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ABSTRACT: In the present work, bioaugmented zinc oxide nanoparticles
(ZnO-NPs) were prepared from aqueous fruit extracts of Myristica fragrans. The
ZnO-NPs were characterized by different techniques such as X-ray diffraction
(XRD), Fourier transform infrared (FTIR) spectroscopy, ultraviolet (UV)
spectroscopy, scanning electron microscopy (SEM), transmission electron
microscopy (TEM), dynamic light scattering (DLS), and thermogravimetric
analysis (TGA). The crystallites exhibited a mean size of 41.23 nm measured via
XRD and were highly pure, while SEM and TEM analyses of synthesized NPs
confirmed their spherical or elliptical shape. The functional groups responsible for
stabilizing and capping of ZnO-NPs were confirmed using FTIR analysis. The ζ-
size and ζ-potential of synthesized ZnO-NPs were reported as 66 nm and −22.1
mV, respectively, via the DLS technique can be considered as moderate stable
colloidal solution. Synthesized NPs were used to evaluate for their possible
antibacterial, antidiabetic, antioxidant, antiparasitic, and larvicidal properties. The NPs were found to be highly active against
bacterial strains both coated with antibiotics and alone. Klebsiella pneumoniae was found to be the most sensitive strain against NPs
(27 ± 1.73) and against NPs coated with imipinem (26 ± 1.5). ZnO-NPs displayed outstanding inhibitory potential against enzymes
protein kinase (12.23 ± 0.42), α-amylase (73.23 ± 0.42), and α-glucosidase (65.21 ± 0.49). Overall, the synthesized NPs have
shown significant larvicidal activity (77.3 ± 1.8) against Aedes aegypti, the mosquitoes involved in the transmission of dengue fever.
Similarly, tremendous leishmanicidal activity was also observed against both the promastigote (71.50 ± 0.70) and amastigote (61.41
± 0.71) forms of the parasite. The biosynthesized NPs were found to be excellent antioxidant and biocompatible nanomaterials.
Biosynthesized ZnO-NPs were also used as photocatalytic agents, resulting in 88% degradation of methylene blue dye in 140 min.
Owing to their eco-friendly synthesis, nontoxicity, and biocompatible nature, ZnO-NPs synthesized from M. fragrans can be
exploited as potential candidates for biomedical and environmental applications.

■ INTRODUCTION

Nanotechnology is now considered to be a proven state-of-the-
art technology with numerous branches embedded in
industrial fields such as chemical, pharmaceutical, mechanical,
and food processing industries. Nanotechnology also plays an
interesting role in the areas of computing, power generation,
optics, drug delivery, and environmental sciences.1 In the
advent of nanotechnology, many nanoscale devices have been
developed using numerous methods, such as physical,
chemical, and green approaches. Yet, green nanoparticle
synthesis is a tool of choice that can be easily prepared and
engineered.2 There are many drawbacks of conventional
approaches for the synthesis of nanoparticles, including long-
term processing, high cost, laborious procedures, and in
particular the use of toxic compounds. Most of the relevant
study has been directed to eco-friendly and fast synthesis
protocols for the production of nanoparticles due to these

limitations.3,4 For material scientists, the development of eco-
friendly methods for synthesizing nanoscale materials has been
a major focus in recent years. In this respect, green synthesis of
NPs, especially using extracts from different plants, is a
growing trend that is considered simple, cheap, and nontoxic in
green chemistry.5−7 Nanotechnology has also increased the
human standard of living by addressing many everyday life
issues, such as the contribution to energy sufficiency; climate
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change; beauty, textile, and health industries including the cure
of deadly diseases such as cancers and Alzheimer’s.8,9

Due to their multiple applications in various technical fields,
comprehensive investigation into metal oxide nanoparticles has
been concentrated in the past decade.10 Among these, with
multifaceted benefits, ZnO-NPs are exciting inorganic
materials. ZnO-NPs can be used in various sectors, such as
energy conservation, textiles, electronics, healthcare, catalysis,
cosmetics, semiconductors, and chemical sensing.11−15 The
NPs are nontoxic and biocompatible and display excellent
biomedical applications, such as anticancer,16 anti-inflamma-
tory,17 and antimicrobial properties, in targeted drug
delivery,18 wound healing, and bioimaging.19,20

Nanoproducts can be produced from different methods
(chemical, physical, and biosynthesis) with multiple properties
and huge applications. Plant-based synthesis of ZnO-NPs has
previously been reported though, inadequate literature is
existing on their diverse biological properties such as
antimicrobial, antilarvicidal, protein kinase, and anticancer
activities. The curative uses of Myristica fragrans (Jaiphal) are
well known, and it is mainly used as an anti-inflammatory,
antidiarrheal, analgesic, and sex stimulanting agent.21

Here, we report plant-based synthesis of zinc oxide
nanoparticles using the aqueous extracts of M. fragrans fruits.
Green synthesis of ZnO-NPs has eco-friendly aspects and
various biomedical applications. The metabolites found in the
aqueous extract of M. fragrans act as an oxidizing, reducing,
and capping agent for the synthesis of biogenic ZnO-NPs. The
green synthesized nanoparticles will be characterized using
modern techniques such as Fourier transform infrared (FTIR)
spectroscopy, ultraviolet (UV) spectroscopy, X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), dynamic light scattering (DLS),
and thermal gravimetric analysis (TGA). The NPs will be
checked for their antimicrobial, antileishmanial, antidiabetic,

antioxidant, antilarvicidal, and protein kinase inhibitory
potential.

