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ARTICLE INFO ABSTRACT

Keywords: An aqueous bark extract of A. nepalensis D. Don was utilized to prepare zinc oxide (ZnO) nano-
Alnus nepalensis D. Don particles through a green method, which is more economical, eco-friendly, and effective for
Antimicrobial exploring several biological applications and toxicity assessments against brine shrimp nauplii.
Antloxldanltl . The prepared ZnO nanoparticles were characterized using several characterizing techniques. The
;rBeén synthesis surface morphology and the elemental composition of the prepared ZnO NPs was analyzed by
MIC field emission scanning electron microscopy (FE-SEM), and energy dispersive X-ray (EDX) anal-
Toxicity ysis. The colour of the solution was changed from reddish-brown to white indicating the for-
Zinc oxide nanoparticles mation of ZnO NPs which shows UV-vis absorption at 361 nm. The various functional groups of

the organic compounds present in plant extract act as reducing and stabilizing agents in the
formation of nanoparticles. The involvement of these functionalities in the formation of nano-
particles is indicated by the shifts and changes in the IR spectra of both the plant extract and the
ZnO nanoparticles. The size of the nanoparticles was determined to be 15.31 nm with XRD
analysis while the FE-SEM revealed the average grain size of 67.29 nm with irregular shape. The
elemental composition of ZnO NPs shows a greater atomic percentage of zinc compared to other
elements (C, N, Ni, O, and Ag), with an intense peak of zinc observed at approximately 1 keV. The
trace amount of silver is due to the impurities present in the reagent used in the experiment. The
antioxidant property of ZnO nanoparticles was evaluated with an ICso of 53.02 + 3.43 pg/mL. The
ZnO nanoparticles exhibited significant antibacterial activity against Klebsiella pneumoniae and
Escherichia coli, with zones of inhibition (ZOI) of 18 mm and 23 mm, respectively as compared to
the positive control neomycin of ZOI 28 mm against K. pneumoniae. The potential antibacterial
activity of the ZnO NPS was revealed as the MIC and MBC against K. pneumoniae of 0.39 mg/mL
and 0.78 mg/mL, respectively. In addition, the prepared ZnO nanoparticles showed toxicity
against brine shrimp nauplii of LCso 16.59 pg/mL. The results of this study impart that plant-
assisted synthesized ZnO nanoparticles possess significant antibacterial properties that reduce
oxidative stress in human cells, ultimately contributing to cancer prevention.
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1. Introduction

Alnus nepalensis D. Don, commonly known as Nepalese alder, belongs to the family Betulaceae. This species thrives in gully terrace
forests and river beach wetlands across a wide elevation range of approximately 700-3600 m. It grows rapidly in warm, humid regions,
potentially reaching a height of about 13 m within just five years [1]. Traditionally, A. nepalensis D. Don has been employed in
traditional medicine to treat wounds, cuts, diarrhea, dysentery, and inflammatory diseases. It possesses various properties, including
antioxidant, hepatoprotective, antidiabetic, antiobesity, and gastroprotective effects [2]. Nanotechnology encompasses the study of
nanomaterials, specifically structures and chemicals at the nanoscale (1-100 nm). A diverse class of materials, known as nanoparticles
(NPs), has a size of 1-100 nm [3]. Various methods are available for synthesizing nanoparticles, especially those utilizing noble metals
[4-9]. Plant-mediated synthesis of nanoparticles is increasingly employed for its reduced toxicity, lack of hazardous chemical
byproducts, and eco-friendly nature [10].

The biological method is widely recognized for producing stable, nontoxic, and environment-safety nanoparticles [11,12]. The
physical and chemical methods often yield hazardous nanoparticles, leading to significant environmental concerns. Additionally, the
reducing or capping agents used in chemical and physical processes can be expensive. Consequently, the synthesis of nanoparticles
assisting plant extracts is preferred, as these extracts can stabilize nanoparticles and reduce metal ions [13]. This biological method is
advantageous because it utilizes biological components, such as yeast, fungi, bacteria, and plant secondary metabolites, as precursors
for synthesis [4,6].

