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Abstract

This work generated zinc oxide nanoparticles (ZnO NPs) using Ocimum tenuiflorum in an
inexpensive and environmentally friendly manner. The generated ZnO NPs were analysed
using Ultra visible spectroscopy (UV-Vis), Fourier transformed infrared spectroscopy (FTIR),
Scanning electron microscopy-Energy X-ray diffraction spectroscopy (SEM-EDX),
Transmission electron microscopy (TEM), and X-ray diffraction (XRD). Bio-synthesized
ZnO NPs showed UV-Visible absorbance maxima at 290 nm, indicating bio reduction and
stability. The DRS spectra revealed a straight band gap value of 3.24 eV. Alcohols, alkanes,
phenols, and amines in FTIR may contain reduced and capped zinc ions. Crystalline ZnO
nanoparticles were verified by XRD. Biosynthesized ZnO NPs were exhibited in spherical
and 5-35.49 nm in size by FESEM and TEM. EDX confirmed NPs zinc elemental signatures.
Antibacterial properties showed that ZnO NPs effectively inhibited gram (+ve) and gram (-
ve) pathogens, including E. coli (20.0£0.8mm), E. faecalis (20.0£0.5mm), S. aureus
(18.01+1.2mm), and S. mutans (17.5+1.0mm). This study shows that biosynthesized ZnO
NPs inhibit biofilm growth by 0.198-1.431 O.D values (Optical density). Antibiofilm
inhibition was concentration-dependent. Nanoparticles proved effective against E. coli, S.
mutans, S. aureus, and E. faecalis with MICs of 15 and 25 pg/mL. Time-dependent death
kinetic studies indicated that 8-12 h ZnO NPs killed all bacteria. Also, ZnO NPs had low
harmful effects on zebrafish eggs at doses upto 1mg/mL. In summary, the production of green
ZnO NPs offers a sustainable and biocompatible approach that is well-suited for various

biological applications.

Keywords: Green synthesis, ZnO NPs, Broad spectrum bactericidal properties, Antibiofilm,
Zebrafish embryo
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78  Introduction

79  Nanotechnology has recently been shown as a rapidly growing area. Many potential
80 applications for nanoparticles (NPs) have been described in the fields of physics, chemistry,
81  biology, electronics, antimicrobials, and agriculture [1]. Metallic nanomaterials advantages of
82  being small and having a large surface area for interactions have drawn increased attention
83 [2]. Various methods were employed for making nanomaterials of noble metals [3].
84  Traditional chemical processes involved the use of toxic chemicals, while greenly generated
85  nanoparticles require less[4]. The usage of NPs of Nobel metals including gold, platinum, and
86  zinc oxide in industrial and healthcare products is conventional in addition to catalysts [5].
87  However, the known chemical processes for producing nanoparticles are frequently costly,
88  require hazardous chemicals, take a long time, and are prohibitively expensive. Therefore,
89  there is a need for rapid, easy, affordable, and time-saving methods to create nanoparticles
90 [6]. For the green synthesis of NPs utilizing different botanical extracts, various metal oxides,

91  such as oxides of Ag, Cu, Au, etc., have been widely employed [7] [8].
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Zinc oxide nanoparticles (ZnO NPs) have attracted increased attention in biomedical
applications because it is occurrence in each cell of the human body and is crucial for the
immune system. Although ZnO NPs are mostly utilized in the rubber sector for wear-proofing
rubber composite, they may also be used to improve the polymers durability, intensity,
antiaging, etc. features [9] [10]. ZnO NPs, serve a purpose in a multitude of industrial and
personal care products. Its specific antibacterial and anticancer abilities have contributed to
an increase in their uses within the biomedical industry [11][12]. Improvements in
nanotechnology are not very important because of how they influence human health;
therefore, for nanotechnology to be recognized interesting, green chemistry must be
combined with nanotechnology [13]; [14]. In nanotechnology and materials research, the
production of nanoparticles, particularly zinc oxide nanoparticles, is frequently achieved by
the ecologically safe utilization of plant extracts such as Ocimum tenuiflorum. Because these
plant extracts include reducing agents and bioactive chemicals that can help reduce metal
ions and create nanoparticles, they are employed [15]. Sustainable production of metallic
nanoparticles, specifically employing different plant parts including leaf, root, seed, and fruit
pulp as a reducing and capping agent, is emphasized to alleviate concerns regarding the
adverse effects of nanoparticles in medicinal and technical applications [16][17]. Vegetable
varieties are one of the most often employed materials during the process of green synthesis.
Terpenes, polyphenols, carbohydrates, alkaloids, and proteins are a few plant metabolites that

are crucial for the production of NPs [18][19].

