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Abstract

In this research, silver-decorated zinc oxide nanoparticles (ZnO-Ag NPs) were fabricated using Aesculus
hippocastanum fruit extract (ZnO-Ag@AHFE NPs), and their catalytic and antimicrobial properties were
studied. The nanoparticles were identified using XRD, TEM, and FT-IR analyses, which confirmed their
spherical morphology, uniform structure, and particle sizes ranging from 50 to 70 nm. The ZnO-
Ag@AHFE NPs illustrated high antibacterial performance compared to the extract and ZnO NPs alone,
achieving a minimum inhibitory concentration (MIC) of 125 pg/mL against Escherichia coli and
Pseudomonas aeruginosa. Additionally, the ZnO-Ag@AHFE NPs exhibited outstanding photocatalytic
efficiency, degrading methylene blue and rhodamine B dyes by 97.6% and 94.3%, respectively, surpassing

the performance of other catalysts. Antioxidant assays revealed that the nanoparticles inhibited 85% of



DPPH free radicals, underscoring their potential in biological applications. This study presents a green
method using A. hippocastanum fruit extract, offering an innovative approach to enhance the antibacterial,
catalytic, and antioxidant properties of ZnO-Ag NPs. These findings highlight the transformative potential

of green synthesis strategies for the development of multifunctional nanomaterials.
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1. Introduction

The emergence of antibiotic resistance among pathogenic bacteria in recent decades represents one of the
most critical challenges facing human. This rise in resistant strains is largely attributed to the indiscriminate
and excessive use of antibiotics [1]. Multidrug-resistant (MDR) bacteria, in particular, pose significant
treatment challenges and are responsible for millions of deaths annually due to antibiotic-resistant
infections. Projections suggest that, if current trends persist, antibiotic-resistant bacteria could lead to over
10 million deaths per year by 2050 [2]. As a result, the development of new antimicrobial agents capable of

effectively targeting resistant bacterial strains remains an urgent and essential area of research.

Simultaneously, rapid industrialization has led to a marked increase in the generation of industrial
wastewater, significantly contributing to environmental pollution [3]. Among the various contaminants,
synthetic dyes are especially prevalent in effluents from textile, paper, leather, and cosmetics industries.
These dyes not only compromise the aesthetic quality of water but also impede photosynthesis by
obstructing light penetration [4]. Additionally, dyes pose toxic and hazardous threats to aquatic life and can
cause allergies, itching, cancer, and mutagenesis in humans [5]. Methylene blue and rhodamine B are
common dyes in industrial wastewater that are difficult to decompose due to their cyclic structures, making
their removal from wastewater highly important [6]. Photocatalysis has emerged as a promising method for

wastewater treatment, wherein pollutants are degraded in the presence of a photocatalyst and an energy



source [7]. Over the past decade a variety of nanomaterials Mn-ZnO [8], La-Doped WOs3 [9], Al-Fe/ZnO

[10], Ni-doped ZnO [11], and ZnO-Ag [12] nanomaterials have been used to destroy pollutants.

Nanotechnology, as one of the most recent and transformative scientific advancements, has found
applications across a wide range of fields. It has contributed significantly to progress in solar energy, waste
management, sensor technology, medicine, and drug delivery systems [13-17]. At the nanoscale, materials
exhibit unique physicochemical properties that differ markedly from their bulk counterparts, primarily due
to their increased surface-to-volume ratio, which enhances their reactivity [18]. These characteristics make
nanomaterials highly suitable for diverse applications. In the medical field, nanoparticles are employed for
targeted drug delivery, diagnosis and treatment of diseases, wound healing, and antimicrobial agents [19].
Their nanoscale dimensions allow them to penetrate biological barriers, such as bacterial biofilms, which
are typically resistant to conventional treatments [20]. Moreover, NPs can destroy bacteria through
multiple mechanisms, making it difficult bacteria from developing resistance to them [21]. Beyond
biomedical applications, nanoparticles are also extensively utilized in wastewater treatment facilities to

remove a wide variety of pollutants [22].