■ RESULTS AND DISCUSSION

Biosynthesis of ZnO-NPs. M. fragrans is known as
“nutmeg”; its extracts and essential oils are important in drug
development with numerous pharmacological activities in
South Africa, India, and other tropical countries.22 For a
long time,M. fragrans has been used in traditional medicines as
a carminative, stimulant, narcotic, emmenagogue, and
abortifacient. Nutmeg is also prescribed for the treatment of
many diseases, such as rheumatism, muscle spasm, decreased
appetite, and diarrhea. M. fragrans has recently been shown to
have antioxidant, anticonvulsant, analgesic, anti-inflammatory,
antidiabetic, antibacterial, and antifungal activities. Trimyristin,
myristic acid, myristicin, safrole, and elimicin are reported from
nutmeg. Due to the easy collection of nutmeg, widespread
presence, and also remarkable biological activities, it has
become both food and medicine in tropical countries,
especially in India and China.22,23 The biosynthesis of zinc
oxide nanoparticles was carried out using aqueous fruit extracts
of M. fragrans as reducing, capping, and stabilizing agents.24

Broad studies disclose that volatile oils are the major
constituents within the dry biomass of M. fragrans. Among
numerous constituents, D-pinene, myristin, and myristic acid
and its esters contribute to the high percentage of the dry
weight. Moreover, myristicin, fatty acids, and mesin constitute
one-half of the dry biomass.25−27 It is assumed that the
constituents present in M. fragrans biomass have contributed a
lot in the preparation of eco-friendly and biomedically
important zinc oxide nanoparticles. When the reaction is
carried out between Zn(NO3)2·2H2O and M. fragrans, the
color of the mixture changes from light brown to dark gray,
which confirms the formation of zinc oxide nanoparticles

Figure 1. (A) UV band gap, (B) typical FTIR spectra, (C) typical XRD pattern, and (D) typical TGA pattern ofM. fragrans fruit-synthesized ZnO-
NPs.
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(ZnO-NPs).28 After subsequent steps of washing, drying,
grinding, and calcination, white powder of ZnO-NPs was
obtained. The fine powder collected was stored in an airtight
glass vial, labeled as ZnO-NPs, at room temperature for
physicochemical and morphological characterizations and
biological applications. The literature study revealed that
physicochemical and morphological characteristics of ZnO-
NPs mainly depend on the type and species of plant used and
the reaction conditions such as the pH, temperature, and
synthesis medium.29

Band Gap. The band gap of ZnO-NPs is characterized by
performing UV−visible spectroscopy. The particles show a
very sharp band gap, which was 2.57 eV. The smaller band gap
will easily categorize a photocatalytic reaction of the nano-
particles and show good photocatalytic activity for the
degradation of methylene blue dye, as shown in Figure 1A.
Because of the smaller band gap, the electron is easily excited
from the valence band to the conduction band. In the previous
literature, it was reported in ref 30 by performing UV
spectroscopy on ZnO-NPs that the band gap obtained was
3.29 eV. The Tauc plot method was used to calculate the band
gap, as shown in Figure 1A, which is very close to the value
reported in the literature.31,32 The band gap depends on
various factors, including the grain size, oxygen deficiency,
surface roughness, and lattice strain.33

Fourier Transform Infrared (FTIR) Spectroscopy. To
classify functional groups in the aqueous extract and zinc oxide
nanoparticles, we perform FTIR spectroscopy in the range of
4000−400 cm−1, as shown in Figure 1B. The peak of ZnO
obtained at 469 cm−1 could be due to zinc and oxygen bonding
vibrations.34 The low absorption peak observed at around
3420 and 3200 cm−1 could be appointed to hydroxyl (OH)
groups; also, some other bands were observed at around 1600,
1100, and 900 cm−1. A major change in IR spectra was noticed
in this range. A deep absorbance band at 1100 indicates the
presence of carbohydrate (C−O), (CC) rings (polysacchar-
ides, pectin, and cellulose). Both primary and secondary
metabolites are present in the plant body abundantly. A peak at
900 encompasses the phosphodiester stretching band region

(for absorbance due to collagen and glycogen).35 The
phosphodiester bond is a linkage between 3′ C and 5′ C
atoms in deoxyribose and ribose sugar in DNA and RNA,
respectively. The polysaccharide carbohydrates (glycogen)
have strong binding ability with metal (Zn) and create a
layer on its surface to prevent its agglomeration in the reaction
medium.36

X-ray Diffraction (XRD) Analysis. The X-ray diffraction
pattern of zinc oxide nanoparticles shows definite line
broadening of the X-ray diffraction peaks, showing that the
prepared particles were in the nanoscale range, as shown in
Figure 1C. The diffraction peaks located at 31.5, 34.4, 36.2,
47.5, 56.4, 62.8, and 67.9° have been indexed as the spherical
to the hexagonal phase of ZnO with high crystallinity37,38 with
(JPCDS card number 36-1451). It was revealed that all of the
characteristic peaks were of ZnO-NPs, and no such impurities
exist in synthesized ZnO-NPs. The diameter of zinc oxide
crystallites was calculated by the Debye−Scherrer formula. On
the bases of θ (Bragg’s diffraction angle) and β (full width at
half-maximum (FWHM)) of more intense peaks correspond-
ing to 101 planes located at position 36.2°, the crystallite size is
about 29 nm,39 while the average crystallite size is 41.23 nm.
The indexation confirms the standard hexagonal wurtzite
structure (JCPDF file no. 00-036-1451) of ZnO-NPs, as
previously reported in other studies.40

Thermogravimetric Analysis (TGA). The TGA spectra of
ZnO-NPs indicate that the sample decomposes greatly with an
increase in temperature. The sample (5 mg) was totally from
25 oC up to 600 °C loss; it was due to the different volatile
components present in the sample from the plant, as shown in
Figure 1D. The initial loss of the sample was due to the
presence of ethanol and water in the sample. Similar weight
loss was also reported by ref 41, who synthesized ZnO-NPs
using aqueous extracts of Mimosa pudica leaves and coffee
powder.

Scanning Electron Microscopy (SEM) and Trans-
mission Electron Microscopy (TEM). The morphological
study of the green synthesized zinc oxide nanoparticles was
performed by SEM.42 The particles show semispherical shape,

Figure 2. (A) SEM micrograph, (B) TEM micrograph, and (C) EDX spectrograph of M. fragrans fruit-synthesized ZnO-NPs.
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and these particles are in a highly agglomerated form, as shown
in Figure 2A. This clearly shows that the particles are present
in a homogeneous form and the homogeneity of nanoparticles
plays important roles in their different activities. The particle
size ranged from 43.3 to 83.1 nm, respectively. The size
increase was due to the overlapping of particles on each other.
The morphology and particle size of pure zinc oxide
nanoparticles were observed using TEM micrographs, as
shown in Figure 2B. The presence of spherical- to
hexagonal-shaped particles with a grain size of 35.5 nm was
observed. We confirm the formation of ZnO-NPs by
comparing the particle size obtained from X-ray diffraction
and transmission electron microscopy. Our results are in
harmony with previous reports.43

Energy-Dispersive X-ray Analysis (EDX). The EDX of
the NPs reveals that there is clearly the formation of zinc oxide
nanoparticles. The atomic weight of oxygen was 48.83%, while
its weight present was 21%. On the other hand, the atomic
weight of zinc was 37.16%, while its weight present was
65.35%, while the other minor constituents present in the

ZnO-NPs were due to the presence of the root extract of
ginger, as shown in Figure 2C.

