the oxidation of linoleic acid, the antioxidant CCEs were evaluated (28). A mixture of 
ethyl alcohol (10 mL; 98.8%), linoleic acid (0.13 mL), and sodium phosphate buffer (0.2 M; pH 7.1) (10 mL)  
was put into a 30 mL test tube. The buffer was used to dissolve a 5 mg pre-dried extract. Distilled water 
was added to get the volume down to 25 mL, and the mixture was then heated to 40 °C. Next, a 0.2 mL 
sample solution was combined with 10 mL of ethyl alcohol, 0.2 mL of aqueous ammonium thiocyanate 
(30%), and 20 mM of 3.5% HCl FeCl2 solution. A spectrophotometer was used to measure the mixture 
absorbance at 500 nm. Along with standard controls such as BHT and ascorbic acid (200 ppm), fruit samples 
were evaluated, while linoleic acid was included in the control treatment but not in the fruit extracts. The 
highest peroxidation value, indicating oxidation in the absence of antioxidant molecules, was observed 
after 17 days in the control system. The percentage inhibition of linoleic acid peroxidation was calculated 
using Equation 2.  

Inhibition (%) =  
Ab− A s

Ab

×100  (2)

2.6.4. DPPH radical scavenging analysis 
For the DPPH assay, varying concentrations of the extract (0.5–3.0 mg/mL) were mixed with 3 mL of 

a  0.004% methanolic  DPPH  solution  and  incubated  for  20  minutes.  After  incubation,  each  sample's  
absorbance was measured at 517 nm and equation 3 was used to determine the radical scavenging activity 
(31). 

 I (%)=100×(  Ab

A s

)  (3)

Where "I" represents inhibition while "As" and "Ab" correspond to the absorbance values of the sample 
and blank, respectively. 

3. Results and discussion

3.1. Properties of the ZnO NPs

3.1.1. UV-Vis spectroscopy
The UV–visible spectroscopy is used to analyze the optical characteristics of the ZnO NPs. The ZnO 

NPs prepared using W. coagulans fruit extract have a distinct absorption band at about 365 nm (Figure 2). 
This is typical of ZnO's intrinsic band-gap absorption, which results from electron transitions from the 
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valence band to the conduction band. The appearance of a single, sharp absorption peak without additional 
shoulders or secondary bands indicates the formation of phase-pure ZnO NPs and the absence of impurity-
related species. Moreover, the slight broadening of the absorption edge can be attributed to nanoscale 
effects and size distribution of the particles, which is commonly observed in green-synthesized ZnO NPs. 
The observed absorption behavior is in good agreement with previously reported green route, further 
confirming the successful formation of ZnO nanostructures using W. coagulans extract [10].
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Figure 2. UV–visible spectrum of ZnO NPs prepared using W. coagulans fruit extract, showing a 
characteristic absorption peak at 365 nm.

3.1.2. Structural analysis
The green-synthesised ZnO NPs XRD pattern, recorded over a 2θ range of 20°–80°, is shown in Figure 

3.  The (100),  (002),  (101),  (102),  (110),  (103),  and (200) crystallographic planes are associated with the  
diffraction peaks that appear at roughly 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.9°, and 67.9°, respectively. The 
formation of single-phase ZnO with a hexagonal wurtzite crystal structure and space group P6₃mc is  
confirmed by these reflections, which agree well with the standard JCPDS card No. 79-0208. The high phase 
purity of the produced NPs was demonstrated by the absence of any additional impurity-related peaks.  
The ZnO NPs' good crystallinity is demonstrated by the distinct and sharp diffraction peaks. The Debye–
Scherrer equation (Equation 4) was used to estimate the average crystallite size.

  D= 0.9 λ
β cosθ   (4)

where θ is the Bragg angle,  β is the FWHM of the strongest diffraction peak, and  λ is the X-ray 
wavelength (1.5406 Å). The average crystallite size of the ZnO NPs was determined to be 9.25 nm. These  
findings support the successful synthesis and crystalline nature of the material by being in line with  
previously reported values for green-synthesised ZnO NPs [32].
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Figure 3. XRD pattern of ZnO NPs prepared using W. coagulans fruit extract.

