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Abstract

Biosynthesis of zinc oxide nanoparticles (ZnO-NPs) was achieved by utilizing the reducing and capping potential of leaf,
stem and callus aqueous extracts of Mussaenda frondosa.The bioreduced ZnO-NPs were characterized using powder X-ray
diffraction (XRD), ultraviolet—visible spectroscopy (UV-Vis spectroscopy), scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), fourier transform infrared spectroscopy (FTIR) and dynamic light scattering (DLS) tech-
niques. UV-visible spectra of ZnO-NPs showed a strong absorption peak at 370, 376 and 373 nm corresponding to the band
gap energy of 3.33, 3.27 and 3.30 eV for ZnO-NPs obtained from leaf (L-ZnO-NP), stem (S-ZnO-NP) and callus (C-ZnO-NP)
aqueous extracts, respectively. XRD analysis confirmed the formation of hexagonal wurtzite structures having an average
grain size between 5 and 20 nm in diameter. FTIR spectra revealed the presence of stretching vibrations of —O-H, C-H,
C-N, C=0 groups involved in reduction and stabilization of nanoparticles. SEM images recognize the presence of spongy,
spherical, porous agglomerated nanoparticles. DLS analysis and zeta potential values validated the stability of ZnO-NPs.
The present investigation puts light on the photocatalytic activity and biological (antioxidant, anti-inflammatory, antidiabetic,
antimicrobial, anticancerous) applications of ZnO-NPs. The current study is an attempt to describe an effective, simple and
eco-friendly method of ZnO-NP synthesis and to evaluate its potential for various industrial and medical applications.
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Introduction

In modern days, ZnO semiconductors have received enor-
mous attention due to their distinct and desirable applica-
tions in diverse areas of chemistry, physics, biology, medi-
cine, electronics, etc. These characteristics may be endowed
due to their large surface area, reduced size, availability of
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surface specific binding site, catalytic, electronic and ther-
mal properties (Shoeb et al. 2013). ZnO-NPs are commer-
cially available in the form of powders or dispersions, which
are extensively used in calamine lotion, baby powders,
ceramics, UV filters, ointments, paints, food additives, etc.
(Kolodziejczak-Radzimska and Jesionowski 2014). ZnO-
NPs have also been reported to possess potential human
health benefits such as antimicrobial (Das et al. 2013), anti-
oxidant (Premanathan et al. 2011), anticorrosive (Ansari
et al. 2011) and anticancer activity (Li et al. 2010a, b). ZnO
belongs to II-VI semiconductor, since it is found in the
second and sixth group of the periodic table, with a wide
band gap energy of 3.3 eV. Such obvious multifunctional
ZnO-NPs have been synthesized by various methods such
as precipitation, hydrothermal, sol-gel, electrodeposition
and chemical methods (Ramimoghadam et al. 2013). These
methods yield ZnO-NPs with diversified distinct morphol-
ogy, size, shape with an ability to persuade various prop-
erties and applications (Yu et al 2005; Macmanus-driscoll
2017). Many of these methods are tedious, exorbitant and
utilize toxic chemicals imposing environmental and biologi-
cal risks. Hence, there is an increasing need for an alter-
native method of synthesis which is safe, eco-friendly and
cost-effective. Green synthesis is an unconventional method
of nanoparticle synthesis, which is an eco-friendly, risk-free,
inexpensive, hypoallergic, single step synthesis method get-
ting wide attention.

Solution combustion synthesis (SCS) is an extensively
used expeditious, safe, facile method for the synthesis of
nano-sized metal oxides. SCS is a self-propagating exother-
mic reaction operating at a high temperature, which employs
an aqueous solution comprising a metal nitrate precursor
(oxidizing agent) and a combustible fuel (plant extract)
(Suresh et al. 2015). The reaction is accompanied with the
extensive release of gases, yielding highly porous, thin,
homogenous, nanosized, crystalline nanoparticles (Rajesh-
war and Tacconi 2009).

Mussaenda frondosa L. is an important medicinal plant
belonging to the family Rubiaceae. Crude extract of the plant
contains important bioactive principles: phenols, flavonoids,
alkaloids, steroids, glycosides, tannins, etc. (Manasa et al.
2017). From time immemorial, the herbal preparations of
this plant were extensively used in the treatment of asthma,
fever, cough, leprosy, wounds, jaundice and so on (Kirtikar
and Basu 1987). Due to the presence of highly valuable and
medicinal bioactive principles, the plant is overexploited for
its medicinal applications.

In vitro culturing such as callus and suspension cultures
seems to be a promising alternative for the use of microbes
or field-grown plant parts, since these cultures are easily
renewable resources generated axenically without generating
hazardous by-products. In vitro regenerated callus cultures
do not require repeated subculturing like microbial cultures.
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Till date, very few reports are available on the biosynthesis
of nanomaterials through callus cultures (Satyavani et al.
2011; Iyer et al. 2016).

The current study deals with the synthesis of ZnO-NPs
via SCS method using aqueous extracts of leaf, stem and
in vitro grown (leaf derived) callus of M. frondosa. as a
combustible fuel. The synthesized nanoparticles were char-
acterized (XRD, UV-Vis, SEM, EDS, FTIR and DLS) and
studied for biomedical applications, using theirantioxidant,
antimicrobial, anti-inflammatory, antidiabetic and anticancer
activities.

Materials and methods
Materials

Healthy leaf and stem parts of M. frondosa were collected
from natural forests of Dakshina Kannada (12.8158° N
and 74.9241° E), Karnataka, India. The plant was authen-
ticated by Flora of Madras Presidency (Gamble 1958) and
a voucher specimen (No: MU/AB/DJM-02) was deposited
in the Dept. of Applied Botany, Mangalore University. 1,
1-dipheny 1-2-picrylhydrazyl (DPPH), a-amylase, starch and
DNS were procured from Sigma-Aldrich. Methanol, zinc
nitrate hexahydrate [Zn (NO;),-6H,0] and methylene blue
dye were procured from S.D. Fine chemicals. Murashige
and Skoog medium (MS Media) and growth regulators
were purchased from Hi-media (India). a-Glucosidase and
p-nitrophenyl-beta-p-glucoside (P-PNPG) were purchased
from SRL.

