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A B S T R A C T   

Metal oxide nanoparticles with unique properties have recently attracted much attention as a potential smart 
material for treatment of cancer. The inherent structural and ionic defects in ZnO nanoparticles allow the for
mation of intracellular superoxide and hydroxyl radicals after entering a cancer cell causing damage on DNA and 
preventing subsequent replication. However, the full extent of the DNA damage and the knock-on effect with 
respect to protein synthesis is not copiously comprehended. This study tries to tune the cytotoxic activity of ZnO 
nanoparticles in virtue of physicochemical property against human breast cancer cell (MCF-7) via reactive ox
ygen species (ROS) induced DNA damage leading to apoptosis. In order to produce an array of different size and 
shape of ZnO nanoparticles with varying structural defects, this study utilised the unique phytochemicals of 
Terminalia arjuna, Swertia chirayita, and Psidium guajava as the active reducing agents for the formation of the 
nanoparticle from the mineral salt. Variations in the created nanoparticle size and relative structural defects have 
caused a consequential surge in ROS production inside cancer cells resulting in enhanced effectiveness of ZnO 
nanoparticles for cancer treatment.   

1. Introduction 

Cancer is a group of heterogeneous and complex disease involving 
abnormal cell growth, i.e., some of the cells start dividing uncontrollably 
without stopping leading to tumour formation [1–4]. Observational 
studies have hinted that there are various reasons for cancer cell 
development in the human body such as DNA damage due to chemo 
genes, oncogenes and oncoviruses [5–7]. Out of all the major cancers, 
breast cancer has been one of the most diagnosed cancers in females, i.e., 
accounting for almost one in four cancer cases [8]. Breast cancer refers 
to formation of cancerous cell originating from the lining of milk duct, 
the condition is characteristic to development of lumps in breast and 
change of breast size [9–11]. For the last few decades cancer continues 
to be a worldwide killer, despite the number of researchers developing 
new drugs and materials to combat cancers [12]. Several conventional 

approaches like chemotherapy [13–15], radiotherapy [16–18], and 
even immunotherapy [19–21] are adopted to protect patients against 
cancer, but the outcomes shown by these studies are negligible. There
fore, the researchers are trying to shift their focus from conventional 
medicinal approaches to the use of nanostructured materials for 
exploiting their atom-like behaviour in anticancer treatment [22]. 

Nanomaterials or particles in a size ranging between 1 and 100 nm, 
owing to their unique interactions with biological systems, have 
extensive use in tumour imaging in vivo [23,24], biomolecular imaging 
[25,26], marker development for cancer [27,28] and smart delivery 
systems [29,30]. New therapeutic approaches are developing rapidly 
with the focus on the development of anticancer drugs based on 
exploiting the cytotoxic properties of nanoparticles [31]. Over the last 
few years, various bio-engineered metal/metal oxide nanoparticles such 
as Ag, NiO, TiO2 have been reported to show anticancer effect on cancer 
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cells [32–34]. For our study, however, we focused on ZnO nanoparticles: 
owing to their structural instability, as well as their ability to form su
peroxide and hydroxyl radical inside the cell that can cause DNA dam
age [35,36]. Moreover, ZnO based nanoparticles have been reported to 
be extremely versatile materials as their physicochemical properties can 
be easily controlled [37,38]. It is important to exploit these certain traits 
of ZnO nanoparticles for an effective anticancer activity against MCF-7 
breast cancer cells in virtue of changes in nanoparticles physicochem
ical properties. 

ZnO nanoparticles produced by traditional methods show high pu
rity but the reaction by-products are toxic and difficult to remove 
[39–41]. To reduce the toxic nature and to ease up the synthesis process, 
researchers are trying to shift their focus to green chemistry, i.e., 
designing synthesis routes that minimise the use or production of haz
ardous materials by employing natural reducing agents such as phyto
chemicals for the preparation of nanomaterials [42–46]. In this study, 
three plants were mainly selected for ZnO nanoparticles green synthesis, 
i.e., Terminalia arjuna (T. arjuna), Swertia chirayita (S. chirayita), and 
Psidium guajava (P. guajava). These plants have been shown to contain 
phytochemicals that helps in stabilisation and coordination of Zn (II) 
during nanoparticle formation. Previous studies on these plants 
regarding the biosynthesis of ZnO nanoparticles with respect to various 
processing parameters showed that the produced nanoparticles had 
dissimilar physico chemical traits due to the variation in the plant 
phytochemicals [47–49]. In view of this characteristic trait, T. arjuna, S. 
chirayita and P. guajava are ideal plants for ZnO nanoparticles synthesis 
through sustainable green chemistry. 

In this study, zinc precursor was reduced to zinc oxide nanoparticles 
using different phytochemicals from T. arjuna, S. chirayita and P. guajava 
through a hydrothermal route of synthesis. A hydrothermal route of 
synthesis is a synthesis route employing a constant temperature and 
pressure using a Teflon line autoclave which greatly controls and sta
bilises the reaction kinetics. Hence, it is the most suitable synthesis route 
to form nanoparticles with controlled uniform size distribution and 
favourable physicochemical property. [47–49]. The three ZnO nano
particles were thoroughly assessed for their physicochemical and cyto
toxic properties. Furthermore, to highlight a potential of the 
nanomaterial in biomedical application, cytotoxic activity against the 
zebra fish (Danio rerio) was also assessed. In addition, the study also 
evaluated a comparative assessment of ZnO nanoparticles based on 
anticancer efficacy against MCF-7 cells. The study not only showcases a 
relative assessment of nanoparticles but also opens up new boundaries 
on exploiting the effectiveness of ZnO nanoparticles for anticancer ac
tivity owing to changes in physicochemical properties. 

2. Materials and methods 

2.1. Materials 

2.1.1. Preparation of crude phytochemical extract 
For the preparation, freshly acquired T. arjuna bark, S. chirayita stem 

and P. guajava leaves were collected from West-Bengal, India. The har
vested phyto-specimens were dried (14 days, at room temperature, away 
from direct sunlight) before being submerged in double deionised (DD) 
water to remove any surface dust. The sample (10 g) was then heated at 
80 ºC to reflux (2 h) in DD water (100 mL). After cooling, the aqueous 
solution (Optical density at 200 nm was found to be 3.97, 2.43 & 1.747 
a.u. for T. arjuna bark, S. chirayita stem and P. guajava leaves respec
tively (Fig. S2)) was filtered and used immediately [48]. 

2.2. Synthesis of ZnO nanoparticles 

Hydrothermal route was exercised during ZnO nanoparticles syn
thesis. Firstly, zinc acetate (18.3 g) (Merck, India) was directly added to 
100 mL of prepared plant extracts (T. arjuna, S. chirayita, and P. guajava). 
The solutions were shifted to hydrothermal autoclave containing Teflon 

inner lining. The reaction parameter was maintained at 220 ◦C under 
constant pressure for 12 h and then left undisturbed in ambient tem
perature to cool. The solutions were then centrifuged (at 5590 g for 30 
min) and washed repeatedly with DD water (4 times) to remove any by- 
products, followed by drying (12 h at 120 ◦C). It was then calcined 
(500 ◦C for 2 h) to impart a slight crystallisation in the ZnO particles 
[49]. The obtained calcined ZnO nanoparticles were marked ZnOTa, 
ZnOSc, and ZnOPg corresponding to the three plant extracts (T. arjuna, S. 
chirayita, and P. guajava). 