3.1.3. Surface morphology
Figure 4 shows the SEM images of the ZnO NPs at different magnifications. The micrographs reveal  

that the ZnO NPs do not exist as well-isolated individual particles; instead, they exhibit a densely packed, 
agglomerated morphology forming cluster-  or  composite-like  structures.  This  type of  morphology is 
commonly reported for ZnO NPs synthesized via green or aqueous routes and is mainly attributed to the  
high surface energy and strong interparticle  interactions of nanosized ZnO, which promote particle–
particle adhesion to minimize surface free energy. The observed aggregation can also be associated with 
the presence of phytochemical constituents from the plant extract used during synthesis, which act as 
reducing and capping agents. These biomolecules may bridge adjacent NPs through hydrogen bonding or 
van der Waals interactions, leading to the formation of interconnected agglomerates rather than discrete  
particles. Similar aggregated and quasi-porous ZnO morphologies have been widely reported in literature 
for biogenically synthesized ZnO NPs and are considered typical for green synthesis methods [33]. Despite 
aggregation,  the  SEM  images  indicate  a  relatively  homogeneous  distribution  of  nanosized  domains 
throughout the matrix,  suggesting uniform nucleation and growth during synthesis. Such aggregated 
architectures are often advantageous for catalytic and photocatalytic applications, as they provide a high 
surface area with interconnected pathways that facilitate mass transfer and active site accessibility.

Figure 4. SEM micrographs of ZnO NPs prepared using W. coagulans fruit extract at different 
magnifications.
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3.1.4. FTIR analysis

The vibrational characteristics and surface functional groups of the ZnO NPs were analyzed in the 400
–4000 cm⁻¹ range and the response is depicted in Figure 5. The FTIR spectrum displayed a broad absorption 
band around 3269 cm⁻¹, attributed to O–H stretching vibrations associated with zinc-coordinated hydroxyl 
groups. An absorption peak observed at 1417 cm⁻¹ corresponds to symmetric stretching of carbonyl groups 
originating from proteinaceous components, while the band near 1034 cm⁻¹ is assigned to C–N stretching 
vibrations of amine functionalities. A characteristic peak appearing at approximately 582 cm⁻¹ confirms 
Zn–O lattice vibrations, verifying the successful formation of ZnO NPs [34].
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Figure 5. FTIR analysis of ZnO NPs synthesized using W. coagulans fruit extract.

3.2. Mechanism of ZnO NPs formation 

The phytochemical-mediated  complexation,  hydrolysis  and  subsequent  thermal  decomposition 
mechanisms can account for the biosynthesis of ZnO NPs using W. coagulans fruit extract. The fruit extract 
includes  bioactive  components  with  hydroxyl,  carbonyl  and  carboxyl  functional  groups,  including 
phenolics,  flavonoids,  alkaloids,  tannins  and  reducing  sugars.  During  the  formation  of  NPs,  these 
functional groups serve as both stabilizing and chelating agents [19-20]. Initially, zinc precursor ions (Zn²⁺) 
interact with oxygen-donor functional groups of phytochemicals present in the extract, leading to the 
formation of intermediate Zn–biomolecule complexes. This coordination step stabilizes Zn²⁺ in solution 
and controls  nucleation.  A similar  metal–phytochemical  chelation mechanism has been described for 
biosynthesized CuO nano-platelets, where plant metabolites facilitate controlled growth through surface 
binding and complex formation. The complexation is represented in Equation 5, while upon adjustment of 
pH or heating, hydrolysis of the zinc complex occurs, forming zinc hydroxide intermediates (Equation 6). 
The subsequent dehydration during thermal treatment or drying converts zinc hydroxide into crystalline 
ZnO NPs (Equation 7) [19-20].

Zn2+ + phytochemicals  →[Zn− phytochemicals ]2+ complex   (5)

[Zn− phytochemicals ]2+ complex  +  OH−→  Zn(OH )2+ phytochemical  residues   
(6)

Zn(OH )2→   ZnO+H 2O   (7)
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This mechanism is consistent with the method described for the biogenic fabrication of ZnO NPs using 
saffron  extract,  in  which  ZnO  is  first  nucleated  and  grown  through  hydroxide  intermediates  after 
phytochemicals first coordinate Zn²⁺ ions [19–20]. Additionally, the biomolecules adsorbed on the surface 
of the NPs serve as capping agents, limiting excessive development and partially regulating particle size. 
The overall biosynthesis mechanism involves: (i) chelation of Zn²⁺ ions by phytochemicals, (ii) formation of 
Zn(OH)₂  nuclei  through  hydrolysis,  (iii)  dehydration  to  ZnO  under  thermal  conditions  and  (iv) 
stabilization of the formed NPs by surface-bound organic residues. This synergistic action of reduction, 
complexation and stabilization by natural metabolites confirms the crucial role of W. coagulans extract as 
an effective bio-chelating and structure-directing agent in the formation of wurtzite ZnO NPs.