Induction, proliferation and preparation of callus
samples

The surface sterilization and establishment of callus cul-
tures were carried out from the leaf explants of M. fron-
dosa (Manasa et al. 2017). The healthy, friable callus was
obtained from the MS medium supplemented with 1-naph-
thalene acetic acid (NAA) +kinetin (Kn) (2+4 mg/l). The
obtained callus was subcultured once in 30 days, and con-
sequently harvested after the fourth subculturing. The har-
vested callus was repeatedly washed with sterile distilled
water (dH,0), dried in a hot air oven for 45 days (at 35 °C),
ground into fine powder using mortar and pestle, packed in
airtight polyethylene bags and stored in a refrigerator (4 °C)
until further use.

Preparation of leaf, stem and leaf-derived callus
extract

M. frondosa leaf and stem samples were washed with ster-
ile dH,0, dried under shade, powdered and stored at 4 °C.
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The plant material (leaf, stem and leaf derived callus) and
distilled water in the ratio of 1:10 was taken in a round bot-
tom flask and the extraction was carried out at 100 °C under
reflux for 4 h. The extract was filtered through Whatmann
filter paper No. 1 and centrifuged to remove any undissolved
debris. The extract was reduced to 1/5 volume using flash
evaporator and stored in airtight bottles at 4 °C.

Biofabrication of ZnO-NPs

ZnO-NPs were prepared by SCS method using aqueous
extracts of callus, leaf and stem according to Nethravathi
et al. (2015). Two grams of plant extract was dissolved in
100 ml dH,O with continuous stirring on a magnetic stir-
rer (450 to 500 rpm) for about 15 min. The stoichiomet-
ric amount of Zn (NO;),-6H,0 was dispersed in a known
amount of combustible fuel to make a reaction mixture and
kept in a preheated muffle furnace for combustion at 400 °C
for 10-30 min.

Morphological and structural characterization
of nanoparticles

The crystalline structure and phase purity were analyzed
by XRD (Shimadzu-7000) using CuK, (1.541 10\) radiation
with a nickel filter operating at a voltage of 50 kV and a cur-
rent of 30 mA (26 ranging between 20° and 80°). UV-Vis
spectrophotometer (Evolution-220, ThermoScientific) was
used to examine the optical properties at a resolution of 1 nm
in a wavelength range of 280-800 nm. The size, shape and
surface morphology were studied by FESEM (Carl Zeiss
FESEM) with 10 kV acceleration voltages. For SEM anal-
ysis, the samples were placed on carbon-coated tape, air
dried and then used for imaging. The elemental composi-
tion of synthesized NPs was analyzed using EDS attached to
SEM. Functional groups present in the sample were recorded
by FTIR (AIM-8800) analysis under the spectral range of
4000400 cm™" with a resolution of 4 cm™'. Size distribu-
tion, size measurement, stability, surface charge and an aver-
age zeta potential of NPs in the suspension were determined
using Microtrac (USA) particle size analyzer. The samples
were dispersed in sterile dH,O, sonicated for 30 min and
then subjected to DLS analysis. All the experiments were
carried out thrice and the data were analyzed using Origin
8 software.

Photocatalytic activity

Photocatalytic degradation of methylene blue dye was per-
formed in a 150 X 75 mm batch reactor according to Nethra-
vathi et al. (2015). A catalytic load of 20 mg (ZnO-NPs) was
added to 100 ml of methylene blue (5 ppm) dye. The pH (7)
was maintained by adding 0.05 M NaOH or 0.05 M H,SO,.

The sludge consisting of dye and catalyst was placed in the
batch reactor and stirred magnetically for agitation with
instantaneous exposure to UV light. The noted volume of
the sludge was withdrawn at various time points, viz., 10, 20,
30, 40 and 50 min, centrifuged at 6000 rpm for 15 min and
absorbance was recorded using UV—Vis spectrophotometer
at 660 nm to determine the rate of degradation. The percent-
age degradation of methylene blue dye was determined using
the following equation:
: G -G
% Degradation = < x 100,

1

where C; is the initial concentration of the methylene blue
dye. C; is the final concentration of the methylene blue dye.

Antioxidant activity

The antioxidant activity of ZnO-NPs was analyzed by DPPH
radical scavenging assay as reported by Kumar et al. (2015)
with minor modifications. DPPH is a stable free radical and
a well-known trap ("scavenger") for other radicals. DPPH
radical has deep purple color in solution due to the strong
absorption band centered at about 520 nm, and it becomes
colorless or pale yellow when neutralized by accepting an
electron from the antioxidant molecule. This nature allows
visual observation of the reaction, due to change in the opti-
cal absorption at 520 nm or in the EPR (electron spin reso-
nance) signal of the DPPH. A concentration of 0.14 mM
of DPPH was prepared by dissolving 39.4 mg of DPPH in
100 ml of methanol. Varying concentrations of nanoparticles
(2-20 mg) were mixed with 50% methanol and 140 pul of
0.14 mM DPPH solution was added. The mixture was incu-
bated for 30 min at room temperature (dark condition) and
the absorbance was recorded at 520 nm using spectropho-
tometer (Evolution-220, ThermoScientific) against the blank
solution (50% methanol). Ascorbic acid was used as a refer-
ence standard for measuring the scavenging activity. The
actual absorbance was taken as the absorbance difference
of the control and test sample; ICs, values were determined.
The mixture without test sample was considered as control.