2.3. Characterisation of ZnO nanoparticles 

To draw a correlation between the synthesised nanoparticles struc
tural properties with respect to their phytochemicals, synthesised 
nanoparticles (ZnOTa, ZnOSc, and ZnOPg) were examined using X-ray 
diffractometer (X′ Pert Pro, PANalytical, Almelo, The Netherlands). The 
diffraction spectra were recorded in a 2θ range from 10◦ to 80◦ at 293 K 
at step scan mode of 0.02◦. Functional groups in the prepared analytes 
were assessed using an ATR-FTIR spectrometer (Nicolet IS50, Thermo
Fisher Scientific, USA) in a frequency region between 4000 cm− 1 to 400 
cm− 1 [47]. 

The average particle size distribution of synthesised ZnO nano
particles was recorded using a Photon correlation spectroscopy (Nano
phox, Sympatec, Clausthal-Zellerfeld, Germany). Surface area 
measurements were evaluated by a three-point BET plot (BET Autosorb 
AS-1MP; Quantachrome, Boynton Beach, FL) using nitrogen adsorption- 
desorption measurements over the prepared ZnO nanoparticles [39]. For 
morphological and elemental analysis, ZnO nanoparticles were sub
jected to scanning electron microscope coupled with an energy disper
sive X-ray spectrometer (SEM-EDX, JSM 6360 JEOL, Japan) [48]. 

The excitation and emission spectra of the samples were procured 
using UV–visible spectrophotometer (UV-Vis, Cary 8454; Agilent Tech
nologies, Singapore) and photoluminescence (PL) spectroscope (Cary 
Eclipse; Agilent Technologies, Singapore). To perform this comparative 
optical assessment in virtue of phytochemicals, the ZnO nanoparticles 
diluents (25 µg mL− 1) were monitored and compared with respect to 
excitation and emission spectra [49]. 

Surface chemical composition and defect analysis were assessed 
using X-ray photoelectron spectroscope (XPS; JEM-2100 F) with an Al 
Kα having a binding energy of 1486.6 eV. For the surface charge anal
ysis, Zeta potential analyser (Malvern Instruments Ltd., GB) was used. 

2.4. Antioxidant activity 

2,2-diphenylpicrylhydrazyl (DPPH) free radical scavenging assess
ment was employed to determine the ZnO nanoparticles (ZnOTa, ZnOSc, 
and ZnOPg) antioxidant activity. One mL of methanol (50%) along with 
various concentrations (5, 10, 15, and 20 mg mL− 1) of analytes (ZnOTa, 
ZnOSc, and ZnOPg) were added to 1 mL of 1 mM DPPH (Sigma-Aldrich; 
U.S.A.) and incubated at 37 ◦C under dark conditions for 30 min. 
Ascorbic acid was used as the control. Following the exposure of the 
analytes to the DPPH solution, the absorbance at 517 nm was measured 
and the antioxidant activity was estimated using the following equation, 

DPPH Scavenging (%) = CA− TA
CA × 100. 

where CA and TA are control absorbance and test absorbance 
respectively (Vitamin-C was used as the positive control) [50]. 

2.5. In-vivo toxicity evaluation 

To assess the acute toxicity of the prepared nanoparticles, the mor
tality of the zebra fish (Danio rerio) was recorded after exposure to the 
prepared ZnO samples (ZnOTa, ZnOSc and ZnOPg) for 72 h. Danio rerio 
(D. rerio) embryo was used as the test model for this study due to its high 
transparency, and also because of its similar genomic resemblance to the 
human genome. The assessment was conducted on 25 selected zebra fish 
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embryos treated with 25, 50, 75, 100 and 200 µg mL− 1 ZnO samples 
according to OECD-203 guidelines [51]. 

2.6. Maintenance of cell culture and exposure to nanoparticles 

MCF-7 cells were procured from National Centre for Cell Sciences 
(NCCS), Pune, India. The cells were maintained using Dulbecco’s 
modified eagles’ medium (DMEM) supplemented by foetal bovine serum 
(FBS), penicillin and streptomycin cocktail (ThermoFisher Scientific, 
USA). The obtained cancer cells were maintained under 5% humidified 
CO2 atmosphere at 37 ◦C. The medium was changed every 2 days and 
subcultured once every week. 

For the in-vitro assessments, the MCF-7 cells were seeded at 105 cells 
per well in a 24 well plate and incubated for 24 h at 37 ◦C before the 
addition of ZnO NPs suspension. The sonicated stock solutions of ZnO 
nanoparticles prepared at different concentrations (0, 5, 10, and 
20 µg mL− 1) in cell medium were added to the plates and incubated for 
various times [52]. 

2.7. Measurement of intracellular reactive oxygen species (ROS) 

2,7-dichlorofluorescein diacetate dye or (DCFDA) assay (Thermo
Fisher Scientific; USA) was used for determining the intracellular ROS. 
For this assessment of cells following 6 h of ZnO nanoparticle exposure, 
the cells were incubated with DCFDA dye for 30 min at 37 ◦C. Fluores
cence intensity was measured spectrophotometrically using a micro
plate reader at 528 nm [52]. 

2.8. Cytotoxicity assay 

2.8.1. MTT assay 
For cell viability assessment using 3-[4,5-imethylthiazol-2-yl]− 2,5 

diphenyl tetrazolium bromide (MTT) assay (ThermoFisher Scientific; 
USA), the 24 h ZnO nanoparticles exposed cells were treated with MTT 
(5 mg mL− 1) and incubated for 4 h at 37 ◦C. Dimethyl sulfoxide was 
then added which dissolved MTT derivative to give purple formazan, 
which was measured using a microplate reader at 570 nm and the per
centage of cell death was determined using the equation, 

D(%) =
A0− Ae

A0
× 100  

where D% represents the percentage cell death and A0 and Ae are 
absorbance of control and experiment, respectively [53]. 

2.8.2. Neutral red uptake (NRU) 
For cell viability assessment using NRU assay (ThermoFisher Scien

tific; USA), the 24 h ZnO nanoparticles exposed MCF-7 cells were 
incubated with neutral red solution at 37 ◦C for 3 h. Cell viability 
assessed by neutral red uptake by MCF-7 cells was monitored by 
measuring the absorbance at 540 nm [54]. 

2.8.3. Lactate dehydrogenase (LDH) release assay 
LDH release upon ZnO analyte exposure was determined using 

commercial LDH Kit (Thermoscific; USA). For the assessment, the MCF-7 
cells treated with ZnO for 24 h were washed with PBS followed by 
addition of LDH reagent and incubated for 15 min at 37 ◦C before 
measuring the absorbance at 490 nm. The LDH activity in the cell me
dium can be directly attributed to non-viable cells present [55]. 

