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Abstract Green nanotechnology elucidates highly prioritized anticancer activity. We synthesized
Copper oxide nanoparticles (CuONPs) using leaves of Azadirachta indica (A. indica) plants and
studied the molecular mechanism of cancer cell apoptosis. After their synthesis, with the help of
expository tools like Fourier transform infrared spectroscopy (FT-IR), Transmission electron
microscopy (TEM), Dynamic light scattering (DLS) and surface zeta potential we confirmed the
successful synthesis of CuONPs. Here, crystalline structure of green synthesized CuONPs of 36
± 8 nm size and spherical shape was able to kill MCF-7 and Hela cells, estimated by MTT assay.
Successful internalization of Cu+2 ions inside the cell was estimated by the atomic absorption study.
Cellular uptake of Cu+2 ions inflicted significant Reactive Oxygen Species (ROS) generation inside
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the cancer cells, thereby leading to DNA fragmentation as observed by DAPI staining. In in vivo
model, CuONPs reduced the breast tumor volume in Balb/C mice and increased the mean survival
time through the alteration of pro-inflammatory cytokines level. In case of both in vivo and in vitro
models, CuONPs altered the pro-inflammatory cytokine level and pro-apoptotic protein expressions. In future, green synthesized CuONPs might be beneficial for its application as an anticancer
drug in in vivo (mice model) and in vitro, though further study is needed on its toxicity.
Ó 2018 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
In cancer therapy, usage of nanoparticles (NPs) as a drug as
well as for drug delivery purpose is attributed to their morphology, size, distribution, and surface by volume ratio [1].
Inorganic metal NPs find extensive use as a drug in anticancer therapy due to properties like geometries, redox states,
reactivity, etc. which are not accessible to organic compounds
[2]. Among various metal NPs like Ag, Au, Co researchers
have preferred Copper (Cu) due to its cost-effectiveness and
greater stability [3]. Copper can perform surface charge
modulation and create oxidative stress inside a cell due to
its unique electronic arrangement and its participation as a
co-factor for redox cycling of enzymes [4].
Among the transition metals, Cu takes part in several biological functions such as electron transfer, structural shaping
and catalytic activity, while their cancer cell elimination ability
is mainly attributed to the induction of an oxidative stress [5].
NPs can be prepared using both chemical and physical
methods. In chemical method, sodium borohydride, hydrazine
and microemulsions when used as Cu salt reducing agents,
result in skin, nose and eye irritations, pulmonary edema,
affect nervous system, kidney and damage liver [6]. Meanwhile, CuONPs prepared through microemulsion and evaporation method are quite expensive [7] and also produce
several hazardous materials which are environment pollutants
[8]. On the other hand, drawbacks in NPs prepared through
physical methods using pulse laser ablation, microwaveassisted and pulsed/explosion wire discharge methods are
health hazards, expensive, high energy consumption and comparatively have low product efficiency [9].
To deter these adverse circumstances, researchers have used
plant extracts for the synthesis of NPs. Plant derived NPs are
considered cost-efficient, safe, and have better feasibility and
adaptability as medicinal, surgical and pharmaceutical drugs.
In addition, solvents used in preparing plant derived NPs are
considerably safe without any toxic reagents [10].
Among various plants, A. indica, a traditional medicinal
plant which grows mainly in tropical and semi-tropical
climates have been found to have versatile applications in
medical science [11]. The leaves, flowers, fruits and seeds of
A. indica have promising chemopreventive and therapeutic
properties [12]. In addition, A. indica extracts have shown
selective cytotoxicity toward cancer cells as compared to
normal cells, thus being significant in reducing toxicity during
cancer therapy [13].
Through disruption of cell cycle progression, A. indica
extracts suppress the proliferation and growth of tumor cells.
Pertaining to previous reports, neem seed oil inhibits the
growth of Hela cervical cancer cells [14].

Although there has been substantive progress on the usage
of A. indica extracts in anticancer therapy, however, the mechanistic study in its entirety is still unclear. It has been mainly
reported that components of A. indica suppress NF-jB signaling pathways [15], sensitize cancer cells during immunotherapy, radiotherapy, exhibited tumor specific anti-proliferative
and apoptosis-inducing effects and showed significantly less
toxicity on normal cells [16].
In the present study, we have designed a green nano drug
using Cu and A. indica leaf extracts based on the aforementioned properties of A. indica extracts and CuONPs in cancer
therapy. Ideologically, we have tried to combine the ancient
formulae of leaf extract of a medicinal plant with modern
metal based nanotechnology. To unearth the mechanism of
cancer cell cytotoxicity of CuONPs from A. indica, we intensively worked on the molecular mechanism of anticancer activity and analyzed the regulation of pro and anti-apoptotic
proteins in in vivo and in vitro systems through the activation
of several cytokines.
2. Materials and methods
Histopaque 1077, DMEM, penicillin, streptomycin, Doxorubicin (DOX) were procured from Sigma (St. Louis, MO,
USA). Fetal bovine serum (FBS) was purchased from
GIBCO/Invitrogen. MTT and dimethyl sulfoxide (DMSO)
were purchased from Himedia, India. Titron X-100,
Tris–HCl, Tris buffer, Sodium dodecyl sulfate (SDS), ethidium
bromide (EtBr), 2-vinylpyridine and all other chemicals were
from Merck Ltd and SRL Pvt. Ltd. Mumbai and of the
highest purity grade available.
2.1. Preparation of leaf extract
Leaves of A. indica were collected from Vidyasagar University
campus (22.4320° N, 87.2979° E), West Bengal, India, and
after washing them with distilled water, 100 g of leaves was
weighted. Leaves of A. indica were cut into small pieces, dried
in a hot air oven and pulverized in a grinder to obtain fine
dust. 10 g of fine dust was dissolved in 100 ml distilled water
in a conical flask and kept in a magnetic stirrer for 4 h. The
total solution was filtered with Whatman filter paper No. 1.
The filtrate was collected.
2.2. Synthesis of copper oxide nanoparticles
CuONPs were synthesized from a traditional medicinal plant
A. indica in accordance with previous protocol [17], with slight
modifications. Analytical grade of cupric sulfate (5 mM) 90 ml
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solution, prepared by de-ionized water was mixed with 20 ml
of filtrate obtained previously in a magnetic stirrer at 60 °C
temperature. The mixture was kept at room temperature.
Gradually a brownish black precipitate was observed at the
bottom of the conical flask. Then it was dried and kept in storage for further use as green synthesized CuONPs.
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CuONP suspension was placed on a carbon-coated copper grid
and dried in air to get TEM data.
2.4.5. Ion dissolution study

Estrogen receptor positive breast cancer cell line MCF-7, cervical cancer cell line Hela and 4T1 cell line were gifted by Parimal Karmakar, Jadavpur University. These cell lines were
maintained in a DMEM complete culture media with 10%
FBS, 2 mM L-glutamine, 100 U/ml penicillin and 100 lg/ml
streptomycin under 5% CO2 and 95% humidified atmosphere
at 37 °C in a CO2 incubator.