Dental caries is a common health problem that affects people of all ages[20]. It is mostly
brought on by the bacteria Streptococcus mutans and S. sobrinus, which create acid and
extracellular glucans that cause tooth decay[21] [22]. These bacteria produce biofilms, which
function as barriers between them and the immune system and antibiotics, leading to illness
and treatment resistance[23] [24]. There are serious health dangers associated with the
emergence of Gram-positive and Gram-negative bacteria that are resistant to drugs,
particularly for those with weakened immune systems[25] [26]. The creation of metal oxide
nanoparticles with particular antibacterial qualities has been made possible by advancements
in nanotechnology, providing a potential defence against these resistant microbes[27] [28]
[29]. Combating dental caries requires the development of innovative strategies with
improved antibacterial activity and fewer adverse effects[30] [31]. Promising substitutes for
synthetic medications, plant-based products provide safer solutions for use by humans and

animals alike[32]. Compared to synthetic medicines, herbal remedies made from medicinal
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plants, like Ocimum species, are less toxic[32]. Ocimum tenuiflorum, popularly referred to as
"Tulsi," 1is abundant in anthocyanins, flavonoids, and phenolic compounds[33]. O.
tenuiflorum is a native of tropical and semitropical countries in Africa, Asia, and the
Americas[34]. It is used extensively in medicine to treat bacterial infections, headaches,
kidney diseases, and other conditions[35]; [36].. Its leaves, seeds, and essential oils are
widely used in meals, cosmetics, and soaps[37]. It is grown professionally for usage in the
cosmetic and pharmaceutical industries, as well as to flavour dishes including drinks, salads,
and candies[38]. Studies have demonstrated the antimicrobial, antiviral, antioxidant, and anti-
inflammatory properties of holy basil, which are ascribed to its phytochemical constituents,
specifically the terpenoids and phenylpropanoids found in its essential oils[39] [40]. Among
these, methyl eugenol and eugenol are important volatile chemicals with antioxidant,
antiseptic, antimicrobial, and antifungal qualities[41] [42]. Research has shown that eugenol-
containing essential oils have antibacterial properties against both Gram +ve and Gram-ve

bacteria, with Gram +ve bacteria showing more sensitivity to these effects[43].

Zebrafish (Danio rerio) embryos are good and highly efficient in vivo models for
evaluating of toxic substances in the environment including NPs [44]. The detrimental
properties and processes of exposure to various amounts of AgNPs were recently investigated
in research that we just published [45]. The present study used a zebrafish embryo system.
Zebrafish are an ideal choice for a vertebrate prototype because of their high reproduction
rate, affordable prices, visible transparency, and large number of transgenic animals that are
easily accessible [46]. The use of embryos in zebrafish for evaluation of acute, early-life, and
sublethal toxicological markers for developmental toxicities represents a promising option
[47]. The objectives of this study were to: (i) produce ZnO NPs in a sustainable manner using
leaf extract from Ocimum tenuiflorum; (i) evaluate the antibacterial properties of ZnO NPs
against gram-positive bacteria that cause dental caries, which is a novel contribution; and (iii)
develop a sustainable, affordable synthesis process for testing antibiofilm and time-killing
kinetic activity. The FTIR, SEM-TEM, EDAX, and XRD approaches were used to
characterize the ZnO NPs.

Materials and Methods

Chemicals and reagents

The supplier of the precursor zinc nitrate hexahydrate (NO3)2*6H>O), Sigma Aldrich
chemicals Pvt. Ltd. (India), provided 99% pure, (M.W: 297.48). Hi-Media, India provided
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Mueller Hinton Agar, sodium hydroxide (NaOH), Whatman filter paper (WHA10348903),
phosphate buffered saline (PBS) tablets (pH 7.4), and crystal violet (c3886). Throughout the

investigation, freshly developed double-distilled deionized water was used.

Collection and preparation of plant materials

Ocimum tenuiflorum leaves were collected in the Guttoor Village, Dodda Belur (Post)
Krishnagiri District of Tamil Nadu, India. The collected O. fenuiflorum leaves were carefully
washed in tap water to get free of all the dirt and debris. Dried leaves have been chopped into
a fine powder to produce the form of powdered material. 10 g of the dry powder was boiled
in 100 mL of water for 30 min in room temperature. The mixture was filtered by Whatmann
No. 1 filter paper to yield the water-based leaves extract after 2 h. The aqueous extract was

cooled to 4 °C in a refrigerated prior it was utilized for producing ZnO NPs [48].
Green synthesis of ZnO NPs

About 0.1 M zinc acetate hexahydrate has been mixed in 80 mL of milli-Q water and
dissolved for 15 min at room temperature with continuous stirring. Then, 20 mL of an
aqueous leaf extract liquid was mixed with the zinc acetate solution. The resulting mixture
was rapidly stirred for 2 h at 70 °C using magnetic stirrer. The resulting precipitate was
allowed to cool down when the reaction was finished, and it was successful. Centrifugal force
was used for separating the resulting product from the reaction solution for 15 min at 12000
rpm. Those residual particles were washed in deionized water in subsequent steps, and then
the items were dehydrated in a hot air oven at 80 °C. After synthesized, the NPs was heated
in a muffle chamber for 2 h at 400°C. Following drying out, the ZnO NPs were crushed and
stored in an Eppendorf tube [49].