Metal NPs possess notable antibacterial and photocatalytic properties, as demonstrated in numerous
studies [23, 24]. Among these, zinc oxide (ZnO) has exhibited particularly strong photocatalytic activity
[25]. Due to its low toxicity, ZnO has been approved by the U.S. Food and Drug Administration (FDA) and

is widely used in sunscreen formulations as an effective ultraviolet light absorber [26].

Research has shown that incorporating metals into ZnO NPs can significantly enhance their antibacterial
and photocatalytic properties [27]. Among various metals, silver is particularly notable for its potent
antibacterial effects. It is widely employed as an antimicrobial agent in implants, coatings for medical and

dental devices, and various topical formulations [28]. Several studies have demonstrated that decorating



Zn0O NPs with silver markedly improves both their antibacterial efficacy and photocatalytic activity [29].

Accordingly, silver was selected for the decoration of ZnO NPs in the present study.

The synthesis method of NPs is a crucial component of nanotechnology. Broadly, NPs can be fabricated
through chemical, physical, or green approaches. Chemical and physical assay include electrochemical,
photochemical, sol-gel, hydrothermal, microwave-assisted, and ultrasound-assisted synthesis [30]. While
these methods are effective, they often require sophisticated equipment, are time-consuming, and incur
high costs. Moreover, the chemical reducing agents used in such methods may not be completely
eliminated, posing potential risks to both human health and the environment [31]. Green synthesis has
emerged as a sustainable and eco-friendly alternative. This approach utilizes plant extracts or
microorganisms to produce nanoparticles, eliminating the need for specialized infrastructure and harmful
reagents [32]. The use of natural extracts is particularly advantageous, as it enables faster reduction of
metal ions and introduces plant-derived metabolites that can enhance the physicochemical properties of the

synthesized nanoparticles [33].

The Aesculus hippocastanum (commonly referred to as A. hippocastanum), belongs to the
Hippocastanaceae family. It is considered one of the most prominent and valuable native tree species in
Southeastern Europe and is also found in temperate regions of Asia, including the Indian subcontinent, the
Himalayas, and surrounding areas [34]. The tree produces numerous seeds, approximately 3.5 cm in
diameter, which are shiny brown and encased in a hard capsule [35]. A. hippocastanum seeds contain high
concentrations of saponin, escin, and coumarin glycosides, which have antithrombotic effects and
medicinal applications [36]. Traditionally, A. hippocastanum seeds have been used to prevent and treat a
range of conditions, including venous congestion in the legs, bruising, arthritis, rheumatism, and diarrhea

[37].



Herein, we report a green, one-pot synthesis of silver-decorated zinc oxide nanoparticles using Aesculus
hippocastanum fruit extract. This work is distinguished by its use of a novel plant-mediated approach that
is both eco-friendly and cost-effective, eliminating the need for hazardous chemicals. Importantly, the
resulting nanomaterials exhibit enhanced antibacterial, antioxidant, and photocatalytic activities compared
to ZnO or Ag nanoparticles synthesized through conventional methods. The synergistic effects observed
suggest promising applications in environmental remediation and biomedical fields, marking a significant

advancement in the development of multifunctional nanomaterials through sustainable green chemistry.

2. Experimental

2.1. Materials

In this study, Zn(NO3)2.6H20 (98%) and AgNO3 (>99.9%; Sigma Aldrich) were used for NPs synthesis.
PVA (polyvinyl alcohol; 98%) and NaOH was purchased from Sigma-Aldrich Company. Methanol (Dr.
Mojallali Co., Iran) was employed for extraction. Five strains were purchased from the Pasteur Institute
(Iran) and tested including Staphylococcus aureus (S. aureus, ATCC 29213), Escherichia coli (E. coli,
ATCC 25922), Pseudomonas aeruginosa (P. aeruginosa, ATCC 27853), Klebsiella pneumoniae (K.
pneumoniae, ATCC 9997), and Enterococcus faecalis (E. faecalis, ATCC 29212). Additionally, the
antioxidant test was performed using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) kit from Zantox Kkits
(Kavosh Arian Azma Co., Iran). All experiments, including antibacterial, antioxidant, and photocatalytic

tests, were carried out in triplicate to ensure reproducibility and reliability of the results.