At least 5 independent repeats were performed for every cytotoxic 
test to showcase the reproducibility of the effect of nanoparticle on 
biochemical activity. 

2.9. Genotoxic assay (comet assay) 

To evaluate DNA damage of ZnO exposed MCF-7 cells, comet assay 

was used. MCF-7 cells exposed to ZnO nanoparticles for 24 h were 
coated onto a comet slides pre-coated with normal melting agarose 
followed by the loading of the suspended cells (100 μL) mixed with 
100 μL of 1% low melting agarose. Slides were then maintained at 4 ◦C 
for 12 h followed by exposing to chilled lysis solution (Bio-techne; 
India). Fluorescence microscope was used to assess the DNA damage in 
each cell [56]. The whole assessment was repeated thrice. 

2.10. Assessment of cytochrome c release 

Cytochrome c release assay of ZnO nanoparticle exposed MCF-7 was 
performed to confirm apoptotic pathway using Cyt-c ELISA Kit (LS Bio, 
Seattle) according to manufacturer’s protocol [57]. 

2.11. Apoptosis 

2.11.1. Western blot analysis 
The nanoparticle showing the most promising result towards the 

biochemical assay (ThermoFisher Scientific; USA) was pelleted and 
lysed using (radioimmuno precipitation) lysis buffer and protease in
hibitor cocktail [58]. Bovine serum albumin was used as the standard. 
After resolving the proteins (40 µg per lane) by SDS-polyacrylamide gel 
electrophoresis, the protein samples were transferred to a nitrocellulose 
membrane and probed with anti-human primary antibodies (1:1000) 
against β-actin, JNK, phosphor-JNK, ERK (1/2), phosphor-ERK (1/2), 
p38, phosphor-p38, caspase-9, p53, phosphor-p53, Bcl2, Bax, and nu
clear factor kappa-β (NF-Kβ) for 1 h at room temperature (Thermofisher 
Scientific, USA). The reaction was blocked by 5% non-fat milk for 1.5 h 
at room temperature. This was followed by the incubation for 1.5 h at 
room temperature using secondary anti-primary antibody conjugated to 
horse radish peroxidase [58]. The protein bands were visualised for the 
assessment of the apoptotic pathway adopted by the MCF-7 cell line 
after ZnO exposure. 

2.12. Morphological study 

MCF-7 cells exposed to different concentrations of ZnO nanoparticles 
(0, 5, 10, and 20 µg mL− 1) were viewed under a standard microscope 
(20X magnification) with a CCD image sensor. 

3. Results and discussion 

3.1. Physicochemical properties 

Physicochemical properties and biological activity of the prepared 
ZnOTa, ZnOSc and ZnOPg nanoparticles such as crystalline nature, purity, 
toxicological and anticancer activity were comprehensively analysed in 
details. Fig. 1a shows the XRD patterns of calcined ZnO nanoparticles. 
Miller indices of each Braggs peaks shown in the XRD spectra confirm 
the polycrystalline nature of the synthesised ZnO nanoparticles [59]. 

The XRD patterns of ZnOTa, ZnOSc and ZnOPg samples showed 
diffraction angle peaks at 2θ (Degree) = 31.68, 34.37, 36.19, 47.54, 
56.7, 62.93 and 67.85 corresponding to the diffraction planes of (100), 
(002), (101), (102), (110), (103) and (112) respectively [48]. As seen 
from the XRD spectra (Fig. 1a), crystalline structure of the analytes can 
be suggested as wurtzite structure (hcp structure) and also contrasts to 
the JCPDS file no. 79–0208 [60]. Moreover, absence of any other 
diffraction peaks suggests that the prepared ZnO nanoparticles is free of 
any other impurities [61]. Furthermore, from the XRD spectra we can 
see a decrease in peak intensity in the order of ZnOTa, ZnOSc and ZnOPg, 
inferring that the ZnO nanoparticles synthesised from the extracts of 
T. arjuna, show higher crystallinity compared to the ZnO nanoparticles 
synthesised using the nanoparticles prepared using the other 
phytoconstituents. 

Scherrer formula was used to ascertain the ZnO nanoparticles 
average crystal size from XRD spectra and was seen to change from one 
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Fig. 1. Physicochemical properties of the prepared ZnO nanoparticles: a) X-Ray Diffraction spectra, b) Fourier Transform Infra-red spectra, c) Particle size distri
bution, d) UV-Absorbance and e) Photoluminescence spectra. 
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phytochemical to another [47,49]. For comparative assessment, ZnOTa 

showed extremely small size (12.83 nm) compared to its counterparts 
(ZnOSc and ZnOPg; 17.40 and 33.26 nm respectively) which suggested 
that phytoconstituents of T. arjuna were more effective in stabilising and 
controlling the growth rate (Table S1). 

Fig. 1b depicts the FTIR spectra of the prepared nanoparticles. The 
figure clearly depicts that the procured IR spectrums of all the ZnO 
nanoparticles synthesised (ZnOTa, ZnOSc and ZnOPg) are similar. Strong 
absorption peaks below 400 cm− 1, confirms ZnO presence [62]. Trans
mittance peaks at 3500, 2830, and 3000 cm− 1 might be due to the 
presence of O-H stretching mode and stretching mode vibration of 
alkane groups respectively. Therefore, looking at the FTIR spectra, one 
can conclude that the nanoparticles synthesised using the phytocon
stituents of T. arjuna, S. chirayita, and P. guajava plant extract show 
similar results and differences in the phytochemicals used have no effect 
on the FTIR spectra. Furthermore, we can suggest that the observed 
impurities seen in the FTIR spectra of the prepared analytes, might be 
due to the higher surface absorption of ambient water or the impurities 
might have originated from plant phytoconstituents (Fig. S1) used as the 
reducing agent [49]. 

ZnO nanoparticles prepared using plant extract of T. arjuna as the 
reducing agent for the zinc precursor show lowest average particle size 
(Fig. 1c). The particle size distribution was also evaluated showing the 
average particle size distribution to be in nm range. The results indicate 
that all the phytochemicals in T. arjuna, S. chirayita, and P. guajava plant 
extract are effective in reducing Zn acetate to ZnO in nano range. It is 
noted that there is a tangential increase in the particle size in the order of 
ZnOTa, ZnOSc and ZnOPg. Moreover, differences in the phytochemicals 
can result in the change in the particle size formed. From our previous 
comparative studies on the use of plant phytochemicals for the biosyn
thesis of ZnO nanoparticles using various processing parameter such as 
sonication, wet-chemical and hydrothermal, we found that hydrother
mal green synthesis showed lower size distribution. This is due to the 
fact that during hydrothermal synthesis the reaction temperature in
creases slowly from the start at room temperature till 200 ºC. During the 
initial phase of reaction, the reaction kinetics is stabilised by the plant 
phytochemicals. However, following a threshold phytochemical 
decomposition the temperature of the reaction slowly increases by 
thermal decomposition of the mineral salt after which the mineral salt is 
thermally degraded. This is followed by the stabilisation of the particle 
formation to nano regime by high temperature pressure [47,48]. 