ζ-Potential. The size distribution and ζ-potential of the
biosynthesized ZnO-NPs were investigated using the dynamic
light scattering (DLS) technique. The ζ-potential defines the
colloidal stability and is a typical measurement of the surface
charge on a particle. Suspensions that exhibit 15 mV are
generalized as stable colloids.44 In the study, the ζ-potential of
the ZnO-NPs in distilled water (DW) was measured as −22.1
mV, and this can thus be considered as strongly anionic. The ζ-
potential measurements thus verify and support the dispersion
capacity of the greenly synthesized ZnO-NPs. The negative
surface charge is due to the binding affinity of extract
compounds with the NPs, conferring stability of the zinc
oxide nanoparticles and alleviating the aggregation potential of
the particles.45 The hydrodynamic size of the particles was
determined using dynamic light scattering and was found to be
66 nm for the aqueous preparation of ZnO-NPs, as shown in
Figure 3A. The size distribution graph shows that the particle
size is polydispersed and larger compared to that obtained
from SEM observations. The increased size of the ZnO-NPs

Figure 3. (A) Size distribution potential and (B) ζ-potential distribution of M. fragrans fruit-synthesized ZnO-NPs.

Table 1. Antibacterial Activity of M. fragrans Fruit-Synthesized ZnO-NPs

test organisms
activity of ZnO-

NPs antibiotics
CLSI

standard ZnO-NPs
antibiotic-coated ZnO-

NPs
increase in the potency of coated ZnO-

NPs

E. coli 15 ± 1.54 ciprofloxacin 21 17.3 ± 1.3 24.3 ± 1.2 32.2
imipinem 22 19 ± 0.8 25 ± 0.87 27.3
vancomycin 19 11 ± 1.1 14 ± 1.3 15.8
amoxicillin−clavulanic
acid

18 10 ± 1.2 14.6 ± 0.9 22.2

K. pneumoniae 27 ± 1.73 ciprofloxacin 21 16.3 ± 0.7 25.6 ± 1.4 41.4
imipinem 22 19 ± 0.8 26 ± 1.5 31.8
vancomycin 19 10 ± 1.1 13 ± 0.3 15.8
amoxicillin−clavulanic
acid

18 10.3 ± 0.4 14.6 ± 1.4 23.9

P. aeruginosa 17 ± 1.66 ciprofloxacin 21 15.6 ± 0.7 23 ± 1.4 35.3
imipinem 22 20 ± 0.8 25.3 ± 1.5 24.1
vancomycin 19 8 ± 1.1 10 ± 0.3 10.5
amoxicillin−clavulanic
acid

18 15.6 ± 0.4 18.6 ± 1.4 11.2

S. aureus 21 ± 1.73 ciprofloxacin 21 14.3 ± 0.7 26 ± 1.4 55.8
imipinem 22 20 ± 0.8 26.6 ± 1.5 30.0
vancomycin 19 8 ± 1.1 18.6 ± 0.3 55.7
amoxicillin−clavulanic
acid

18 10 ± 0.4 12.3 ± 1.4 12.8
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measured via DLS is due to the bias of the technique toward
the measurement of larger particles (or even aggregates).44

Different functional groups (carbohydrates, polysaccharides,
pectin, etc.) present in plant extract adsorbed on the surface of
the NPs may affect its ζ-potential. There is a close relationship
between these metabolites absorbed on the surface of ZnO-
NPs and ζ-potential.46

■ BIOLOGICAL APPLICATIONS

Antibacterial Assay. Antibiotic resistance is a major
problem that continues to plague a broad part of the world’s
healthcare system of both developing and developed countries.
Current antibacterial therapy has been significantly influenced
by the rise and proliferation of multidrug-resistant infections. A
quest for a new supply of antimicrobials such as plant-mediated
nanomaterials was included, as they possess a variety of
bioactive compounds with proven therapeutic properties.47−49

In the present scenario, environmentally sustainable methods
for synthesizing metallic nanoparticles have become a
beneficial development. The use of plant extract phytochem-
icals has become a specific nanoparticle synthesis technique, as
they impart a dual role of reducing and capping agents to the
nanoparticles. We synthesized ZnO-NPs using a common
medicinal plant in the current study and tested their
antibacterial efficacy against UTI bacterial strains.50 Table 1
depicts the complete profile of antibacterial activity of ZnO-
NPs and noncoated and ZnO-NP-coated antibiotics against
test organisms. In the current study, it was observed that 1%
ZnO-NP solution (1 mg/mL dimethyl sulfoxide (DMSO)
solution) displayed maximum zone of inhibition against
Klebsiella pneumoniae (27 ± 1.73 mm), Escherichia coli (15 ±
1.54 mm), Pseudomonas aeruginosa (17 ± 1.66 mm), and
Staphylococcus aureus (21 ± 1.73 mm). However, it was
perceived that E. coli, K. pneumoniae, P. aeruginosa, and S.
aureus displayed resistance patterns against noncoated
ciprofloxacin, imipinem, vancomycin, and amoxicillin−clav-
ulanic acid antibiotics. On the other hand, the activity of
antibiotics increased significantly against these strains after
being coated with ZnO-NPs. It was observed that the activity

ZnO-NP-coated ciprofloxacin, imipinem, vancomycin, and
amoxicillin−clavulanic acid antibiotics increased up to 32.2,
27.3, 15.8, and 22.2% against E. coli; up to 41.4, 31.8, 15.8, and
23.9% against K. pneumoniae; up to 35.3, 24.1, 10.5, and 11.2%
against P. aeruginosa; and up to 55.8, 30, 55.7, and 12.8%
against S. aureus, respectively. Our results are in resemblance
with previous studies.51,52

