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ABSTRACT: Zinc oxide nanoparticles (ZnO-NPs) were bio-
synthesized by using the pericarp aqueous extract from Terminalia
catappa Linn. These NPs were characterized using various
analytical techniques such as X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, ultraviolet (UV) spec-
troscopy, dynamic light scattering (DLS), and scanning electron
microscopy (SEM), and XRD studies of the nanoparticles reported
mean size as 12.58 nm nanocrystals with highest purity. Further
SEM analysis emphasized the nanoparticles to be spherical in
shape. The functional groups responsible for capping and stabilizing
the NPs were identified with FTIR studies. DLS studies of the
synthesized NPs reported { potential as —10.1 mV and exhibited
stable colloidal solution. These characterized ZnO-NPs were
evaluated for various biological applications such as antibacterial, antifungal, antioxidant, genotoxic, biocompatibility, and larvicidal
studies. To explore its multidimensional application in the field of medicine. NPs reported a potential antimicrobial activity at a
concentration of 200 ug/mL against bacterial strains in the decreasing order of Streptococcus pyogenes > Streptococcus aureus >
Streptococcus typhi > Streptococcus aeruginosa and against the fungi Candida albicans. In vitro studies of RBC hemolysis with varying
concentrations of NPs confirm their biocompatibility with ICy, value of 211.4 ug/mL. The synthesized NPs’ DPPH free radical
scavenging activity was examined to extend their antioxidant applications. The antiproliferation and genetic toxicity were studied
with meristematic cells of Allium cepa reported with mitotic index (MI index) of 1.2% at the concentration of 1000 ug/mL. NPs
exhibited excellent Larvicidal activity against Culex quinquefasciatus larvae with the highest mortality rate as 98% at 4 mg/L. Our
findings elicit the therapeutic potentials of the synthesized zinc oxide NPs.
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1. INTRODUCTION

Nanotechnology has attracted attention in recent times due to

them as an inevitable force in environmental remediation as
3,4
well.

its multidimensional applications in revolutionizing the
scientific world." It has gained prime importance owing to
the advantage of its surface area to volume ratio, which gives an
edge while using it to work within the biological system. The
potential applications of nanotechnology in therapeutics range
from targeted drug delivery, eflicient encapsulation, con-
trolled/sustained drug release, imaging, enhancing diagnostics
like the case of nano sensors, improving the efficacy and safety
of implants, regenerative medicine, and in some cases, as the
therapy itself.” Biosynthesized zinc oxide nanoparticles possess
ample potentialities owing to their unique properties like small
size and large surface area that enhances its reactivity, strong
UV absorption, inherent antimicrobial properties that makes
them useful in medical applications, being valuable in cancer
therapy, and their photocatalytic properties that promotes
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In the current reported work, the biological potential and
significance of the green synthesized zinc oxide nanoparticles
from the pericarp of the fruit of Terminalia catappa Linn was
evaluated. The plant has deep traditional roots in tropical
India, and it is a commonly used ornamental plant in the
subcontinent. It is a large tropical tree belonging to the family
Combretaceae. Distribution of the tree is in the subtropical and
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tropical zones of the Indian and Pacific Oceans. The pericarp is
traditionally used as an acrid, astringent, purgative, and
aphrodisiac. It is also used to treat bronchitis, bowels, diabetes,
leprosy, headache, and nausea.”® The pericarp that is an
agrowaste contains several secondary metabolites such as
amino acids, alkaloids, phenolic compounds, and flavonoids
(S1) that could mediate the reduction and can serve as capping
for stable nanoparticle synthesis.” The aim of this work was to
explore the potential of the pericarp extract in the formation
and stabilization of ZnO nanoparticle synthesis as a sustainable
and economical method of synthesis. The crystal structure and
surface morphology were characterized using UV—visible
spectroscopy, FTIR, zeta potential, XRD, dynamic light
scattering, EDAX, and SEM images. The substantial character-
ization results prompted us to examine their biological
potentials. Zinc oxide (ZnO) nanoparticles are biologically
safe nanoparticles extensively used in various applications
owing to their unique properties, such as antimicrobial,
antioxidant, photooxidation, and photocatalysis. In order to
test the antimicrobial activity of the synthesized zinc oxide
nanoparticle, the antibacterial activity of the synthesized zinc
oxide nanoparticle was evaluated against human pathogens of
medical interest such as Staphylococcus aureus, Streptococcus
pyogenes, Pseudomonas aeruginosa, and Salmonella enterica
subsp. enterica serovar Typhimurium.® The effective antifungal
property was reported against Candida albicans. To highlight,
S. aureus is known to cause skin infections majorly and
sometimes even pneumonia, S. pyogenes cause major acute
infections, P. deruginosa can cause pneumonia, and S. enterica
subsp. enterica serovar Typhimurium can cause enteric
diseases. The test fungal species chosen was C. albicans since
it is the most prevalent fun§us found in the human body and
an opportunistic pathogen.” These test microbial organisms
were chosen since they are all human pathogenic bacteria and
understanding the antimicrobial effects can pave the way as
nano pharmacological agents.

In order to assess the larvicidal properties of the synthesized
zinc oxide nanoparticles, larvae of Culex quinquefasciatus were
used, as they are the vectors for major zoonotic diseases.
Elucidating larvicidal properties of the synthesized zinc oxide
nanoparticle would further pave the way toward developing
strategies to circumvent these diseases. The genotoxic and
antimitotic effect of the synthesized nanoparticle was evaluated
against the Allium cepa root tip. The biocompatibility of the
nanoparticle to the blood was evaluated.'® Overall, this work is
a novel approach for green synthesis of ZnO nanoparticles
using pericarp extract of T. catappa and elucidates their
significant application as therapeutic agent.