Green synthesized CuONPs were suspended in a DMEM culture medium (without FBS and antibiotic) and, after incubation for 1 week at 37 °C temperature, the Cu+2 ions were
separated from green synthesized CuONPs using dialysis
membrane. The supernatant thus obtained was used for the
estimation of free Cu+2 ions in the medium by atomic
absorption spectroscopy (AAS) using different concentrations
of CuSO45H2O as a standard. The concentration of Cu+2
ions released from green synthesized CuONPs were referred
as U1 using different concentrations as a control (0.001,
0.0005, 0.00025, 0.00001, 0.000005 and 0.000001 M) and all
the measurements were done in triplicate [22].

2.4. Characterization

2.4.6. pH and time dependent dissolution study

2.3. Cell culture and maintenance

2.4.1. FT-IR spectroscopy
FT-IR spectra of the NPs were performed using Perkin 118
Elmer FT–IR spectrometer (Spectrum Two 174 FT–IR spectrometer, 119 Version: 10.03.07.0112) with 64 scans. 1 mg of
NPs was mixed with KBr and, after a thin pellet was prepared,
the FT-IR value was taken within 400–4000 cm1 (wave numbers) [18].
2.4.2. EDX study
EDX study was performed to know the presence of elemental
Cu along with other components. A drop of 10 ml diluted solution (particle solution diluted 100 fold in water) was placed on
a carbon stub and air dried. Subsequently, the EDX spectrum
was obtained at an acceleration voltage of 20 kV and collected
for 19 s. Mapping was completed to represent the two dimensional spatial distribution of energy emissions of the chemical
elements present in the sample using pseudo-colors and analysis was done using JEOL JSM 6360 equipped with an EDX
(energy dispersive X-ray) analyzer [19].
2.4.3. Dynamic light scattering and surface zeta potential
The average size of the NPs in the bulk was measured by
dynamic light scattering (DLS) study using Malvern NanoZS90 instrument, where 1 ml of colloidal solution of NPs
in water (unfiltered) was taken in a glass cuvette with square
aperture and recorded. The concentration of the NPs suspension was 100 ll/ml. The hydrodynamic size and the surface
zeta potential of the NPs were measured according to Ghosh
et al. [20].
2.4.4. Transmission electron microscopy
The particle size and microstructure were studied by high resolution transmission electron microscopy in a JEOL 3010,
Japan, operating at 200 kV at a magnification of 100 K(x)
according to Das et al. [21]. In brief, CuONPs from A. indica
were suspended in deionized water at a concentration of
1 mg/mL and subsequently sonicated using a sonicator bath
until a homogenous suspension was formed. Sonicated stock
solutions of all CuONPs from A. indica (0.5 mg/ml) were
diluted 20 times for size measurement. A drop of the aqueous

Green synthesized CuONPs were suspended in a DMEM
culture medium (without FBS and antibiotic) and, after
incubation with different pH levels (pH = 5.4, 7.4 and 9) for
varied durations (2, 4, 8, 12 and 24 h) at 37 °C temperature,
the Cu+2 ions were separated from green synthesized CuONPs
using dialysis membrane. The supernatant obtained was used
for the estimation of free Cu+2 ions in the medium by AAS
at 100 lg/ml using different concentration of CuSO45H2O as
a standard. The concentration of Cu+2 ions released from
green synthesized CuONPs were referred as U1 using different
concentrations as a control (0.001, 0.0005, 0.00025, 0.00001,
0.000005, and 0.000001 M) and all the measurements were
done in triplicate [22].
2.5. Estimation of cytotoxicity by MTT assay
In vitro cell viability assay was done through Tetrazolium
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide
(MTT) assay. MCF-7 and Hela cell lines with 1  104 cells
per well in 96-well plate were incubated with 1, 5, 10, 25, 50
and 100 lg/ml doses of CuONPs for 24 h (8,12, 24 and 48 h
cell lines were incubated with drug at different doses. Among
them 24 h was selected, as the cytotoxicity level was significantly higher at 24 h). DOX was used with a similar concentration of CuONPs as a positive control [23].
2.6. Intracellular uptake
MCF-7(2  106 cells/plate) and Hela cells(2  106 cells/plate)
were cultured in 35 mm cell culture plates and incubated with
CuONPs from A. indica for 2, 4, 8, 12 and 24 h with 5% CO2
at 37 °C. Next, cells were washed with equal volume of Phosphate saline buffer (PBS) twice with or without 1 mM EDTA,
resuspended in 6 M nitric acid and incubated at 95 °C temperature for 24 h. Subsequently acid digested samples were analyzed for Cu content with a Shimadzu AA-7000 atomic
absorption spectrophotometer. A standard curve of six standard samples (0.001, 0.0005, 0.00025, 0.00001, 0.000005 and
0.000001 M) was prepared using CuSO45H2O, dissolved in
DMEM media. The final values of cellular Cu content were
estimated from the standard curve [22].
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2.7. Intracellular redox balance
Reduced glutathione estimation was performed using cancer
cell lysate (2  106 cells) with NP40 buffer acting as a lysis buffer. Each sample was mixed with 25% of TCA and centrifuged
at 2000g for 15 min to settle down the precipitated proteins.
The supernatant was aspirated and diluted to 1 ml with 0.2 M
sodium phosphate buffer (pH 8.0). 2 ml of 0.6 mM DTNB
(Ellman’s reagent) was added and, after 10 min, the optical
density of the yellow-colored complex formed by the reaction
of GSH and DTNB was measured at 405 nm. A standard
curve was obtained with standard reduced glutathione and
the levels of GSH were expressed as lg of GSH mg1 protein
[24].
The oxidized glutathione level was measured after derivatization of GSH with 2-vinylpyridine according to Chakraborty
et al. [24]. In brief, with a 0.5-ml sample (cancer cell lysate
which was lysed with NP40 lysis buffer), 2 ll of
2-vinylpyridine was added. After incubation for 1 h at 37 °C,
the mixture was deprotenized with 4% sulfosalicylic acid followed by centrifugation at 1000g for 10 min to settle the precipitated proteins. The supernatant was aspirated and the
GSSG level was estimated with the reaction of DTNB at
412 nm in a spectrophotometer and calculated with a standard
GSSG curve. The levels of GSSG were expressed as lg of
GSSG mg1 protein.
2.8. Estimation of nitric oxide (NO) level
100 ll of Griess reagent (containing 1 part of 1% sulfanilamide
in 5% phosphoric acid, and 1 part of 0.1% of N-C-1 naphthyl
ethylene diaminedihydrochloride) (Merck-Millipore, India)
was added to 100 ll of supernatant, followed by incubation at
room temperature for 10 min. The readings were taken in a
UV spectrophotometer at 550 nm and compared with a sodium
nitrite standard curve (values ranging from 0.5 to 25 lM). The
levels of NO were expressed as lM mg1 protein [24].
2.9. Intracellular ROS measurement
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treated against both cells for 24 h with different doses, washed
with PBS and stained with DAPI according to [26] with some
modification. After the treatment, cells were fixed with 2.5%
glutaraldehyde for 15 min. Permeabilization was done with
the help of 0.1% Triton X-100. A working concentration of
DAPI staining (1 lg/ml) was used. After the staining, cells
were kept in a dark place for 5 min. Then the stain was washed
with PBS and cells were observed under the fluorescence
microscope (Nikon ECLIPSE LV100POL) at excitation
330–380 nm and emission 430–460 nm.
2.11. Detection of cellular apoptosis by flow cytometric analysis
Cellular apoptosis by flow cytometry was performed according
to Looi et al. [27] with slight modifications. Cells were seeded
at 1  105 ml1 on 25 cm2 flask overnight and subsequently
treated with CuONPs from A. indica at various concentrations
for 24 h. After the media were removed, cells were trypsinized,
centrifuged at 1600 rpm and incubated with FITC tagged
annexin V and propidium iodide (PI) (E Biosciences, India)
in binding buffer for 15 min in dark. Stained cells were subjected to flow cytometry analysis and data acquisition and
analysis were performed in a Becton-Dickinson FACS verse
flow cytometer using Cell-Quest software. For each sample,
at least 20,000 events were acquired in flow cytometry. Here
FITC-annexin V stained cells indicate apoptotic population
lies in X-axis and PI stained cancer cells indicate necrotic population lies in Y axis.
2.12. Cytokines analysis
After the treatment with green synthesized CuONPs, cytokine
levels were analyzed from MCF-7 and Hela cells. Then the
cells were centrifuged at 13,000 rpm for 10 min. The cytokine
levels were measured from the supernatant of the cell pellet
using eBioscience kit ELISA method for IL-10 (eBioscience;
cat# 88-7104-22) and TNF-a (eBioscience; cat# 88-7342-29).
The whole experiment including each well were repeated three
times.
2.13. Apoptotic protein expression