However, in our study we did not observe any acetate peaks in the 
FTIR suggesting that most of the zinc salts were decomposed. Moreover, 
all plants have their own characteristic phytochemicals and concentra
tion, leading to variation in reaction kinetics [49]. We suggest from the 
aforementioned result that the T. arjuna plant extract was more efficient 
in stabilising the reaction leading to a lower particle size distribution. 

Table S2 and Fig. S3 show that surface area of ZnO nanoparticles 
prepared using plant extract of T. arjuna extract as the reducing agent for 
the zinc precursor was higher (253.7 m2g− 1) than that prepared using 
S. chirayita and P. guajava (228.1, and 217.7 m2g− 1 respectively) plant 
extracts. This reveals that particle size can influence and tune surface 
area, which in turn can be tuned by phytochemicals. 

The UV absorption spectra of the ZnO nanoparticles i.e., ZnOTa, 
ZnOSc and ZnOPg, show UV absorption at wavelength of 378, 376 and 
376 nm respectively (Fig. 1d). Planck’s equation (E = h/C λ h, C, and λ 
are Planck’s constant, speed of light and excitonic wavelength respec
tively) was used to calculate the energy band-gap of the prepared ZnOTa, 
ZnOSc and ZnOPg nanoparticles [47,63]. Interestingly, the absorption 
wavelength of the prepared ZnO nanoparticles remains unchanged, and 
the band-gap of the ZnO nanoparticles was found to be 3.3 eV which is in 
line with the previous study [64]. It is noted that the prepared nano
particles show little change in the excitonic wavelength, whereas there 
is a considerable change in absorption intensity of the UV-Vis spectra. 
Compared to ZnOSc and ZnOPg nanoparticles, ZnOTa nanoparticles show 
higher maximum absorption intensity which might be related to the 

entrapment of emission occurring during the UV irradiation of the sus
pended nanoparticles [65]. Interestingly, this aforementioned phe
nomenon results in a shift in electron density, i.e., Zn+ absorbs photonic 
energy leading to increased photonic absorption as reported in earlier 
studies [48,49]. This observation helps in the inference that the ZnO 
nanoparticles prepared using the T. arjuna arjuna plant extract as the 
reducing agent show smaller particle size than that using other nano 
samples, i.e., ZnOSc, and ZnOPg as confirmed by prior assessment. The 
study correlates the tweaking nature of the ZnO nanoparticles by change 
in reaction parameter. 

Fig. 1e shows the PL spectra of the prepared ZnO nanoparticles. All 
the analytes when excited at a wavelength of 325 nm, gave a sharp and 
strong green emission peak at 505 nm, which is in line with previously 
reported studies [14]. We can also conclude from the observation of the 
PL spectra that the prepared ZnO samples emission wavelengths do not 
alter with the change in the prepared ZnO particle size and phyto
chemicals used. Interestingly, the luminescence intensity decreases in 
the order of ZnOTa, ZnOSc and ZnOPg. Along with the aforementioned 
observation, the PL spectra furthermore promulgates the finding of the 
XRD and EDX assessment of the ZnO nanoparticles. The sample pro
duced is extremely pure, because of the absence of any other peaks and 
the presence of only one major emission peak, which might be a result of 
structural defect [65]. 

According to previous reports, the green emission shown by the 
prepared ZnOTa, ZnOSc and ZnOPg nanoparticles is due to the singly 
ionised oxygen which can be more precisely attributed to the result of 
recombination of a photo regenerated hole with singly ionised charged 
state of the structural defect [48]. Moreover, the change in luminescence 
intensity is directly proportion to the singly ionised oxygen vacancy 
which in turn reflects the degree of structural/ionic defects present in 
the sample and is in line with previously reported studies on ZnO 
nanoparticles [65,66]. Therefore, the ZnO sample prepared by T. arjuna 
showing higher luminescence intensity infers that it has higher struc
tural defects than that of the other two samples (ZnOSc and ZnOPg). The 
above observation is sufficient to prove that as the particle size de
creases, particle crystalline defect increases. 

The SEM image of the prepared ZnOTa, ZnOSc and ZnOPg are shown 
in Fig. 2. All the prepared ZnO nanoparticles produced through the 
hydrothermal method using the various plant sources show a near 
spherical aggregated morphology as observed in previous studies 
[47–49]. The distinct spherical morphology seen in all the prepared ZnO 
nanoparticles might be due to the effective conversion of Zn acetate to 
ZnO nanoparticles due to the employment of controlled high tempera
ture and pressure during their synthesis through hydrothermal route. 
Moreover, prior studies have shown that the phytoconstituents of 
various plant species can control and stabilise the size, structure and 
morphology of the nanoparticles growth resulting in a variation of ZnO 
nanoparticle physicochemical property [67,68]. The EDX analysis con
firms that the prepared ZnO nanoparticle samples are extremely pure as 
seen in the EDX spectra showing only the presence of Zn and O (Fig. 2). 
Therefore, the impurities seen in the FTIR spectra of the prepared ZnO 
nanoparticles might be due to the absorption of ambient water vapour. 

To evaluate the surface reactivity of the prepared nanoparticles, a 
XPS spectrum analysis was performed and the ZnO binding energy is 
shown in Fig. 3. ZnO binding energy was specifically analysed to see the 
reactivity of the material with regards to ionic potential. From the 
figure, it can be clearly seen that there is a high metal oxide peak 
superimposed over OH peak due to a clear resemblance of a secondary 
peak at 531.6–531.8 eV range. Interestingly, it can be seen that the in
tensity of the second peak decreases in the order of ZnOTa, ZnOSc and 
ZnOPg inferring the presence of hydroxyl group of on its surface. How
ever, the nanoparticles FTIR spectra is devoid of such high hydroxyl 
peak suggesting that this hydroxyl group is due to the high binding 
energy of the nanoparticles with the ambient water vapour [69]. 

To convince that there might be a high ionisation surface energy of 
the nanoparticles due to ionic/surface structural defect, we tried to 
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analyse the surface potential or Zeta potential of the nanoparticles. 
Table S2 shows that the surface potential shifts from − 69.8 to − 59.5 in 
the order ZnOTa, ZnOSc and ZnOPg. Generally, most metal oxide should 
be neutral. However, such neutral nanoparticles devoid of any electron 
and hole is rather unlikely [70]. Moreover, the high negative surface 
charge is characteristic of higher surface electrons which might be 
generated from ionic defects or structural defects during its synthesis 

[71]. 