Plant-mediated synthesized ZnO NPs exhibit novel physicochemical characteristics and have diverse biological applications,
including wound healing, antimicrobial, antiviral, antidiabetic, antioxidant, and antifungal properties [14-18]. ZnO NPs possess
distinct chemical, optical, and electrical properties, making them highly sought after for use in various electronic devices [19]. Zinc is a
vital element in the human body, found in hard tissues such as teeth, muscles, bones, and skin. Their optical, morphological, catalytic,
magnetic, electrical, mechanical, and photochemical properties underscore the importance of synthesizing ZnO nanoparticles in the
modern world. The properties of these nanoparticles can be tailored by altering their size or doping them with additional compounds
[20] There is a significant correlation between the size, exposed surface area, band gap, and crystallinity of ZnO NPs, which contributes
to their high conductivity [21], strong antibacterial potential, extended stability, improved electrical and thermal capabilities, and
enhanced photocatalytic properties [22]. ZnO NPs are also noted for their high microbial resistance [23].

Phytochemicals such as anthocyanidins, flavonoids, tannins, and phenolic acids, which are examples of polyphenols, act as sta-
bilizing and capping agents in the formation of nanoparticles. These phytoconstituents not only facilitate the fabrication of nano-
particles but also play a crucial role in maintaining their geometry [24]. The formation of nanoparticles involves giving the complexes
between hydroxyl-rich phenolic rings and Zn?* ions. This method facilitates the hydrolysis of the intermediate chelated molecule,
resulting in the formation of Zn(OH)z, which is subsequently calcined at elevated temperatures to yield ZnO nanoparticles. The
electrostatic interactions facilitate the growth of ZnO NPs [25-27].

Despite the extensive literature on the green synthesis of ZnO NPs using plant extracts, the specific application of Alnus nepalensis D.

Fig. 1. Alnus nepalensis D. Don fresh sample used in the study.
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Don for this purpose, along with its biological applications, has not been thoroughly explored. This study focuses on synthesizing ZnO
NPs using plant extracts, characterizing them, and evaluating their biological applications.

2. Materials and methods
2.1. Chemicals

The chemicals used in this study were: zinc nitrate, EDTA disodium salt dihydrate (SRL), boric acid, calcium chloride (fused), and
sodium chloride (Merck), all of which were obtained from a local supplier. The DPPH reagent and quercetin (both from Merck) were
utilized for antioxidant activity assays. Resazurin was sourced from LOBA CHEMI Pvt. Ltd. Additionally, Mueller Hinton Agar, Mueller
Hinton Broth, Neomycin, and Nutrient Agar were acquired from HieMedia Pvt. Ltd.

2.2. Software used

For data processing and analysis Originpro 2024, and Microsoft Excel (the most recent version) were used. The Genes Microplate
software was used for the data collection. Origin Pro 2024 and Image J software were used to calculate the crystallite size and grain size
of ZnO NPs by using XRD data and FE-SEM images. GraphPad Prism (Version 8.0.2.263) was used to calculate IC5y shown by the zinc
oxide nanoparticles.

2.3. Methods

2.3.1. Sample collection and identification

The bark of A. nepalensis D. Don was collected from the Far-Western region, Doti district (Sayal Gaupalika ward no. 2), Nepal
growing at an altitude of 2000 m, latitude and longitude 29°15' N and 80°57' E respectively. The plant sample was collected in October
2023 and identified with the voucher specimen 01KATH163159. The photograph of A. nepalensis D. Don fresh sample is shown in
Fig. 1.

2.3.2. Extraction of plant metabolites and synthesis of zinc oxide nanoparticles

2.3.2.1. Plant extract. Five grams of Alnus nepalensis D. Don powder were dissolved in 100 mL of distilled water in a conical flask. The
mixture was heated for 1 h at 50 °C on a hot plate using a magnetic stirrer. After heating, the resulting content was filtered and cooled.
The filtrate was then stored at 4 °C for future use [28].