Antimicrobial activity

Antibacterial activity of ZnO-NPs was performed using disc
diffusion technique (CLSI 2012) aganist two Gram-positive
bacteria, viz., Staphylococcus aureus [National Collection of
Industrial Microorganisms (NCIM)-2079] and Bacillus subti-
lis [American Type Culture Collection (ATCC)—6633] and
three Gram-negative bacteria, viz., Escherichia coli (NCIM
2931), Pseudomonas aeruginosa (NCIM 2200) and Proteus
vulgaris (NCIM 2813) procured from National Chemical
Laboratory, Pune, India. Bacterial strains were grown on

pisllase ol ay .
Ay &) Springer



3060

Applied Nanoscience (2020) 10:3057-3074

nutrient broth (NB) at 37 °C. The bacterial inoculum was
prepared by subculturing the organism on the NB and incu-
bated at 37 °C overnight. Hundred microliters (1 x 10° cfu/
ml) of an overnight grown culture of bacteria was inoculated
into an autoclaved NB and incubated for 4-5 h at 37 °C.
Twenty milliliters of sterilized Muller Hilton agar was
dispensed into sterile petri plates and allowed for solidifica-
tion. 100 pl of microbial inocula (containing 1x 10° cfu/ml)
was spread on the plates. Sterile antimicrobial susceptibility
filter paper discs (6 mm in diameter-Himedia Lab) loaded
with 20 pl of the extract/ZnO-NPs (10 mg/ml) were placed
on swabbed plates. Streptomycin sulfate (10 mg/ml) was
used as a positive control and sterile dH,0 as a negative
control. Bacterial growth inhibition was recorded by measur-
ing the zone of inhibition around the discs. The experiment
was carried out thrice and the mean values were tabulated.

Minimum inhibitory concentration (MIC)

The MIC of ZnO-NPs was determined by macrobroth dilu-
tion method in NB (CLSI 2012). Each bacterial strain (24 h
old cultures) were 100-fold diluted in NB by adding bacte-
rial inoculums (100 pl) into broth (10 ml) to obtain 10° cfu/
ml of bacteria. Further, the broth was poured into separate
test tubes. Stock solutions (10 mg/ml) of nanoparticle wee
prepared in sterile dH,O. Varying concentrations (12.5, 25,
50, 100 and 200 pg/ml) of ZnO-NPs were added to the test
tubes containing bacterial cultures and incubated at 37 °C
for 24 h. Negative (only broth without nanoparticles) and
positive control tubes (standard drug streptomycin) were
maintained during the experiments. Observations were made
for visual turbidity before and after incubation for 24 h.
The turbidity of the sample was assessed by measuring the
absorbance at 630 nm.

Anti-inflammatory activity

The anti-inflammatory activity of ZnO-NPs (100-500 ug/
ml) was assessed using human red blood cells membrane
stabilization method (HRBCsMS) according to Shinde
et al. (1999) with slight modifications. Blood samples
were collected from healthy human volunteers who had not
taken non-steroidal anti-inflammatory drugs (NSAIDs) for
2 weeks before the experiment. The blood was mixed with
an equal volume of Alsever’s solution (2% dextrose, 0.8%
sodium citrate, 0.5% citric acid and 0.42% sodium chloride)
and centrifuged (3, 000 rpm) for 5 min. The packed cells
were washed with isosaline (0.85% at pH 7.21), and a final
concentration of 10% v/v suspension was prepared. Different
concentrations of ZnO-NPs were prepared to which, 1 ml
of phosphate buffer (0.15 M at pH 7.4), 2 ml of hyposaline
(0.36%) and 0.5 ml of HRBC suspensions were added. The
suspension was incubated at 37 °C (30 min) and centrifuged
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at 3,000 rpm (3 min). The spectroscopic measurement of the
supernatant was recorded at 560 nm to determine the content
of hemoglobin. The positive (diclofenac sodium) and nega-
tive controls (without the nanoparticles) were maintained
during the experiment. The percentage inhibition of hemoly-
sis was determined using the following equation:

%inhibition of hemolysis = Abs of control — Abs of sample y

100
Abs of control ’

where Abs is absorbance at 560 nm.
In vitro antidiabetic activity
a-Amylase inhibitory activity

The a-amylase inhibitory assay was determined using Kim
et al.’s (2005) method. The activity was carried out in a
96-well microplate. The reaction mixture in each well con-
taining 50 pl phosphate buffer (50 mM, pH=5.8), 50 pl
a-amylase (16 U/mg) and 20 pl of varying concentrations of
ZnO-NPs (Test) was dispersed in buffer (100, 200, 300, 400
and 500 pg/ml) and preincubated at room temperature (RT)
for 10 min. To this mixture, 50 pl of soluble starch (1%)
in 50 mM phosphate buffer (pH 5.8) was added and incu-
bated for 10 min at RT. Acarbose at varying concentrations
(100-500 pg/ml) was used as a standard. The a-amylase
activity was determined by recording the absorbance values
at 405 nm using a microplate reader (Synergy H1 BIOTEK).
Blank contains only buffer and negative control is a mixture
without the test sample. The results were expressed as per-
centage inhibition, which was calculated using the following
equation:

Inhibitory activity (%) = (1 — A,/A.) x 100,

where A, is the absorbance of the test sample and A, is the
absorbance of the control. ICy, values were calculated by
using percentage inhibitory activities.

a-Glucosidase inhibitory activity

a-Glucosidase inhibitory activity of ZnO-NPs was deter-
mined according to Sanap et al. (2010) with slight modifi-
cation. In a 96-well plate, the reaction mixture containing
50 pl phosphate buffer (0.3 mM, pH=6.8), 40 pl alpha-
glucosidase (1 U/ml), and 20 pl of varying concentrations
of ZnO-NPs (100, 200, 300, 400 and 500 pg/ml) was prein-
cubated at 37 °C for 10 min. Further, 40 pl of 2 mM P-NPG
was added to the mixture and incubated at 37 °C for 10 min.
The reaction was stopped by adding 0.2 M Na,CO; (70 pl).
The absorbance was recorded using a microplate reader
(Synergy H1 BIOTEK) at 405 nm to determine the release
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of p-nitrophenol. Acarbose at various concentrations
(100-500 pg/ml) was used as a standard. Buffer alone was
used as a blank, and the well without the test sample was set
as a negative control. Each experiment was carried out in
triplicate. The results were expressed as percentage inhibi-
tion of a-glucosidase activity using the following equation:

Inhibitory activity (%) = (1 — A,/A.) x 100,

where A, is the absorbance of test, A, is the absorbance of
the control and ICs,, values were obtained using percentage
inhibitory activities.

Anticancer activity
Cells and culture conditions

Human lung adenocarcinoma cells (A549) were procured
from the National Centre for Cell Sciences (NCCS), Pune.
They were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and
1% antibiotic—antimycotic solution (Himedia, India). They
were incubated at 37 °C under 5% CO,, subcultured upon
attaining 70% confluence and used for the experiments after
three consecutive passages.