3.2. Antioxidant activity 

Fig. 4 shows the antioxidant activity of the prepared ZnO nano
particles at various concentrations (5, 10, 15, and 20 mg mL− 1) assessed 
against di(phenyl)-(2,4,6-trinitrophenyl) iminoazarium (DPPH). The 

Fig. 2. Scanning electron microscope-energy dispersive X-ray analysis of the prepared ZnO nanoparticles analytes.  
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prepared green synthesised ZnO nanoparticles from the plant extracts of 
T. arjuna, S. chirayita, and P. guajava show free radical scavenging ac
tivities against the DPPH. Moreover, the antioxidant performance of the 
ZnO nanoparticles prepared using T. arjuna was higher compared to that 
of ZnO nanoparticles prepared using S. chirayita and P. guajava. 
Furthermore, an increase in the concentration of the analytes resulted in 
a tangential increase in the response of the ZnO nanoparticles to the 
DPPH. At higher concentration of 20 mg mL− 1 the prepared ZnO 
nanoparticles show very high degree of antioxidant activity (55.42, 
37.44, and 23.17 for ZnOTa, ZNOSc and ZnOPg respectively), whereas the 
low concentration at 5 mg mL− 1 resulted in free radical scavenging of 
only about 13.19, 9.31 and 4.67 for ZnOTa, ZNOSc and ZnOPg respec
tively, suggesting that the antioxidant property is highly dose depen
dent. The mechanistic representation of interactions of prepared ZnO 
nanoparticles with DPPH free radical to form stable DPPH molecule is 
shown in Fig. S4 and Table S3. 

The aforementioned scenario of ZnOTa showing higher antioxidant 
activity compared to other counterparts might be due to the smaller 
particle and crystal size resulting in increased electronic defects leading 
to more oxygen electron transfer to DPPH. This transition of n π * leads 
to a decrease in the transition energy, i.e., formation of more stable 
complex of DPPH molecule [67,72,73]. A similar effect is seen in other 

metal oxide such as copper oxide nanoparticle whose photocatalytic 
kinetics is dependent on the surface ionic defects [74]. Briefly, it is 
suggested that antioxidant activity can be exploited in terms of electron 
hole pair, i.e., good ratio of defects can lead to increased hydrogen 
donation capacity which in turn ushers to better redox potential that 
helps in splitting of water into its radicals [34]. Moreover, the DPPH 
assessment is in line with the PL assessment, i.e., the ZnO prepared using 
T. arjuna shows higher defects suggesting antioxidant activity can be 
affected by changes in phytochemicals. 

3.3. In-vivo toxicity 

To evaluate ZnO nanoparticles (ZnOTa, ZnOSc and ZnOPg) as a po
tential drug in human body, developmental toxicity was investigated 
against D. rerio embryos. Table 1 shows the toxicity of the prepared ZnO 
nanoparticles on the Danio rerio embryo in terms of their mortality up to 
72 h. Among the five different concentrations, 25 and 50 µg mL− 1 

caused least mortality amongst Danio rerio embryos inferring high 
biocompatibility at low concentration of ZnO nanoparticles. Further
more, the toxicologic effect increased with respect to concentration, i.e., 
higher mortality of Danio rerio embryos occurred at higher concentra
tion, which is in line with a previous study [48]. 

Interestingly, the mortality of Danio rerio during the last 24 h, i.e., at 
72 h was phenomenally higher than that at 48 h of exposure to ZnO 
nanoparticles. This can be attributed to the fact that after 48 h, most of 
the embryos had been hatched inferring that in the early developmental 
stages of fish embryos toxicologic effect of ZnO is extremely low. On the 
other hand, in hatched larvae the toxicological effect of ZnO nano
particles is quite adverse due to the easy penetration of the nanoparticles 
into the larvae [25,48]. 

The prepared ZnO nanoparticles synthesised using the T. arjuna 
showed lower toxic activity compared to the other two nanoparticles. 
This might be due to the fact that the ZnO synthesised using the 
T. arjuna, due to its lower particle size and higher surface area, resulted 
in more stability with lower adverse effect to the embryos of zebra fish. 
When comparing the assessment among other reports, the prepared 
nanoparticles in this study show lower toxicity and better biocompati
bility for biomedicine and implant application [75]. 

3.4. Measurement of intracellular ROS 

To draw a correlation between the intracellular ROS formation inside 
the cell and the tuneability of ZnO nanoparticles based on the phyto
chemicals used, intracellular ROS production was estimated. Fig. 5a 

Fig. 3. XPS spectra of the prepared ZnO nanoparticles.  

Fig. 4. Comparative antioxidant activity of the prepared ZnO nanoparticles.  

Table 1 
In-vitro toxicity of the Danio rerio treated with prepared ZnO nanoparticles.  

Nanoparticles Concentration 
(µg mL− 1) 

Mortality % 

24 h 48 h 72 h 

ZnOTa Control  0 0 0  
25  0 6.6 6.6  
50  0 6.6 6.6  
75  0 6.6 13.3  
100  0 13.3 13.3  
200  0 13.3 26.6 

ZnOSc Control  0 0 0  
25  0 6.6 13.3  
50  0 6.6 26.6  
75  0 13.3 40  
100  0 13.3 40  
200  0 26.6 40 

ZnOPg Control  0 0 0  
25  0 13.3 40  
50  0 13.3 40  
75  0 26.6 40  
100  0 26.6 53.3  
200  0 26.6 53.3  
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shows the amount of intracellular ROS formation inside the ZnO 
exposed MCF-7 cell with respect to the phytochemicals used (T. arjuna, 
S. chirayita, and P. guajava). The high absorbance intensity promulgates 
to inferring high DCFDA dye suggesting higher ROS generation inside 
the cell. Furthermore, it was observed from Fig. 5a and Table S4 that the 
intracellular ROS generation increases (5.562, 3.196, and 2.718 for 
ZnOTa, ZnOSc and ZnOPg respectively) at higher concentration 
(20 µg mL− 1) of ZnO nanoparticles exposure to MCF-7 cells. These re
sults suggest that intracellular ROS is a nanoparticle dose dependent 
attribute. 

The results also suggest that there is a correlation of the intracellular 
ROS formation and the higher defects, i.e., the higher number of elec
trons and holes leads to the formation of super oxide anion and hydroxyl 

radicals which are both ROS species and can be toxic in nature. A study 
on ZnO doped with TiO2 showed a similar ROS production trend sug
gesting a similar hypothesis, i.e., higher concentration of the metal oxide 
leads to increased ROS production which in turn causes higher anti
cancer activity [34]. The ZnOTa shows higher intracellular ROS forma
tion in the MCF-7 cells (142 ± 0.9) than that of its counterparts (128 
± 0.7, and 121 ± 0.8), as ZnOTa shows smaller particle size and higher 
defects, which is in line with the results seen in antioxidant assessment. 
Furthermore, the spontaneous ROS generation over the surface of the 
ZnO nanoparticles can be linked to the chemicals and surface charac
teristics of the nanoparticles [73]. In an earlier study on ZnO nano
particles and their effects on antibacterial cells, the authors 
hypothesised the mechanism of surface defect induced ROS generation 

Fig. 5. The comparative in-vitro assessments of various ZnO nanoparticles in terms of concentration and time of treatment: a) Intracellular reactive oxygen species 
generation; b), c) & d) Cell viability assay using MTT tetrazolium, Neutral red uptake and lactate dehydrogenase release respectively; e) Cytochrome C assay. 
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which suggested that surface ionic defects can lead to ready reaction 
with water present inside the cell to give superoxide, hydroxyl radicals 
as primary ROS products, and in subsequent reaction mechanisms can 
produce ROS [35]. This ROS generation over the surface of the ZnO 
nanoparticles can further lead to the generation of free radical after their 
interaction with the intracellular components [76]. 