2. MATERIALS AND METHODS

2.1. Test Microorganisms Used. Gram-positive bacteria
S. aureus subsp. Aureus (ATCC 6538P) and S. pyogenes
(ATCC 19615), Gram-negative bacteria P. aeruginosa (ATCC
27853), and S. enterica subsp. enterica serovar Typhimurium
(ATCC 14028TM) was used as test bacterial strain, and C.
albicans (ATCC 90028TM) was used as test fungal strain for
evaluating the antimicrobial activity of synthesized ZnO NPs.

2.2. Chemicals Used. Nutrient Broth (HiMedia Labo-
ratories), Nutrient Agar (HiMedia Laboratories), Potato
dextrose broth (HiMedia Laboratories), zinc acetate dihydrate
[Zn(CH;COO0),2H,0], sodium hydroxide (NaOH), azithro-
mycin (15 mg/mL), fluconazole (25 mg/mL), DPPH solution
(0.1 mM in methanol) from Sigma-Aldrich, Carnoy’s Fixative

II, 70% ethanol, 1%SDS (Thermo Fisher Scientific), and 1X
PBS (Thermo Fisher Scientific).

2.3. Collection and Preparation of Aqueous Extract of
T. catappa Pericarp. The fresh fruits of T. catappa were
collected from the campus of Christ (Deemed to be
University) situated at Hosur road, Bangalore, India
(12.939233°N, 77.550996°E). The plant leaves were used to
make the herbarium and deposited with voucher number
CULS_TC_002 at the Department of life sciences, Christ
(Deemed to be university), Hosur road, Bangalore, for
reference (Figure 1).

4 Christ University
Lat 12.939233°

Long 77.650996°

§\ 16/02/23 06:25 PM GMT +05:80
b4 1 L -_—

Figure 1. Terminalia catappa tree at CHRIST University, Bengaluru.

The fresh fruits of T. catappa were subjected to thorough
washing with deionized water in an effort to remove the dust
and the organic impurities. The synthesis of ZnO nanoparticles
was performed as per Aminuzzaman et al, 2018."'
Accordingly, 8 g of the fruit pericarp was taken and chopped
into fine pieces. 100 mL of deionized water was added to the
finely chopped pericarp pieces and was boiled at 70—80 °C in
a water bath for 30 min until a golden yellow solution was
obtained. The extract was then cooled until it attained the
room temperature. Further, the extract was filtered using
Whatman no. 1 paper. The filtration was repeated twice and
the filtrate was stored in a 100 mL glass beaker. This filtrate
(referred as pericarp extract) was then used further for the
synthesis of ZnO nanoparticles (S2).

2.4. Synthesis of ZnO Nanoparticles. S0 mL of the
pericarp extract prepared was boiled to the temperature range
of 70—80 °C for about 10 min. Boiling was done to ensure
increased reaction rates, enhanced solubility to facilitate
homogeneous reaction, to trigger the decomposition of
precursors, and to aid in improved nucleation and growth
toward desired shape/size of NPs."” Four gram portion of zinc
acetate dihydrate [Zn (CH;C0O0),-2H,0] was added to the
boiling pericarp extract. Upon addition, a bright yellow-colored
solution was formed on constant mixing in the magnetic stirrer.
The pH was adjusted to alkaline range (pH 10) using 1 M
NaOH. As the reaction progressed, the color changed and it
was heated continuously to the point until a pale yellow
(cream) precipitate was obtained. The precipitate was then
washed multiple times using deionized water and was
centrifuged at 5000 rpm for 10 min, followed by ethanol
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wash at 5000 rpm for 5 min. The pellet obtained was dried at
60 °C in the hot air oven. The powder was then scrapped and
stored in airtight vials for further characterization and
biological studies.

2.5. Physico-Chemical Characterization of the Syn-
thesized ZnO Nanoparticles. The ZnO nanoparticles
synthesized were subjected to a series of characterization
techniques. UV—vis Spectrophotometer (PerkinElmer, Lamb-
da 30) was used to confirm the synthesis and to determine the
optical density and energy gap of the synthesized ZnO
nanoparticles. X-ray diffraction (XRD) study was performed
with Miniflex 300/600 (Rigaku SmartLab, Tokyo, Japan), and
Scherrer’s formula was used to report the particle size of the
nanoparticle. The dynamic light scattering (DLS) analysis was
used to analyze the particle size distribution range of the
synthesized ZnO nanoparticles. Morphological features of the
biosynthesized ZnO nanoparticles were analyzed using a
scanning electron microscope at 30 kV acceleration voltage.
The elemental analysis of the ZnO nanoparticles was done
through energy dispersive spectroscopy (EDS) in conjunction
with the SEM analysis. The absorbance spectrum of ZnO
nanoparticles was investigated by FT-IR in the 4000 to 400
cm™! spectral range to identify the functional groups. The zeta
potential measurement was to determine the net surface charge
of the ZnO nanoparticles, which gives insight into their
colloidal stability in suspension.