Cytotoxicity assessment using methyl thiazolyl tetrazolium

(MTT) assay

The cytotoxicity of the ZnO-NPs on A549 cells was evalu-
ated using the MTT assay (Mosmann 1983). Cells were
seeded at a density of 5000 cells/well in 96-well microtiter
plates and incubated at 37 °C under 5% CO, in a humidified
atmosphere for 24 h. Nanoparticles were dispersed in culture
medium (10 mg/ml) and then sonicated in an ultrasonica-
tor for 1 h. The solution was then diluted with medium to
different concentrations of 12.5, 25, 50, 100 and 200 pg/ml
and vigorously vortexed for 30 s prior to cell exposure to
avoid nanoparticle agglomeration. ZnO-NPs were added to
the cells at concentrations of 12.5, 25, 50, 100 and 200 pg/
ml and incubated further for 48 h. 100 ul of MTT solution
(1 mg/ml) was added to the wells and incubated for 4 h.
Formazan crystals were solubilized in dimethyl sulfoxide
(DMSO) and the absorbance was recorded at 570 nm using
multimode microplate reader (FluoSTAR Omega, BMG
Labtech). The percentage of cell viability was determined
using the following equation:

IC, was calculated using a percentage of cell viability.

Apoptosis detection by acridine orange-ethidium
bromide (AO-EB) staining

AO-EB staining was performed to detect the apoptosis
(Azizi et al. 2017). AO and EB are DNA-specific dyes which
can differentiate dead cells from viable cells. Upon disinte-
gration of the cell membrane, AO can penetrate into both
live and dead cells, while EB can intrude into dead cells
only. Therefore, AO-stained cells appear green in color (live
cells); EB stains dead cells, imparting a greenish yellow to
red color during the early and late stages of apoptosis. A549
cells were seeded onto six-well plates at a density of 5000
cells/well and incubated at 37 °C for 24 h under 5% CO,.
ZnO-NPs were added to the cells at their IC 5, concentra-
tions as determined by MTT assay and incubated further for
48 h at 37 °C under 5% CO,. The spent media were removed,
and cells were fixed in chilled methanol at RT for 20 min.
Further, methanol was removed and the cells were stained
with a mixture of AO and EB stain and incubated at 37 °C
in dark for 15 min. The cells were washed with phosphate
buffer saline (PBS) to remove the excess stain. Cells were
overlaid with PBS (1 ml) and photographed using fluores-
cent imager (ZOE, BioRad) to detect the nuclear changes.

Statistical analysis

All the experiments were carried out thrice (n=3). The
experimental data were analyzed by SPSS statistical pack-
age software version 20 with Duncan’s multiple range test

grouping.

Results and discussion
Biogenic synthesis of ZnO-NPs

A milky white, voluminous and foamy powder was formed
after 10—-15 min, which indicated the formation of ZnO-
NPs. The experiment was repeated with 5, 10, 15, 20, 25
and 30 ml of leaf, stem and callus extracts, respectively.
The resultant foamy powder was milled using mortar and
pestle; stored in airtight containers and kept in dessicators
for further use.

Percentage of cell viability = (Absorbance of control — Absorbance of test/Absorbance of control) X 100.
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Morphological and structural characterization
of nanoparticles

Powder XRD

Powder XRD is the primary characterization tool for the
nanoparticles. The typical XRD patterns of the resultant
ZnO-NPs with different concentrations of leaf (L-ZnO-
NP), stem (S-ZnO-NP) and callus (C-ZnO-NP) extracts are
represented in Fig. 1 a, b and c. The spectra confirmed the
presence of hexagonal wurtzite crystal structure, wherein
each Zn*? ion is ordered in a tetragonal coordination with a
polar symmetry throughout the hexagonal axis, attributing to
its distinctive properties. All the diffraction peaks matched
with the Joint Committee on Powder Diffraction Standards

(JCPDS) card no 036-1451 and the plots corresponded to
the hexagonal wurtzite structure (Suresh et al. 2015). No
other impurity peaks were observed in the plots. The aver-
age particle size was recorded using the Scherer’s equation:

_ 0.894
pCosb

where D is the crystallite size, f is the full width at half
maximum, @ is the diffraction angle and 4 is the wavelength
of X-rays.

The peaks in the plots seem to be broadening, indicat-
ing that the particles in the prepared material are in the
nanoscale. XRD shows the diffraction peaks at 20=31.77°,
34.40°, 36.22°, 47.61°, 56.58°, 62.85° and 67.93°
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Fig. 1 Diffraction pattern of ZnO-NPs synthesized from different parts of M. frondosa. a L-ZnO-NP, b S-ZnO-NP and ¢ C-ZnO-NP
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corresponding to (100), (002), (101), (102), (110), (103)
and (112) planes, confirming the formation of pure wurtzite
structure of ZnO-NPs, respectively (Bala et al. 2015). The
crystallite size obtained using 10 and 15 ml of extracts was
found to be 8 and 15 nm (L-ZnO-NP); 9 and 12 nm (S-ZnO-
NP); 5 and 7 nm (C-ZnO-NP) respectively. The reaction of
metal nitrate with the fuel greatly influenced the particle size
as observed in XRD images. The results confirmed the more
or less similar crystalline structure of L-ZnO-NP, S-ZnO-NP
and C-ZnO-NP, but differ in crystallite size.

UV-Vis spectra

The UV-Vis absorption spectra revealed a characteristic
maximum absorbance at 370 nm (L-ZnO-NP), 376 nm
(8-ZnO-NP) and 373 nm (C-ZnO-NP) corresponding to
a bandgap of 3.33, 3.27 and 3.30 eV respectively (Fig. 2),
which could be due to intrinsic bandgap absorption of
ZnO and electron transitions from the valence band to the
conduction band as observed by Zak et al. (2012). The
band gap (E,) of bulk ZnO material (E,=3.45148 eV)
was greater than the estimated bandgap of the synthesized
ZnO-NPs because of the effective size of the nanoparti-
cles. Sharp peaks in the absorption spectra imply that the
particles are nanosized with narrow particle size distribu-
tion. The peak was shifted away from origin when com-
pared to the bulk, indicating the red shift due to quantum
size effects (Xu et al. 2004).