3.3. Photocatalytic activity
ZnO NPs showed an excellent photocatalytic response and phenol red dye was removed from the 

sample under irradiation in the presence of ZnO catalyst. For the irradiation times of 20, 40, 70, 120 and 240 
(min), the dye removal was measured to be 0, 37, 52, 64, 78 and 90% as depicted in Fig. 6. The increased dye 
degradation is linked to the generation of highly reactive species like • OH radical, which are produced 
when ZnO NPs are exposed to light and resultantly, the reactive species are produced. Excitement of  
electrons from valence into  the conduction band forms an e- and h+ pair  under irradiation.  When e- 

(conduction band) combines with oxygen, it produces superoxide radical. When h+ reacts with water, it 
produces •OH radical. The dye molecule is oxidatively degraded into less harmful and lower molecular 
weight intermediates and ultimately H2O, CO2 and inorganic ions. The photocatalytic activity of ZnO NPs 
showed that phenol red dye may be removed economically by visible light exposure. The ZnO NPs particle 
size has a promising impact on the photocatalytic efficacy, as smaller crystallite sizes generally provide 
higher surface area, more active sites, and reduced charge carrier recombination. In green-synthesized 
systems,  controlled  optimization  of  synthesis  parameters  significantly  influences  particle  size  and, 
consequently, environmental performance. For instance, Adraoui et al. [17] demonstrated that optimizing 
plant mass, precursor concentration and calcination temperature via Box–Behnken Design led to ZnO NPs 
with enhanced photodegradation efficiency toward Orange G dye under sunlight  irradiation.  In  this 
context, further investigation of the size-dependent photocatalytic activity of the present  W. coagulans-
mediated ZnO NPs would provide deeper insight into their environmental application potential.
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Figure 6. Photocatalytic degradation of dye using ZnO NPs under light irradiation.
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3.4.  Antioxidant activity
3.4.1. Percentage yield of crude extract

Aqueous methanol, pure ethanol, aqueous ethanol (80%) and distilled water were the solvents in 
which the yield of W. coagulans extract, expressed in grams per 100 grams, which revealed a variable trend. 
Aqueous ethanol yielded the highest percentage (10.2%), whereas distilled water yielded the lowest (6.02%) 
yield (Table 2). Aqueous ethanol > aqueous methanol > absolute ethanol > absolute methanol > distilled  
water was the order of extraction efficiency for W. coagulans fruit across solvents. Notably, aqueous ethanol 
produced the highest yield, indicating that it has a better ability to extract phytochemicals from the sample. 
Notable differences (p <0.05) were found using statistical analysis among solvents, with ethanol showing 
higher extraction potential compared to others. The effectiveness of the solvent in extraction is influenced 
by diverse parameters like conditions, solvent type and extraction techniques (35). 
3.4.2. TPC and TFC

Various  studies  have  demonstrated  the  significant  contribution  of  TPC  and  TFC  to  the  overall  
antioxidant capacity of fruits [30]. It is noted that different plants exhibit diverse properties against various 
parameters, owing to the presence of different phytochemicals essential for biological functions. Table 2 
presents the TPC and TFC extracted from W. coagulans fruits using different solvents. Notably, the highest 
concentration of TPC (499 ± 0.64  GAE per 100g of dry sample) and TFC (310 ± 0.07  CE per 100g)  was 
observed with aqueous ethanol, while distilled water extracts show the lowest TPC and TFC, ranging from 
338 ± 0.32 GAE and 189 ± 0.01 CE per 100g of dry sample, respectively. The extraction efficiency varies 
significantly (p<0.05) among the tested solvents, indicating their differential ability to extract phenolic 
constituents from the fruits. The order of phenolic extraction efficiency was aqueous ethanol > aqueous 
methanol > absolute ethanol > absolute methanol > distilled water. The TFC showed a similar pattern, with 
aqueous ethanol yielding the highest efficiency, followed by distilled water, aqueous methanol, absolute 
ethanol and absolute methanol. Solvent polarity, sample composition, and antioxidant affinity are some of 
the factors that determine a solvent's capacity to extract bioactive chemicals [36]. Variations in TPC and 
TFC of  W. coagulans fruits may also  be affected by various factors like soil characteristics and growth 
conditions, which influence phytochemical accumulation. The present findings demonstrated enhanced 
phenolic and flavonoid recovery compared with previously reported studies (35). 
3.4.3. Antioxidant activity in linoleic acid systems