2.6. Evaluation of the Green Synthesized Nano-
particles for Biological Activities. 2.6.1. Antimicrobial
Activity of ZnO Nanopatrticles. 2.6.1.1. Estimation of
Minimum Bactericidal Concentration (MBC) Using Kirby
Bauer Test. The in vitro antimicrobial activity of ZnO
nanoparticles was evaluated by Disk diffusion method as per
Clinical and Laboratory Standards Institute (CLSI) proto-
cols.””™"* 100 L portion of mid log phase culture of bacteria
S. aureus subsp. Aureus (ATCC 6538P), S. pyogenes (ATCC
19615), P. aeruginosa (ATCC 27853), S. enterica subsp.
enterica serovar Typhimurium (ATCC 14028), and fungi C.
albicans were spread plated on Mueller Hinton agar and potato
dextrose agar, respectively. Sterile Whattman paper disc of 6
mm diameter was loaded with ZnO nanoparticles (50—200
ug/mL) and placed on the inoculated media. The bacterial
cultures were incubated for 24 h at 37 °C, and the fungal
cultures were incubated for 48 h incubation at 27 °C. The
zones of inhibition in each case were observed and were
measured in millimeters using an antibiotic zone scale (Hi
media). Discs containing azithromycin (15 pg/mL) and
fluconazole (25 pg/mL) were used as standard antibacterial
and antifungal drugs, respectively.

2.6.1.2. Estimation of Minimum Inhibitory Concentration
(MIC). The antimicrobial activity of biosynthesized ZnO
nanoparticles was evaluated using the macro-dilution broth
method, which is a commonly used antimicrobial technique for
determining the minimum inhibitory concentration (MIC) of
compounds. This technique was carried out in accordance with
CLSI guidelines.'* Concisely, mid log phase culture of
bacterium S. aureus subsp. Aureus (ATCC 6538P), S. pyogenes
(ATCC 19615), P. aeruginosa (ATCC 27853), S. enterica
subsp. enterica serovar Typhimurium (ATCC 14028), and
fungi C. albicans were diluted in Mueller Hinton broth and
potato dextrose broth, respectively. The microbial inoculum
load was adjusted to a 0.5 McFarland scale and then incubated.
The nanoparticles of various concentrations (10—200 pg/mL)
were supplemented into the inoculated medium. The bacterial

cultures were incubated at 37 °C for 24 h, while the fungal
culture was maintained at 27 °C for 24 h on a shaker
incubator. The MIC values of the synthesized ZnO nano-
particles were compared with the standard antibiotics
(Azithromycin and flucanazole) at the concentration of 1—10
g/mL. The experiments were performed in triplicates and the
data obtained were expressed as mean + standard deviation
(SD).

2.6.2. Antioxidant Activity of Biosynthesized ZnO Nano-
particles. The antioxidant activity of the biosynthesized ZnO
nanoparticles was determined using DPPH (1,1-diphenyl-2-
picrylhydrazyl (DPPH) free radical scavenging activity.'
Different concentrations of synthesized ZnO nanoparticles
(20 to 100 pug/mL) were added to 2 mL of DPPH solution
(0.1 mM in methanol). The reaction mixture was vortexed and
incubated in the dark at room temperature for 30 min.
Ascorbic acid was used as the standard. After the incubation,
the absorbance was recorded at 517 nm.

The percentage of the DPPH radical scavenged was
calculated as follows:

scavenging effect percentage

control absorbance — sample absorbance
= X 100
control absorbance

(1)

2.6.3. Genotoxicity Study of ZnO Nanoparticles Using A.
cepa. The study was performed to investigate the genotoxic
potential of the biosynthesized ZnO nanoparticles. The A. cepa
root tips were used in this study.'® Onion bulbs were grown in
glass containers with sterile distilled water. When the root
length reached 2 to 3 cm, they were transferred onto beakers
containing ZnO nanoparticle solution (0.05—S mg mL™"). The
root tips were then incubated for 48 h at room temperature.
After incubation, the root tips were cut and fixed in Carnoy’s
Fixative II (for 24 h) and further transferred to 70% ethanol for
storage.

The temporary squash preparation of the root tips was
prepared using Acetocarmine staining, and the cells were
observed for cell division stages under the microscope. The
root tips grown in sterile distilled water served as control'®'”
against the root tips exposed to the ZnO nanoparticles. The
mitotic index of the biosynthesized nanoparticle was calculated
using the formula 2 mentioned."®

number of dividing cells

X 100

Mitotic index =
total number of cells (2)

2.6.4. In Vitro Biocompatibility of ZnO Nanoparticles. In
order to validate the biocompatibility of ZnO nanoparticles, a
hemolytic assay was performed by using human red blood cells
obtained from a healthy donor. In this assay, the percentage of
hemolysis was noted against varying concentrations of ZnO
nanoparticles (10—500 ug/mL). The positive and negative
controls for the assay were 1% SDS and 1X PBS, respectively.
Hemolysis of the blood RBC against the ZnO nanoparticles
was measured at 540 nm by using a spectrophotometer. The
concentration of released hemoglobin through RBC lysis was
recorded. Further, the percentage of hemolysis was calculated

using the formula 3 given below"’
test OD
% hemolysis = S X100 — negative control OD
control OD

3)
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Figure 2. (a) UV—visible spectra for phyto-fabricated ZnO nanoparticles from T. catappa pericarp extract, (b) particle size distribution of green
synthesized ZnO nanoparticles by intensity through DLS, and (c) zeta potential results of green synthesized ZnO nanoparticles from the pericarp

extract of T. catappa.

2.6.5. Toxicity Effect of Nanoparticles on C. quinquefas-
ciatus Larvae. C. quinquefasciatus larvae (fourth instar) were
collected from the stagnant water of the Xavier Research
Foundation, Palayamkottai campus (8.718775675142657N,
77.74043761672226E). They were reared in the laboratory
following the standard methods.”