This red shift can be explained by the formation of nar-
row levels inside the bandgap due to impure atoms exist-
ing in the lattice. Quantum size effects on electronic energy
bands of semiconductors become more prominent when the
size of the nano-crystallites is less than the bulk exciton

L-ZnO-NP
S-ZnO-NP
e C-ZnO-NP

15

Absorbance(a u)

0.0
200 300 400 500 600

Wavelength (nm)

Fig.2 UV-visible spectra of ZnO-NPs synthesized from different
parts of and M. frondosa. a L-ZnO-NP, b S-ZnO-NP and ¢ C-ZnO-
NP

Bohr radius. Coulomb interactions between holes and elec-
trons play a crucial role in nano sized solids. The quantum
confinement of charge carriers modifies valence and conduc-
tion bands of semiconductors. The band gap was calculated
from the absorption spectrum using the following equation
(Tauc 1966);

ahv = D(hv —Eg)",

where A is the energy of the photon, E, is the band gap of the
material and D is a constant. The transition data provides the
best linear fit in the banded region for n=1/2.

SEM imaging and EDS analysis

SEM imaging of L-ZnO-NP (Fig. 3a, b) showed the flaky
agglomerated hexagonal structures wheras, C-ZnO-NP
(Fig. 3e, f) and S-ZnO-NP (Fig. 3c, d) showed high density
spherical shaped nanoparticles with pores resulting from
the escape of gases during combustion synthesis. Simi-
lar observations were made by Geetha et al. (2016) and
Karnan and Selvakumar (2016) from ZnO-NPs synthe-
sized from Euphorbia jatropa and Nephelium lappaceum
respectively. Aggregation could be due to a high surface
energy of ZnO-NPs and also perhaps due to densification
as an outcome of narrow space between nanoparticles.

EDS spectra revealed the presence of three peaks between
1 and 10 keV confirming the presence of Zinc with a strong
peak at 1 keV (Fig. 4) (Bala et al. 2015). Oxygen and Zinc
are present at a stoichiometric ratio of 20: 80, indicating the
absence of impurity peaks. The presence of carbon in the
spectra might be due to the presence of stabilizing agents
from the plant extract which probably acted as a capping
agent for the synthesized nanoparticles. Various reports have
been found that the peak of Zn in EDS spectra appears to
be around the same region (Raj and Jayalakshmy 2015; Joel
and Badhusha 2016).

FTIR spectroscopy

Plant extracts exhibited various functional group stretches
between 3350 cm™! and 1045 cm™! (Fig. 5). Extracts of leaf,
stem and callus of M. frondosa showed characteristic absorp-
tion peaks at 3350, 2922, 2344, 1580, 1377 and 1045 cm™!
corresponding to OH stretching of intra-molecular hydrogen
bond, C-H stretching of alkanes, -N—H stretching of amide
in proteins, —P—H stretching of phosphines, C=0 stretch-
ing of carboxylic acids and C-N stretching vibrations of
aliphatic and aromatic amines respectively. Shifting of these
following peaks were observed in FTIR spectra of nanopar-
ticles such as 2922 to 2913, 2344 to 2352, 1580 to 1690,
1377 to 1529 cm™! inferring the role of these functional
groups in the bioreduction and stabilization of ZnO-NPs.
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Fig.3 SEM images of syn-
thesized ZnO-NPs at different
magnifications of M. frondosa:
a, b L-ZnO-NP, ¢, d S-ZnO-NP,
e, f C-ZnO-NP

S Avinien  Magr WMONKE WO ddm m

The absorption peaks at 475 cm™! (L-ZnO-NP), 486 cm™!
(S-ZnO-NP) and 473 cm™! (C-ZnO-NP) (Fig. 6) represent
the stretching vibrations of metallic ZnO resulting from
inter-atomic vibrations. The absence of 3350 cm™! peak in
synthesized ZnO-NPs denotes that the material is free from
moisture. Further, the FTIR spectra of ZnO-NPs showed the
disappearance of the 1045 cm™! peak indicates that the func-
tional group complex well to form metallic oxide nanoparti-
cle. The obtained results were in aggreement with Sangeeta
etal. (2011), Bhuyan et al. (2015) and Murali et al. (2017).

DLS analysis

DLS is an extensively used technique for determining the
hydrodynamic diameter of nanoparticles established on
the brownian movement of particles in the suspension. The
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average hydrodynamic size of the nanoparticles (Fig. 7) cal-
culated by DLS is quite larger than the theoretical size of the
nanoparticles calculated using XRD (Jamdagni et al. 2018).
The variation in the nanoparticle size could be associated
with the polydispersity Index (PDI) values in turn related to
the existence of nanoparticles as aggregates or agglomer-
ates. PDI measurements were found to be > 0.7 indicated
the monodispersion and homogeneity of the nanoparticles
in the medium except for C-ZnO-NP (PDI=0.895) show-
ing slight polydispersity (Table 1). The Zeta potential val-
ues of the synthesized NPs was found to be 11.0, — 25.4
and — 17.7 mV for L-ZnO-NP, S-ZnO-NP and C-ZnO-NP
respectively confirming the synthesized NPs are highly
stable (Table 1). Customarily, the zeta potential values
between + 30 and — 30 mV results in a stable colloidal for-
mulation (Murali et al. 2017).
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Fig.4 EDS spectra of ZnO-NPs from M. frondosa. a L-ZnO-NP, b
S-ZnO-NP and ¢ C-ZnO-NPs
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Fig.5 FTIR Spectra of aqueous extracts of M. frondosa
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Fig.6 FTIR Spectra of M. frondosa ZnO-NPs

Photocatalytic activity

In the present study, it was observed that about 30% (L-ZnO-
NP), 30% (S-ZnO-NP) and 90% (C-ZnO-NP) of the methyl-
ene blue dye was degraded in the presence of UV light at a
time duration of 100, 100 and 120 min respectively (Fig. 8).
The biofabricated ZnO-NPs were used for the degradation
of carcinogen organic dyes as a photocatalyst; ascribed to
its composition, particle size, crystallinity, a band gap of the
photocatalyst, surface area etc. ZnO-NPs prepared from M.
frondosa plant extracts were used as a catalyst because of
their better bulkiness, purity and high yield. The photodeg-
radation efficiency does not soley depend on UV irradiance,
but also determined on the intensity of light, a concentration
of O,, OH™ (Soltani and Entezari 2013).