The PL assessment concludes that the ZnOTa sample showing a high 
amount of crystal defects correlated to ROS species production inside 
the cell. Furthermore, it can be hypothesised that the electron-hole pair 
contributed to the production of intracellular ROS due to the fact that 
the electron hole pairs formed inside the defects can interact with the 
oxygen and hydroxyl ions present in the aqueous environment resulting 
in the formation of superoxide anion from electrons and hydroxyl 
radical formation from holes. When these radicals interact with the 
intracellular chemical species, they were reduced to smaller molecules 
resulting in oxidative stress inside cell [73,76]. Hence the study also 
suggests a possibility of exploiting nanoparticle physicochemical prop
erty to influence biochemical activity. 

3.5. Cytotoxicity assay 

Cytotoxicity assay is performed to assess how toxic a material is to 
the cells, whereas for our study we tried to perform the cytotoxicity 
assay for not only to understand the toxicity of the material but also to 
assess and define the pathway the cells have taken for cell death, i.e., 
necrosis or apoptosis. To assess the pathways, ZnO nanoparticles 
exposed MCF-7 were evaluated with various cell viability assay. 

3.5.1. MTT assay 
The viability of the MCF-7 cells exposed to ZnO nanoparticles based 

on viable mitochondria was evaluated using MTT assay. The mecha
nistic representation of MTT reduction to formazan is shown in Fig. S5. 
As seen from Fig. 5b, the cells exposed to all the ZnO nanoparticle 
samples (ZnOTa, ZnOSc and ZnOPg) showed a reduction in percentage 
cell viability, suggesting that the breast cancer cells upon exposure to 
the prepared ZnO nanoparticles experienced mitochondrial damage or 
cell death [76,77]. From the prior assessments it can be inferred that the 
reduced particle size of the prepared ZnO nanoparticles had led to a 
greater number of particles entering the cells resulting in higher 
oxidative stress leading to cellular apoptosis [47,48]. However, at low 
concentration of 5 µg mL− 1 there is still high % cell viability (64.48%, 
78.04% and 85.35% for ZnOTa, ZnOSc and ZnOPg respectively), whereas 
there is a significant decrease of cell viability at high concentration 
(20 µg mL− 1) (24.81%, 43.97%, and 58.63% for ZnOTa, ZnOSc and 
ZnOPg respectively) (Fig. 5b) proving its dose dependent cytotoxic ac
tivity. In a previous study on cell viability of MCF-7 and A549 cancer 
cells using Ag nanoparticles (AgNPs), the authors showed that an in
crease in AgNPs concentration led to a decrease in cell viability, sug
gesting the higher AgNPs concentration the higher is anticancer activity 
[32]. 

Treatment of ZnOTa had resulted in lower % MTT inferring higher 
cell death than that of ZnOSc and ZnOPg. It is due to the fact ZnOTa had 
smaller leading to higher penetration into the cells. Furthermore, the 
high surface defects led to higher spontaneous ROS generation over the 
surface of the ZnO nanoparticles leading to genetic damage causing 
higher cell deaths [76]. 

3.5.2. Neutral red uptake assay 
For this study, Neutral red uptake indicates cell viability with rela

tion to lysosome [76,78]. As shown in Fig. 5c the NRU assessment 
suggests that the ZnO nanoparticles cytotoxicity towards MCF-7 changes 
with respect to both time and dose. Interestingly, the NRU result is 
similar to that of MTT assay. The nanoparticle cytotoxicity towards cell 
may be because of intracellular accumulation leading to ROS generation 
which in turn results in apoptosis or necrosis [76,78]. Mechanistic 
representation of NRU assay is shown in Fig. S6. 

To bring out a relative merit among the ZnO samples (ZnOTa, ZnOSc 

and ZnOPg) they were also comparatively analysed. ZnOTa exposed MCF- 
7 showed lower % NRU absorbed inferring higher cell death of MCF-7 
cells in comparison to that of ZnOSc and ZnOPg exposed MCF-7 cells. 
This could be attributed to the ZnOTa smaller particle size, higher surface 
area and higher amount of defect, resulting in higher intracellular ROS 
production causing higher cell death [76,79]. This assessment also 
suggests that ZnOTa is a more potential candidate for anticancer drug, in 
which the cytotoxic activity can be tailored by changing the phyto
chemicals used during the preparation of ZnO nanoparticles. 

3.5.3. LDH release assay 
Lactate dehydrogenase (LDH) release assay is also a type of cytotoxic 

assessment, where cell membrane damage is assessed for the cell death 
by evaluating the release of the LDH in the testing medium [80]. 
Comparing to the prior cytotoxic assessment such as MTT, and NRU 
assay, interesting observations could be made for LDH assay. Fig. 5d 
shows that at low concentration of ZnO samples no LDH was released. 
However, at very high concentration the LDH was released into the 
culture medium. This might be due to instability in the membrane 
resulting in destabilisation of membrane integrity which can only be 
achieved at very high concentration of ZnO nanoparticle exposure. This 
destabilisation of the membrane leads to LDH release which catalyses 
the conversion of NADP to NADPH and lactate to pyruvate [76,80]. In a 
comparative assessment, ZnOTa shows higher cytotoxicity comparing to 
that of the other two nanoparticles, and this can be ascribed to the 
smaller particle size and higher defects in the ZnO leading to production 
of higher ROS over the nanoparticles which in turn results in higher 
oxidative stress inside the MCF-7 cell. This suggests that ZnO exposure 
leads to mitochondrial and lysosome damage-based cell death 
(apoptosis) rather than destabilisation of membrane integrity (necrosis). 
However, at higher concentration an increased ROS production inside 
cell can trigger possible necrosis in MCF-7. The mechanistic pathway of 
LDH releases is shown in Fig. S7. 

From the aforementioned cytotoxicity assessments, it can be seen 
that the ZnO nanoparticles can be used as a potential drug against MCF-7 
breast cancer cell line. The above findings also infer that the exploitable 
cytotoxic activity of ZnO nanoparticles to induce apoptosis in the cell is 
highly time dependent as well as dose dependent as concluded by MTT 
and NRU assay. This is also in line with other bio-engineered nano
particles such as NiO which also tends to show lipid peroxidation at 
higher concentration [33]. Interestingly, very high concentration of 
analytes causes the loss of membrane integrity of the cells, i.e., necrosis. 
This peculiar change in the cell death pathway might have occurred due 
to an increased accumulation of ZnO nanoparticles causing high 
oxidative stress inside the cells [76]. The cytotoxic effect of the ZnO 
nanoparticles prepared from T. arjuna it was very high compared to that 
of the ZnO nanoparticles prepared from the S. chirayita and P. guajava. 
This result corresponds to the fact that the ZnOTa higher structural de
fects caused the formation of more intracellular ROS resulting in higher 
oxidative stress inside the cell which in turn causes the cell death. 