The larvicidal activity was monitored as per the standard
protocol recommended.”’ The toxicity of the biosynthesized
ZnO nanoparticles was analyzed in the cohort containing 20
mosquito larvae (C. quinquefasciatus). A comparative larvicidal
activity was analyzed between the commercially obtained pure
zinc oxide (25—3.12 mg/L) and the synthesized ZnO
nanoparticles (4 to 0.5 mg/L). The number of dead larvae
in the cohort after 24 h of exposure was recorded. Percentage
of the mortality was calculated using the average obtained from
the five replicates. The percentage mortality was calculated
using formula 4 and the corrected percentage mortality data
using standard formula $ listed.””

ber of dead |
Percentage of mortality = O T % 100

total number of larvae
4)

corrected percentage of mortality
= [(percentage of mortality intreatment
— percentage of mortality in control)

/(100 — percentage of mortality in control)] X 100

©)

2.6.5.1. Data Analysis. The data were analyzed using
version 21.0 of the IBM SPSS software package for the entire
study (SPSS 2012). LCS0 and LC 90 values were determined
using probit analysis. LC50 denotes the lethal concentration of
the biosynthesized nanoparticle required to kill 50% of the
larvae used and LC 90 pertains to the lethal concentration that
kills 90% of the total larvae exposed. The results obtained were

analyzed for statistical significance at the significance level of p
< 0.0S.

3. RESULTS AND DISCUSSION

3.1. Physico Chemical Characterization of ZnO
Nanoparticles. 3.7.1. UV-Visible Spectroscopy. The
phyto-fabricated ZnO nanoparticles were subjected to UV—
vis spectroscopy in the range of 200—800 nm. The obtained
UV-—visible spectral data showed an absorption maximum at

https://doi.org/10.1021/acsomega.3c04857
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Figure 3. (a) FT-IR spectrum for biosynthesized zinc oxide nanoparticles, (b) XRD patterns of green synthesized ZnO nanoparticles from the
pericarp of T. catappa, and (c) EDX spectra of zinc oxide nanoparticle synthesized from T. catappa pericarp.

365 nm that was the characteristic peak absorbance value for
ZnO nanoparticles with an energy band gap of 3.403 eV, which
was in accordance with the earlier reported works (Figure 2a).
The literature suggests that the absorption peak maxima for
ZnO nanoparticles was in the range of 280 to 400 nm and 3.2
to 3.5 eV.”’

3.1.2. Dynamic Light Scattering. The Debye—Scherrer’s
equation is limited to spherical and semi spherical nano-
particles only.”* To overcome the limitation and to measure
the size without any constraints over the size and shape,
dynamic light scattering (DLS) is used. The average hydro-
dynamic diameter (Dh) of ZnO nanoparticles was found to be
116.6 nm, which is larger than the sizes obtained from the
SEM measurements. The larger size can be attributed to
aggregation of NPs and hydrodynamical shell.”> The
polydispersity index was found to be 0.325 and the Diffusion
Const. (D) was 4.219¢—008 (cm?*/s) (Figure 2b).

3.1.3. Zeta Potential ({ Potential). The size distribution
and (-potential of the biosynthesized ZnO-NPs were
investigated by using the dynamic light scattering (DLS)
technique. The {-potential defines the colloidal stability and is
a typical measurement of the surface charge of a particle.
Aqueous suspensions that exhibit 15 mV are generalized as
stable colloids.”> In the study, the {-potential of the ZnO
nanoparticles in distilled water (DW) was measured as —10.1
mV, and this can thus be considered relatively anionic (Figure
2c). The ¢ potential measurements, thus, verify and support
the dispersion capacity of the greenly synthesized ZnO
nanoparticles. The negative surface charge clearly indicates
that the capping molecules from pericarp extracts were
negatively charged and are responsible for steadiness of the
zinc oxide nanoparticles by alleviating the aggregation potential

of the particles.”® Different functional groups (carbohydrates,
polysaccharides, pectin, and so forth) present in fruit extract
adsorbed on the surface of the nanoparticles may affect its {-
potential. There is a close relationship between these
metabolites absorbed on the surface of ZnO nanoparticles
and {-potential.

3.1.4. Fourier Transform Infrared Spectroscopy. The FT-
IR analysis was done in the range of 400—4000 cm™" to report
the constituent functional groups found in the synthesized
ZnO nanoparticles, as shown in Figure 3a. The reference to
identify the absorption peaks were with respect to the
standardized IR spectrum table.”” In the case of the
biosynthesized ZnO nanoparticles from the pericarp extract
of T. catappa Linn.,, the intense absorption peak at 3387.48
cm™ signifies the O—H stretch, which is a functional group of
alcohol. Peaks obtained at 3015 cm™' confirms the O—H
stretching of carboxylic acid whereas the peaks at 2924.9 and
2854.67 cm™' indicate the presence of C—H stretch. The
bands at 1625.83 and 1590.52 cm™" are C=C stretch of alkene
and cyclic alkenes, respectively. Medium peaks at 1456.39 and
1382.65 cm™" illustrate the C—H bending of the alkanes. The
S=O0 stretch of sulfate was related to the peak found at
1382.65 cm™". The absorption at 1253.84 cm™ is due to the
C—O stretch in the aromatic ester. Further, the C—N stretch of
the amines was confirmed with the absorption peaks found at
1088 and 1032 cm™'. This FT-IR spectrum analysis gives an
overall view of the functional groups of the synthesized ZnO
nanoparticles.”®

3.1.5. X-ray Diffraction Analysis. The structural identi-
fication and composition analysis of the ZnO nanoparticles
were identified by X-ray diffraction. The XRD patterns of
synthesized ZnO nanoparticles by green synthesis is shown in
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Figure 4. SEM analysis of green synthesized ZnO nanoparticles from T. catappa pericarp extract (magnification of A,;B,C,D, 2 um; E,F, S um; G,H,
10 pm) and a scatter plot showing the distribution of particle size diameter through SEM analysis.