The mechanism of photodegradation is that upon UV
irradiation semiconductors (catalyst) absorbs the energy
(photon) higher than their band gap energy leads to charge
separation due to jumping of an electron from the valence
band to the conduction band of the catalyst, thus a hole is
generated in the valence band. The created holes bring about
the oxidation of water; as a consequence a highly reactive
unstable OH' radical is generated ultimately leading the deg-
radation of dyes.
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Fig.7 DLS analysis of ZnO-NPs from M. frondosa. a L-ZnO-NP, b S-ZnO-NP and ¢ C-ZnO-NP
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Table 1 Zeta potential and PDI values of the ZnO-NPs synthesized R C_ZI;O_NP
from different parts of M. frondosa A
Sample Zeta potential values (mV) Polydisper- g
sity index < 50
(PDI) %
3 40
L-ZnO-NP 11 0.041 .
S
S-ZnO-NP —-254 0.506 30
C-ZnO-NP - 177 0.895
20
10
Antioxidant activity 0
0 20 40 60 S0 100
Time (min)

DPPH molecule is categorized as a stable free radical by the
virtue of delocalization of free electron over the whole mol-
ecule so that the molecules do not dimerize imparting deep
violet color. This was characterized by an absorption band
centered at about 515 to 520 nm in 50% methanol solution.  nanoparticles, the nanoparticles can donate an electron to
When 0.14 mM DPPH is added to the solution containing ~ DPPH, which gets oxidized to give yellow colored solution

Fig.8 Methylene blue dye elimination by ZnO-NPs under UV light
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Fig.9 DPPH radical scavenging activity of ZnO-NPs synthesized from M. frondosa. a L-ZnO-NP, b S-ZnO-NP, ¢ C-ZnO-NP

(Kanipandian et al. 2014). Thus the DPPH molecule repre-
sents the free radicals formed in the system whose activity

:ig 857 is to be suppressed by the substance and the antioxidant
340 - potential of ZnO-NPs was assessed through DPPH.
_ 820 The ICs, value of ZnO-NPs for quenching DDPH radical
£ s was found to be 824 pg/ml (L-ZnO-NP), 752 pg/ml (S-ZnO-
PR NP) and 857 pg/ml (C-ZnO-NP) (Fig. 9a—c). The S-ZnO-NP
2 = exhibited effective antioxidant activity compared to L-ZnO-

740

20 NP and C-ZnO-NP (Fig. 10). The antioxidant activity is due
700 to the electrostatic attraction between bioactive compounds
680 (COO™) and ZnO (ZnO=Zn>* +0%") of M. frondosa (Kumar
(LoD N(:;Zo:(a);z:l)e (C2n0-D) et al. 2010). Phenolic compounds and flavonoids associated

with M. frondosa have the ability to quench free radical

owing to its antioxidant activity (Manasa et al. 2017). Kumar

Fig. 10 DPPH radical scavenging activity of ZnO-NPs synthesized - - ’
et al. (2015) is also of the opinion that the nanoparticles that

from M. frondosa
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Fig. 11 Antimicriobial activity of ZnO-NPs of M. frondosa. PA: Pseudomonas aeruginosa, BS: Bacillus subtilis, SA: Staphylococcus aureus,

EC: Escherichia coli, PV: Proteus vulgaris

MIC (ng/ml)

. -8 . . .
5 5 & ; ; & & ; ; & ; ; &
(\)Q (‘)Qo (‘)Qo Q\“& (‘)00 (‘)00 (‘)00 @& (‘)90 (‘)90 (‘)00 Q@& (‘)00 (‘)00 (‘)00 Q@& (‘)00 (‘)00 (‘)00 Q@&
& & ¢ & N & ¢ S & e P Vo &
- » w &N 4 o8 A\ Y’ S Qk ¢ 0& S O S %k S
A R Rl AR F 9 e?' AR ¥ ¥ %

Name of the bacteria

Fig. 12 MIC values of ZnO-NPs of M. frondose. PA: Pseudomonas aeruginosa, BS: Bacillus subtilis, SA: Staphylococcus aureus, EC: Escheri-

chia coli, PV: Proteus vulgaris

the nanoparticles showed considerable antioxidant activity
for quenching the free radical scavenging of DPPH.

Antimicrobial activity

The results of growth inhibition (in mm) against the tested
bacterial strains are depicted in Fig. 11, 12 and 13. It was
observed that all the ZnO-NPs showed inhibition against all
the tested strains except P.vulgaris. Among the tested strains,
E.coli was found to be more susceptible to S-ZnO-NPs with
28.64 mm zone of inhibition (p <0.05) compared to standard
and other samples. No inhibition of growth was observed
in bulk ZnO, sterile dH,O and aqueous plant extracts
against all the tested bacterial strains (Fig. 13). The highest
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mean zone of inhibition observed against P. aeruginosa, S.
aureus and B. subtilis was found to be 20.31 mm (S-ZnO-
NP), 21.51 mm (C-ZnO-NP) and 19.13 mm (S-ZnO-NP)
respectively at p <0.05. These results are in agreement with
the findings of Mahendra et al. (2017), wherein the greater
antibacterial efficiency was observed in green synthesized
ZnO-NPs rather than the plant extracts of Cochlospermum
religiosum (L.). Similarly, the antimicrobial activity of the
Allophylus serratus leaf extract mediated silver nanoparti-
cles (Ag-NPs) exhibited more activity than the Allophylus
serratus callus extract mediated Ag-NPs (Jemal et al. 2017)
which is in accordance with the present findings.