2.3.2.2. Synthesis of zinc oxide nanoparticles (ZnO NPs). ZnO NPs were synthesized using a combination of plant extract and a 0.15 M
zinc nitrate solution at varying ratios of 1:15, 1:20, and 1:25. The optimal ratio for stability was determined through UV-vis spec-
troscopy, analyzing the mixtures. The results indicated that the most stable nanoparticles were obtained at the 1:20 ratio, achieved by
mixing 10 mL of the aqueous plant extract with 200 mL of the 0.15 M zinc nitrate solution. Initially, the pH of the aqueous extract was
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Fig. 2. Diagrammatic representation for the plant-assisted synthesis of ZnO NPs.
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recorded at 5.39. To create a suitable environment for the synthesis, the pH of the solution was adjusted to 12 by incrementally adding
zinc nitrate. The stability of the synthesized ZnO NPs was evaluated at three-time points: 0 h, 24 h, and 72 h. The presence of zinc oxide
nanoparticles was visually indicated by the formation of a light white suspension. To isolate and purify the nanoparticles, the mixture
was centrifuged at a speed of 9000-10,000 rpm for 1 h. This centrifugation was followed by thorough washing with ethanol and
distilled water [29]. The resulting nanoparticles were then dried in a desiccator. For further purification, they were subjected to a
muffle furnace at temperatures ranging from 400 to 500 °C for 2 h [30]. The synthesized ZnO nanoparticles were stored at 4 °C to
minimize the risk of agglomeration. Various modern characterization techniques were employed to analyze the properties of the ZnO
NPs. A schematic representation of the nanoparticle synthesis process is illustrated in Fig. 2.

2.3.3. Characterization

The synthesized ZnO NPs were characterized to assess their size, shape, elemental composition, and functional properties. The
preliminary examination for the formation of ZnO NPs was conducted using a UV-visible spectrophotometer, where the surface
plasmon resonance (SPR) was measured. Absorption bands were analyzed with distilled water serving as a reference for baseline
correction [31]. FTIR spectroscopy was employed to identify the diverse functionalities of the organic compounds present in the
aqueous plant extract, as well as to characterize the metal-oxygen stretching bands within the metal oxide nanoparticles. The FTIR
spectra were plotted using Origin Pro 2024 software based on the measured data. XRD was used to confirm the crystallinity of the ZnO
NPs, with a wavelength of 1.540 A at 30 kV. The crystallite size of the ZnO nanoparticles was calculated using the Debye-Scherrer
equation using Origin Pro 2024 software.

Kk
"~ pcosd’

where, D = crystallite size of the particles in nm; k = dimensionless and has a value of almost one (0.9); p = FWHM, in radians; 1 =
wavelength of X-ray (0.15406 nm for Cu Ka); 6 = Bragg’s angle (in radians).

The different properties such as size, shape, composition, and crystallography were analyzed with the help of FE-SEM images [32].
The grain size of zinc oxide nanoparticles was calculated using Image J software.

2.3.4. Evaluation of antioxidant activity

The free radical scavenging potential of ZnO NPs and an aqueous plant extract was evaluated using the DPPH assay, following
established protocols [33,34]. Quercetin, at varying concentrations ranging from 0.62 pg/mL to 20 pg/mL, served as the positive
control. For the ZnO NPs, a stock solution was prepared by serial dilution to a final concentration of 15.62 pg/mL from an initial
concentration of 250 pg/mL. Similarly, the aqueous plant extract was prepared at a concentration of 15.62 pg/mL from a stock solution
of 500 pg/mL. In a 96-well plate, 100 pL of each sample (ZnO NPs and plant extract) was loaded in triplicate, followed by the addition
of 100 pL of DPPH solution to each well. The plates were then incubated in the dark for 30 min to allow for reaction and the absorbance
was measured at 517 nm. The radical scavenging capacity was calculated using the following formula:

Radical scavenging capacity = [ ((Acontrol ~Asample) / Acontro1)] < 100
where, A onirol—absorbance of control, Asample = absorbance of sample.

2.3.5. Evaluation of antibacterial activity

The antibacterial potential of zinc oxide nanoparticles and an aqueous plant extract were evaluated by the agar well diffusion
method [35,36]. The test microorganisms ATCC 25312 Escherichia coli, ATCC 700603 Klebsiella pneumonae, ATCC 43300 Staphylo-
coccus aureus, and ATCC 25931 Shigella sonnei were cultured in Mueller Hinton Broth (MHB) and kept in incubation for 24 h at 37 °C in
which the turbidity was maintained by matching with 0.5 McFarland. The 50 pg/mL stock solution of ZnO NPs was prepared by
dissolving 50 mg of nanoparticles in distilled water from which a test solution was prepared. The 50 pL of ZnO NPs was loaded into
each well of Petri dishes. A 50 pg/mL equal volume of neomycin and 50 % DMSO were used as positive and negative controls. After
loading the sample, the Petri dishes were left to allow for diffusion and incubated overnight. The zone of inhibition shown by the ZnO
NPs against the bacterial strains used was measured. The same protocol was used to evaluate the antibacterial activity shown by the
plant extract.