2.2. Preparation of Aesculus hippocastanum fruit extract

The aqueous extraction method was used for extraction. A. hippocastanum fruit was collected from the
western regions of the country (Iran) and confirmed by a botanist. After washing, the dried kernel (flesh) of

A. hippocastanum fruit was ground. To extract, 100 g of A. hippocastanum fruit powder was mixed with



one liter of water and placed in a water bath at 80°C. The extract was then filtered using filter paper and

dried using a freeze dryer.

2.3. Fabrication of ZnO NPs

One gram of PVA as a surfactant was added in 50 mL of distilled water at 60°C on a stirrer until the
solution became transparent. In another beaker, zinc nitrate was dissolved in distilled water under stirring.
The PVA solution was then slowly added to the zinc nitrate solution while stirring. After 20 min, NaOH
solution (1M) was added dropwise until the pH reached 12, turning the suspension milky. The mixture was
stirred for 120 min, and then centrifuged and washed. This washing and centrifugation removed the
surfactant and excess ions. The remaining sediment was dried at 60°C for 24 h, and then calcined in an

oven at 450°C for 3 h, resulting in ZnO NPs.

2.4. Bio-fabrication of ZnO-Ag@AHFE NPs

In this study, ZnO-Ag NPs were fabricated using a green process with A. hippocastanum fruit extract. To
synthesize ZnO-Ag@AHFE NPs, 100 mg of ZnONPs obtained in the previous step were sonicated in a
solution of water and ethanol in a ratio of 2:1 to create a uniform suspension. The mixture was then stirred.
Separately, silver nitrate (10% mol) was added in 10 mL of distilled water and added dropwise to the ZnO
suspension. Concurrently, 100 mg of A. hippocastanum fruit extract was added in 10 mL of distilled water,
and its pH was adjusted to 12 using NaOH (1 M). After filtering, the extract was added dropwise to the
Zn0 and silver nitrate suspension. The color change to dark indicated the fabrication of silver NPs on the
surface of ZnO NPs. After 90 min, the precipitate was centrifuged and washed (Fig.1). In a study
conducted by Dridi et al. on A. hippocastanum extract, it was determined that quercetin is the predominant
active compound. Based on their findings [38], we designed the proposed mechanism for the formation of

Zn0O-Ag@AHFE NPs, as illustrated in Scheme. 1.



2.5. Examination of Antibacterial property

This study was conducted on five standard bacterial strains including E. coli, K. pneumoniae, and P.
aeruginosa, S. aureus, and E. faecalis. To test antibacterial performance of ZnONPs, ZnO-Ag@AHFE
NPs, and A. hippocastanum fruit extract, 100 pl of Mueller Hinton broth (Merck Co., Germany) containing
different concentrations of the compounds under study was dispensed into the wells of a 96-well plate.
Subsequently, 100 ul of a bacterial suspension (10° CFU/mL) was added to each well of the plates. In the
experiment, the positive and negative controls were established by combining a bacterial suspension with
the medium for the positive control, and by using only the culture medium for the negative control. Finally,
the lowest concentration of the substances that showed no turbidity in the wells was recorded as the MIC
for the products. Furthermore, tetracycline was employed as a potent antibacterial agent to serve as a

reference for evaluating the antibacterial activity of the tested compounds.
2.6. Examination of antioxidant property

The antioxidant performance of ZnO NPs, ZnO-Ag@AHFE NPs, and A. hippocastanum fruit extract
were evaluated using the DPPH assay. This method measures the inhibition of the DPPH free radical. In
brief, 10 ul of samples at various concentrations were added to the wells of a 96-well plate. Subsequently,
250 pl of purple DPPH solution was added to each well. After incubation (15 min), the absorbance was
read at 517 nm. DPPH free radical exhibits absorbance at 517 nm; however, upon reaction with substances
possessing antioxidant properties, it is reduced, and its color changes from purple to yellow, resulting in a
decrease in absorbance at 517 nm. Thus, materials with higher antioxidant properties will reduce the color
intensity to a greater extent. The percentage of DPPH free radical inhibition was measured using the

following formula:

OPblank ~OPsample » 10 = Inhibition (%) (1)
ODBjank




Where ODsglank is the absorbance of the control (without sample), and ODsample is the absorbance of the

sample. Results are presented as mean =+ standard deviation (SD).