Figure 3b. It exhibited three strong diffraction peaks of 20
(31.770, 34.404, 36.248°) associated with planes (100), (002),
(101), and other peaks for (102), (110), (103), (200), and
(112) planes. The pattern of the peaks obtained pertains to the
pure ZnO with a hexagonal wurtzite-type structure.””*° The
crystallographic parameters such as average crystalline size (D),
microstrain, dislocation density, and specific surface area of
Zn—Sn—Co—S were calculated from the different diffraction
angle peak of the XRD pattern by using Scherer’s equation,
and the results are summarized in S3.

" Beos 0 )

where D is crystallite size, k is constant shape factor with value
0.9, 4 is the wavelength of X-ray radiation in nanometer, f3 is
the full width at half-maximum (fwhm) in radian, and 0 is the
angle between incident and diffracted beams in degree. Here,
using formula 6, we found that the D values of prepared NPs
are between 44 and 59 nm and the evaluated values were
calculated from the different angles shown in S3. The
dislocation density was calculated for all prepared nanoparticle
samples by using formula 7 and the evaluated values are shown
in S3.

d=—
D’ ™)
The dislocation density decreased with the increase in the
angle, which may be attributed to the increase of the crystal
structure. The micro strain value was analyzed using formula 8.
The decrease in the microstrain was due to the increased angle
as a result of difference in the dislocation density (5), fwhm,
and the crystallite size (D).
0
Microstrain (¢) = Peos §
(8)
3.1.6. Energy Dispersive X-ray Composition Analysis. EDX
analysis was carried out along with SEM to determine the

surface elemental composition of the synthesized ZnO
nanoparticles. The EDX spectra confirmed the presence of
elements Zn and O in the nanoparticle.”* This was validated by
the presence of peaks that correspond to the optical absorption
pertaining to the biosynthesized nanoparticle from the pericarp
extract of T. catappa. Clear signals of Zn and O were observed
in the spectra that confirmed the purity of the synthesized
nanoparticle. The elemental mapping analysis revealed that the
quantities of Zn and O were 77.67 and 22.33% when measured
in weight percentage. The atomic percentage of Zn and O was
analyzed to be 54.01 and 45.99%, respectively. The details of
the EDX spectra of the synthesized nanoparticles are listed in
Figure 3c. The data obtained reveal that the synthesized ZnO
nanoparticles had good purity (77.67% of Zn and 22.33% of
O) that is 4:1 ratio of Zn and O, respectively.

3.1.7. Scanning Electron Microscopy of ZnO Nano-
particles. The morphological analysis of ZnO nanoparticles
synthesized from the pericarp extract of T. catappa was
performed using SEM images. The micrographs revealed that
the nanoparticles appeared as irregular spherical structures
existing in a highly agglomerated form (Figure 4). The particle
size ranged from 1 to 30 nm with higher frequency of the
particles in the range of 1-20 nm (Figure 4) that were in
agreement with earlier reports confirming green synthesized
ZnO nanoparticles in the range 5—40 nm and in spherical
shape.””*” The average diameter was analyzed to be 12.58 nm.
The increase in size is possibly due to the overlapping of
particles.

3.2. Evaluation of the Green Synthesized Nano-
particles for Biological Activities. 3.2.1. Antimicrobial
Activity of ZnO Nanoparticles. The antimicrobial activity of
the ZnO NPs was tested against strains of bacteria and fungi.
Their microbicidal activities were examined at different
concentrations (50—200 ug) by disc diffusion method along
with the positive control. To evaluate the antimicrobial activity
of the biosynthesized ZnO NPs, the nanoparticle was tested
against microbial strains using the disk diffusion method. The
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list of test microorganisms used in this study were—S. aureus,
S. Pyogenes (representatives of Gram-positive bacteria) and S.
typhi, P. aeruginosa (representatives of Gram-negative
bacteria). In the case of the fungus, C. albicans was used.
The presence of an inhibition zone clearly indicated the
antibacterial effect of ZnO nanoparticles. Similar to the
observations in the earlier studies,® it was noticed here that
with increase in the concentration of ZnO nanoparticles,
greater was the inhibition of the growth. The diameter of the
inhibition zone differed in accordance with the bacterium and
the concentrations of ZnO nanoparticles as mentioned in the
Table 1.

Table 1. Antimicrobial Activity of T. catappa Pericarp-
Synthesized ZnO Nanoparticles

zone of inhibition (ZOI) in mm

concentration fungal
(ug/mL) bacterial strains strain
Gram-positive Gram-negative
S. S. S. P. C.
aureus pyogenes typhi aeruginosa  albicans
S0 9 6
100 12 8
150 8 15 7 9
200 9 19 8 12
azithromycin 20 22 20 21
(15 pg/mlL)
fluconazole 12
(25 pug/mL)

Macro-dilution broth method was used to evaluate the MIC
for the produced ZnO NPs because the disc difftusion method
had shown that they had antibacterial capabilities. Synthesized
ZnO NPs displayed MIC values of 26.66 + 4.71, 126.66 +
4.71, and 140 + 8.16 ug/mL against S. pyogenes, S. aureus, and
S. typhi, respectively, as shown in Figure Sa. In the case of P.
aeruginosa, the value was found to be >200 yug/mL. The MIC
value of 23.33 + 4.71 ug/mL was obtained for C. albicans. The
results indicate that the synthesized ZnO nanoparticles can
inhibit S. pyogenes at the lowest concentration followed by S.
aureus and then S. typhi. The nanoparticles can also inhibit the
growth of the fungal species C. albicans at a lower
concentration. The initial results obtained indicate the
prospects of using the synthesized nanoparticles as a promising
approach to combat the undesirous bacterial and fungal
growth. Further understanding of the mechanism that the
nanoparticles adopt against the microorganisms can be used to
develop therapeutic approaches against human pathogenic
bacteria and fungi.