2.3.6. Determination of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)

The Resazurin microtiter method was adopted to determine the MIC and MBC of zinc oxide nanoparticles [37]. The MHB media was
used to grow the bacteria at 37 °C. The turbidity that shows the bacterial growth was checked by using 0.5 McFarland. The 100 pL of
double-strength MHB was loaded in each well of 96-well plates. The media column and bacterial column of 96-well plates contain the
MHB media. The bacterial suspension was diluted 1/100 times. After that, 10 pL of bacterial suspension was loaded into every well
except the well of the media control column. The drug neomycin was used as a control. The 96-well plates were incubated for 18-24 h
at 37 °C. Subsequently, 5 pL of a 0.003 % resazurin solution was mixed in each well, and the mixture was incubated for 3 h. After
incubation, the colour change was observed. The MIC and MBC shown by the ZnO NPs against the organisms used were determined
qualitatively by visual inspection whereas the quantitative determination was performed by using nutrient agar (NA).
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2.3.7. Brine shrimp lethality assay (BSLA)

The toxic effect shown by the zinc oxide nanoparticles was tested against Brine shrimp nauplii by adopting the standard protocol
suggested by Baravalia et al. [38]. The artificial seawater was prepared and maintained a pH of around 8 to 8.5 by adding 1M NaOH.
The ZnO NPs were diluted to various concentrations such as 1000, 800, 500, 250, 125, 100, and 10 pg/mL using stock solution. After
that, 4 mL of artificial sea salt water, 500 pL of sample, and 10 nauplii were kept in each test tube in triplicate. Artificial seawater
served as the negative control and potassium dichromate solution as the positive control. The dead nauplii were counted after 24 h and
the mortality percentage was calculated.

Number of dead nauplii

100
Number of total nauplii used

% mortality =

By using the Probit value table, the linear equation can be obtained as Y = mx + ¢, where ‘Y is the Probit value at 50 % mortality,
‘m’ is variable, and ‘c’ is the intercept. ‘X’ is the lethal concentration and finally, the lethal concentration (LCs) was calculated.

2.3.8. Statistical analysis

Antioxidant activity was calculated and reported as mean + standard error. The fifty percent inhibitory concentration (ICs) for
each experiment was determined using GraphPad Prism (version 8.0.2.263). Data generated from UV-vis spectroscopy, FTIR spec-
troscopy, and XRD were analyzed using OriginPro software. FE-SEM images were processed using ImageJ software, and Microsoft
Excel (Office 2016) was utilized to construct the graphs.

3. Results and discussion
3.1. UV-vis spectroscopic analysis

The formation of ZnO NPs was preliminarily checked by UV-visible spectroscopy measured in the range of 300-600 nm. The
oscillation of the metal nanoparticles caused the free electrons to be in resonance with the light waves. The metal nanoparticles acquire
their unique properties by surface plasmon resonance (SPR). The UV-vis absorption band at 361 nm supports the formation of ZnO
nanoparticles but the UV-vis absorption band was not seen in an aqueous extract. The UV-visible spectrum of an aqueous extract and
ZnO NPs is displayed in Fig. 3.

The SPR of the ZnO NPs is measured by UV-vis spectroscopy [39]. The absorbance was reported at 374 nm in the previously
synthesized zinc oxide nanoparticles synthesized using Deverra tortuosa [40]. There is no UV-vis absorbance recorded in an aqueous
plant extract of A. nepalensis D. Don.

3.2. FTIR analysis

Identification of functionalities of the organic compounds present in plant extract and bonding information in ZnO NPs was
analyzed by FTIR. The FTIR spectra produced in an aqueous plant extract and synthesized zinc oxide nanoparticles were captured
between wavenumber 500-4000 cm ™. Some of the Phytochemicals with ZnO NPs act as a capping and reducing agent to reduce the
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Fig. 3. UV-visible spectral analysis of plant-assisted ZnO NPs and aqueous plant extract.