2.7. Investigation of photocatalytic performance

The photocatalytic performance of ZnO NPs and ZnO-Ag@AHFE NPs in the removal of rhodamine B
and methylene blue dyes was evaluated. A 10 mg/L solution of each dye was prepared and poured into a
quartz tube, chosen due to its high transparency in the UV region, ensuring that the UV-400 light
effectively reaches the photocatalyst. A specific amount of NPs was added to the dye solution, and the
resulting suspension was stirred for 30 min in the dark with aeration to balance adsorption and desorption.
The contents of the quartz tube were then exposed to UV-400 light with continuous stirring and aeration.
At specific intervals during the irradiation period, samples were taken and centrifuged at 10000 rpm to
separate the nanoparticles from the solution. The clear supernatant was then collected and analyzed using a
UV/Vis spectrophotometer at wavelengths corresponding to rhodamine B and methylene blue. This step
ensured that no suspended nanoparticles interfered with the absorbance measurements. The pollutant

degradation during the photocatalytic process was calculated using the formula:

Co— C¢
Co

Degradation (%) = x 100 (2)

Where Co is the initial absorbance, and C: is the absorbance at time t.

2.8. Characterization

To confirm the synthesis of ZnONPs and ZnO-Ag@AHFE NPs, X-ray diffraction (XRD; Philips
PW1800 with CuKa radiation) analysis was performed. Fourier-transform infrared spectroscopy (FT-IR)
analysis was conducted using PerkinElmer Spectrum Two™ IR spectrometer; Model L160000U. The FT-

IR spectra were obtained using the KBr pellet method. By identifying different functional groups, the



presence of extract-derived functional groups in the synthesized nanoparticles was confirmed by comparing
the spectra of the products. The shape of the products was determined using images obtained from

Transmission Electron Microscopy (TEM; Zeiss-EM10C-100 KV).

3. Results and Discussion

3.1. XRD patterns

XRD analysis was conducted to confirm the synthesis of ZnONPs and ZnO-Ag@AHFE NPs. The XRD
patterns for these samples are presented in Figures 2. The XRD pattern of ZnO NPs (Fig. 2a) shows eleven
distinct peaks that align with the standard diffraction pattern of zinc oxide (JCPDS 01-080-0075) [39].
These peaks at 20 angles of 31.56°, 34.54°, 36.17°, 47.67°, 56.39°, 62.13°, 66.19°, 67.22°, 69.45°, 72.61°,
and 77.57° correspond to the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and (202).
These results are consistent with the XRD patterns reported by Chitradevi et al., who observed similar
peaks at 20 angles of 31.08°, 34.05°, 36.03°, 47.08°, 56.08°, 63.09°, 67.09°, 69.01°, 72.03°, and 77.01°
[39]. The resulting XRD pattern (related to ZnO-Ag@AHFE NPs) shows peaks that match both the
standard diffraction patterns of zinc oxide and silver (JCPDS 01-087-0717) [40], indicating the successful
synthesis of ZnO-Ag@AHFE NPs. In addition to the eleven peaks corresponding to ZnO, three additional
peaks at 20 angles of 38.23°, 44.58°, and 77.41° were observed (Fig.2b), corresponding to the Miller
indices (111), (200), and (311) of silver. These additional peaks align with the findings of Rafique et al.,
who observed similar peaks at 38.37°, 44.78°, and 64.80° in their synthesis of ZnO-Ag NPs [41]. A
comparison of the XRD patterns of ZnO NPs and ZnO-Ag@AHFE NPs reveals a decrease in peak
intensity in the ZnO-Ag@AHFE NPs compared to the ZnO NPs. This reduction in intensity is attributed to
the incorporation of silver NPs onto the ZnO NPs. No additional peaks were observed, confirming the high

purity of the synthesized NPs. The reduction in the intensity of XRD peaks after the deposition of



nanoparticles on the substrate has been reported in various studies [42, 43]. The crystalline size of the
products was determined using the Debye-Scherrer equation [44]. The crystalline sizes were found to be