The amplified bioactivity of these nanoscale particles
may be due to the higher surface area to volume ratio, size
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Fig. 13 Antimicrobial activity of ZnO-NPs. PA: Pseudomonas aer-
uginosa, BS: Bacillus subtilis, SA: Staphylococcus aureus, EC:
Escherichia coli, PV: Proteus vulgaris, 1 mixture of aqueous extracts
of leaf, stem and callus, 2 zinc oxide—bulk, 3 sterile distilled water, 4
L-ZnO-NPs, 5 S-ZnO-NPs, 6 C-ZnO-NPs

Fig. 14 Anti-inflammatory 100 -
activity of ZnO-NPs by HRBC-
sMS method. Values are the
mean of three replicates + SD.
Means with the same letters in
the same column showed insig-
nificant difference (P <0.05)

activity (%)

Percentage of membrane stabilzation

100

of the particles, morphology and larger band gap of the nan-
oparticles. Toxicity might be due to the increase in H,0,
molecules on the surface of ZnO-NPs, which can induce
oxidative stress in bacterial cell membranes, in turn affect-
ing the membrane permeability and eventually leading to
inhibition of cell growth, finally causing the death of cells
(Elumalai and Velmurugan 2015). The efficiency of anti-
bacterial activity increased with a decrease in the particle
size from bulk ZnO to green synthesized white ZnO-NPs,
implying that antibacterial activity is inversely proportional
to the size of the metallic oxides (Raghupathi et al. 2011).

MIC

Highly significant MIC was recorded against E.coli at
19.23 pg/ml at p <0.05, which was followed by the maxi-
mum activity against P. aeruginosa, S. aureus, B. subtilis
showing MIC values of 35.46, 54.13 and 93.14 pg/ml by
S-ZnO-NPs of M. frondosa (Fig. 12). Similar results were
reported from ZnO-NPs synthesized from the aqueous leaf
extract of Cochlospermum religiosum (L.), wherein micro-
bicidal efficacy was noted in the range of 4.8 to 625 ug/
ml (Mahendra et al. 2017). Streptomycin showed the least
MIC of 8.44 ug/ml against S. aureus, followed by 10.31,
18.54, 19.54 and 22.13 pg/ml against E. coli, B. subtilis,
P.vulgaris and P. aeruginosa, respectively. The MIC values
of the standard (8.44 to 22.13 pg/ml) were slightly higher
than that of the biosynthesized ZnO-NPs (19.23-185.54 pg/
ml). The overall microbicidal efficacy was moderately higher
in S-ZnO-NPs against all the bacterial strains tested, which
might be due to its smaller particle size, well-dispersed
particles and voluminous yield compared L-ZnO-NP and
C-ZnO-NPs.

a m L-ZnO-NPs

B 5-Zn0O-NPs

u C-ZnO-NPs

W Standard
(Diclofenac
Sodium)

250 500

Concentration (pug/ml)
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Anti-inflammatory activity

Green synthesized ZnO-NPs exhibited varying degrees of
membrane stabilizing activity in a dose-dependent manner
(Fig. 14). The percentage protection of L-ZnO-NP, S-ZnO-
NP and C-ZnO-NP showed activity in a range between 67.16
to 79.13%, 52.14 to 64.13% and 75.16 to 89.31%, respec-
tively. Hence, C-ZnO-NPs exhibited highly significant activ-
ity (89.31% at 500 pg/ml) at p <0.05 which is on par with
the standard drug (92.16% at 500 pg/ml). Ali et al. (2017)
also reported 89% membrane stabilization at 2000 pg/ml by
ZnO-NPs, which was on par with the standard drug aspirin.
Our studies reported that the membrane protection method
for evaluating in vitro anti-inflammatory activity is due to
the similarity between human RBCs membrane and lysoso-
mal membrane, which is in line with the works reported by
Bruton (2005) and Di Rosa et al. (1971). The stabilization
implies that the biosynthesized ZnO-NPs may efficiently sta-
bilize lysosomal membranes and are biocompatible in nature
at lower concentrations.

In vitro antidiabetic activity
a-Amylase inhibition assay

The synthesized ZnO-NPs showed moderate a-amylase
inhibitory activity (Fig. 15). L-ZnO-NP (IC5,=54.33 pg/
ml), S-ZnO-NP (IC 5,=47.66 pg/ml) and C-ZnO-NP
(IC5,=51.66 pg/ml) exhibited on par a-amylase inhibitory
activity which was comparatively less than that of stand-
ard acarbose (IC5,=35.66 pg/ml). The antidiabetic poten-
tial of biofabricated ZnO-NPs was also justified by Thatoi
et al. (2016) who reported ICs, values of about 334.40 and
394.38 pg/ml for the ZnO-NPs synthesized using the aque-
ous extracts of two mangrove plant species, viz., Heritiera
fomes and Sonneratia apetala, respectively.

54.33 §1.66
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Fig. 15 In vitro a-amylase inhibition study of ZnO-NPs of M. fron-
dosa. Values are the mean of three replicates + SD. Means with dif-
ferent letters indicate significant difference (P <0.05)
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Fig.16 In vitro a-glucosidase inhibition study of ZnO-NPs of M.
frondosa. Values are the mean of three replicates + SD. Means with
the same letters in the same column showed insignificant difference
(P<0.05)

a-Glucosidase inhibition study

ZnO-NPs exhibited moderately good inhibitory activity
against a-glucosidase (Fig. 16). C-ZnO-NP (14.85 pg/ml)
and acarbose (11.69 pg/ml) displayed on par a-glucosidase
inhibitory activity at p <0.05. Kitture et al. (2015) found
61.93% a-glucosidase inhibition by ZnO-NPs synthesized
using a plant extract of red sandalwood as a fuel.

Diabetes mellitus is an association of metabolic dysfunc-
tion wherein the affected person has uncontrolled blood
sugar level. There are certain synthetic drugs and food
items which can prevent the disease to certain levels, yet
complete treatment is impossible. Therefore, biofabricated
ZnO-NPs could be a potent starch blocker drug to cure this
dysfunction (Dhobale et al. 2008). The complex polysac-
charides and disaccharides in the food are broken down into
simple monosaccharides by the enzymes a-amylase and
a-glucosidase. The elevated blood sugar level after food
intake (postprandial hyperglycemia) could be reduced via
inhibiting the activities of these two enzymes eventually
reducing carbohydrate hydrolysis. Many of the synthetic
drugs rely on this startegy of inhibition with certain side
effects such as abdominal bloating and diarrhoea (Kitture
et al. 2015; Ghosh et al. 2012). Looking at the above results
of a-amylase and a-glucosidase inhibition assays, green
synthesized ZnO-NPs could be effectively used as a potent
antidiabetic drug which was found to be a stable and bio-
compatible form of zinc associated with insulin metabolism.