3.6. Cytochrome c release assay 

Cytochrome c release from the mitochondrial inner membrane to the 
cytosol is one of the characteristic apoptotic biomarkers [81]. To 
confirm that the treatment with prepared ZnO nanoparticles triggers 
MCF-7 apoptosis, the analytes were assessed in terms of dose de
pendency (0, 5, 10, and 20 µg mL− 1). Fig. 5e clearly shows that the Cyt-C 
release increases tangentially with an increase in dose. Moreover, ZnOTa 

in line with prior assessment showed higher cytochrome c release 
compared to other counterparts. The reduced size and increased elec
tronic defects influence spontaneous generation of ROS at the surface 
which interacts with chemical components leading to activation of 
apoptotic pathway. Furthermore, all the prepared ZnO nanoparticles 
caused apoptotic pathway activation. 
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Interestingly, LDH release assay showed that at higher nanoparticles 
concentration, membrane destabilisation occurred, a common scenario 
of necrosis, whereas the cytochrome c release assay confirms that all 
nanoparticles showed apoptosis. This peculiar phenomenon can be 
correlated to the fact that even necrosis can occur at higher concentra
tion of nanoparticles if there is an increased ROS production. 

3.7. Genotoxic assay 

Molecular toxicological assay for DNA, i.e., comet assay was carried 
out to demonstrate the relation and interaction between the ZnO 
nanoparticles exposure and genotoxicty in the MCF-7 breast cancer cell 
line. Genotoxic assessments of the ZnO nanoparticles were performed 
because the cytotoxic assessment of the ZnO nanoparticles on the MCF-7 
cells hinted that the cells might have gone through apoptosis which 
could have been caused by genetic damage. It was also performed to 
bring out a correlation between the prepared ZnO nanoparticles and 
genotoxicity. 

Fig. 6 shows the comparative comet assay results performed on the 
MCF-7 breast cancer cells exposed to various concentrations (0, 5, 10, 

and 20 µg mL− 1) of prepared ZnO nanoparticles (ZnOTa, ZnOSc and 
ZnOPg). In comparison to the control all the other concentrations of ZnO 
nanoparticles caused significant damage in genomic DNA of MCF-7 
cancer cells. Furthermore, the disruption increased with the concen
tration inferring that the higher concentration of ZnO nanoparticles used 
the higher is DNA damage in the MCF-7 cells [76]. 

The genotoxic result for the ZnOTa showed more distortion and 
higher tail formation in comparison to that for the ZnOSc and ZnOPg. 
This high genotoxicity shown by ZnOTa might be due to the fact that 
nanoparticles can lead to spontaneous ROS generation at their surface 
owing to their chemical and surface characteristics, i.e., smaller particle 
size and higher defect presence, which in turn lead to the production of 
free radicals after their interaction with the MCF-7 s cellular compo
nents such as mitochondrial damage [48,76,82]. Furthermore, it is 
suggested that oxidation and reduction of the cellular DNA to smaller 
macromolecules due to the production of these highly reactive free 
radical can lead to effective cellular apoptosis [80]. Our assessment not 
only connects the relation between the interaction of the ZnO nano
particles with the genomic material of the MCF-7 breast cancer cells, but 
also suggests that the ZnO exposed cells might have gone through 

Fig. 6. The genotoxicity of different concentrations of the prepared ZnO nanoparticles analytes.  
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apoptosis rather than necrosis as well as linking a correlation between 
phytochemicals tuneability to genotoxicity. 

3.8. Apoptosis 

For confirming the apoptotic pathway through this assay, MCF-7 
cells exposed to only one specific concentration (20 µg mL− 1) of ZnOTa 

nanoparticles were studied. For a clear understanding and to point out a 
mechanistic relation, we targeted MAPK pathway and other proteins 
such as Bax, Bcl2, P38, p53, NF-κβ and their phosphorylated counter
parts, as these proteins are responsible for upregulation or down
regulation of caspase cascade which in turn leads to apototic activation 
[83–85]. Western blot analysis revealed that the treated cells showed no 
change in JNK and P38 expression, whereas there was an increase in the 
expression of phosphorylated JNK and phosphorylated P38 when 
compared to the untreated cells (Fig. 7a). On the other hand, there was 
no observable change in the expression of ERK and phosphorylated ERK 
in ZnO exposed MCF-7 cells, suggesting no involvement of ZnO nano
particles on ERK activation. 

The MAPK signalling pathway shows an activation of both JNK as 
well as P38 suggesting an ROS dependent interaction of JNK and P38 by 
zinc oxide. Therefore, this assessment also points out to the possibility 
that upon zinc oxide introduction inside a cell, free radical interacts with 
cellular components such as mitochondria, resulting in formation of 
ROS, which triggers mitochondrial damage resulting in apoptosis of 
MCF-7 cells. 

Furthermore, a decrease in the procaspase-9 expression and an 

appearance of cleavage product at 37 kDa (Fig. 7b) suggest the ZnO 
nanoparticle plays a crucial role in the activation of caspase 9. Tumour 
suppression protein showed no significant change in the level of P53, 
whereas there is an increase in the level of phosphorylated P53. 
Therefore, from the observation in our study it is likely that ROS for
mation activates P53 in MCF7 breast cancer cell line during exposure to 
ZnO nanoparticles. For NF-κβ beta protein expression, there was no 
modulation in cells when exposed to ZnO nanoparticles. Therefore, NF- 
κβ cellular pathways cannot be activated due to ZnO induced ROS for
mation in MCF-7 cells. 

The ZnO exposed MCF-7 cells showed an increased Bax protein level, 
while there was a corresponding decrease in Bcl2 protein expression 
compared to control sample of MCF-7. From our results, we could pro
pose a mechanistic pathway (The detail is shown in supplementary data) 
of proteins involved in apoptosis of ZnO exposed MCF-7 cells as shown 
in Fig. 8. Furthermore, in our study we suggest that the activation of the 
apoptosis cascade is based on the structural defects which lead to higher 
reactivity of the metal oxides resulting in an increased ROS production 
inside the cell [85,86]. 

3.9. Morphological studies of MCF-7 breast cancer cells 

The assessment compares the response of the MCF-7 cells without the 
exposure to ZnO nanoparticles and with exposure to ZnOTa nano
particles with various concentrations (5, 10, and 20 µg mL− 1). Fig. 9 
shows the morphological changes of selected cancer cells in the absence 
and presence of ZnO at various concentrations. The control cells did not 

Fig. 7. Western blotting analysis of proteins involved in a) MAPK signalling, b) apoptotic protein signalling in MCF-7 human breast cancer cells. β-Actin was used as 
internal control to normalise the data. 
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show any remarkable changes on their morphology, whereas the cells 
showed cell shrinkage and, membrane bubbling in a dose-dependent 
manner in the presence of the prepared ZnO. 