Linoleic acid undergoes oxidation, leading to the formation of peroxides. These peroxides oxidize Fe²⁺ 
to Fe³⁺, which subsequently forms a complex with thiocyanate ions (SCN⁻).  A higher concentration of 
peroxides during the reaction results in increased absorbance. This elevated absorbance signifies a lower 
antioxidant potential and a stronger antioxidant capacity due to the abundance of peroxides. By assessing 
the antioxidant capacity, the efficacy of plant extracts from W. coagulans inhibiting lipid peroxidation was 
shown in Table 2. The inhibition level for linoleic acid oxidation is as follows: 67% and 73% for absolute 
and aqueous methanol, 70% and 80% for absolute and aqueous ethanol and 53% for distilled water. Plant 
extracts extracted with aqueous ethanol exhibited considerably better peroxidation inhibition as compared 
to other extracts (P < 0.05), attributed to their higher overall phenolic content. All investigated samples 
exhibit considerably reduced oxidant activity (P < 0.05) than BHT (92.01%) when W. coagulans fruit extract 
is mixed with synthetic antioxidants (BHT), suggesting that BHT is less effective at inhibiting linoleic acid 
oxidation. The order in which W. coagulans fruit extracts inhibited linoleic acid peroxidation was aqueous 
ethanol > aqueous methanol > absolute ethanol > absolute methanol > distilled water.
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3.4.4. DPPH radical scavenging assay

The antioxidant  capacity of  various materials,  such as  natural  extracts  and refined chemicals,  is 
frequently evaluated using the DPPH radical scavenging method. Because of its delocalized electrons, 
DPPH  is  a  persistent  free  radical  that  has  a  purple  hue  and  it  shows  absorption  at  517  nm.  The 
transformation of the DPPH radical to its reduced form occurs when it interacts with an antioxidant capable 
of donating a proton. This reaction results in the change of color from purple to yellow in the solution. The 
alteration is a consequence of the electron from the DPPH radical pairing with the hydrogen atom from the 
antioxidant, leading to the formation of the reduced DPPH species [37,38]. The DPPH radical scavenging 
capacity (in terms of percentage inhibition) of the extracts using a variety of solvent systems is shown in  
Table 1. The W. coagulans extract expressed radical scavenging activity with an IC50 value within the range 
of 9.27-16.52 µg/mL. The extract in aqueous ethanol shows a 9.27 µg/mL, which is the least IC50 value that 
shows the prominent free radical scavenging activity, while the extract in distilled water is 16.52 µg/mL, 
which is the highest IC50 value and shows the least amount of free radical scavenging activity. The order of 
the free radical scavenging effectiveness was aqueous ethanol > aqueous methanol > absolute ethanol >  
absolute methanol > distilled water, according to the results from different extraction solvents. The extracts 
showed statistically significant differences (P < 0.05). Additionally, the current study's DPPH scavenging 
activity was higher than previously documented values [35]. 
3.5. A comparative analysis of PCA and antioxidant activity

A  comparison  with  recent  plant-mediated  metal  oxide  nanomaterials  clearly  demonstrates  that 
particle size and phytochemical richness of the extract are decisive factors governing antioxidant and 
photocatalytic performance. Studies by Kolotygina et al. and Adraoui et al.  [40,24] established a strong 
correlation between extract antioxidant activity, reduced NP size and enhanced photocatalytic efficiency. 
In line with this trend, the  W. coagulans-mediated ZnO NPs synthesized in the present work exhibit a 
notably small crystallite size (~9.25 nm), which is smaller than many reported green-synthesized ZnO 
systems, particularly those derived from fruit peels and agricultural wastes. Compared with larger ZnO 
particles (≈170–192 nm) that require higher catalyst loading or process optimization to achieve complete 
dye degradation, the present ZnO NPs achieve ~90% degradation under natural solar irradiation without 
complex optimization strategies. This enhanced performance is attributed to (i) efficient bio-capping by 
phenolics and flavonoids, (ii) improved charge separation, and (iii) increased surface-to-volume ratio that 
promotes  reactive  oxygen  species  generation.  Moreover,  unlike  many  reports  that  focus  solely  on 
photocatalysis, the present study  integrates antioxidant profiling (TPC, TFC, DPPH, lipid peroxidation 
inhibition)  with  photocatalytic  performance,  offering  mechanistic  insight  into  how  extract  chemistry 
influences NP functionality. This dual antioxidant–photocatalytic evaluation highlights a clear advantage 
of W. coagulans fruit extract as a multifunctional green precursor, positioning the present work as a balanced 
advancement over existing literature for environmentally benign ZnO nanomaterials with relevance to both 
environmental  remediation and biomedical  applications. Table 1. Comparative overview of plant-
mediated zinc oxide and other metal oxide NPs, highlighting particle size, antioxidant potential and 
photocatalytic performance.