Cytotoxicity studies

An increasing cytotoxicity effect on A549 cells was observed
by ZnO-NPs with an increasing concentration of nanoparti-
cles, indicating a dose-dependent action (Fig. 17) which was
in accordance with the observations of Akhtar et al. (2012).
Results of the MTT assay revealed that C-ZnO-NP and
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Fig. 17 In vitro cytotoxicity of ZnO-NPs of M. frondosa. Values are
the mean of three replicates + SD
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Fig. 18 Anticancer activity (MTT assay) of ZnO-NPs of M. frondosa.
Values are the mean of three replicates +SD. Means with the same
letters in the same column showed insignificant difference (P <0.05)

S-ZnO-NP exhibited on par cytotoxic activity on lung ade-
nocarcinoma cells with an ICy, value of 67.75 and 85.66 ug/
ml, respectively (Fig. 18). Vijayakumar et al. (2016) reported
the anticancer activity of ZnO-NPs synthesized using Lau-
rus nobilis leaf extract against A549 cells. C-ZnO-NP show-
ing the lowest ICy, value was selected to study the impact
of NP against A549 cell lines on morphological and nuclear
changes by AO/EB double staining.

AO/EB staining is the most frequently used method for
differentiating viable, early apoptotic and late apoptotic cell
populations in response to drug treatments (Liu et al. 2015).
Untreated control A549 cells stained green indicating the
viable cells (Fig. 19c). C-ZnO-NPs exerted a significant
cytotoxic activity on the tested lung adenocarcinoma cells.
The nuclei of cells treated with C-ZnO-NP were stained
red, indicating the late apoptosis, showing the presence of
condensed chromatin (Fig. 19a). Cells treated with com-
pound ‘cisplatin’ (standard), showing late apoptotic cells

with condensed chromatin, were stained yellowish orange
(Fig. 19b). Our observations are in line with the recent study
of Dobrucka and Dlugaszewska (2016), who demonstrated
ZnO-NPs synthesized from the extracts of Trifolium prat-
ense induced cytotoxicity and apoptosis in human non-small
cell lung cancer A549.

Nanoparticles could induce cytotoxicity in cancer cell
lines, leading to various consequences such as oxidative
stress-induced injury, inflammation associated with the
release of proinflammatory mediators, fibrosis and so on.
Upon the breakdown of metallic oxide nanoparticles, some
of the toxic responses are induced in the cell, which is dan-
gerous to the cell components themselves (Lewinski et al.
2008). Nanosized structures enter the biological system
through intravenous, skin, subcutaneous, oral and intraperi-
toneal means. The entered nanoparticles are absorbed to
interact with biological components of cells, such as nucleic
acids and proteins, distributing various organs of the body
where they will be modified, metabolized or remain struc-
turally same to exhibit their toxicity (Rahban et al. 2010).
Sun et al. (2012) proposed a different hypothesis for induced
toxicity of nanoparticles, which is autophagy or cellular self-
digestion. Many reports had focused attention on the nano-
particles which are novel activators of autophagy and induce
autophagy cell death (Chen et al. 2005; Zabirnyk et al. 2007;
Lietal. 2010a, b).

The overall results showed that S-ZnO-NPs exhibited the
highest photocatalytic, antioxidant, antimicrobial, antidia-
betic and anticancer activity compared to L-ZnO-NP and
C-ZnO-NP. This shows that the different phytochemicals
exhibited by the leaf, stem and callus extracts might have
affected the biological properties as well as photocatalytic
activity. Menichini et al. (2011) have also evaluated the rela-
tionships between the chemical composition of various plant
parts and the biological properties exhibited by them.

This is a pioneering work showing that callus developed
by in vitro culturing techniques as well as the wild plant
parts could be used for the synthesis of ZnO-NPs. As com-
pared to other biological systems used in nanoparticle syn-
thesis, plant and plant-derived products are gaining much
interest, because the method is simple, quick and a straight
single step process. Analogous to the present work, research-
ers such as Mude et al. (2009) and Satyavani et al. (2011)
had put efforts in synthesizing nanoparticles from callus
derived from plants such as Carica papaya and Citrullus
colocynthis, respectively. Adopting callus cultures for the
biosynthesis of nanoparticles is extremely a great concept
for the reason that calluses are formed under sterile milieu
and are suitable for biomedical applications. There is a need
for further research to study the molecular mechanisms
involved in these biological activities.
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Fig. 19 Acridine orange-ethid-
ium bromide (AO-EB) staining
for cell death analysis. a Cells
treated with compound C-ZnO-
NPs, showing late apoptotic
cells with condensed chromatin,
stained red, b cells treated with
standard anticancer drug ‘cis-
platin’ showing late apoptotic
cells with condensed chromatin,
stained yellowish orange, ¢ con-
trol showing healthy population
with intact nulcei, stained green

Conclusion

In summary, multidimensional ZnO-NPs were obtained
through leaf, stem and callus extracts of the medicinal plant
M. frondosa as a fuel, adopting SCS method. This is the first
report on the synthesis of ZnO-NPs from callus, leaf and
stem extracts of M. frondosa. XRD study showed wurtzite
structures of ZnO-NPs. The average crystallite size of syn-
thesized semiconductor ZnO-NPs was found in the range
of 5-25 nm. The UV-Vis spectral analysis confirmed that the
maximum absorption at 370-376 nm range corresponds to
the intrinsic band gap of ZnO-NPs. SEM images confirmed
the spongy structure of agglomerated spherical-shaped
nanoparticles. FTIR spectra revealed the absorption bands
between 3350 and 1045 cm™!, confirming the stretching of
functional groups involved in the bioreduction of ZnO-NPs.
DLS analysis unveiled the monodispersity and stability of
bioreduced nanoparticles. Carcinogenic methylene blue dye
was efficiently disintegrated using ZnO-NPs under UV light.
In addition, the present work also demonstrated a significant
antioxidant, anti-inflammatory, antidiabetic and anticancer
activities of ZnO-NPs. In brief, this is a simple, effective,
biosynthetic method which could be an alternative for chem-
ical and physical methods for the large-scale production of
ZnO-NPs. Applications of such eco-friendly ZnO-NPs in
different fields such as medicine, catalysis and drug delivery
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systems make this bioreduction process a highly suitable
way for large-scale synthesis.
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