Protein Kinase Inhibition Assay. Protein kinase enzymes
play a substantial role in anticancer studies. These enzymes
have the ability to phosphorylate tyrosine and serine−
threonine amino acid residues that are necessary for running
certain important cellular pathways like differentiation,
proliferation, and cell death.53 Uncontrolled phosphorylation
caused by protein kinase enzyme produces factors that can lead
to tumor growth, and entities with the potential to deter these
enzymes are of significant importance in anticancer research.54

Streptomyces 85E strain was used to elucidate the protein
kinase inhibition capability of biogenic ZnO-NPs. Clear zones
were observed against each tested concentration of tested
ZnO-NPs. The largest bald zone of 12.23 ± 0.42 mm at 5 mg/
mL and the smallest bald zone of 4.91 ± 0.17 mm were
observed at 500 μg/mL. Our results are in accordance with the
literature available on ZnO-NP kinase inhibition enzymes.55

Overall results concluded that the biogenic NPs acquire vital
capping and stabilizing agents from plant extracts responsible
for anticancerous capability. Biogenic ZnO-NPs were observed
to inhibit Streptomyces strain in a dose-dependent manner, as
shown in Figure 4A.

Antidiabetic Activity. Diabetes mellitus (DM) is a
metabolic condition characterized by chronic hyperglycemia
due to reduced insulin production or insensitivity of body cells
to insulin that has already been produced.56 There were 425
million people living with DM, according to the International
Diabetes Federation (IDF) survey for 2017, and this number
will increase to 629 million by 2045.57 One effective clinical
strategy for the treatment of DM is the reduction of
postprandial hyperglycemia, which can be done by inhibiting
α amylase and α glucosidase, the two most important
carbohydrate hydrolyzing enzymes in the digestive tract.56 A

Figure 4. (A) Protien kinase inhibition and (B) antidiabetic activity of synthesized ZnO-NPs.
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point of enormous importance is the search for new sources of
natural products with probable antidiabetic action from
tropical flora and nanotools. In this study, nanoparticle
samples of zinc oxide NPs were evaluated for α-amylase and
α-glucosidase inhibition, as shown in Figure 4B. Our findings
indicated excellent α-amylase and α-glucosidase inhibition
activity. Maximum inhibition of about 73.23 ± 0.42 for α-
amylase and 65.21 ± 0.49 for α-glucosidase was calculated at
400 μg/mL. Our results are in agreement with a previous
report conducted on several classes on NPs.58,59 Here, we
show that biobased nanoparticles can exhibit tremendous
antidiabetic behavior and are considered to be an effective
therapeutic agent for the treatment of diabetes as an alternative
to the use of costly and less efficient drugs.

Antioxidant Assay. The change in plant metabolic
pathways is attributed to environmental stress that results in
reactive oxygen species (ROS) destroying membrane lipids,
plant cells, DNA, and proteins.60 Many metabolically
important compounds like flavonoids, terpenoids, and
oxidative stress-responsive agents play a promising role in
the capping and stabilization of the nanoparticles.61,62 Four
separate assays, i.e., total antioxidant capacity (TAC), total
reduction power (TRP), 2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS), and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical scavenging assay (FRSA), were
conducted to assess the in vitro antioxidant potential of
plant-synthesized NPs. We summarize the phosphomolbde-
num-based technique to find the dose-dependent antioxidant
potential of biogenic ZnO-NPs. This technique is based on the

Table 2. Antioxidizing Potential of Synthesized ZnO-NPs

conc (μg/mL) TAC (μg AAE/mg) TRP (μg AAE/mg) ABTS (TEAC) DPPH (%FRSA)

400 71.1 ± 0.83 63.41 ± 0.83 82.12 ± 0.28 66.3 ± 0.28
200 62.37 ± 0.27 57.51 ± 0.87 74.63 ± 0.39 51.1 ± 0.71
100 54.86 ± 0.72 43.23 ± 0.26 67.64 ± 0.56 37.69 ± 0.32
50 35.29 ± 0.76 27.76 ± 0.58 55.47 ± 0.26 28.45 ± 0.98
25 29.16 ± 0.25 17.41 ± 0.36 40.39 ±0.15 20.19 ± 0.48

Figure 5. (A) %Mortality of amastigote and promastigote, (B) antilarvicidal activity, and (C) brine shrimps’ lethality assay of ZnO-NPs.
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reduction of Mo(VI) to Mo(V) with the help of an antioxidant
mediator that results in the formation of phosphate-molybdate,
and the color of phosphate-molybdate is green, which helps in
its identification.63,64 Antioxidant capacity of biogenic ZnO-
NPs in comparison to that of ascorbic acid is recorded to be
71.1 ± 0.83 μg AAE/mg at 400 μg/mL. Total antioxidant
capacity (TAC) was amplified with the total reducing power
estimation (TRP) assay. If the tested sample possesses redox
potential, it will convert the Fe+3 to Fe+2 ion.65 Like TAC, the
highest TRP was noted as 63.41 ± 0.83 at the highest tested
concentration. Furthermore, to support the TAC and TRP
findings, ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid)) and DPPH (2,2-diphenyl-1-picrylhydrazyl) free
radical scavenging assays were also performed. DPPH is a
stable free radical that is reduced by accepting hydrogen or
electron from a donor based on formation of a yellowish
diphenyl picrylhydrazine molecule.66 These spectrophotomet-
ric methods are based on quenching of stable colored radicals
of DPPH and ABTS, indicating the scavenging ability of the
antioxidant sample. In the study, excellent free radical
scavenging activity of all test concentrations was revealed, as
summarized in Table 2. The highest DPPH and ABTS free
radical scavenging activities at 400 μg/mL were noted as 66.3
± 0.28 and 82.12 ± 0.28 TEAC for ZnO-NPs, respectively. All
of these assays were carried out in triplicates, and the values
were recorded as means of their triplicates. Our results are in
harmony with previous reports.50,67