The production of intracellular ROS was measured using
2,7-dichlorofluorescin diacetate (DCFH2-DA). 10 mM DCFH2DA stock solution (in methanol) was diluted in culture
medium without serum or other additive to yield a 100 lM
working solution. After washing twice with PBS, cells
(2  105) were incubated in 1.5 ml working solution of
DCFH2-DA at 37 °C for 30 min, lysed in alkaline solution
and centrifuged at 2300g. Subsequently, 1 ml supernatant
was transferred to a cuvette and fluorescence was measured
using at 485 nm excitation and 520 nm emission using a fluorescence spectrophotometer (Hitachi F-7000) and the values
were expressed as percent of fluorescence intensity relative to
control wells. Fluorescence micrographs were also obtained
using fluorescence spectrophotometer and microscopy imaging
(Nikon ECLIPSE LV 100 POL) [25].
2.10. Observation of nuclear morphology by DAPI staining
MCF-7 and Hela cells were implanted in a 6 well plate with
2  106 cells in each well. Green synthesized CuONPs were

The concentration of pro-apoptotic factors (caspases 8,3 and
9, p38, Bax and cytochrome C) and anti-apoptotic factors
(pAKT levels) were estimated using ELISA. After treatment
schedule, the supernatants collected from lysed and centrifuged cells were used for the detection of pro-apoptotic
and anti-apoptotic markers using ELISA [28]. The plates were
coated with Caspase 8 (eBioscience, BMS2024TEN) (50 ll per
well), cleaved Caspase 3 (eBioscience, BMS2012INST) (50 ll
per well), Caspase 9 (eBioscience, BMS2025TEN) (50 ll per
well), p38 (eBioscience, 858602211) (50 ll per well), Bax (eBioscience, BMS163) (50 ll per well), cytochrome C (eBioscience,
KH01051) (50 ll per well) and pAKT (eBioscience,
8586042103) (50 ll per well) capture antibodies (2 mg ml1)
diluted in 0.05 M carbonate buffer pH 9.6. After overnight
incubation at 4 °C, plates were washed three times with
0.15 M PBS-0.05% Tween-20 (PBST) and blocked with 50 ll
per well PBS, 5% FBS, 0.05% Tween-20, 0.02% sodium azide
(PBSTN) at room temperature for 1 h. The plates were washed
thrice with PBST and, after 100 ll of samples were added to
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each well, were incubated at room temperature for 2.5 h. Next,
plates were washed four times with PBST and incubated with
50 ll per well of biotinylated anti caspases 8,3 and 9, p38, Bax,
cytochrome C and pAKT detection antibody for 2 h at room
temperature. Further, after three washes with PBST, 50 ll
per well of HRP-avidin solution (eBioscience, 18-4100-94)
was added. After 30 min at room temperature, the plates were
washed twice in PBST and then 100 ll per well substrate buffer
(eBioscience) was added and incubated in the dark at room
temperature for 30 min. Optical densities were then measured
at 450 nm using an ELISA reader (Bio-Rad, Singapore). All
samples were performed in triplicate.
2.14. Animals
Female Balb/C mice of 6–8 weeks old, within the range of
25–35 g weight were taken for the experiment. The animals
were fed a standard vitamin rich pellet diet with water given
ad libitum, and were housed in a polypropylene cage (Terson)
in the departmental animal house with a 12 h light & dark
cycle under room temperature. Here animals were maintained
according to the guideline of the National Institute of
Nutrition, Hyderabad, India and Indian Council of Medical
Research and approved by the ethics committee of Vidyasagar
University.
2.14.1. Tumor development in in vivo condition
6–8 weeks old female Balb/c mice were injected intraperitonealy with 1  105 4T1 cells suspended in 0.1 ml PBS on
an upper portion of the right hind thigh on day 0 of the study.
Mice in the untreated group were similarly given doses of 0.1
ml of PBS. 4T1 cells rapidly multiplied resulting in highly
metastatic tumors. The abnormal growth of breast of the mice
and increased weight within 10–14 days confirmed the development of tumors. Mice were examined every other day for maladies including rough coat appearance, discolouration of skin
and swollen abdomen.
2.14.2. Determination of mean survival time and tumor growth
restriction assay
Within 14 days of inoculating the Balb/c mice with 1  105
numbers of 4T1 cells, the tumors developed, which was followed by treatment with green synthesized CuONPs for 15
days at 3 days interval. The mean survival time was calculated
using this following formula
Increase in life span = (T-C)  100
T = Number of days the treated animals survived
C = Number of days the control animal survived
2.14.3. Euthanasia of experimental animals
After completion of the experimental treatment, all the mice
were deprived of food overnight and euthanized by cervical
dislocation under ketamine-xylazine anesthesia. After the dissection of mice, the primary tumor was weighed and homogenized for the further experiments.
2.14.4. Estimation of cytokines
After completion of the total treatment schedule, tumor
tissues from the mice were taken, weighed, minced and
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homogenized. Subsequently, the homogenized sample was
centrifuged (7000g 10 min) and the supernatant obtained
was kept at 80 °C until use [29]. From primary tumor
homogenate of Balb/C mice, TNF-a and IL-10 cytokines
were measured according to the above mentioned method
of Section 2.12.
2.14.5. Estimations of apoptotic markers by ELISA
Apoptotic protein markers were also estimated from primary
tumor homogenate of Balb/C mice, according to the abovementioned method of Section 2.13.
2.15. Protein estimation
Protein estimation was done according to Lowry et al. [30],
taking BSA as a standard. All the experiments were done in
triplicate.
2.16. Statistical analysis
All the parameters were repeated at least three times. The data
were presented as mean ± SEM, n = 6. By performing oneway ANOVA test (using a statistical package, Origin 6.1,
Northampton, MA 01060, USA), the means of control and
treated group were compared by multiple comparison t-tests
having P < 0.05 as a limit of significance.
3. Results
3.1. Characterization of the NPs
3.1.1. FT-IR study
The FT-IR spectra of the leaf extract of A. indica (Fig. 1A)
showed the stretching vibrational frequency of aliphatic and
aromatic hydroxyl groups peak at around 3388 cm1. The
broadness of the peak is due to intermolecular hydrogen bonding among the hydroxyl group. The presence of aromatic ring
at the range of 1600–1400 cm1 was also observed. Here, the
stretching vibration of the aliphatic and aromatic O–H groups
of A. indica leaf extract capped CuONPs shifted to 3316 cm1
due to weakening of intermolecular H-bonding. Peak at
1632 cm1 corresponds to the stretching vibration of primary
amines. This kind of result was previously reported by [6].
The peak in the range of 450–530 cm1 corresponds to
Cu–O metal oxygen vibration. The band in the range of
1030–1110 cm1 assigned C–O stretching vibrations [31],
thereby explaining the assigned peak similar to our present
study. 850–680 cm1 is due to aromatic C–H bending
(Fig. 1B). From this comparison of FT-IR peak of both the
leaf extract and the leaf extract capped CuONPs, we can
conclude that the leaf extract with several functional
(O–H,NH2 and C–O) group is responsible for the formation
of green synthesized CuONPs [32,33].
3.1.2. EDX study
The energy dispersive X-ray study shows strong Cu signal with
other weak signals of oxygen, phosphorus and chlorine due to
phenolic compounds, flavonoids, carbohydrates and saponin
in the leaf extracts of A. indica (Fig. 1C).
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Fig. 1 Physical characterization of CuONPs. (A) FT-IR spectroscopy of only A. indica leaf extract. (B) FT-IR spectroscopy analysis of
CuONPs from A. indica, (C) EDX study of CuONPs from A. indica, (D) Hydrodynamic size measurement of CuONPs from A. indica by
DLS, (E) Estimation of zeta potential of CuONPs from A. indica, (F) Size measurement of CuONPs from A. indica by TEM study, (G)
SEAD of stable CuONPs obtained from the leaf extract of A. indica, (H) Dissolution study of CuONPs; U1 denotes released
concentration of Cu+2 ions at 100 lg/ml by AAS.