44.2 nm for ZnO NPs and 56.3 nm for ZnO-Ag@AHFE NPs.
3.2. FT-IR spectra

The FT-IR spectra of ZnO NPs and ZnO-Ag@AHFE NPs are depicted in Figure 3. The FT-IR spectrum
of ZnO NPs exhibits a prominent absorption band at 479 cm’!, indicating the presence of a metal-oxygen
bond in ZnO NPs. This peak confirms the formation of the Zn-O bond between zinc and oxygen in the ZnO
structure [45]. The FT-IR spectrum of Ag-decorated ZnO synthesized using A. hippocastanum fruit extract
reveals several characteristic peaks corresponding to various functional groups in the extract. Notable
peaks include 3374 cm™ (OH stretch), 2941 cm™ (C-H stretch), 1623 cm™! (C=0 bond), 1462 cm™ (C-H
bending), and 1087 cm™ (C-O stretch). The FT-IR spectrum of ZnO-Ag@AHFE NPs shows peaks similar
to those observed in the A. hippocastanum fruit extract spectra. The metal-oxygen bond peak is present but
less intense compared to the ZnO NPs, likely due to the interference caused by silver incorporation. Other
peaks in the ZnO-Ag@AHFE NPs spectrum align with those observed in the A. hippocastanum fruit
extract spectrum, confirming the presence of extract-derived functional groups in the ZnO-Ag NPs. This
observation indicates that the A. hippocastanum fruit extract is on the surface of the ZnO-Ag NPs. Jakinala
et al. reported similar findings in the FT-IR spectra of Stenotaphrum secundatum extracts, noting functional
groups such as alkyl C-O bonds, C-N bonds, and C-H stretching, which are analogous to those observed in
our study for ZnO-Ag NPs synthesized with A. hippocastanum fruit extract. This consistency reinforces the

incorporation of plant extract-derived functional groups in the synthesized nanoparticles [46].

3.3. TEM analysis



TEM was employed to examine the morphology, particle size, and structural features of the synthesized
Zn0O-Ag@AHFE NPs. The TEM images (Fig. 4) reveal that the nanoparticles are predominantly spherical
in shape and exhibit a relatively uniform distribution. The average particle size was estimated to be in the
range of approximately 50-70 nm, which is consistent with nanoscale dimensions and supports the
successful synthesis of the desired nanostructure. Furthermore, the images display small, well-dispersed
dark spots distributed on the surface of the ZnO nanoparticles. These features are attributed to the presence
of silver nanoparticles, indicating the successful decoration of ZnO with Ag. The contrast observed in the
TEM images between the ZnO matrix and the smaller Ag particles suggests effective attachment without
significant aggregation. Notably, no thick organic coating was observed around the nanoparticles, implying
a relatively low amount of surface-bound phytocompounds derived from the Aesculus hippocastanum fruit
extract [43]. However, the presence of these organic capping agents is further confirmed through FTIR

analysis (Section 3.2), which reveals characteristic functional groups from the plant extract.

3.4. Antibacterial property

The antibacterial properties of A. hippocastanum fruit extract, ZnO NPs, and ZnO-Ag@AHFE NPs were
evaluated. The results of this test are presented in Table 1. As shown in the table, the A. hippocastanum
fruit extract, up to a concentration of 15,000 pg/mL, could only prevent the growth of E. faecalis bacteria
and had no effect on the other tested strains. Next, the antibacterial property of ZnO NPs was measured.
The results showed that ZnONPs affected all the tested strains and inhibited their growth at the
concentrations used. These NPs had the most significant effect on S. aureus bacteria, preventing growth at
a concentration of 500 pug/mL, and had the least effect on P. aeruginosa and E. faecalis bacteria (MIC =
4000 pg/mL). Finally, the antibacterial property of ZnO-Ag@AHFE NPs was investigated. The results
indicated that ZnO-Ag@AHFE NPs exhibited the strongest antibacterial properties among the compounds

evaluated. ZnO-Ag@AHFE NPs showed more antibacterial effects on Gram-negative bacteria than on