Antileishmanial Assay. Leishmaniasis is a severe, non-
contagious, infectious disease caused mainly by parasites
present in the genus Leishmania. Leishmaniasis is one of the
six major infectious diseases in tropical and subtropical
countries, with a mortality rate of 50 000 deaths per year,
according to the World Health Organization (WHO).68 The
disease is at high risk of unregulated dissemination due to
inadequate vectors and inefficient and inexpensive medicines.
Metal oxide nanoparticle (zinc, silver, titanium, and
magnesium oxide)-related therapies have recently become
common due to their strong cytotoxic ability toward
Leishmania.69 We use different concentrations of the biogenic
ZnO-NPs from 25 to 400 μg/mL for finding out their
antileishmanial activity against amastigotes and promastigotes
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, as illustrated in Figure 5A. At the
highest concentration of 400 μg/mL, the biogenic NPs possess
the potent mortality rate of 71.50 ± 0.70 for promastigotes and
61.41 ± 0.71 for amastigotes. The lowest mortality rate
recorded for biogenic ZnO-NPs was 26.90 ± 0.39 for
promastigote and 19.60 ± 0.33 for amastigote. The results of
our study are in agreement with previous studies.28,70

Antilarvicidal Activity. In recent decades, the prevalence
of dengue has risen significantly around the world. About 2.5
billion people, two-fifths of the world’s population, are already
at risk from dengue. The WHO currently predicts that there
could be 50 million dengue infections worldwide per year.71

Aedes aegypti L., a dengue vector carrying the liable arbovirus,
is commonly spread in the tropical and subtropical areas in
recent times. Fighting the disease-carrying mosquitoes is the
best way to avoid the dengue virus spread.72 Material scientists
in recent times are more focused to find better alternatives
using plant extracts and plant-mediated NPs against the
propsed vector. In the present study, a range of concentrations
of synthesized NPs (0.3125, 0.6250, 1.25, 2.5, 5 ppm) were
tested against the second and fourth instars of A. aegypti. In

total, 77.3 ± 1.8% mortality was observed at 5 ppm followed
by 18.4 ± 0.44% at 0.3125 ppm, as shown in Figure 5B. At
subsequently reduced concentrations, mortality reduced in
parallel.

Brine Shrimp Lethality Assay. In recent years, the role of
brine shrimp in aquaculture has become important. In winter,
about 10 million pounds of brine shrimp eggs are harvested
and marketed as food for tropical fish.73 Artemia is an
appropriate organism for research of bioassays and toxicity. In
the aquatic food chain, this species has a central function.74

The main aim of our study is to find the acute toxicities of
ZnO-NPs. Concentrations are applied in a higher dose manner
from 25 to 400 μg/mL. The highest mortality value of 77 ± 1.4
is observed at 400 μg/mL. The toxicity pattern of metallic NPs
toward Artemia salina is dose-dependent. The lowest value of
30 ± 0.44 is observed at 25 μg/mL, as shown in Figure 5C.
The results of NPs themselves, dissolution products, and
agglomerates of NPs formed during the experiment can result
in toxicity of NPs. The findings of this analysis showed that
proper consideration should be paid to the possible eco-
toxicity and environmental health consequences of NPs.75,76

In Vitro Biocompatibility Studies. For the demonstration
of the biocompatibility of the green synthesized NPs, a
biocompatibility assay was performed using human red blood
cells. In this bioassay, hemolysis of the human red blood cells is
noted against various concentrations of the nanoparticles (25−
400 μg/mL). Hemolysis of RBCs is measured at 405 nm using
a spectrophotometer. The hemolysis of RBCs will only be
observed if the sample has the ability to rupture the cells. The
biocompatibility results of our study are listed in Table 3. The

American Society for Testing Materials has issued some
guidelines for biocompatibility of substances, and according to
that guidelines, substances having >2% hemolysis are labeled as
nonhemolytic, 2−5% slightly hemolytic, and >5% are
considered as hemolytic.77 As can be seen from Table 3, all
our stock solutions of synthesized nanoparticles show less
hemolysis even at high concentrations, which shows their high
biocompatibility. To use NPs for biomedical applications, we
have to check their biocompatibility. Synthesised biogenic
ZnO-NPs are hem-compatible, and even at a high concen-
tration of 400 μg/mL, we observed no hemolytic activity. The
biocompatibility results of our study thus show that plant-
based synthesized nanoparticles are biosafe and we can use
ZnO-NPs for therapeutic purposes.

■ PHOTOCATALYTIC ACTIVITIES OF ZN-NPS FOR
THE DEGRADATION OF METHYLENE BLUE DYE

Effect of Irradiation Time. With an increase of UV light
illumination in the initial 20 min, the degradation was observed
at 19.6%, while with a further increase in time, the degradation
of dye also increased and the maximum degradation was
observed at 140 min, which was 88%, as shown in Figure 6a,b.

Mechanism of Photocatalytic Catalytic Degradation
of the Dye. We have already studied the relationship between

Table 3. % Hemolysis of Green Synthesized ZnO-NPs

Sl no. conc. (μg/mL) % hemolysis

1 400 3.58 ± 0.11
2 200 2.46 ± 0.14
3 100 0.97 ± 0.09
4 50 0.53 ± 0.06

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00310
ACS Omega 2021, 6, 9709−9722

9715

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00310?rel=cite-as&ref=PDF&jav=VoR


the time and the degradation process; now, we need to know
how this degradation process happens. The effect of time on
the degradation process was studied to know the mechanism.78

The light-dependent degradation process of methylene blue
dye is illustrated in Scheme 1. First, the dye is adsorbed on the

surface of the catalyst (zinc in this case) and then it is exposed
to ultraviolet light illumination to excite valence electrons so
the electrons may transfer to the conduction band from the
valence band; during the process, a positive hole h+ is lifted
inside the valence band. The positive holes and free electrons
will react on the surface of the photocatalyst along with
adsorbed water molecules, and as a result, the positive holes
will react with water to produce •OH− radicals and the free
electrons reduce the dissolved oxygen to superoxide anion
O2

•− radicals. These light-generated radicals degrade the dye
molecules into simple molecules such as CO2 and H2O.