Table 1. Comparative overview of plant-mediated zinc oxide and other metal oxide NPs, 
highlighting particle size, antioxidant potential and photocatalytic performance.
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Table 2. Extract yield, TPC, TFC, DPPH and % inhibition of W. coagulans fruit extract.

Solvents Yield (%)
TPC

GAE (mg/100g)

TFC

CE (mg/100g)

Inhibition  of 
linoleic  acid 
(%)

IC50 values

(µg/mL)

Absolute methanol 7.21±0.1 386±0.82 232±0.02 67.5+0.27 13.95+0.05

Absolute ethanol 8.60±0.14 438±0.39 267±0.03 70.61+0.42 12.05+0.08

Aqueous methanol 9.32±0.17 454±0.79 278±0.06 73.52+0.61 10.55+0.02

Aqueous ethanol 10.21±0.20 499±0.64 310±0.07 80.40+0.41 08.27+0.07

Distilled water 6.06±0.05 338±0.32 189±0.01 53.20+0.34 16.52+0.06

Three replicates were used to determine the mean ± SD values.

4. Conclusion
W. coagulans fruit extract was used as a reducing and stabilizing agent to prepare the ZnO NPs using 

an eco-friendly approach, which provides controlled NP synthesis without using hazardous reagents. The 
XRD,  SEM,  FTIR  and  UV–visible  techniques  were  used  to  characterize  the  prepared  NPs.  ZnO NP 
production was confirmed by a distinctive absorption band at 365 nm, while XRD patterns revealed a  
hexagonal wurtzite crystalline phase with an average crystallite size of almost 9.25 nm. Morphological 
analysis revealed irregularly shaped particles with aggregate formation, while FTIR spectra displayed Zn
–O vibrational bands around 582 cm⁻¹ together with bioactive functional groups originating from plant  

W. coagulans 
fruit extract

ZnO ~9.25 nm
Phenol red dye 

(solar light)
~90% in 240 

min

Very small crystallite size; 
strong bio-capping; high 
antioxidant activity (TPC, 

TFC, DPPH)

This 
wor

k

Diospyros 
kaki peel

ZnO ~192 nm Methylene blue
100% in 270 

min

Larger particle size; 
activity optimized via Box

–Behnken design
[39]

Sea 
buckthorn 

extract
ZnO ~13 nm

Methylene blue 
(UV)

96.4%

The high antioxidant 
activity of the extract led 

to a smaller size and 
higher photocatalysis.

[40]

E. alata leaf 
extract

ZnO 5–30 nm Methylene blue 87% in 90 min
Moderate activity; higher 

band gap (3.3 eV)
[41]

Papaya peel 
extract

ZnO ~170 nm
Rhodamine B 

(sunlight)
Significant 

degradation

Larger particles; 
multifunctional 

bioactivity
[42]

R. damascena 
waste extract

ZnO nanoscale
Orange G dye 

(sunlight)
Enhanced 

degradation
Size optimization crucial 

for activity
[24]

C. proximus 
extract

TiO₂ ~4 nm RhB dye 97% in 50 h
Excellent crystallinity; 

slower kinetics
[43]

P. longifolia 
leaf extract

CuO Nanoscale RhB dye
90.5% in 80 

min

Multifunctional 
photocatalytic & 

antifungal
[44]
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metabolites,  confirming  effective  surface  functionalization.  The  antioxidant  activity  (AOA)  of  W. 
coagulans fruit extracts was investigated using TPC, TFC, linoleic acid oxidation inhibition and DPPH 
radical  scavenging  assays,  with  aqueous  ethanol  extracts  showing  the  strongest  AOA  response. 
Furthermore,  the  photocatalytic  performance  of  the  ZnO  NPs  was  evaluated  through  phenol  red 
degradation under sunlight exposure, achieving nearly 90% removal within 240 minutes. This enhanced 
activity  is  attributed  to  efficient  charge  carrier  separation  and  reactive  oxygen  species  generation, 
promoting oxidative mineralization of  dye molecules  into harmless end products.  The present study 
demonstrates a sustainable route for preparing ZnO NPs with notable AOA and photocatalytic properties. 
The findings highlight the potential of W. coagulans-mediated ZnO NPs as multifunctional nanomaterials 
for environmental remediation and applications in biomedical fields. Future studies should focus on tuning 
particle size and optimization of photocatalytic parameters, along with in vitro and in vivo biosafety analysis 
of the ZnO NPs prepared using W. coagulans extract.
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