Characterization of ZnO NPs

The first approach in synthesizing NPs is recognizing their structure, characteristics, and
response mechanism. To identify this, several methods of categorizing have been employed.
The UV-Visible absorption spectrum of the synthesized ZnO-NPs was detected using a
Shimadzu UV-1601 UV-visible spectrophotometer [S0]. To measure the crystalline structure
of ZnO NPs, the material was analyzed using a Brucker X-ray diffractometer (XRD-6000)
with Cu-Ka energy as a source of X-rays having a spectrum of K = 1.541 A° [51]. Using a
Bruker alpha-P FTIR spectrum analyzer calibrated to run between 4000 and 400 cm’!, the
functional groups found in the leaf extract were determined [52]. The ZnO NPs were coated

to an aluminum sample holder with conductive carbon tape for SEM examination. We

6
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employed a JEOL field emission electron microscope, model JSM7800F, with an OXFORD
microprobe for analysis of EDS with a wavelength of 0.7 nm. The shape and structure of the
nanomaterials were identified employing a transmission electron microscope (TEM)
equipped with a LaB 6 electron cannon and a 30 kV voltage to accelerate at room

temperature [53].

Antibacterial properties of ZnO NPs

Four human pathogenic bacterial strains such as Staphylococcus aureus (ATCC-25923),
Escherichia coli (ATCC-25922), Streptococcus mutans (MTCC-890), and Enterococcus
faecalis collected from the Saveetha Dental College and Hospitals were examined for the
produced ZnO NPs antibacterial property [54]. The Mueller Hinton agar (MHA) medium was
used for maintaining bacterial strains, and the well diffusion approach was used to measure
antibiotic activity on MH agar plates. Nutrient agar was autoclaved at 121°C for 15 min.
Prepared nutrient medium (20 mL) was then pour into each sterile Petri plate and allowed to
cool down in the aseptic environment in the laminar airflow hood. The test microorganisms
from the overnight-grown (0.1 mL contains 0.5 McFarland suspensions at 10’ CFU/mL)
inoculation broth culture was distributed equally using sterile cotton swabs. The agar was
punctured to make 5 mm-diameter wells. ZnO NPs that were bio-fabricated were
administered to the bacterial strains at concentration of 50 and 100 pg/mL overnight. For
each petri dish, a cefotaxime reference drug (5 pg/mL) was utilized as a positive control,
while a negative control was 10% dimethyl sulphoxide (DMSO) (50 pl/well, v/v). The plates
were then kept at 37° C for 24 h in a bacteriological incubator. Each test was done three times

and the average inhibition zone value for a specific dose was calculated to determine results.

Minimum inhibitory concentration (MIC)

The minimal inhibitory concentrations (MICs) of ZnO NPs were measured using broth
microdilution in 96-well microtiter plates. The results were obtained following CLSI (2012)
standards with some modifications [55]. After 0.1 mL of nanoparticle suspensions were
added to each well, which had already received 0.1 mL of Mueller Hinton broth media, the
concentrations were split by two to get final values of 0.5, 1, 2.5, 5, 7.5, 10, 12.5, 15, 25, 50,
100, and 200 pg/mL. Then, each well received 50 pL of normal inoculum. 24 h after being
incubated at 37 °C. The optical density (O.D.) of microbial growth was measured at 600 nm.
The MIC endpoint was defined as the lowest concentration of ZnO NPs at which no
microbial growth was observed after incubation. As a positive control (cefotaxime), bacteria-

inoculated media was employed. The only negative controls employed are 10% DMSO.



222

223
224
225
226
227
228
229

230

231
232
233
234
235
236
237
238
239
240
241
242
243

244

245
246
247
248
249
250
251
252

253

Killing kinetic assay

The killing kinetic test was performed to detect the rate at which ZnO NPs inhibited the
growth of bacterial cultures [56]. Three separate bacterial strains were cultured overnight, and
the next day, 5 pL (10° CFU/mL) of their development was transferred into tubes containing
1 mL of broth before being exposed to the proper MIC doses of ZnO NPs. Bacterial viability
was determined at 0, 2, 4, 6, 8, 10 and 12 h and compared to a positive control (cefotaxime-
no treatment). With nutritional broth used as a reference, an assessment was carried out using

a spectrophotometer at 600 nm.

In vitro antibiofilm assessment assay

The 96-well microtiter plate approach was used for evaluating the efficiency of ZnO NPs in
biofilm formation [57]. To each well of the sterile microtiter plate, 180 pL of MH broth was
added, and 10 pL of an overnight-grown culture was introduced as the inoculum. ZnO NPs
and antibiotic (positive control- cefotaxime 5 pug/mL) have been added to the solution at
different amounts ranging from 20 to 100 pg/mL. The wells were then maintained for 24 h at
37°C in bacteriological incubator. Following incubation, each well components were
carefully transferred to other wells. After being cleaned with 200 pL of sterile distilled water,
the tubes were dried for 5 min. Following the addition, 0.2% (w/v) crystal violet was
incubated for 30 min at 37°C. After discarding the crystal violet, it was left to air-dry. A
solution of 95% ethanol has been added following drying, and a spectrophotometer was
utilized to determine the absorbance at OD (optical density) 595 nm. These OD values were
used as an indicator for the degree to which bacteria attached to surfaces and developed

biofilms. Each test was performed in triplicate and three times.