79

hZnO e hν+ → +− + (1)

H O h OH H2 + → ·++ · +
(2)

O e O2 2+ → ·−− ·
(3)

OH dye degradable product+ →·
(4)

O dye degradable product2 + →−
(5)

■ CONCLUSIONS

This research work is basically focused on one-pot eco-friendly
plant-based synthesis of biomedically important ZnO-NPs
using aqueous fruit extracts of M. fragrans, a medicinally
important plant. XRD analysis has verified the crystalline
structure of the synthesized NPs. Fourier transform infrared
(FTIR) spectroscopy analysis verified the existence of
phytochemicals involved in the transfer of metallic ions to
NPs. Morphologies and vibrational modes were determined by
SEM and TEM analyses, DLS determined the surface charge
and stability, and also the stability is determined by TGA.
Synthesized ZnO-NPs have shown successful capacity for
antioxidants and against bacterial strains. There is moderate
inhibitory ability for bioengineered ZnO-NPs against α-
amylase and α-glucosidase enzymes. Biogenic ZnO-NPs were
found to have significant potency against brine shrimps and
larvae of A. aegypti. The synthesized ZnO-NPs were also
effective in the degradation of methylene blue dye. Synthesized
ZnO-NPs were also documented to be biocompatible with
human red blood cells. Our research work concluded that the
above-mentioned biogenic ZnO-NPs can be used for different
studies in diseases, cosmetics, and cancers. More research on
zinc oxide nanoparticles is needed to explore their applications
in biomedicine at both in vitro and in vivo levels.

■ METHODS

Plant Collection and Extraction. M. fragrans fruits were
purchased from a local market in Pakistan. The plant material
was converted into fine powder through an electric grinder for
the preparation of extracts. The plant powder (50 g) was
soaked in 500 mL of distilled water and heated at 150 °C for
20 min. For maximum extraction, the soaked powder was kept
in an incubator at 37 °C overnight. The extract was filtered
through Whatman filter paper no. 1823, and then, the solvent
was evaporated through a rotatory evaporator at 40 °C. The
obtained extract was preserved in a refrigerator at 4 °C.

Synthesis of ZnO-NPs. Zinc oxide nanoparticles were
synthesized according to a previously described protocol with
slight modifications. Briefly, 6.0 g of zinc acetate dihydrate
(Zn(NO3)2·2H2O) (Sigma-Aldrich) was added to 100 mL of
extract and kept on a magnetic stirrer at 60 °C for 2 h. Once
the reaction was complete, the mixture was allowed to cool
down at 25 °C and centrifuged (HERMLE Z326K) at 10 000

Figure 6. (a) Percent degradation of methylene blue dye with ZnO nanoparticles and (b) UV−visible spectra.

Scheme 1. Reaction Mechanism for the Degradation of
Methylene Blue
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rpm for 10 min. The supernatant was discarded, and the
remaining pellet was washed thrice with distilled water, poured
into a clean Petri plate, and oven-dried at 90 °C. The dried
material was then ground into fine powder in a pestle and
mortar and calcined for 2 h at 500 °C to remove any
impurities. The annealed powder was stored in an airtight glass
vial, labeled as ZnO-NPs, and was further used for physical
characterizations and biological applications.28

Characterization of Biosynthesized ZnO-NPs. To
analyze the physiochemical properties of ZnO-NPs, different
characterization techniques have been used to analyze the
physicochemical properties of ZnO-NPs synthesized from M.
fragrans. These techniques include UV spectroscopy, Fourier
transform infrared (FTIR) spectroscopy, X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), energy-dispersive X-ray (EDX)
analysis, dynamic light scattering (DLS), and thermogravi-
metric analysis (TGA).
The reaction carried out between the extract and zinc nitrate

solution was analyzed using UV−visible spectroscopy in the
range of 200−700 nm. To detect the nature of green
synthesized zinc oxide nanoparticles, the X-ray diffraction
technique was used. A PANalytica X’pert X-ray diffractometer
was used to obtain the X-ray diffraction pattern. For finding the
size of the crystallite, we use Scherer’s equation80

D k / cosλ β θ=

where D represents the half peak height of an XRD line due to
a specific crystalline plane, k denotes the shape factor (0.94), λ
depicts the X-ray wavelength of 1.5421 Å, and β and θ refer to
FWHM in radian and Bragg’s angle, respectively. The
functional group responsible for the formulation of nano-
particles was detected using Fourier transform infrared (FTIR)
spectroscopy in the spectral range of 400 and 4000 cm−1.
Morphologies and physical dimensions were examined by SEM
(JSM-7600F, Japan) and TEM (JEM-2100F, Japan), while
elemental analysis was conducted using energy-dispersive X-ray
spectroscopy (EDX).81

The electrostatic potential that occurs at the shear plane of a
particle, which is of concern to both the surface charge and the
local medium of the particle is known as ζ-potential. We
analyze the ζ-potential using a zeta potential analyzer. We use
phase analysis light scattering mode and maintain proper room
temperature for recording all of the measurements. For the
calculation of the ζ-potential, we use the Smoluchowski
equation mentioned below.

v E( / )ε η ξ=

where v = electrophoretic velocity, η = viscosity, ε = electrical
permittivity of the electrolytic solution, and E = electric field.82

Thermogravimetric analysis was carried out using a Q500
thermogravimetric analyzer for the investigation of thermal
stability. For the above purpose, 5 mg of the tested sample was
decomposed under flowing nitrogen gas from 30 to 600 °C at
10 °C/min heating rate.

■ BIOLOGICAL APPLICATIONS
Antibacterial Activities. Bacterial Species Collection.

Overall, four MDR strains K. pneumoniae, E. coli, P. aeruginosa,
and S. aureus were analyzed for confirmation of antibacterial
activity. The strains were already isolated from patients with
urinary tract infections. All of these isolates were collected
from Hayat Abad Medical Complex Peshawar (HMC),

Pakistan. Biochemical and molecular tests (16s RNA) were
done at the hospital for the identification of these UTI isolates.

ZnO-NP-Coated Antibiotic Disc Preparation. Zinc oxide
nanoparticle residues (20 mg) were mixed with 1 mL of
distilled water to prepare the stock solution of powdered ZnO-
NPs. After complete mixing, we take 5 μL from the prepared
stock solution, poured it on the antibiotic disc, and placed the
disc inside the oven for drying at 80 °C and for 15 min. The
same procedure was used for each antibiotic.

Agar Well Diffusion Assay for ZnO-NPs. The wells, having
8 mm diameter, were punched into the nutrient agar (NA)
media followed by bacterial lawn preparation in the media.83

The wells were filled with 100 μL of ZnO-NP suspension. The
Petri dishes were then kept in an incubator at 37 °C for 24 h.
Just after the incubation, the potency of ZnO-NPs against the
tested MDR bacterial strains was determined by measuring
zones of inhibition in millimeters.