The standard antibacterial drug Azithromycin indicated
MIC values of 2.0 + 0.81, 3.67 + 0.47, 5.0 + 0.81, and 7.33 +
0.47 mg/100 uL against S. pyogenes, S. aureus, S. typhi, and P.
aeruginosa, respectively. In the case of antifungal activity,
fluconazole as a standard indicated MIC of 2.67 + 0.47 against
C. albicans.

Reports of studies conducted earlier affirm the fact that the
plant-mediated synthesis of zinc oxide nanoparticle possess
better biological potential than the nanoparticles synthesized
through chemical methods.” Our study shows that the
synthesized zinc oxide nanoparticles have a high rate of
inhibition against S. pyogenes and a considerable rate of growth
inhibition against S. aureus (Figure Sb). The results are in line

with the previously reported works concluding that the phyto-
synthesized zinc oxide nanoparticles are effective against
Gram-positive bacteria.”> ™" Despite that the zinc oxide
nanoparticle exert increased antimicrobial activity against
various strains, it is to note that the Gram-positive bacteria
are more sensitive to the nanoparticles compared to Gram-
negative bacteria.”” It is to note here in this case as well that
the synthesized zinc oxide nanoparticles had the least effect on
the growth of Gram-negative bacteria—Salmonella typhimu-
rium and P. aeruginosa. The resistance offered by Gram-
negative bacteria can be explained with respect to their cell wall
structure and composition. The cell wall of Gram-negative
bacteria includes an additional membrane with lipopolysac-
charide which provides an additional barrier which resists the
action of the nanoparticle® (S4a).

The possible mechanisms by which the zinc oxide
nanoparticles exhibit antimicrobial activity is explained in
S4b. The primary reason is the induction of ROS (reactive
oxygen species) that induces oxidative stress, disruption of the
membrane, and further DNA damage, which causes death of
the bacterium.” The next possible antibacterial mechanism is
due to the release of Zn>" ions that interacts with the cell
membrane and disintegrates the integrity of the membrane
causing death ultimately.”' The third mechanism for increased
antibacterial activity of the biosynthesized zinc oxide nano-
particle is through direct interaction between the nanoparticle
and cell membrane through electrostatic forces arising due to
the accumulation of the nanoparticle on the surface that
disrupts the membrane and causes leakage of the cellular
components. These are the possible explanation for the
increased antibacterial efficacy of biosynthesized zinc oxide
against microbes.*

The synthesized zinc oxide nanoparticle shows effective
antifungal activity against C. albicans, the most im4p0rtant
fungal pathogen that is a threat to human health.”” This
observation is in line with the earlier reported works on zinc
oxide nanoparticles and C. albicans (Figure Sc). This is
supposedly due to their physiochemical stability and the
surface attraction properties that they find use in extensive
biomedical applications. Hence, ZnO nanoparticles are
recognized to be the safest nanoparticles by the FDA-USA
(21CFR182.8991).** The studies reported earlier elucidate the
following possible reasons for the zinc oxide nanoparticles to
exhibit increased fungicidal properties against C. albicans. The
prime possibility is due to the surface interaction of the zinc
oxide nanoparticle with the fungal cell wall. FTIR analysis was
used to point out the functional groups that were responsible
for these interactions, which indicates the possible interaction
of alcohol, amide, methyl, alkynes, and phosphate groups,
present on the surface of the nanoparticle, with the yeast cell
wall.* The above listed interactions lead to the accumulation
of the nanoparticle on the cell membrane that further leads to
membrane disruption.*® Tt is also suggested that the exposure
to zinc oxide nanoparticles alters the cell structure like—
breakage of hyphae, pitting of the cell wall, invagination of the
surface, and cell membrane rupture. These factors can be
viewed as the possible reasons for the observed cytotoxicity
(S4c).

3.2.2. Antioxidant Activity of Synthesized ZnO Nano-
particles. The synthesized ZnO nanoparticles depicted
considerable DPPH free radical scavenging activity when
compared with ascorbic acid (reference standard). The ICS0
values were calculated to be 49.1 + 0.73 pg/mL for ascorbic
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Figure 5. (2) Minimum inhibitory concentration (MIC) values of synthesized nanoparticles and standard antibiotics against test microbial strains
by macrodilution broth method. Values are expressed as mean + SD, n = 3 (b) antibacterial activity of synthesized ZnO nanoparticles from T.
catappa pericarp (c) antifungal activity of synthesized ZnO nanoparticles from T. catappa pericarp.

acid and 41.03 + 1.32 pg/mL for the synthesized ZnO 120 B Ascorbic acid B 2n0O NPs
nanoparticles (Figure 6). The antioxidant activity of the
synthesized ZnO nanoparticles when compared with ascorbic 100
acid showed a significant efficiency as that of the standard.
Furthermore, there was an increase in its antioxidant activity
with an increase in concentration. These findings were in
agreement with the behavior of synthesized zinc oxide
nanoparticles from the root extract of Polygala tenuifolia.*’
The scavenging activity is due to the transfer of electron from
oxygen to nitrogen in DPHH that produces stable DPHH,
which can be measured at 517 nm. This kind of strong
antioxidant property of green synthesized nanoparticles is
possibly due to the polyphenolic compounds that are present 0
in the pericarp.*®*’ 20 40
3.2.3. Genotoxicity Study of ZnO Nanopatrticles Using A.
cepa. A. cepa serves as the bioindicator species for the Figure 6. Results of antioxidant activity calculated using % DPPH free
genotoxicity analysis of the synthesized nanoparticles. Earlier radical scavenging activity. Bars mean + SD, n = 3.
works suggest that the phyto-fabricated zinc oxide nano-
particles were able to significantly affect cell division at the
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Figure 7. (a) Representative images of normal mitotic stages observed in Allium cepa root tips and (b) chromosomal aberrations observed in Allium

cepa root tips by green-synthesized ZnO nanoparticles.