Maintenance of Zebrafish

Wild AB zebrafish (Danio rerio) were collected from Raj Fish Aquarium in Chennai, Tamil
Nadu, and developed in a circulating culture technique. Aquaria containing sieved tap water
with an oxygen content of higher than 80% and a pH of 7.0+0.3 were home to females and
males at the age of 6 to 12 months, who were maintained in a percentage of 2:1. The water
was kept at a constant 26 °C using a 14 h: 10 h day and night schedule. Zebrafish were
consistently supplied an extensive diet that included newly hatched live brine shrimp
(Artemia nauplii) once daily in the pre-lunch, as well as once daily in the evening, vitamin-

fed powdered flake meal.

Embryo collection and acute toxicity assessment
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Male to female zebrafish were kept in reproductive boxes in a ratio of 1:2 after being chosen
as sexually mature. A glass barrier was used to separate the men and females, and the fish and
demersal eggs were divided before the light was turned off by holding the titanium mesh
vertically 5 cm above the bottom of the container. The male and female fish engaged the next
day, and eggs were deposited when the clapboard was removed. The fertilized embryos were
recovered after around 30 minutes. To get rid of the contaminants, the embryos were washed
twice or three times using water produced in accordance with ISO 15088 standard. To
evaluate for toxicity, the 2-4 cell phase embryos were chosen and cultivated for 2-4 hours
post-fertilization (hpf). 90% fertilization rate was established as the minimal standard for

processing additional studies [58].

Zebrafish embryos were exposed to an acute toxicity test in accordance with OECD 236
and other conventional and significantly modified standardized aquatic methods (ARRIVE
guidelines- [59]. Twenty embryos were placed in each well of 6-well cell plates used for
exposure tests. Assay mixtures were developed using dissolved stocks (5 mg/mL) of O.
teuniflorum synthesized ZnO NPs that had been produced. The magnetic stirrer was regularly
examined to sustain the suspension while preparing the dilutions. Different ZnO
NPs concentrations, including control, 250, 500, 750 ug/mL, and 1 mg/mL with water
worked as a control group in this investigation, and were employed in the experiment, which
was then incubated at (27+1) °C started at 4 hpf with a light/dark ratio of 14/10 h. Each test
was carried out three times. Toxicology was assessed using embryo/larval survival and
embryo hatching rates [60]. Every 24 h, the exposure medium was replaced, and the deceased
embryos were immediately removed. At 24, 48, 72, and 96 hpf, malformed embryos were
identified. Under the Leica M205C stereomicroscope (Leica Microsystems, Inc.),
representative abnormal zebrafish embryos were chosen and captured on camera. The number
of malformed and hatched embryos was counted, and the rate of malformation and hatched

embryos was computed [61].

Data analysis

Results are presented as Mean +SD. The statistical evaluation was carried out using
GraphPad Prism 8 software and the student-t test or one-way analyses of variance (ANOVA),

as applicable. Results were considered statistically significant at p< 0.05.
Results and Discussion

Characterization of NPs
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Plant-mediated vibrant nanoparticle production is more rapid and greener than existing
approaches. Zinc nanoparticles are a promising alternative to antibiotics due to their
antibacterial capabilities and new bioactive chemicals [62]. O. feuniflorum leaf extract can
have phytoconstituents to cure different ailments. Alkaloids, flavonoids, steroids, phenols,
glycosides, and terpenoids are found in aerial portions[63]. The soluble substances in O.
teuniflorum leaf aqueous extract might reduce metal ions and stabilize NPs. Based on
previous phytochemical investigations [64], the plant is an excellent source of reducing
carbohydrates, polyphenols, eugenol, flavonoids, carvacrol, minerals, ocimene, oleanolic
acid, ursolic acid, rosmarinic acid, eugenol, and linalool. These compounds have the ability to
maintain stability and interact nanoparticles; Supplementary Fig.1. illustrates the probable
route of synthesis for ZnO NPs. The stimulation of surface plasmon resonance of
nanomaterials induced the appearance of the water-based extract changing from dark brown
to bright yellow resulting from exposure with zinc acetate solution (Fig. 1A). To find the
absorption peak of the bio-synthesized ZnO NPs, a UV/Vis spectrophotometer measurement
was carried out within the spectral between 250 to 500 nm. Zinc oxide nanoparticles
demonstrated an evident single peak with the highest absorption wavelength at 290 nm (Fig.
1B). There are significant distinctions between the excited electronic configurations of pure
ZnO and superconducting ZnO NPs exhibiting a direct energy band gap of 3.24 eV. In ZnO
NPs, this change leads to a quantum confinement phenomenon. In the ultraviolet, the ZnO
particle showed signs of intrinsic absorption peaks. Band gaps were computed using the
formula o = A (hv © - Eg)" /hv, where a is the absorption coefficient, as illustrated in Fig. 2C
[65]. Because of ZnO energy band gap, there may be higher light absorption during the
ultraviolet, which could promote the formation of more em - h+ pairs and increase
antibacterial efficacy. The intensity of nanoparticle absorption peak in UV—visible spectrum
is linked to particle size. Similarly, [66] investigated the phyto-mediated production of ZnO

NPs of Berberis aristata with a 343 nm UV spectrum.