D.R. Jaishi et al. Heliyon 10 (2024) 39255

Zn?* jons. The metal-oxygen stretching absorption range is normally 400-800 cm™! [41]. The FTIR shows the absorption bands at
3317 cm™}, 2971 ecm™}, 2897 cm ™Y, 2158 ecm™ !, 1592 cm ™Y, 1383 cm™ Y, 1249 cm ™Y, 1044 cm™!, 877 em ™!, and 520 cm ™. The FTIR
absorption peaks in an aqueous extract are in 3317 cm’l, 2918 cm’l, 2327 cm’l, 1599 cm’l, 1394 cm’l, 1058 cm™ % and 672 cm ™.
The shifting in FTIR band positions and changes in the spectrum patterns give information about the involvement of the organic
compounds present in the crude extract to synthesize ZnO nanoparticles. The FTIR spectrum of ZnO NPs and an aqueous plant extract
are shown in Fig. 4.

The FTIR spectrum of the ZnO NPs demonstrates significant differences from that of the crude aqueous extract, indicating the
involvement of organic compounds from the plant extract in the formation of ZnO nanoparticles. The FTIR spectrum of the aqueous
extract reveals strong absorption bands at 3317 cm™, attributed to the O-H stretching of polyphenolic compounds. In contrast, this
peak either disappears or exhibits a marked reduction in the spectrum of ZnO NPs [42]. Additionally, a strong absorption band
observed at 2972 cm™! corresponds to C-H stretching. The spectrum further exhibits a narrow and weak peak at 2158 cm™!, indicative
of the stretching mode of the -CO group, while the peak at 1383 cm™! corresponds to C-H bending vibrations, and the peak at 1044 cm™!
signifies C-O-C vibrations [43]. Strong broadband at 1592 cm! is associated with the N-O stretching in nitro compounds. Furthermore,
the FTIR spectrum of ZnO NPs displays two notable bands at 877 cm™' and 520 cm!, which arise from the interaction between zinc
oxide nanoparticles and various organic moieties present in the aqueous plant extract. The absorption peaks observed in the range of
500-900 cm* further suggest the successful formation of ZnO NPs [44]. It has been reported that the -OH stretching, -CO stretching,
N-O stretching of nitro compounds, C-O-C vibrations, and C-H stretching functionalities are critical for the reduction and capping of
Zn** ions during ZnO NPs formation [45,46]. In plant-assisted synthesis, the donor-acceptor mechanism facilitates the reduction of
Zn?* jons, while hydroxyl or oxygen molecules present in the aqueous plant extract oxidize the -OH groups [47]. The FTIR results
confirm the presence of plant metabolites associated with ZnO NPs, including flavonoids, alkaloids, carboxylic acids, and polyphenols.
These compounds, particularly phenolics and flavonoids, play a crucial role in the reduction of zinc ions to form ZnO NPs [40]. Thus,
the FTIR analysis shows the synthesis of ZnO nanoparticles is facilitated by the presence of distinct organic compounds with varying
functionalities in the aqueous extract of A. nepalensis D. Don.

3.3. X-ray diffraction (XRD)

The X-ray diffraction (XRD) analysis reveals that the ZnO NPs possess a hexagonal wurtzite structure. This is evidenced by the
presence of seven prominent peaks at specific 20 values: 34.47° (100), 31.61° (002), 36.28° (101), 47.33° (102), 56.47° (110), 62.85°
(103), and 67.90° (112). These diffraction patterns match with the JCPDS) card number 01-079-0208, confirming the crystalline
nature of the material. The average crystallite size of the ZnO NPs was calculated using the Debye-Scherrer formula, yielding a value of
15.31 nm. This result is comparable to previously reported sizes, such as 16.21 nm [48], indicating consistency and reliability in the
synthesis and characterization methods. The XRD patterns of ZnO NPs are illustrated in Fig. 5, highlighting the distinct peaks that
characterize their crystalline structure.

3.4. Field emission scanning electron microscopy (FE-SEM)

FE-SEM images were employed to examine the grain size and surface features of the ZnO NPs. The images revealed that the
nanoparticles have an irregular, quasi-spherical shape with an average grain size of 67.29 nm. This morphology is likely due to the
presence of phytochemicals on the surface, which increase surface area, and polarity and promote electrostatic interactions between
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Fig. 4. FTIR spectrum of an aqueous plant extract and synthesized zinc oxide nanoparticles.
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Fig. 5. XRD pattern of plant-assisted synthesized ZnO NPs.

the particles [49-51]. The average grain size of the ZnO NPs was calculated as 67.29 nm, which is almost the same as the size reported
by the previous researcher in the study of plant-assisted synthesis of nanoparticles [52]. The FE-SEM images are shown in Fig. 6 (a), (b),
and (c).