3.1.3. Dynamic light scattering and surface zeta potential
In DLS study, hydrodynamic sizes of the particles were
measured from size distribution by intensity graph of green
synthesized CuONPs. Here the mean diameter, average size
(Z average value) and polydispersity index were analyzed.
From Fig. 1D and 1E, the mean diameter, zeta potential and
polydispersity index of CuONPs from A. indica were found
to be 54 nm, 28.11 mv and 0.256 respectively. From the
DLS graph we observed three different sizes of NPs, the
average size of most of the particles being 54 nm. The DLS
and zeta potential were performed in water medium and the

negative zeta value explained the stability of the particle.
Similar result was also observed by Yugandhar et al. [6].
3.1.4. Transmission electron microscope
From Fig. 1F, the surface morphology of the NPs was
obtained in a dry and non-aggregated condition. The average
diameter of the NPs was 36 ± 8 nm, having spherical shapes
(Fig. 1F). The FCC crystalline structure of the NPs was
obtained from SEAD (Fig. 1G). Characteristics reflections
of the planes were (1 1 0), (2 0 0), ( 2 0 2) and (0 2 2) at
2h = 32.4°, 38.8°, 48.9° and 66.3°.
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Fig. 2 (A) Release of Cu+2 ions from CuONPs at different pH for different time durations. (B) Cu+2 ions concentration in MCF-7 and
Hela cells after treatment with CuONPs at different time durations, measured by AAS.

3.1.5. Ion dissolution study
Ion dissolution study was done in a cell-free culture media to
estimate the amount of Cu+2 ion release (Fig. 1H). After three
days, 726.66 PPM of Cu+2 ions were released in the cell-free
media. The release was measured by AAS.

The oxidized GSSG level elevated significantly (P < 0.05)
by 25.16%, 32.85%, 41.17%, 46.07%, 53.96%, 55.41% and
by 23.29%, 36.48%, 45.07%, 51.90%, 55.93%, 58% in case
of Hela and MCF-7 cells respectively compared to the control
group (Fig. 3D).

3.1.6. pH and time dependent dissolution study

3.5. Nitric oxide release assay
+2

In the present study, the releasing amount of Cu ions from
CuONPs were different at different pH (Fig. 2A). At different
time duration, the release of Cu+2 ions in acidic environment
was higher compared to the basic and physiological environment. After 24 h the release of Cu+2 ion at acidic pH was
0.509 PPM.

NO release level increased (Fig. 3B) in case of both the cell
lines significantly (P < 0.05) compared to the control group.
Here the MCF-7 and Hela cells increased the NO level by
15.63%, 26.84%, 54.24%, 61.03%, 64.77%, 67.12% and by
17.57%, 27.74%, 41.99%, 50.79%, 56.23%, 63.84%, respectively in a dose-dependent manner.

3.2. Estimation of cytotoxicity by MTT assay
3.6. ROS generation
Green synthesized CuONPs showed significant toxicity on
MCF-7 and Hela cells at doses of 1, 5, 10, 25, 50 and
100 lg/ml compared to the control group. MCF-7 and Hela
cells were killed significantly (P < 0.05) by 13.76%, 29.45%,
57.37%, 72.92%, 78.41%, 87.41% and by 12.98%, 28.94%,
54.17%, 70.22%, 76%, 84.28% respectively compared to the
control group (Fig. 3A). The IC50 values were 21.56 and
24.74 lg/ml in case of MCF-7 and Hela cells.

The CuONP treated Hela and MCF-7 cells showed significant
ROS generation. After 24 h treatment, the ROS generation
was visualized under the microscope (Fig. 4A). In case of highest dose of 100 lg/ml, MCF-7 and Hela cells produces 8.22
and 5.96 folds more ROS inside the cell compared to control
as measured through image J software (Fig. 4B).
3.7. Nuclear fragmentation by DAPI staining

3.3. Intracellular estimation of Cu+2 ions per cell
At 100 lg/ml dose of CuONPs against MCF-7 and Hela cells,
the internalization of Cu+2 ion in the MCF-7 and Hela cells
were measured by AAS. After 24 h, 0.455 and 0.436 pg Cu+2
ions/cell were released from MCF-7 and Hela cells significantly
(Fig. 2B).

In case of untreated Hela and MCF-7 cells, the nuclei
remained intact, whereas in case of CuONP treated cells
showed fragmented nuclei. As the CuONPs dose increased
gradually, the nuclear fragmentation increased in case of both
the cells (Fig. 5).
3.8. Cellular apoptosis analysis by flow cytometry

3.4. Cellular redox balance
In case of MCF-7 and Hela cells the GSH level decreased significantly (P < 0.05) by 17.37%, 26.285, 37.40%, 53.27%,
63.05%, 71.04% and by 13.38%, 28.87%, 34.54%, 46.14%,
3.60%, 67.36% respectively compared to the control group
(Fig. 3C) in a dose-dependent manner.