FTIR analysis of biosynthesized ZnO NPs

FTIR examination is an excellent method for chemical detection because every molecule or
chemical structure has a specific spectrum pattern. Fig.2 demonstrates many major and minor
stabilized ZnO nanoparticle FTIR spectra of O. teuniflorum leaf extract (3314, 2915, 2845,
1616, 1027 cm™) and the biosynthesized ZnO NPs at 3574, 3322, 2915, 1360, and 753 cm’!
were absorption bands (Table 1). The leaf extract lacks a few bands (3574 cm™') compared

with produced ZnO NPs, and the bands shift indicates few functional molecules play a role in

10
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the reduction mechanism. FT-IR spectrum between 3574 to 3314 cm™' demonstrate alcohol
and phenol bands due to O-H stretching vibration. Based to investigations earlier achieved by
[67]; [68] hydroxyl groups (O-H) have more potential for associating with zinc ions than
other kinds of groups. The O-H stretching vibration, or 3477 cm™! band, is generally linked to
ZnO nanoparticles and indicates the presence of hydroxyl groups (-OH) on their surface.
These hydroxyl groups may come from surface hydroxylation during synthesis, or they may
come from leftover water molecules adsorbed on the surface of the nanoparticle.
Furthermore, during the creation of ZnO NPs, the hydroxyl groups can take part in the bio-
reduction process. A unique pattern at wavenumber 3574 cm’! reveals the O-H stretching
vibration of alcohol and phenol hydroxyl groups. Absorption bands at 2915 cm! are due to C-
H stretching of the aromatic groups. The medium absorption band at 2845 cm™ is due to the
stretching vibrations of alkanes (C-H). C-H bond bending vibrations or C-O stretching
vibrations may be responsible for the band at 1360 cm™! (C-H bending or C-O stretching).
This band is present in the ZnO nanoparticles spectrum, but it is absent from the extract,
suggesting that the ZnO nanoparticles surface now contains new organic residues. These
residues are most likely the result of the extract's organic molecules breaking down or of
stabilizing agents being used during the process of synthesis. The band at 1675 cm™! could be
attributed to -C=C- stretching vibrations of alkene groups. The band at 1616 cm™ may be
linked to the N-H groups of polyols in the material, which include flavanones, terpenoids,
and carbohydrates. On the other hand, the band shift from 1027 cm™ corresponds to the
binding of the C—N aliphatic amine group associated with the reduction of nanoparticles [69].
The band recorded at 753 cm™ could be assigned to C-H bending, Zn-O groups. Zn-O bonds
interact at a range of 400—-800 cm™!. This indicates that the ZnO bonds are clearly represented
by 404 and 702 cm™'.Water-based leaf extract polyols oxidize aliphatic and primary amine
molecules to minimize metallic ions [70]. In the present study, O. teuniflorum leaf extract
contains phenols, alcohols, carboxylic acids, and alkanes bind to ZnO NPs, whereas phenols
and alcohols attached stronger, which may have served as stabilizing and reducing substances
towards the synthesis of ZnO NPs [71]. FTIR spectrum analysis confirmed the XRD
outcomes and shown no additional impurity particles. The bands in the 400-800 cm™ band
link to stretching and bending of ZnO that results from the interaction of ZnO NPs with
carbonyl groups, leading to a coating layer over the ZnO NPs surface that inhibits

aggregation and agglomeration, as previously stated [72].

XRD study of ZnO NPs

11
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XRD proves ZnO NPs crystalline structure. The diffractogram shows wave intensity versus
diffraction angle. XRD confirmed crystalline O. feuniflorum produced ZnO NPs (Fig.3). The
ZnO NPs diffraction peak values at (100), (002), (101), (102), (110), and (103) are depicted
in the figure. These correspond, in turn, to the degrees (20) at 31.34°, 34.50°, 36.32°, 47.60°,
56.68°, and 62.94° which is corresponds to JCPDS:36-1451. Elevated diffraction peaks
signified the crystalline structure of the material. There were no peaks identified because of
impurities, and the peaks strength outlines were a property of the nanoparticle’s spherical
wurtzite structure. Scherrer's formula estimated a 10-25 nm crystallite size. Our results are
similar to [73], who generated zinc nanoparticles using O. americanum leaf extract, and [74],
who used O. sanctum leaf extract. ZnO NPs with boosted antibacterial features may have
additional diffraction peaks (32.24°,57.5° and 74.58°) that arise due to the binding of
antibacterial agents to their surface[75]. Diffraction study demonstrated that antagonistic
bacteria antibacterial compounds may react with Zn (NOs): solution to produce ZnO NPs,

which surface adsorbed various antibacterial molecules [76].
FESEM, EDAX and TEM analysis