Disc Diffusion Assay for Antibiotic Discs and Antibiotic-
Coated ZnO-NPs. To evaluate the potency of both coated and
noncoated antibiotics against tested MDR bacterial strains, the
standard Kirby Bauer disc method was used. Nutrient agar was
prepared, and then, NA media along with Petri dishes were
autoclaved using standard SOPs. After the medium was
sterilized, it was cooled to 50 °C and then poured into
sterilized Petri dishes in a biosafety cabinet. After the media
were solidified, bacterial lawns were prepared on nutrient agar
(NA) plates, then both ZnO-NP-coated and noncoated
antibiotic discs were applied, and the Petri plates were
incubated at 37 °C for 24 h. After incubation, the potency
of both coated and noncoated antibiotics against test MDR
bacterial strains was determined by measuring zones of
inhibition in millimeters.

Protein Kinase Inhibition Assay. For screening the
anticancer activity of biosynthesized ZnO-NPs, a protein
kinase inhibition assay was performed. This is a preliminary
bioassay for the confirmation of the protein kinase inhibitory
ability of the synthesized NPs. Our protocol was slightly
different from that followed by ref 28. A test strain of
Streptomyces 85E was used. We prepare the plate containing
sterile ISP4 medium and then transferred a volume of 100 μL
from the refreshed culture of Streptomyces 85E to the plates.
About 5 μL of ZnO-NPs was poured inside each well (5 mm)
and labeled accordingly. Surfactin and DMSO worked as
positive and negative controls. After this, all of the plates were
subjected to incubation at 28 °C for 2 days. We observed clear
and bald zones around wells, indicating the inhibition of
phosphorylation, mycelia, and formation of spores. A Vernier
calliper was used for the measurement of the zones to the
nearest millimeter. The clear zones show the cytotoxic
potential of ZnO-NPs and death of the test strain.

Antidiabetic Assay. The antidiabetic activity of the
biogenic ZnO-NPs was determined using α-glucosidase and
α-amylase inhibition assays.

α-Amylase Inhibition Assay. For the evaluation of the α-
amylase inhibition assay of the biogenic ZnO-NPs, we used the
most acceptable protocol with some minor changes.84 To
perform this assay, we used a 96-well microplate. Inside each
well, we poured phosphate buffer (15 μL), α-amylase (25 μL),
sample (10 μL), and starch (40 μL). After this, the plate was
subjected to incubation at 50 °C for 30 min. At last, 20 μL of
HCl solution and 90 μL of iodine were added to each well. For
negative control, we used DMSO, and for positive control,
acarbose was used, while the blank contained buffer solution
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and starch instead of ZnO-NPs. A microplate photometer was
operated at 540 nm for the observing the sample absorbance
capacity. We calculated the percentage inhibition with the
following formula.
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α-Glucosidase Inhibition Assay. ZnO-NPs’ antidiabetic
activity was demonstrated using the α-glucosidase inhibition
assay.85 For dissolving α-glucosidase (Saccharomyces cerevisiae,
Sigma-Aldrich), 50 mL of phosphate buffer having pH 6.8 was
supplemented with 100 mg of bovine serum albumin. The
reaction mixture prepared using 10 μL of tested sample,
phosphate buffer (490 μL; pH 6.8), and p-nitrophenyl α-D-
glucopyranoside (5 mM; 250 μL) was kept in an incubator at
37 °C for 5 min. α-Glucosidase (0.15 units/mL; 250 μL) was
then introduced to samples followed by reincubation for 15
min at 37 °C. After terminating the reaction by adding 2 mL of
Na2CO3 (200 mM) solution, absorption spectra were recorded
using a UV−vis spectrophotometer at 400 nm. The assay is
based on the quantification of p-nitrophenol released from p-
nitrophenyl α-D-glucopyranoside. In the experiment, acarbose
was employed as the positive control, and the experiment was
repeated thrice.
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Antioxidant Assays. Total Antioxidant Capacity Deter-
mination (TAC). For examination of total antioxidant capacity,
the same assay was used as reported by ref 86. Eppendorf tubes
were filled with 100 μL of sample using a micropipette. Then,
we added 900 mL of TAC reagent to Eppendorf tubes (0.6 M
sulfuric acid, 28 mM sodium phosphate, and 4 mM ammonium
molybdate, in 50 mL of dH2O). The reaction mixture was then
incubated at 90 °C for 2 h in a water bath; after cooling the
samples, absorbance was recorded at 630 nm by a microplate
reader. The above-mentioned procedure was performed three
times; TAC was expressed as μg ascorbic acid equivalent/mg
of sample.
Total Reducing Power (TRP) Determination. For finding

out the total reducing power (TRP), the same procedure was
followed as reported by ref 87. The Eppendorf tube already
containing 100 μL of the test sample was filled with 400 μL of
0.2 M phosphate buffer having pH 6.6 and potassium ferric
cyanide (1% w/v); after this, the tube containing all of these
samples was incubated in a water bath for 30 min at 55 °C.
After incubation, 400 μL of trichloroacetic acid (10% w/v) was
added to each Eppendorf tube and the Eppendorf tube was
subjected to centrifugation for 10 min at a speed of 3000 rpm.
After centrifugation, the supernatant (140 μL) obtained was
poured into wells of a 96-well plate, which already contained
60 μL of ferric cyanide solution (0.1% w/v); using a microplate
reader at 630 nm, we then recorded the absorbance of the
sample. The procedure mentioned above was used for both
positive and negative controls.
Free Radical Scavenging Assay (FRSA). For finding the

free radical scavenging ability of the biosynthesized and eco-
friendly zinc oxide nanoparticles, we follow the same protocol

used by ref 84 with some modifications. ZnO-NPs’ free radical
scavenging is their antioxidant potential and was investigated
using the DPPH reagent. The activity was recorded at both the
lowest (12.5 μL) and highest (400 μL) concentrations. First,
we poured the tested sample of concentration (10 μL) inside
the wells of a 96-well plate and then added (190 μL) DPPH
reagent to every well already containing the tested samples.
After this, the samples were subjected to incubation in the dark
at a temperature of 37 °C for 60 min. For FRSA, we used both
a positive control (ascorbic acid) and a negative control
(DMSO). For recording the absorbance rate of the sample, we
used a microplate photometer at 515 nm. Free radical
scavenging ability of the biogenic ZnO-NPs was determing
using the following equation
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Abc and Abs indicates the absorbances of the negative control
and sample, respectively.