Gram-positive bacteria. Specifically, these NPs had the greatest effect on Gram-negative strains of E. coli
(MIC = 125 pg/mL) and P. aeruginosa (MIC = 125 pg/mL), and the least effect on the Gram-positive
bacterium E. faecalis (MIC = 750 ug/mL). The antibacterial results of the nanoparticles were compared
with those of tetracycline, as reported in our previous study [47] and presented in Table 1. The presence of
silver NPs enhanced the antibacterial properties of ZnO-Ag@AHFE NPs compared to ZnONPs alone. This
study found that decorating ZnO-NPs with silver NPs significantly increased their antibacterial properties.
To facilitate better comparison of antimicrobial activity among different samples, a bar graph was plotted,
as shown in Figure 5. Similar results were observed in studies conducted by Sali et al. [48] and Thatikayala
et al. [49]. In the study by Khan et al., it was also observed that decorating ZnONPs with silver increased
their antibacterial properties, and as the percentage of silver NPs increased, so did the antibacterial efficacy
[50]. In the current study, ZnO-Ag@AHFE NPs were found to have more pronounced antibacterial effects
on Gram-negative bacteria than on Gram-positive bacteria. Studies by Noohpisheh et al. and Kiani et al.
also observed that NPs exhibit stronger antibacterial effects on Gram-negative bacteria. This difference is
attributed to the structural differences in the cell walls of these bacteria [51, 52]. Gram-negative strain has a
thinner cell wall compared to Gram-positive strain, making it easier for NPs to penetrate. Additionally,
Gram-negative bacteria possess a lipopolysaccharide layer with a negative charge, which facilitates the
absorption and accumulation of NPs on their surface, ultimately leading to their destruction [51, 53]. The
precise antibacterial mechanism of NPs is not fully understood, but studies suggest that NPs cause bacterial
dysfunction and destruction through multiple pathways (Figure 6). Initially, NPs adhere to the bacterial
surface, leading to oxidative stress, metal ion release, and membrane disruption. This disruption allows
NPs to enter the bacteria and causes the release of intracellular contents [48]. Inside the bacteria, NPs can
damage proteins, DNA, and enzymes, leading to disturbances in vital functions such as metabolic enzyme

activity, replication, transcription, and translation [54, 55]. The increased oxidative stress further disrupts



bacterial functions [56]. Ultimately, the combined effects of membrane disruption, release of intracellular

materials, and loss of membrane integrity result in bacterial destruction.

3.5. Antioxidant activity

Free radicals are among the most dangerous intracellular substances due to their high reactivity with
various cellular components, causing significant damage. Normally, cells neutralize free radicals through
antioxidant systems, preventing harm to vital molecules [57]. Oxidative stress arises when the generation
of free radicals surpasses the cell's ability to neutralize them. This imbalance can result in cellular damage
and contribute to the development of diseases [58]. Substances with antioxidant properties can prevent cell
damage by neutralizing free radicals [59]. In this study, the antioxidant activities of ZnO NPs, ZnO-
Ag@AHFE NPs, and A. hippocastanum fruit extract were assessed using the DPPH free radical scavenging
assay. The results, presented in Table 2, indicate that ZnO NPs exhibited the lowest antioxidant activity,
inhibiting 8 + 0.6 % of DPPH free radicals at a concentration of 4 mg/mL. In comparison, A.
hippocastanum fruit extract inhibited 35 + 2.1 % of DPPH free radicals at the same concentration, which
can be attributed to the presence of phenolic compounds [60]. Kedzierski et al. demonstrated that A.
hippocastanum seed extract could inhibit 80% of DPPH free radicals at a concentration of 10 mg/mL [61].
Zn0O-Ag@AHFE NPs showed the highest antioxidant properties among the tested compounds, inhibiting
85 = 2.4 % of DPPH free radicals at a concentration of 2 mg/mL. Silver is known for its intrinsic
antioxidant properties, as evidenced by studies from Bedlovicova et al. and Keshari et al., which
highlighted the significant antioxidant properties of silver NPs [62, 63]. Hameed et al. found that ZnO NPs
decorated with silver had greater antioxidant activity than ZnONPs alone [64]. Suresh et al. observed that
Zn0O NPs decorated with silver at a concentration of 0.5 mg/mL could inhibit 62% of DPPH free radicals

[65].