The images obtained from FESEM were obtained at various levels of magnification to
evaluate the form and dimension of the produced nanoparticles, as shown in Fig.4 Surface
texture confirms nanoparticle aggregation. ZnO synergistic effect is affected by surface
morphology [77]. XRD stated the particles were predominantly spherical. EDX also proves
highly useful because it supports the chemical characterization or elemental evaluation of a
material [78]. The EDX spectrum (Supplementary Fig. 2) showed zinc (Zn) and oxygen (O),
confirming ZnO NP production. EDX displays significant peaks of 68.11% for Zinc and
31.89% for Oxygen, whose weight% peaks are very close to those reported before for ZnO
nanoparticle production (Pai et al., 2019). Zinc has two high peaks at 1eV and 8.6 eV, and
Oxygen had one at 0.3 eV. The compound's elemental makeup is confirmed by these Zinc and
Oxygen measurements [79]. Finally, ZnO NP morphological structures were examined by
TEM (JEOL JEM-1220). TEM image and particle histogram of O. teuniflorum leaf extract-
synthesized ZnO NPs are shown in Fig.4 TEM pictures exhibited produced nanoparticles at
various magnifications are displayed in Fig. 4C, D &E. Median 5-35 nm, O. teuniflorum
fabricated ZnO NPs were 29 nm spherical. The TEM data confirmed some region
aggregation of ZnO NPs. Similarly, Aggarwal et al. (2023) reported hexagonal ZnO NPs
biosynthesized from Ocimum basilicum leaf extract with a median particle size (20 nm). The

characterisation method determined the dimension and crystal structure of ZnO NPs, leading
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to their use in application research. The structure of NPs determines efficacy against
infections [80]. Because spherical NPs quickly penetrate pathogen cell walls, their
antibacterial effect is potent [81]. ZnO NPs made from O. teuniflorum extract can cure

infections in humans well.
Antibacterial properties of ZnO NPs

The cell envelope and membrane components of Gram-positive and Gram-negative bacteria
are different which must be taken consideration when synthesizing successful functionalized
metallic nanoparticles. Bactericidal properties are exhibited by metallic nanoparticles that
enter the bacterial cell wall. Therefore, once intracellular biological functions are interrupted
by nanoparticles, the result is apoptosis, or the death of microorganisms. The prevention of
DNA replication, protein leakage, mitochondrial failure, protein damage, membrane rupture,
or direct entrance of NPs via the cell wall, and breakdown in the electron transport chain are
these key mechanisms of the antimicrobial mechanism [82]. The potential of synthesized
ZnO NPs formed by O. tenuiflorum to inhibit four distinct human pathogenic bacteria was
investigated. ZnO NPs synthesized by O. tenuiflorum exhibited significant antibacterial
efficacy against all evaluated bacterial strains. Diameter of each well is 5 mm. At a
concentration of 100 pg/mL, it was determined that biosynthesized ZnO NPs had the
excellent antibacterial effects against E. coli (20.05£0.8mm), E. faecalis (20.0+£0.5mm), S.
aureus (18.01£1.2mm), and S. mutans (17.5+£1.0mm) Supplementary Fig.3. The dimension of
the zone of inhibition was used to calculate antibacterial properties against pathogenic
microorganisms (Fig.5). This study found that ZnO NPs were more efficient against gram (-
ve) bacteria than gram (+ve) bacteria [83]. Interesting that Punica granatum extract-made
ZnO NPs (4-10 nm) inhibited pathogenic microbe growth better than bigger sizes [84]. Yang
et al. [85] study examined the effectiveness of ZnO NPs utilizing leaves from the Hibiscus
cannabinum plant, which demonstrated significant efficacy against the microorganisms E.
coli and S. aureus. Gram (+ve) bacteria have a rich peptidoglycan layer and no outer lipid
membrane. Gram (-ve) bacteria have an exterior lipid barrier and a thin peptidoglycan
surface. Nanoparticles have distinct attachment strategies due to cell wall differences. ZnO
NPs stick to cell walls and membranes, affecting structural integrity, transport, and porosity
[86]. ZnO NPs are more effective against Gram (-ve) bacteria due to their weaker cell walls
and thinner peptidoglycan covers. NPs bind to Gram (-ve) bacteria Lipopolysaccharide due to

their negative electrical charge [87]. The bacteria-ZnO NPs interaction involves ZnO NPs
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adherence to the bacterial cell wall [88]. ZnO is considered a safe metal oxide due to its high

toxicity towards bacteria and low toxicity against eukaryotic cells [89].