The percentage of each element in the ZnO NPs was analyzed using EDX spectroscopy. The analysis detected the presence of carbon,
nitrogen, nickel, oxygen, and silver in the nanoparticles. The small amount of silver detected is likely due to impurities in the

(a) Calculated grain size FE-SEM images at a 500 nm resolution

(b) FE-SEM images at a resolution of 2 pm (c) FE-SEM images at a 300 nm resolution

Fig. 6. FE-SEM images of synthesized zinc oxide nanoparticles.
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laboratory reagents used during the synthesis process [53,54]. The overall and individual elemental mapping images of the ZnO NPs
are shown in Fig. 7. The EDX spectrum, shown in Fig. 8, shows a strong peak at around 1 keV, which is consistent with previous studies
on ZnO NPs [55]. The EDX results showed that the ZnO NPs are composed of 66.8 % zinc, 21.3 % oxygen, 9.8 % carbon, 1.9 % nitrogen,
and trace amounts of nickel (0.1 %) and silver (0.1 %). These percentages are summarized in Table 1. The dispense of the particles with
their size is displayed in the histogram Fig. 9.

3.5. Antioxidant potential

The radical scavenging activity of the crude plant extract and ZnO NPs was assessed by determining the inhibitory concentration
(ICs0). The ICsp of ZnO NPs was found to be 53.02 + 3.43 pg/mL, whereas the aqueous plant extract showed an ICsg of 62.16 + 3.66
pg/mL. These results indicate that ZnO NPs exhibit a stronger antioxidant activity than the plant extract alone. However, the anti-
oxidant activity of ZnO NPs was less than that of the quercetin, which demonstrated an ICsg of 3.43 4+ 1.61 pg/mL. This suggests that
while ZnO NPs possess significant antioxidant potential their efficacy is less than that of quercetin. A comparison with the already
reported results shows that the ICs of zinc oxide nanoparticles synthesized using C. candelabrum was reported to be 95.09 pg/mL [56].
In contrast, the ZnO NPs synthesized in this study exhibit enhanced antioxidant activity, as indicated by the lower ICs( value. The plots
of percentage radical inhibition versus concentration for ZnO NPs (Fig. 10a), the aqueous plant extract (Fig. 10b), and quercetin
(Fig. 10c) are presented. The ICs, values for the plant-assisted ZnO NPs and the aqueous extract are summarized in Table 2.

The antioxidant potential of nanoparticles is influenced by their size, with smaller ZnO nanoparticles typically exhibiting greater
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Table 1
Composition of synthesized zinc oxide nanoparticles.
Elements Weight % Atomic %
CK 9.8 24.8
NK 1.9 4.0
OK 21.3 40.3
NiL 0.1 0.0
ZnL 66.8 30.9
AgL 0.1 0.0
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Fig. 9. Size distribution histogram of synthesized zinc oxide nanoparticles.

interaction with DPPH (2,2-diphenyl-1-picrylhydrazyl) reagents. The methanolic solution of DPPH is initially deep violet and unstable,
but upon interaction with ZnO NPs, electrons are migrated from the oxygen atom of the zinc oxide nanoparticles to the unpaired
electron of the nitrogen atom in the DPPH molecule. This electron transfer leads to the reduction of DPPH, resulting in the formation of
a DPPH molecule with a light-yellow color, as shown in Fig. 11 [57]. The charge density on the surface of the synthesized ZnO NPs,
which is influenced by the biological cell components that capped the nanoparticles, further enhances their interaction with DPPH
molecules. Consequently, the plant-assisted synthesis of ZnO NPs exhibited potent antioxidant activity [58]. In this process, DPPH is
reduced by the transfer of electrons or hydrogen atoms from the antioxidant, demonstrating the effective scavenging ability of the ZnO
NPs.
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Table 2
Antioxidant potential (ICso) shown by zinc oxide nanoparticles, aqueous extract and
standard.
Part used Nanoparticles ICso (pg/mL)
Bark ZnO NPs 53.02 + 3.43
Aqueous 62.16 + 3.66
“Quercetin 3.43 + 1.61

# Note: Quercetin = positive control.

N \
lll' NH

Dark incubation

- NO, NO,

NO, NO,
ZnO NPs capped
with the plant metabolites
NO, Antioxidant NO,
Purple Light yellow

Fig. 11. Mechanism of antioxidant activity shown by ZnO NPs capped with the plant metabolites.