The assessment confirms the inference that cytological investigations 
elucidate the antiproliferative effect through membrane bubbling, 
membrane instability and distressing the cytoskeleton of the cells by the 
prepared ZnO nanoparticles. This instability of the cell membrane is 
seen only at higher concentrations of ZnOTa nanoparticles as confirmed 
with prior assessments by LDH assay. Moreover, the electron-hole pair in 
the ZnO nanoparticles results in the formation of superoxide anion (O2

- ) 
(due to unbalanced electrons) and hydroxyl radical (due to the unbal
anced holes) causing cell damage [76,80]. This ROS formation at high 
level leads to disability of the cell membrane integrity causing necrosis 
as shown in the prior cytotoxic, as well as oxidative stress parameter 
assessment. 

Upon a comparative evaluation of our results of ZnO treatment on 
MCF-7 cells with those of other studies on ZnO against MCF-10A 
(noncarcinogenic breast epithelial cells), it is clear that at lower con
centrations no apoptotic activation was observed, whereas above a 
threshold concentration apoptosis can be activated. In cancer cells, the 
genetic material and protein structure due to its epigenetic modification 
can readily attach to the ROS leading to downregulation or upregulation 
of some cancer related proteins as shown in Fig. 7. Moreover, the in-vitro 
study performed in this study supports the aforementioned trait, i.e., 
only at very high concentration, ZnO nanoparticles are cytotoxic. Thus, 
our study not only tries to demonstrate a detailed assessment of the ZnO 
nanoparticle interaction at subcellular level, but also points out its 
pharmacological potential in modern clinical anticancer therapeutics. 

Fig. 8. Proposed mechanisms involved in cellular apoptosis following ZnO nanoparticles intervention.  
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4. Conclusion 

ZnO nanoparticles with poly crystalline wurtzite structure are syn
thesised by employing hydrothermal method using the extract of Ter
minalia arjuna, Swertia chiratiya, and Psidium guajava. The study 
successfully revealed the change in physicochemical property of the ZnO 
nanoparticle with change in active reducing agent during its synthesis 
and tried to correlate the physicochemical properties to biological ac
tivities such as cyto-toxicity against Danio rerio and anticancer activity 
against MCF-7 cells. Nanoparticles with smaller particle size, higher 
surface area, and structural defects can lead to increased spontaneous 
ROS generation which in turn can activate apoptotic pathway. Most 
importantly, ZnO nanoparticle is toxic and causes oxidative stress 
induced apoptosis in MCF-7 cells which can be used as a potential 
anticancer drug. 

CRediT authorship contribution statement 

Raunak Saha: Conceptualization, Methodology, Investigation, 
Writing – original draft. Karthik Subramani: Conceptualization, 
Methodology, Investigation, Writing – original draft. Sreenath Dey: 
Investigation. Saheri Sikdar: Investigation. Aran Incharoensakdi: 
Conceptualization, Supervision, Funding acquisition, Project adminis
tration, Writing – review & editing. 

Conflicts of interest 

The authors declare no conflicts of interest. 

Data availability 

Data will be made available on request. 

Acknowledgements 

The authors acknowledge the Second Century Fund (C2F), Chula
longkorn University, Bangkok, Thailand. One of the authors Dr. Karthik 
Subramani is grateful to the second century fund (C2F) for providing the 
Postdoctoral fellowship. A.I. acknowledges the research grants from CU 
Ratchadaphiseksomphot Endowment Fund (CU_GR 62_88_23_33) and 
from Thailand Research Fund (IRG5780008). 

Appendix A. Supplementary material 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.procbio.2023.03.016. 

References 

[1] R. Vakayil, S. Muruganantham, N. Kabeerdass, M. Rajendran, A. Mahadeopalve, 
S. Ramasamy, T.A. Alahmadi, H.S. Almoallim, V. Manikandan, M. Mathanmohun, 
Acorus calamus-zinc oxide nanoparticle coated cotton fabrics shows antimicrobial 
and cytotoxic activities against skin cancer cells, Process Biochem. 111 (1) (2021) 
1–8, https://doi.org/10.1016/j.procbio.2021.08.024. 

[2] O.E. Omoike, R.P. Pack, H.M. Mamudu, Y. Liu, L. Wang, A cross-sectional study of 
the association between perfluorinated chemical exposure and cancers related to 
deregulation of estrogen receptors, Environ. Res. 196 (2021), 110329, https://doi. 
org/10.1016/j.envres.2020.110329. 

[3] E.J. Calabrese, P.B. Selby, Cover up and cancer risk assessment: prominent US 
scientists suppressed evidence to promote adoption of LNT, Environ. Res. 210 
(2022), 112973, https://doi.org/10.1016/j.envres.2022.112973. 

[4] S.M. Mutuku, X. Spotbeen, P.J. Trim, M.F. Snel, L.M. Butler, J.V. Swinnen, 
Unravelling prostate cancer heterogeneity using spatial approaches to lipidomics 

Fig. 9. Morphological assessment of MCF-7 human breast cancer cells treated with different concentrations of ZnO nanoparticles prepared from plant extract of 
Terminalia arjuna. 

R. Saha et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.procbio.2023.03.016
https://doi.org/10.1016/j.procbio.2021.08.024
https://doi.org/10.1016/j.envres.2020.110329
https://doi.org/10.1016/j.envres.2020.110329
https://doi.org/10.1016/j.envres.2022.112973


Process Biochemistry 129 (2023) 170–184

183

and transcriptomics, Cancers 14 (2022) 1702, https://doi.org/10.3390/ 
cancers14071702. 

[5] U. Mehraj, U. Mushtaq, M.A. Mir, A. Saleem, M.A. Macha, M.N. Lone, A. Hamid, M. 
A. Zargar, S.M. Ahmad, N.A. Wani, Chemokines in triple-negative breast cancer 
heterogeneity: new challenges for clinical implications, in: Seminars in Cancer 
Biology, Elsevier, 2022, https://doi.org/10.1016/j.semcancer.2022.03.008. 

[6] S. Mirzaei, M.H. Gholami, A. Zabolian, H. Saleki, M.V. Farahani, S. Hamzehlou, F. 
B. Far, S.O. Sharifzadeh, S. Samarghandian, H. Khan, Caffeic acid and its 
derivatives as potential modulators of oncogenic molecular pathways: New hope in 
the fight against cancer, Pharmacol. Res. 171 (2021), 105759, https://doi.org/ 
10.1016/j.phrs.2021.105759. 

[7] X. Liu, X. Wang, S. Ye, R. Li, H. Li, A one–two–three multifunctional system for 
enhanced imaging and detection of intracellular MicroRNA and chemogene 
therapy, ACS Appl. Mater. Interface 13 (2021) 27825–27835, https://doi.org/ 
10.1021/acsami.1c04353. 

[8] P.P. Reis, W.L. Lam, D. Elgui de Oliveira, Human and oncoviral non-coding rnas as 
modulators of cancer aggressiveness and disease progression, Front. Med. (2021), 
641725, https://doi.org/10.3389/fonc.2020.641725. 

[9] C. Ramin, D.R. Withrow, B.C. Davis Lynn, G.L. Gierach, A. Berrington de González, 
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