Trolox Antioxidant Assay (ABTS). The ABTS assay was
used for finding the antioxidant activity of the biogenic ZnO-
NPs. First, we mixed potassium persulfate (2.45 mM) and 7
mM ABTS salt in equal concentrations and then incubated the
mixture at room temperature. After incubating the samples at
room temperature, the mixture prepared above from potassium
persulfate and ABTS salt were kept in the dark for 15 min. The
sample absorbance was recorded using a BioTek ELX800 at
734 nm. To perform the assay, we take both positive (Trolox
reagent) and negative (DMSO) controls. The process was
repeated three times, and antioxidant results were expressed as
TEAC.

Antileishmanial Assay. Biogenic ZnO-NPs were eval-
uated for their antileishmanial activity against both amastigotes
and promastigotes using the standard protocol described
previously.88 Leishmania tropica KWH23 strain was used for
evaluating anti-leshminial activity of the biogenic zinc oxide
nanoparticles; for this purpose, we incubated the culture of L.
tropica KWH23 strain in MI99 medium, which was already
supplemented with fetal bovine serum (FBS). First, we took 20
μLof tested sample and poured it in a 96-well plate and then
we added 180 μL of aliquot into the wells of the 96-well plate;
the aliquot was taken from the suspension culture (seeding
density 1 × 106 cells/mL). After this, we incubated the mixture
at room temperature (25 °C) for 72 h. We took Amphotericin
B as the positive control and DMSO (1%) in phosphate-
buffered saline (PBS) as the negative control. After the
incubation, we poured 20 μL of MTT solution (4 mg/mL in
dH2O) inside each well and again incubated the culture plate
for 4 h at room temperature (25 °C). A microplate reader was
used to record the absorbance of the samples at 540 nm. The
percent inhibition was calculated using the formula
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The sample was analyzed again using different concentrations,
and the process was repeated three times. The IC50 values were
revealed using TableCurve 2D software v5. 01.

Larvicidal Assay. For finding out the larvicidal potential of
biogenic ZnO-NPs, the same protocol was used as proposed by
the World Health Organization.36 For this assay, four
experimental groups and one control group were designed. A
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plastic well containing 25 third instar larvae and 200 mL of
tested suspension was used for the experimental group, while
the same was done in distilled water for the control group.
Four technical replicates were designed for each group
containing 500 larvae per larvicidal assay simplified as (100
larvae per concentration × 4 concentrations) + (100 larvae per
control group). This assay was done three times.. We provided
standard insectary condition “28 ± 1 °C temperature, 80 ±
10% relative humidity, and 12 h light/12 h darkness
photoperiod”; the purpose of the condition was to maintain
larvae while performing the bioassay. We provided no food for
24 h after beginning the bioassay; the purpose was to record
the mortality rate of the larvae during the bioassay. The
mortality was detected by the common technique by providing
stimulus to the larvae; if they did not respond or move slightly
but not vigorously, they were considered dead.89

Brine Shrimp Cytotoxicity. This activity was accom-
plished to determine the cytotoxic effectiveness of ZnO-NPs.90

Purchased eggs of A. salina from Ocean Star International were
stocked at 28 °C. The eggs were allowed to hatch in 34 g/L
artificial seawater in a tray near a light source at 37 °C. Ten
fresh hatched nauplii were taken and transferred to each well.
Test samples (12.5−200 μg/mL) were poured into each well,
and the adjusted volume was 300 μL at this stage. The shrimps
were observed and counted under a magnifying lens, after a
complete 24 h of exposure. The TableCurve tool was used to
determine LD; the percentage was also determined for dead
shrimps using mathematical formulas. For observing the brine
shrimp, we used the following concentrations of biogenic ZnO-
NPs in ppm: 0.2, 0.3, 0.4, 0.5.
Biocompatibility Study. Biogenic ZnO-NPs’ biocompat-

ibility was demonstrated using fresh human red blood cells
(hRBCs).91 Blood samples (1 mL) were taken from healthy
individuals in ethylenediaminetetraacetic acid (EDTA) tubes
after permission of the individual. After collection of blood
samples, the samples were subjected to centrifugation for the
isolation of RBCs. After centrifugation, supernatant and pellet
were obtained; the supernatant was discarded, and the pellet
was collected after washing three times with PBS. For the
preparation of PBS−erythrocyte suspension, we mix 200 μL of
RBCs with 9.8 mL of PBS (pH 7.2). Then, the suspensions of
erythrocytes and green synthesized ZnO-NPs were mixed in
Eppendorf tubes. The Eppendorf tubes containing the mixture
of erythrocyte suspension and biogenic NPs were then
subjected to incubation for 1 h at 35 °C. Reaction mixtures
were centrifuged at 1000 rpm for 10 min followed by transfer
of 200 μL of supernatant to a 96-well plate; and hemoglobin
release absorption spectra were recorded at 540 nm. As a
control, Triton X-100 (0.5%) was used, while DMSO was
considered as a negative control. %hemolysis was calculated
using the following formula
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where Ab stands for the absorbance of the samples as recorded.
Photocatalytic Activity. To find out the photocatalytic

activity of the biogenic zinc oxide nanoparticles, we prepared
20 ppm of methylene blue dye in 50 mL of deionized water.92

The original concentration (5 mL) was taken from the
solution, while the remaining solution of 25 mg (0.025 g) of
ZnO-NP catalyst was added to 45 mL of dye solution; for

maintaining the adsorption−desorption equilibrium, the
solution was placed in the dark for 20 min, then the solution
was subject to UV light, and the sample was taken after every
20 min. Centrifugation was performed at 10 000 rpm for 15
min to remove the catalyst from the samples; the degradation
of dye was studied by a UV−visible spectrophotometer. The
percent degradation of the degraded dye was calculated by the
following formula

C C
C

% 100t0

0
=

−
×

A A
A

% 100t0

0
=

−
×

where C0 and A0 are the initial concentrations of the dye and Ct
and At are the concentrations after a time interval.
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