Determination of minimal inhibitory concentration

The bactericidal capacity of green synthesized ZnO NPs was examined by comparing the
MIC rate against human pathogenic oral and clinical bacteria to the conventional antibiotic
sensitivity. The outcomes of the present study strongly exhibited that four tested strains of
bacteria might be reduced in density by treatment with O. tenuiflorum-fabricated ZnO NPs
via a concentration-mediated approach. The initially detected ZnO NP doses that inhibited the
growth of the chosen bacterial strains were recorded as a particular MIC value. MIC is the
minimum inhibitory concentration of an antibacterial agent that totally inhibits bacterial
growth. The E. coli strains minimum inhibitory concentration (MIC) was found to be 25
ug/mL, whereas the positive control (cefotaxime) showed 2.5 pg/mL (Supplementary
Fig.4A), but the S. aureus bacterial strain revealed a MIC value of 15 ug/mL and positive
control inhibited 5 pg/mL (Supplementary Fig.4B), followed by the MIC values of 15 pg/ mL
for S. mutans, whereas positive control inhibited 10 pg/mL (Supplementary Fig.4C) and 25
ng/ mL for E. faecalis, whereas cefotaxime (positive control) inhibited 12 pg/mL
(Supplementary Fig.4D). Based on the findings, it was observed that the green derived ZnO
NPs demonstrated a minimum inhibitory concentration (MIC) ranging from 2.5 pg/mL to 12
ug/mL for each pathogen examined, suggesting that the synthesized ZnO NPs effectively
inhibited the growth of these pathogens. The 2019 CLSI guideline determined antimicrobial
susceptibility categories, or MIC breakpoints. The positively charged Zn+ ions in ZnO NPs
interacted to the bacterial cell membrane in the present study. This connection established an
electrical communicate with the negatively charged cell wall and plasma membrane,
disrupting it [90] [91]. The present research found that compared to S. aureus and S. mutans
strains, E. coli and E. faecalis bacteria had significantly higher MIC values. This may be

driven on by the peptidoglycan layers as well as structural changes in the cell membrane [92].

Time Killing Kinetic assay of pathogenic strains

A bacteria-killing rate study determines the length of time ZnO NPs require to eradicate
bacterial strains. The killing kinetic graph demonstrated that produced ZnO NPs consistently
reduced E. coli, S. aureus, S. mutans, and E. faecalis growth. All four bacterial strains
inhibited growth significantly between 8 or 10 h of exposure to their MIC dosage and
nanoparticle concentration (Fig.6). This reduction was dependent on time and ZnO NPs

concentrations. It's probably due to ZnO NPs intracellular penetration after enough time.
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After 12 h, bacteria exposed to ZnO NPs at their MIC quantities for more time than the
positive control died. The dose-dependent time-killing property of ZnO NPs against human
pathogenic bacterial strains was similarly reported by Ifeanyichukwu et al. [93]. Likewise,
Hayat et al. [94] investigated the time-killing assay of Acacia arabica-biosynthesized ZnO
NPs tested against S. aureus and E. coli. Zn" ion binding to the bacterial cell skin denatures
the protein [90]. In summary, ZnO NPs demonstrated broad-spectrum efficacy against tested
microorganisms. Green manufactured ZnO NPs are strong antibacterial agents because they

kill human pathogenic microorganisms.

Evaluation of antibiofilm activity

Biofilms are composed of layers of polysaccharides, nucleic acids, sugars, and proteins on
living or non-living surfaces. Strong biofilm layer concerns affect human health and
environment in food business, wastewater management plant, and water supply network [95].
It is considered that the most frequent biofilm-forming bacterial strains, such as E. coli, S.
aureus, S. mutans, and E. faecalis, cause approximately 60% of the infections [96].
(Supplementary Fig.5) shows the antibiofilm activity of O. teuniflorum produced ZnO NPs
against biofilm-forming pathogens at 20-100pug/mL. ZnO NPs had O.D values 0.198 + 0.21
to 0.845 £ 0.1 (O.D) antibiofilm activity against all tested pathogens at 20pg/mL. the
antibiofilm activity of ZnO NPs against tested bacteria increased significantly (p<0.05) and
concentration-dependent. The maximum antibiofilm properties of O. teuniflorum synthesized
ZnO NPs towards E. coli, S. aureus, S. mutans, and E. faecalis was 0.205 = 0.2, 0.304 + 0.1,
0.634 = 0.2, and 0.845 £+ 0.1% at 100pg/mL. Similarly, Fernandes et al., [97] reported the
Cystoseira algae derived the silver and gold nanoparticles exhibited the inhibit the formation
of biofilms using Pseudomonas aeruginosa and S. aureus. Unni et al., [98] reported Piper
longum synthesized ZnO nanoparticles reduce biofilm development. The biofilm inhibition
by fabricated nanoparticles was highest in S. mutans, followed by S. aureus, E. coli and
lowest in E. faecalis. Zinc oxide nanoparticles dependent on dose inhibited Bacillus sp
biofilm formation, according to [99]. Likewise, Altaf et al., [100] found that TiO>-NPs made
with Carum copticum extract effectively eliminated E. coli, P. aeruginosa, and S. aureus
biofilms by 60.09, 64.14, and 48.30%, respectively. Zinc nanoparticles reduced biofilm
development in [101]. ZnO NPs produced from O. teuniflorum aqueous extract reduce
biofilm development of selected gram (+ve) and gram (-ve) bacteria. Notably, ZnO NPs

shown strong antibiofilm properties against S. aureus [102]. At high concentrations, eco-
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friendly ZnO NPs produced from O. teuniflorum reduced biofilm development without

disrupting humans or the environment.