3.6. Photocatalytic activity

The photocatalytic degradation results of two dyes indicated that, in the absence of nanoparticles, dye
removal was negligible. This suggests that the presence of NPs in the suspension plays an essential role in
dye degradation under light irradiation. The degradation performance of ZnO NPs (Fig. 7) revealed that
they were capable of removing approximately 84.1% of rhodamine B and 75.2% of methylene blue under
the tested conditions. To evaluate the influence of silver incorporation, ZnO-Ag@AHFE NPs were
evaluated over the same period (Fig. 8). The results demonstrated an enhanced photocatalytic performance,
with degradation efficiencies reaching 94.3% for rhodamine B and 97.6% for methylene blue. This
improvement may be attributed to the presence of silver, which could enhance charge separation or surface
reactivity, although the exact mechanism remains subject to further investigation. Previous studies have
reported that decorating ZnO with noble metals such as silver can improve photocatalytic activity [49]. For
instance, Hosny et al. observed similar improvements with silver-modified ZnO [66]. Stanley et al.
reported that Ag-decorated ZnO could remove up to ~98% of methylene blue under similar conditions
[67]. Ahmad et al. also noted that ZnO NPs alone removed around 75% of rhodamine B, whereas Ag-

decorated ZnO achieved degradation up to 91% [68], which is consistent with the present findings.

4. Conclusion

This research successfully developed ZnO-Ag NPs through a green approach using A. hippocastanum
fruit extract. The fabricated nanoparticles exhibited remarkable multifunctional properties, including potent
antibacterial effects, 85% DPPH radical scavenging activity, and impressive photocatalytic performance,
achieving 97.6% degradation of methylene blue and 94.3% of rhodamine B. These findings underscore the
potential of ZnO-Ag NPs in medical, environmental, and industrial fields, emphasizing the benefits of

green synthesis in creating efficient nanoparticles.
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Figure captions

Table.1. Antibacterial effects (MIC values in pg/mL) of A. Hippocastanum fruit extract, ZnONPs, and

ZnO-Ag@AHFE NPs.

Table.2. Antioxidant activity results of A. Hippocastanum fruit extract, ZnONPs, and ZnO-Ag@AHFE

NPs.

Scheme.1. Scheme of the proposed mechanism for the synthesis of ZnO-Ag@AHFE NPs

Fig.1. Process of green synthesis for ZnO-Ag@AHFE NPs generation.

Fig.2. XRD pattern of (a) ZnONPs and (b) ZnO-Ag@AHFE NPs.

Fig.3. FT-IR spectra of (a) ZnONPs and (b) ZnO-Ag@AHFE NPs.

Fig.4. TEM images of ZnO-Ag@AHFE NPs.

Fig.5. Bar graph comparing the MICs of ZnO and ZnO-Ag@AHFE NPs against different bacterial strains.

Fig.6. The proposed antibacterial mechanism of ZnO-Ag@AHFE NPs.

Fig.7. Degradation rates of rhodamine B and methylene blue dyes in the presence of ZnONPs under UV

light.

Fig.8. Degradation rates of rhodamine B and methylene blue dyes in the presence of ZnO-Ag@AHFE NPs

under UV light.



Table.1.

A. hippocastanum fruit ZnO-Ag@AHFE
Strains ZnO NPs Tetracycline
extract NPs
MIC (pg/mL) MIC (pg/mL) MIC (pg/mL) MIC (pg/mL)
E. coli
>15000 2000 125 0.97
(ATCC 25922)
K. pneumoniae
>15000 1000 250 7.8
(ATCC 9997)
P. aeruginosa
>15000 4000 125 3.9
(ATCC 27853)
S. aureus
>15000 500 250 0.97
(ATCC 25923)
E. faecalis
15000 4000 750 7.8

(ATCC 29212)




Table.2.

Mean DPPH Inhibition
Sample Concentration (mg/mL)
+SD (%)
ZnO NPs 2 3+£04

A. hippocastanum fruit extract 2 20+3.7
1 8+1.1
ZnO-Ag@AHFE NPs 1 62+1.4
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