To know the percentage of apoptosis and necrosis, MCF-7 and
Hela cells were stained with annexin V and PI. Flow cytometry
analysis of stained cells distinguished them into four groups.
Early apoptosis (Annexin V+ve and PIve), late apoptosis
and early necrosis will be in Annexin V+ve and PI+ve quadrant. In control, all cells were present at Annexin Vve and
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Fig. 3 (A) Dose dependent cell death assay of both green CuONPs and DOX on MCF-7 and Hela cells. Values were expressed as
mean ± SEM. Superscripts indicated a significant difference as (P < 0.05) compared with control. (B-C) Cellular redox balance was
measured by GSH and GSSG level. (B) Estimation of GSH level from MCF-7 and Hela cells. (C) Estimation of GSSG level from MCF-7
and Hela cells. Values were expressed as mean ± SEM. Superscripts indicated a significant difference as (P < 0.05) compared with
control. (D) Estimation of NO release level of CuONPs treated MCF-7 and Hela cells. NO level was expressed as micro mole/mg protein.
The levels of NO were expressed as percentage of untreated cells. Values are expressed as mean ± SEM of three experiments; superscripts
indicate significant difference as (P < 0.05) compared with control.

PIve quadrant. Next, at the dose of 1 lg/ml, 13 ± 11.08% of
MCF-7 cells showed early apoptosis where as 5 lg/ml dose
showed 24 ± 9.66% of early apoptosis. 10 lg/ml dose showed
48 ± 6.87% of early apoptosis. 25 lg/ml was responsible for
54 ± 6.22% early apoptosis and 22 ± 5.89% of late apoptosis, where as 50 lg/ml dose showed 25 ± 6.64% early apoptosis and 67 ± 8.81% late apoptosis compared to the control
MCF-7 cells. At a dose of 100 lg/ml CuONPs showed
72 ± 3.87% of late apoptosis and 9 ± 7.88% of necrotic cells
(Fig. 6A).

In case of Hela cells at a dose of 1 lg/ml 14 ± 7.65% of
early apoptotic cells were observed. 5 lg/ml dose showed
32 ± 13.43% early apoptotic cells. At a dose of 10 lg/ml
55 ± 7.21% early apoptotic and 7 ± 11.23% late apoptotic
cells were observed. 25 lg/ml dose showed 64 ± 9.23% of
early apoptotic cells and 13 ± 6.33% of late apoptotic cells.
50 lg/ml dose showed 49 ± 3.89% of early apoptosis and
27 ± 17.68% of late apoptotic cells where as 100 lg/ml dose
showed 45 ± 7.79% of late apoptotic cells and 13 ± 6.82%
of necrotic cells (Fig. 6C).

230

A. Dey et al.

Fig. 4 (A) Effect of CuONPs on MCF-7 and Hela cells was visualized under fluorescence microscope by DCHF2DA at a magnification
of 40X (B) Intensity of control cells was set to 100. Data are represented as fold of change of the ROS level with the control group.
Intensity was measured by image J software. Values were expressed as mean ± SEM of three experiments; superscripts indicated
significant differences (P < 0.05) compared with the control group.

3.9. Pro and anti inflammatory cytokines analysis

3.10. Apoptotic protein markers by ELISA

NPs induced the pro-inflammatory cytokine (TNF-a) level in
MCF-7 and Hela cells significantly (P < 0.05) by 1.34, 1.83,
2.44, 2.99, 3.83, 4.56 folds and by 1.24, 1.86, 2.50, 2.85, 3.89,
4.37 folds respectively, as compared to the control.
The anti-inflammatory cytokine (IL-10) level in case of
MCF-7 and Hela cells, decreased significantly (P < 0.05) by
1.17, 1.32, 1.63, 1.98, 3.09, 3.90 folds and by 1.12, 1.23, 1.56,
1.92, 2.61, 3.50 folds compared to the control when treated
with CuONPs, at doses of 1 lg/ml to 100 lg/ml (Fig. 7A).

After 24 h incubation of the cells with CuONPs, the cell lysate
was used for the pro and anti-apoptotic protein analysis by
ELISA. From Fig. 7B we observed that the level of caspase
8, caspase 3 and P38 increased gradually as the dose increased.
The P38 expression level continuously increased by 21.81%,
36.29%, 48.80%, 57.02%, 64.16% and 68.79% for MCF-7
cells whereas in case of Hela cells, the expression level
increased by 27.34%, 11.17%, 41.87%, 51.30%, 60.59% and
65.03% significantly (Fig. 7D). Caspase 9 increased by
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was also elevated after the implication of CuONPs at different
doses. The Bax protein increased significantly (P < 0.05) by
27.27%, 41.17%, 47.10%, 61.09%, 66.83% and 73.98% compared to the control group.
In case of Hela cells, caspase 9 level increased by 14.05%,
29.43%, 41.92%, 50.32%, 58.40% and 61.18% and the cytochrome C expression level increased by 26.66%, 36.78%,
38.20%, 51.75%, 59.25% and 65.51% significantly compared
to the control group. Bax protein also elevated by 21.11%,
32.80%, 45.95%, 51.52%, 57.38% and 63.81% (Fig. 7E).
But the pAKT level dropped down compared to the control
group. pAKT is an anti apoptotic protein. This phenomenon
was observed in case of both the cell lines. In case of Hela cells
the pAKT level decreased by 11.89%, 24,83%, 32.45%,
43.25%, 57.39% and 70.13% (Fig. 7D) and tumorigenic triple
positive breast cancer cells also decreased pAKT level by
13.82%, 23.04%, 33.64%, 52.07%, 61.29% and 72.35% significantly (P < 0.05) compared to the control group (Fig. 7B).
3.11. In vivo effect
A breast tumor bearing Balb/C mice generally survived for 18
days but, after the administration of CuONPs the tumor
growth restricted (Fig. 8A) and the survival days increased
up to 33 days (Fig. 8B). In vivo tumor volume reduced significantly (P < 0.05) by 73.55% at 1000 lg/kg body weight compared to the control breast tumor bearing mice.
3.11.1. Cytokines analysis
Green synthesized CuONPs increased the TNF-a level by
27.46%, 47.49%, 62.68% and 70.47% after the treatment
with 100, 200, 500, 1000 lg/kg body weight of Balb/C mice
respectively. But at these above mentioned same doses, the
anti-inflammatory cytokine IL-10 level decreased significantly
(P < 0.05) by 2.52%, 7.36%, 22.11% and 38.95% as
compared to the control group (Fig. 9A).
3.11.2. Apoptotic protein markers analysis by ELISA

Fig. 5 Qualitative characterization of nuclear morphology by
DAPI staining using fluorescence microscopy at a magnification of
40X were visualized at excitation 330–380 nm and emission
430–460 nm.