3.6. Antimicrobial activity

The antimicrobial potential shown by the zinc oxide nanoparticles and an aqueous plant extract against the different bacterial
strains is displayed in Table 3.

The ZOI shown by ZnO NPs was 18 mm against K. pneumoniae and E. coli., which was closer to the ZOI shown by the positive control
neomycin, 28 mm against K. pneumoniae, and 23 mm against E. coli. The aqueous plant extract showed a ZOI of 12 mm against E. coli
which was found less active (ZOI of 23 mm) as compared to the positive control (ZOI of 23 mm). Fig. 12 and 13A-D show the results of
antibacterial activity by an aqueous plant extract and ZnO NPs.

Zinc oxide nanoparticles exhibit potential antibacterial action by stimulating multiple bactericidal mechanisms, including the
production of reactive oxygen species (ROS) such as hydroxyl radicals (OH") and peroxide, as well as the release of Zn>" ions. These
mechanisms result in oxidative stress, disruption of bacterial cell membranes, and damage to bacterial DNA, ultimately causing cell
death [59-61]. The dissolution of ZnO NPs releases Zn2t ions, which interact with bacterial cell membranes and organelles, causing
damage and leakage of intracellular components [62]. Additionally, superoxide radicals (éO~2) are generated, leading to the formation
of hydrogen peroxide (H202), which penetrates bacterial cells and damages organelles, contributing to cell death [63]. The amount of
hydrogen peroxide produced is directly proportional to the size of the ZnO NPs, further enhancing their bactericidal properties [64,
65]. The ZnO NPs also adhere to the surface of dead bacteria, continuing to produce ROS and preventing bacterial growth [66]. These
unique physiochemical characteristics, particularly the high exposed surface area of ZnO NPs, make them highly effective antibacterial
agents against antibiotic-resistant bacteria. Fig. 14 demonstrates the antimicrobial mechanisms of plant-mediated synthesized
nanoparticles.
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Table 3
ZOI shown by ZnO NPs and an aqueous extract.
Plant Part Plant extracts Bacteria ZOI of the sample (mm) ZOI of positive control neomycin (mm)
Bark ZnO NPs Klebsiella pneumoniae 18 28
Escherichia coli 18 23
Shigella sonnei 16 28
Staphylococcus aureus 12 23
Aqueous Klebsiella pneumoniae 10 28
Escherichia coli 12 23
Shigella sonnei 11 28
Staphylococcus aureus 9 23

*ZOI = Zone of inhibition.

ZOI in mm
= = N
o w o

wv

Klebsiella pneumoniae  Escherichia coli Shigella sonnei  Staphylococcus aureus

Bacteria

ZnO NPs Aqueous

Fig. 12. Antibacterial activity shown (ZOI in mm) by synthesized zinc oxide nanoparticles and aqueous extract against K. pneumoniae, E. coli,
S. sonnei, and S. aureus.

3.7. MIC and MBC

The MIC and MBC of ZnO NPs against Klebsiella pneumoniae were found to be 0.39 mg/mL and 0.78 mg/mL, respectively Fig. 15(A,
B). Against Staphylococcus aureus, the MIC and MBC were 0.78 mg/mL and 1.56 mg/mL, respectively. In comparison, the positive
control showed a much lower MIC of 0.007 mg/mL and an MBC of 0.015 mg/mL for both bacterial strains. The results of the MIC and
MBC shown by ZnO NPs are presented in Table 4.

The change in color of resazurin dye helps differentiate between live and dead cells in a mixture. Live cells reduce resazurin’s
purple color to pink by converting it into resorufin, a process facilitated by mitochondrial NADH enzymes [67]. This color change
mechanism in living cells is illustrated in Fig. 16.

3.8. Toxicity analysis

The lethal concentration (LC) of ZnO nanoparticles (ZnO NPs) against brine shrimp nauplii was found to be 16.59 pg/mL. In the
positive control using K2Cry07, all nauplii died, while an equal number of nauplii survived in the negative control using 50 % DMSO.
The dead nauplii and the percentage of mortality following nanoparticle treatment are shown in Table 5, and the LCso of ZnO NPs is
shown in Table 6. A probit plot against Log C (concentration) is displayed in Fig. 17.