Chromosome aberrations induced in Allium cepa root tip cells by Zinc oxide nanoparticles.
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Table 2. Effects of ZnO Nanoparticles on Mitotic Cell Division and Mitotic Abnormalities in A. cepa

chromosomal abnormality observed

no aberration

nuclear lesions, nuclear dissolution

binuclear, nuclear lesions, chromosomal dissolution, chromosomal fragment,
clumped chromosome, S-shaped nucleus, binuclear

sticky chromosome, sticky anaphase, pulverised nucleus, nuclear cytoplasmic
shrinkage, cellular breakage, binuclear

no. of
concentration of ZnO no. of cells dividing mitotic
nanoparticles (ug mL™") observed cells index (%)

0.00 (control) 250 165 66

50.00 250 117 46.8
100.00 250 90 36

200.00 250 49 19.6
400.00 250 23 9.2
800.00 250 12 4.8
1000.00 250 3 1.2

cell apoptosis
cell apoptosis

cell apoptosis

mitotic stages in the onion root cells.! Hence, the antimitotic
potentiality was analyzed and reported in A. cepa root tips.”’
The root tips exposed to ZnO nanoparticles showed
chromosomal aberrations.”" The inhibition of the cell division
upon exposure to ZnO nanoparticles confirmed the genotoxic
nature of the synthesized nanoparticles.”’ Some of the
representative chromosomal aberrations observed were sticky
or clumped chromosomes, chromosomes with spindle
disturbance, fragmented chromosomes, micronucleus forma-
tion, nuclear lesions, early telophase, morphological alterations
of the cell (pulverized nucleus, S-shaped nucleus), nuclear
cytoplasmic shrinkage, and cellular breakage.””™>*
Phytotoxicity assessments are vital since the plants occupy
the first trophic level where the nanoparticles encounter the
roots.”” A. cepa treated with the synthesized ZnO nanoparticles
from the aqueous pericarp extract of T. catappa Linn. Is
believed to be a model for cytotoxicity assessment and
visualizing oxidative DNA damage caused due to ROS
production. The myriad of chromosomal damage can be well
visualized in this experimental setup (Figure 7b). Previous
studies report that the surface attachment, internalization, and
biomolecular intervention of the nanoparticles on A. cepa root
tip cells are believed to cause chromosomal aberrations.”” This
study highlights the cytotoxic and genotoxic effects of
synthesized zinc oxide nanoparticles. The plausible mechanism
for the dose-dependent cytotoxicity of the synthesized zinc
oxide are due to the following reasons: internalization of the
zinc oxide nanoparticles into the root cells, intracellular ROS

39323

prodlé(lztion inducing mitochondrial and chromosomal damage
(S5).

The effect of ZnO nanoparticles on mitotic cell division and
mitotic abnormalities in A. cepa root tips is shown in Table 2.
There was an appreciable reduction in the mitotic index (%)
with an increase in the concentration of ZnO nanoparticles.
The minimum value of mitotic index was 1.2% in 1000 ug
mL™". The concentrations such as 400, 800, and 1000 yg mL™"
showed maximum cell death. The control (Figure 7a) showed
normal cell divisions, whereas the other concentrations such as
50, 100, and 200 pg mL™' showed a higher number of
aberrations (Figure 7b). The obtained results confirm that the
ZnO nanoparticles showed higher genotoxic effects when the
concentration was less than 1000 g mL™".

Stickiness of chromosomes at the metaphase and anaphase
was observed significantly in the nanoparticle-treated root tips.
It indicated the polymerization effect of the synthesized ZnO
nanoparticles on the nucleic acid of the chromosome and was a
type of physical adhesion involving the proteinaceous matrix of
the chromatin material. Observation of sticky bridges at
anaphase recorded in higher doses could be attributed to
chromosomal  stickiness,”” and chromosomal breakage and
reunion.® Induction of chromosome bridges and breaks may
lead to a loss of genetic material.

Binucleate cells, observed at higher ZnO nanoparticle
concentrations, might be the result of the telophase
suppression of cell wall formation. The micronuclei arose
from the chromosomes that were lagging at the anatelophase

https://doi.org/10.1021/acsomega.3c04857
ACS Omega 2023, 8, 39315-39328


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04857/suppl_file/ao3c04857_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04857?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04857?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04857?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04857?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
a) b) , 157
@
1.5+ -o- Control E
- 7ZnONPs pg/ml E 104
=
E 10 s
3 %
& E 54
c
go.s- s
S s
- =W
0.0 T T 1 0- T T T T
0 200’ 400 600 \‘& \&\ \&\ \6‘\ \@\ \&\ \@\ \@\ \@\ \(0\
ZnONPs pg/ml QQ QQ QQ \}Q QQ QQ \}Q \?Q QQ \}Q
ST ST ST ST ST T T T e
ZnONPs png/ml

Figure 8. (a) Graph showing the mean OD values of the supernatant measured at 540 nm for varying concentrations of the nanoparticle and (b)

percent hemolysis with varying concentrations of ZnO nanoparticles.

or from a chromosomal fragment. Micronuclei are thought to
be a sign of mutagenicity of the inducers because they are true
mutagenic segments that may result in the loss of genetic
material.®* It was claimed that ZnO nanoparticles had
cytotoxic and genotoxic effects on the root tip cells of A.
cepa, including lipid peroxidation, a decrease in the mitotic
index, and an increase in the micronuclei and chromosomal
aberration indices. Therefore, ZnO nanoparticles at higher
concentrations could be mito-inhibitory.