18.46%, 36.26%, 50.27%, 55.88%, 63.56% and 67.85% and
cytochrome C level increased by 19.92%, 30.11%, 47.65%,
56.38%, 60.95% and 65.05% compared to the control group
in case of MCF-7 cells (Fig. 7C). The expression of Bax protein

In case of caspases 8 and 3, the expression of protein level was
increased significantly (P < 0.05) by 33.85%, 46.49%,
50.58%, 59.42% and 27.14%, 8.10%, 43.01%, 49.50% respectively in comparison with the normal control group. p38 protein expression level was increased by 35.33%, 45.30%,
49.74% and 50.99% after the treatment with 100, 200, 500
and 1000 lg/kg body weight (Fig. 9B). Caspase 9 protein, cytochrome C and Bax protein expression increased after the implication of CuONPs which was observed from (Fig. 9C). The
caspase 9 level increased by 21.61%, 29.67%, 46.44%,
52.94% and Bax level increased by 32.98%, 55.17%, 68.86%
and 74.40% significantly (P < 0.05) compared to the control
group (Fig. 9C). The cytochrome c expression level was elevated by 18.27%, 40.85%, 50.32% and 58.46% compared to
the control tumor group. pAKT level decreased significantly
(P < 0.05) by 15.68%, 29.41%, 42.15%, 54.50% compared
to the control group (Fig. 9B).
4. Discussion
In the present study, we successfully synthesized green
CuONPs which have remarkable anticancer efficacy. Here
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Fig. 6 Estimation of apoptotic cell population by flow cytometry using Annexin-V/PI staining. The percentage of cell population of
CuONPs treated MCF-7 and Hela cells at Lower Left (LL: viable cells), Lower Right (LR: Annexin V-FITC positive early apoptotic
cells), Upper Right (UR: Annexin V-FITC and PI dual positive) and Upper Left (UL: Only PI positive necrotic cells) was estimated before
and after treatment. Population of (A) MCF-7 cells and (C) Hela cells after treatment with Control (i), 1 lg/ml (ii), 5 lg/ml (iii), 10 lg/ml
(iv), 25 lg/ml (v), 50 lg/ml (vi) and 100 lg/ml (vii) of CuONPs. (B,D) Graphical representation of viable, early apoptotic, late apoptotic
and necrotic/dead cells obtained from flow cytometry.

A. indica leaf extracts having several bioactive components
were used as surface decorative agent onto CuONPs.
The successful synthesis of CuONPs from A. indica was
confirmed through FTIR, DLS, surface zeta and TEM. The
FT-IR study (Fig. 1B) reveals that the present result indicates
that phenolic compounds and mainly plant derived flavonoids

are the capping and stabilizing agent for the synthesis purpose
[32]. Presence of P, O and Cl was observed from EDX study
(Fig. 1C) as supported by previously reported result [34].
From the TEM data, spherical shaped 37 ± 11 nm sized
NPs were observed, but through DLS, larger particle sizes
were observed due to agglomeration of NPs in liquid
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Fig. 7 (A) Pro (TNF-a) and anti-inflammatory (IL-10) response of CuONPs on MCF-7 and Hela cells after 24 h of treatment. Values
are expressed as mean ± SEM of three experiments; superscripts indicate significant differences (p < 0.05) compared with the control
group. (B-E) Alteration of pro-apoptotic (caspase 8, caspase 9, caspase 3, p38, cytochrome C and Bax) and anti-apoptotic (pAKT)
response of CuONPs on MCF-7 and Hela cells. (B-C) Pro and anti-apoptotic protein expression in MCF-7 cells (D-E) Pro and antiapoptotic protein expression in Hela cells. Values are expressed as mean ± SEM of three experiments; superscripts indicate significant
differences (P < 0.05) compared with the control group.
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(A) Tumor volume of CuONPs treated 4T1 infected Balb/C mice. (B) Survival time of CuONPs treated 4T1 infected mice.

environment. From the measurement of hydrodynamic sizes
of the particles, the nano-size range of the particles were
observed [35].
After the characterization of the green CuONPs, the MTT
assay was performed against Hela and MCF-7 cell lines. At
100 lg/ml, CuONPs killed MCF-7 and Hela cells by 87.41%
and 84.28%. Mitochondrial respiration occurs outside the
mitochondrial inner membrane and involves NADH and
NADPH dependent mechanism that are insensitive to respiratory chain inhibitors [36]. Mitochondrial toxicity assay (MTT
assay) being dependent on mitochondrial respiration, is
involved in the successful killing activity for dosages from 1
lg/ml to 100 lg/ml in both cell lines. Green CuONPs showing
prominent anticancer activity according to Nagajyothia et al.
[37] has been entirely supported by our present study.
At a particular dose of 100 lg/ml, Cu+2 ion internalization
in the MCF-7 and Hela cells were measured by AAS. After
24 h 0.455 and 0.436 pg Cu+2 ions/cell were internalized into
MCF-7 and Hela cells significantly (Fig. 1H). Metal ions
internalize through endocytosis depending upon the shape
and size of the particles [38]. The pH of cancer cells being
different from the normal cellular environment also influences
more particle internalization in the cancer cells compared to
the normal cells [39].
Reduced Glutathione maintains a crucial role in maintaining the cellular redox balance and execution of apoptosis.
Recently in case of cancer therapy, altered redox balance is
the promising targeted approach for several drugs [40,41]. In
our metal based nanotherapy, the cellular redox homeostasis
was disturbed by their redox properties. When the reduced glutathione level oxidizes it converts into oxidized glutathione,
which reacts with several proteins using thiol group and
accumulates inside the cells [42].
In this study, we found elevated levels of NO generation
in case of both the cancer cells (Fig. 3B). The excess production of NO indicates massive oxidative stress [43] which
provokes cell death and cell damage. Oxidative stress is
induced mainly due to the generation of NO and ROS,
produced through the mitochondrial respiratory chain [44],
leading to DNA fragmentation (Fig. 5) [45], as also verified
in our study.