The nanoparticles have large exposed surface areas due to which they have the potential to cause significant harm to the human
body and the environment. To mitigate these harmful effects, several methods have been developed to detoxify metal and metal oxide
nanoparticles. One such method involves treating the synthesized nanoparticles with carbon, which reduces the metal oxides to free
metals. This process applies to oxides of metals like zinc (Zn), iron (Fe), nickel (Ni), tin (Sn), and lead (Pb), which are reduced by
heating with carbon. In practice, metal oxides are mixed with coke, a carbon source, and heated in a furnace where carbon reacts with
oxygen to release the free metal [68]. At low concentrations, however, ZnO NPs are considered nontoxic.

4. Conclusion

The synthesis of zinc oxide nanoparticles using plant extracts is a rapid, economical, environmentally friendly, and efficient
method. In this study, the aqueous extract of A. nepalensis D. Don was utilized to synthesize zinc oxide nanoparticles (ZnO NPs) for
various biological applications. The formation of ZnO NPs was confirmed using UV-visible spectroscopy by measuring SPR. The
aqueous plant extracts contain a diverse array of organic compounds with different functional groups, which act as capping, stabi-
lizing, and reducing agents during the formation of ZnO NPs. The range of metal-oxygen interactions in ZnO NPs can be identified by
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SA= Staphylococcus aureus, KP = Klebsiella pneumoniae
E. coli = Escherichia coli, SS = S. sonnei

Fig. 13. Antibacterial activity shown by ZnO NPs and an aqueous plant extract against (A) S. aureus, (B) K. pneumoniae (C) E. coli, and (D)
Shigella. sonnei.

ROS production

. Mz Protein
> OH < denaturation

Release of Zn?*

Cell
membrane
disruption

ODO< Plasmid

DNA damage

Inhibit protein
synthesis

\Attachment

Leakage of intracellular contents of ZnO NPs

Fig. 14. Mechanism of antibacterial property shown by the ZnO NPs.

peaks appearing in the 500-900 ecm-! in FTIR. XRD analysis can be used to determine the crystallite size of the ZnO NPs, FE-SEM
provides insights into grain size and surface morphology. EDX color mapping images reveal the composition of different elements
of the nanoparticles. Additionally, the ZnO NPs synthesized using plant extracts exhibited high antioxidant capacity by scavenging
DPPH radicals. The nanoparticles show good antibacterial activity against various bacteria, indicating their potential as alternative
antibacterial drug candidates in future drug design processes. The wide range of biological applications of ZnO NPs supports their
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Fig. 15. MIC and MBC of ZnO NPs against (A) K. pneumoniae and (B) Staphylococcus aureus.

Heliyon 10 (2024) e39255

Table 4
MIC and MBC of ZnO NPs against K. pneumoniae and S. aureus.
Nanoparticles Klebsiella pneumoniae Staphylococcus aureus
MIC (mg/mL) MBC (mg/mL) MIC (mg/mL) MBC (mg/mL)
ZnO NPs 0.39 0.78 0.78 1.56
Positive control 0.003 0.007 0.007 0.015
o]
|
N

* N
X Co-enzyme =
—_—
HO [e) o o} O OH

Resazurin (slightly fluorescence) Resorufin (fluorescence)

Fig. 16. Showing reduction of resazurin by co-enzymes in living bacterial cells showing MIC and MBC.

Table 5
The number of dead nauplii after treatment with zinc oxide nanoparticles and the percentage mortality.

Nanoparticles Concentration (pg/mL) Total no. of dead nauplii % mortality
ZnO NPs 10 16 53.33

100 17 56.66

125 20 66.66

250 17 56.66

500 22 73.33

800 23 76.66

1000 26 86.66

potential in developing new medications. Further research is strongly recommended for the extraction, isolation, and characterization
of active plant metabolites from this plant sample, as they may serve as precursors in the formation of ZnO NPs and contribute to future

drug development efforts.
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Table 6

LCsp of synthesized ZnO NPs against brine shrimp nauplii.
Synthesized ZnO nanoparticles Linear equation LCso (pg/mL)
ZnO NPs 5.00 = 0.426x + 4.4761 16.59

y=0.426x +4.4761

R?=0.6384

5 O
= 4
)
©
&

3

2

1

0

0 0.5 1 1.5 2 2.5 3 3.5
Log C
—@— Probit Linear (Probit)

Fig. 17. A plot showing probit against Log C.
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