3.2.4. In Vitro Biocompatibility of the ZnO Nanoparticles.
Hemolysis of the RBCs is observed only if the sample has the
ability to rupture the cells. The mechanism by which rupturing
occurs is through the ROS produced by the biosynthesized
zinc oxide nanoparticles, which causes oxidative stress and
disturbed homeostasis, which ultimately leads to membrane
damage and cell components leakage (S6).

Hemolytic effect of the biosynthesized ZnO nanoparticle is
its ability to rupture the RBC, thereby causing the release of
the hemoglobin. The concentration of the hemoglobin released
can be measured by spectrophotometer by measuring
absorbance at 540 nm (Figure 8a). Further the measured
absorbance can be used to calculate the hemolysis percentage
at different concentrations of the nanoparticles using the
formula stated in the methods. The biocompatibility results are
given in Table 3 and Figure 8b. According to the guidelines of

Table 3. % Hemolysis of Synthesized ZnO Nanoparticles

tested sample concentration (pug/mL) mean value of hemolysis (%)

500 10.88534

400 5.85389S
300 3.289792
200 1.983551
100 1.015965

the American Society for Testing Materials, the substances
having >2% hemolysis are nonhemolytic, 2—5% are slightly
hemolytic, and >5% are hemolytic. In this study, the ZnO

nanoparticles showed increasing hemolysis with increasing
concentration. The IC50 concentration for the sample was
calculated as 211.4 ug/mL.

3.2.5. Toxicity Effect of Nanoparticles on C. quinquefas-
ciatus Larvae. Larvicidal activity of the synthesized ZnO
nanoparticles was tested against larvae of C. quinquefasciatus,
which is a vector for Wuchereria bancrofti that causes lymphatic
filariasis. The ZnO nanoparticles shows an effective eradication
of 98% at a maximum dosage of 4 mg/L. The LCy, and LCy,
values of the synthesized nanoparticles toward the larvae were,
0.98 and 2.59 mg/L, respectively (Table 4 and Figure 9). The
toxicity of nanoparticles on mosquito larvae can be attributed
to their efficacy to penetrate through the insect’s cuticle and,
thereby, block the respiratory openings on the skin followed by
suffocation and, ultimately, death.” Upon ZnO nanoparticles
penetrating into the cuticle, it can induce morphological
changes on the hemocytes upon exposure, thereby leading to
deformations and decrease in their viability.”®” Additionally,
the toxicity of ZnO nanoparticles to insects can be related to
their ability to induce ROS and, thereby, cause the liberation of
toxic ions inside the insect’s cells.””® Another larvicidal
mechanism of ZnO nanoparticles can be related to their
surface defects for a different texture.”” These surface defects,
especially at the corners and edges, can be abrasive and can
damage the larva cell membrane. For instance, the needle and
star shape of ZnO nanoparticles have more larvicidal efficacy
through cutting the larval body, damaging the insect’s midgut,
and destroying the respiratory system (57).”%”"

4. CONCLUSIONS

To conclude, this work reports the synthesis of biologically
significant ZnO nanoparticles by plant-mediated synthesis
using the pericarp extract of T. catappa. The article highlights
the characterization of the multifunctional ZnO nanoparticles
obtained using the fruit pericarp extract of T. catappa Linn. by
XRD, FTIR, DLS, EDX, and SEM analysis. The green
synthesized nanoparticles were examined for various biological

Table 4. Larvicidal Activity of Synthesized ZnO Nanoparticles on C. quinquefasciatus Larvae

c mortality  percent mortality (mg/L) + SE = LCy, (mg/L) UCL-LCL (mg/L) LCy (mg/L) UCL-LCL (mg/L) ? «* (df = 2)
4.0 19.6 98 + 1.22 0.98 1.27-0.72 2.59 4.8—1.87 0.85 0.527
2.0 16.6 83 + 1.22
1.0 9.0 45 +2.23
0.5 4.4 22 +1.22
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Figure 9. Scatter plot of probit analysis for the toxicity of the synthesized nanoparticles.

applications. The genotoxicity and cytotoxicity on the actively
dividing cells emphasize their scope to be used against cancer
cells as mitotic inhibitors. One of the challenges in the health
sector is to address the multi drug resistant human pathogens.
In this study, the nanoparticle was found to have successful
capacity to inhibit potent human pathogens and, thus,
emerging as a promising therapeutic agent against trivial
bacterial and fungal infections. The antimicrobial studies
exhibited a dose-dependent fashion as the zones of inhibition
increased with increasing concentrations of ZnO nanoparticles.
The synthesized ZnO nanoparticles reported good DPPH free
radical scavenging activity compared to the reference standard
ascorbic acid. The synthesized nanoparticles are biocompatible
with human red blood cells and, hence, can be used to
conjugate and deliver drugs due to increased biocompatibility
at lower concentrations. The ZnO nanoparticles have
significant potency against C. quinquefasciatus at 0.98 mg/L
(LCyp) and 2.59 mg/L (LCy,), which asserts the ability of the
nanoparticle to control insect vectors. Our research concludes
that the above-mentioned green synthesized ZnO nanoparticle
can be used as a potential therapeutic and nanodrug delivery
system in the field of medicine and other fields as well. This
study paves way for further in vivo, in vitro, animal model, and
clinical trials to explore utility in biomedicine and pharma-
ceutical applications.
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