After confirming successful nuclear fragmentation and significant ROS generation, we analyzed the apoptotic event of
MCF-7 and Hela cells at different doses of NPs through flow
cytometry study. The FACS analysis using PI and Annexin V
staining showed a significant amount of early and late apoptosis of cancer cells, where as very little amount of necrotic event
also observed at high doses. This apoptotic event indicate that
the cytotoxic drug CuONPs induce apoptosis against cancer
cells [46].
Most of the transition metal NPs showed toxicity by ion
leaching [47]. The NPs were stable at normal pH 7.4 as already
observed in our present study. But when these NPs enter into
the cancer cell microenvironment at acidic pH, the stability of
NPs disrupted and these NPs released maximum Cu+2 ions by
ion leaching which was observed from pH dependent ion dissolution study (Fig. 2A). So, the intracellular Cu+2 ions concentration increased in acidic pH as the dose increases,
which influenced the generation of ROS in cancer cells. Similar
result was obtained from Chattopadhyay et al. [22]. In our
study, the solid breast tumor of Balb/C mice was reduced by
73.55% (Fig. 8A) after the treatment with A. indica derived
CuONPs and its mean survival days increased from 18 to 33
days (Fig. 8B).
NPs interact with the components of the immune system
and can modulate them to serve specific functions [48] like
inducing pro-inflammatory cytokines which disrupt the TH1/
TH2 cytokines balance [49]. After their application, the NPs
induce immunosuppression or immunostimulation [48]. The
production of pro-inflammatory cytokines like TNF-a and
IL-10 [50] was also influenced by the shape of the NPs. Nitric
oxide plays a key role in the pathogenesis of inflammation and
becomes overproduced in abnormal physiological conditions
[51].
The increase of NO by NPs may induce a pro-inflammatory
response and related diseases [52]. Metal oxide NPs and carbon black NPs showed pro-inflammatory responses and
inflammatory mediators of cytokines were previously reported
to be induced by the NPs [53,54,55]. In our study also, the
proinflammatory cytokine levels (Fig. 9A) were higher compared to the control, whereas the anti-inflammatory cytokine
levels were lower compared to the control, thereby indicating
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Fig. 9 (A) Pro (TNF-a) and anti-inflammatory (IL-10) response of CuONPs on 4T1 cells in vivo model after 24 h treatment. Values are
expressed as mean ± SEM of three experiments; superscripts indicate significant differences (P < 0.05) compared with the control group.
(B-C) Alteration of pro-apoptotic (caspase 8, caspase 9, caspase 3, p38, cytochrome C and Bax) and anti-apoptotic (pAKT) response of
CuONPs on 4T1 cells. (B) Caspases 3 and 8, p38 and pAKT were estimated from the 4T1 cells of Balb/C mice. (C) Caspase 9, Bax and
cytochrome C were estimated from 4T1 cells of Balb/C mice.

TH1/TH2 cytokines imbalance in cancer cells and in vivo
(Fig. 7A and 9A) tumor model.
The process of apoptosis is mainly triggered and executed
by key regulatory caspase proteins [56] through intrinsic and
extrinsic pathways [57]. The intrinsic pathway is activated by
caspase 9 and subsequently by caspase 3, while the extrinsic
pathway is activated through death receptor-mediated caspase
8 and then by activation of caspase 3. Most of the cytotoxic
drugs triggered apoptosis through the mitochondrial pathway
by both caspase 9 [58] and caspase 8 [59]. Caspase 8, being an

initiator caspase, activates apoptosis when death receptors are
stimulated and is also required by other apoptotic stimuli [60].
In our in vitro and in vivo study, the cytotoxic agent CuONPs
also showed a higher level of expression of caspases 3, 8 and 9.
This phenomenon analyzed the involvement of caspase proteins in the apoptotic event by the CuONPs. The apoptosis
of Hela and MCF-7 cells occured due to overexpression of caspase 9 [61]. NPs are able to activate P38 mitogen-activated protein kinase through nuclear factor-E2 related factor-2 and
nuclear factor Kappa-B signaling pathways leading to DNA
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damage followed by apoptosis [62]. Here also the P38 expression level increased after the application of CuONPs as clarified from the previous result [57].
Cytochrome C up-regulation was noted from (Fig. 7C and
E) in vitro model and in case of in vivo model (Fig. 9C). The
increase in the level of cytochrome C in mitochondria and
cytosolic part of the cancer cells influenced transcriptional activation of the intrinsic apoptotic pathway. The release of cytochrome C in the cytosol triggered the activation of caspases in
a cascade manner [63]. In the present study, as the drug concentration increased the level of cytochrome C also increased.
This phenomenon indicated the simultaneous activation of
caspases. Caspases are mainly associated with apoptosis of
cancer cells. Bax is another pro-apoptotic protein, which provokes apoptosis [64]. Results indicated that up-regulation of
Bax was observed in MCF-7 and Hela cells by CuONPs
(Fig. 7C and E). So, toxic effects were observed in case of both
the cancer cells. In Balb/C mice a similar kind of observation
was noted.
The activation of AKT does not inhibit cell death, but
instead renders cells more sensitive to metabolic stress. pAKT
hyperactivation occurring in many cancer cell types, played an
important role in cancer cell survival and contributes to tumor
cell resistance to cytotoxic therapies. The anti-apoptotic ability
of AKT is anticipated to be coupled with glucose metabolism.
Glucose deprivation causes AKT hyperactivation and accelerates cell death by inducing ROS overload [65]. The metabolic
activity in the mitochondria rose due to AKT hyperactivation
and inhibits FoxO transcriptional activity. At the same time,
NP treated cancer cells also generate a higher level of ROS
inside the cell. Both these phenomena promote cancer cell
apoptosis included by oxidative stimuli [66]. Finally, hyper
activation of ROS induces cell death, causing decrease in all
the essential biomolecules needs for cells to survive.
5. Conclusion
Green synthesized CuONPs showed anticancer activity against
MCF-7 and Hela cells. CuONPs released a higher amount of
Cu+2 ions and were successfully internalized into the cancer
cells. The uptake of Cu+2 ions in the cells initiates imbalance
of GSH:GSSG ratio, elevated level of NO generation and ROS
generation leading to DNA fragmentation of cancer cells.
From the flow cytometry study, the percentage of apoptotic
cells was validated through the increased expression of proapoptotic proteins expression. Elevated ROS levels also provoked the pro-inflammatory cytokine level of cancer cells.
From in vitro and in vivo studies, the cytotoxicity of cancer
cells was significantly observed due to implication of CuONPs
and the mean survival time increased in case of Balb/C mice.
The study provided the valuable information to understand
the cytotoxic etiology and apoptosis pathway using CuONPs
against MCF-7 and Hela cells as well as in Balb/C mice model.
Acknowledgements
The authors would like to express gratefulness to the University of Calcutta, Kolkata and Vidyasagar University, Midnapore for providing the facilities to execute these studies. We
are grateful to the Department of Science and Technology
(DST) for providing the financial assistance to Ms. Aditi