Biocompatibility studies on zebrafish embryo

Numerous investigations have shown the biocompatibility of metal and metal oxide NPs in
zebrafish embryos [103]. Metal oxide NPs cytotoxicity in zebrafish embryos depends on their
form, size, and surface area. Zebrafish embryos can be utilized for in vivo assays for
preclinical drug discovery for human diseases. Zebrafish and humans have 85% genomic
homology [104]. Zebrafish embryos were treated to ZnO NPs at 250-1mg/mL to assess
ZnO NP toxic effects. The figure shows the no toxicity of untreated and (p> 0.05) effects at
doses of 250 and 750 pg/mL, across all exposure periods. Increasing ZnO nanoparticle
concentrations to 1mg/mL had a small impact (p< 0:001) on embryo mortality. A substantial
increase in fish mortality (p< 0.05) was seen up to 96 hpf with increasing nanoparticle
concentration. Using Img/mL of ZnO nanoparticles caused in 5% embryo death at 96 hpf
(Fig. 7A). The hatching rate of zebrafish embryos is marginally changed by increasing ZnO
nanoparticle dosage. The untreated embryos had a 100% hatch rate, whereas the 1mg/mL
ZnO nanoparticle-treated embryos had a 90+1:7% hatch rate (Fig.8A). There were no
significant variations in hatching percentages between 500 and 750 pg/mL ZnO nanoparticle
groups. Concentrations of 500 and 750 pg/mL had p values below 0.01 (p < 0:01). The
hatching rate was slightly significant (p< 0.05) and decreased with nanoparticle concentration
up to 750 pg/mL (Fig.8B). While increasing ZnO NP concentration, Fig.8B indicates slight
delayed hatching. Zebrafish tail bending and growth retardation were mild at higher ZnO
nanoparticle concentrations. The control group without treatment zebrafish exhibits normal
development and no delayed activity. The 750 pg/mL concentration did not cause any severe
malfunctions or developmental toxicity up to 96 hpf. Exposure to ZnO nanoparticles over
Img/mL produced axial and tail bends, pericardial edema, and decreased digestive tract in
embryos. Based on produced ZnO NP concentrations, the body dimension was considerably
lower than in untreated groups (Fig.8E). Similarly, Choi et al. [105] found that ZnO NPs
administered to zebrafish embryos reduced body length compared with untreated groups. All
tested groups exhibited far lower heartbeat counts than the “1 mg/mL” group (Fig.8C).
Malformation caused by biosynthesized ZnO NPs was viewed in both the treated and
untreated groups of embryos in the present study. Zebrafish embryos in control groups were
malformation-free (Fig.8D). At 1mg/L, embryos had modest abnormalities as tail bending

and pericardial edema (Fig.7B). This study confirms previous findings on the toxicity of ZnO
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NPs and Zn ions on zebrafish embryos throughout the 96-hpf period [106] [107]. The current
findings resulted in ZnO NP concentrations, although the body length was much smaller than
in the control groups. Similarly, Lee et al., (2022) found that ZnO NPs treated zebrafish
embryos had shorter bodies than untreated groups. The biogenic ZnO NPs was given to
Danio rerio at a dose of 750 pg/mL without any negative effects. This research hopes to
develop an efficient bioprocess for synthesizing zinc nanoparticles, which will be useful in

therapeutic uses.

Conclusion

The present research attempted to synthesize nanoparticles and characterize them using tools
such as UV, XRD, FTIR, SEM-EDX, and TEM. Additionally, research was done on the
biological uses, including anti-bacterial, anti-biofilm, and biocompatibility investigations on
zebrafish embryos. UV-visible wavelength spectrum analysis proved biosynthesized surface
plasmon resonance. O. teuniflorum leaf extract synthesized ZnO NPs absorption spectra at
UV wavelengths between 200 and 400 nm indicated maximum around 290 nm. A prominent
peak was evident in the FTIR spectrum values at 3477.2 cm™!, which is associated with the
stretching of phenolic or alcoholic molecules by dimer -OH. The TEM pictures displayed
ZnO NPs with spherical forms and diameters ranging from 5 to 35 nm. Biosynthesized ZnO
NPs showed strong antibacterial and antibiofilm properties against tested dental/clinical
pathogens. Moreover, ZnO NPs produced by O. feuniflorum having inhibitory zones shown
strong antibacterial activity against bacteria that cause disease in humans. Maximum
efficiency was achieved by E. coli (20.05+0.8mm) at 100 pg/mL. Gram (+ve) ZnO NPs have
a significant antibacterial effect and prevent biofilm formation, with S. aureus and S. mutans
showing the similar MIC value at 15 pg/mL and Gram (-ve) E. coli showing a distinct
outcome (25 pg/mL). Time- and dose-dependent killing mode of ZnO NPs involves bacterial
strain metabolic system penetration, resulting in cell death. These biosynthesized
nanoparticles may offer an alternate therapy for multidrug-resistant bacteria. A zebrafish
embryo was employed to test the toxicity of the nanoparticles. The hatching and survival rate
of zebrafish embryos were not impacted by ZnO NPs aqueous solution concentrations of 750
pg/mL. The study suggests that ZnO NPs can effectively reduce dental caries-causing
organisms without the need of synthetic antibiotics. The biosynthesized ZnO NPs may be a
promising biological disease-controlling agent for oral infections. The findings of this
investigation suggest that O. teuniflorum derived ZnO NPs have several significant

applications in the pharmaceutical and biological domains.
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