A. Dey et al.
Dey through the INSPIRE Fellowship scheme [Grant no.
DST/INSPIRE Fellowship/2015/IF150762].
Competing interests
The authors declare there are no conflicts of interest.
References
[1] S.A.A. Rizvi, A.M. Saleh, Application of nanoparticle system in
drug delivery technology, Saudi Pharm. J. 26 (2018) 64–70.
[2] M. Frezza, S. Hindo, D. Chen, A. Davenport, S. Schmitt, D.
Tomco, P.Q. Dou, Novel metals and metal complexes as
platforms for cancer therapy, Curr. Pharm. Des. 16 (2010)
1813–1825.
[3] M. Nasrollahzadeh, M. Maham, S.M. Sajadi, Green synthesis of
CuO nanoparticles by aqueous extract of Gundelia tournefortii
and evaluation of their catalytic activity for the synthesis of Nmonosubstituted ureas and reduction of 4-nitrophenol, J.
Colloid. Interface Sci. 455 (2015) 245–253.
[4] D. Laha, A. Pramanik, J. Maity, A. Mukherjee, P. Pramanik, A.
Laskar, P. Karmakar, Interplay between autophagy and
apoptosis mediated by copper oxide nanoparticles in human
breast cancer cells MCF7, Biochim. Biophys. Acta 2014 (1840)
1–9.
[5] S. Tardito, L. Marchio, Copper compounds in anticancer
strategies, Curr. Med. Chem. 16 (2009) 1325–1348.
[6] P. Yugandhar, T. Vasavi, P.U.M. Devi, N. Savithramma,
Bioinspired green synthesis of copper oxide nanoparticles from
Syzygium alternifolium (Wt.) Walp: characterization and
evaluation of its synergistic antimicrobial and anticancer
activity, Appl. Nanosci. 7 (2017) 417–427.
[7] I. Capek, Preparation of metal nanoparticles in water-in-oil (w/
o) microemulsions, Adv. Colloid. Interface Sci. 110 (2004) 49–
74.
[8] A. Tavakoli, M. Sohrabi, A. Kargari, A review of methods for
synthesis of nanostructured metals with emphasis on iron
compounds, Chem. Pap. 61 (2007) 151–170.
[9] R. Kalyanaraman, S. Yoo, M.S. Krupashankara, T.S.
Sudarshan, R.J. Dowding, Synthesis and consolidation of iron
nanopowders, Nanostruct. Mater. 10 (1998) 1379–1392.
[10] R. Sivaraj, P.K. Rahman, P. Rajiv, S. Narendhran, R.
Venckatesh, Biosynthesis and characterization of Acalypha
indica mediated copper oxide nanoparticles and evaluation of
its antimicrobial and anticancer activity, Spectrochim. Acta A
Mol. Biomol. Spectrosc. 14 (2014) 255–258.
[11] H.S. Puri, Neem: the divine tree (Azadirachta Indica), Harwood
Academic Publishers, Singapore, 1999, pp. 9–21.
[12] E.D. Morgan, Azadirachtin, a scientific gold mine, Bioorg. Med.
Chem. 17 (2009) 4096–4105.
[13] F. Hao, S. Kumar, N. Yadav, D. Chandra, Neem components
as potential agents for cancer prevention and treatment,
Biochim. Biophys. Acta 2014 (1846) 247–257.
[14] F. Ricci, V. Berardi, G. Risuleo, Differential cytotoxicity of
MEX: a component of neem oil whose action is exerted at the
cell membrane level, Molecules 14 (2008) 122–132.
[15] R.V. Priyadarsini, R.S. Murugan, P. Sripriya, D. Karunagaran,
S. Nagini, The neem limonoids azadirachtin and nimbolide
induce cell cycle arrest and mitochondria-mediated apoptosis in
human cervical cancer (HeLa) cells, Free Radic. Res. 44 (2010)
624–634.
[16] P. Elumalai, D.N. Gunadharini, K. Senthilkumar, S. Banudevi,
R. Arunkumar, C.S. Benson, G. Sharmila, J. Arunakaran,
Induction of apoptosis in human breast cancer cells by
nimbolide through extrinsic and intrinsic pathway, Toxicol.
Lett. 215 (2012) 131–142.

Green CuONPs induce TNF-a, caspase-mediated apoptosis in in vitro & in vivo models
[17] R. Sankar, R. Maheswari, S. Karthik, K.S. Shivashangari, V.
Ravikumar, Anticancer activity of Ficus religiosa engineered
copper oxide nanoparticles, Mater. Sci. Eng. C 44 (2014) 234–
239.
[18] S. Mohapatra, S.K. Mallick, T.K. Maiti, S.K. Ghosh, P.
Pramanik, Synthesis of highly stable folic acid conjugated
magnetite
nanoparticles
for
targeting
cancer
cells,
Nanotechnology 18 (2007) 9.
[19] R. Majumdar, B.G. Bag, N. Maity, Acacia nilotica (Babool) leaf
extract mediated size-controlled rapid synthesis of gold
nanoparticles and study of its catalytic activity, Int. Nano
Lett. 3 (2013) 53, https://doi.org/10.1186/2228-5326-3-53.
[20] T. Ghosh, T. Chattopadhyay, S. Das, S. Mondal, E. Suresh, E.
Zangrando, D. Das, Thiocyanate and dicyanamide anion
controlled nuclearity in Mn Co, Ni, Cu, and Zn metal
complexes with hemilabile ligand 2-benzoylpyridine, Cryst.
Growth. Des. 11 (2011) 3198–3205.
[21] B. Das, S.K. Dash, D. Mandal, T. Ghosh, S. Chattopadhyay, S.
Tripathy, S. Das, S.K. Dey, D. Das, S. Roy, Green synthesized
silver nanoparticles destroy multidrug resistant bacteria via
reactive oxygen species mediated membrane damage, Arab. J.
Chem. 10 (2017) 862–876.
[22] S. Chattopadhyay, S.K. Dash, S. Tripathy, P. Pramanik, S. Roy,
Phosphonomethyl iminodiacetic acid–conjugated cobalt oxide
nanoparticles liberate Co++ ion–induced stress associated
activation of TNF–a/p38 MAPK/caspase 8–caspase 3
signaling in human leukemia cells, J. Biol. Inorg. Chem. 20
(2015) 123–141.
[23] S.K. Dash, T. Ghosh, S. Roy, S. Chattopadhyay, D. Das, Zinc
sulfide nanoparticles selectively induce cytotoxic and genotoxic
effects on leukemic cells: involvement of reactive oxygen species
and tumor necrosis factor alpha, J. Appl. Toxicol. 34 (2014)
1130–1144.
[24] S.P. Chakraborty, S.K. Mahapatra, S.K. Sahu, S. Das, S.
Tripathy, S. Dash, P. Pramanik, S. Roy, Internalization of
Staphylococcus aureus in lymphocytes induces oxidative stress
and DNA fragmentation: possible ameliorative role of
nanoconjugated vancomycin, Oxid. Med. Cell. Longev. 15
(2011(2011)) pages, https://doi.org/10.1155/2011/942123.
[25] A. Roy, A. Ganguly, S. BoseDasgupta, B.D. Benu, C. Pal, P.
Jaisankar, H.K. Majumder, Mitochondria-dependent reactive
oxygen species-mediated programmed cell death induced by
3,3a-diindolylmethane through inhibition of F0F1-ATP
synthase in unicellular protozoan parasite Leishmania
donovani, Mol. Pharmacol. 74 (2018) 1292–1307.
[26] X. Lin, J.C. Huang, T.G. Mitchell, J. Heitman, Virulence
attributes and hyphal growth of C. neoformans are quantitative
traits and the MATa allele enhances filamentation, PLoS Genet.
2 (2006) e187.
[27] C.Y. Looi, A. Arya, F.K. Cheah, B. Muharram, K.H. Leong, K.
Mohamad, W.F. Wong, N. Rai, M.R. Mustafa, Caspase
pathway by vernodalin isolated from Centratherum
anthelminticum (L.) seeds, PLoS One 8 (2013) e56643.
[28] G. Xu, J. Ahn, S. Chang, M. Eguchi, A. Ogier, S. Han, Y. Park,
C. Shim, Y. Jang, B. Yang, A. Xu, Y. Wang, G. Sweeney,
Lipocalin-2 induces cardiomyocyte apoptosis by increasing
intracellular iron accumulation, J. Biol. Chem. 287 (2012)
4808–4817.
[29] K. Takiguchi, T. Nakamoto, H. Inagawa, C. Kohchi, T.
Nishizawa, N. Nagasue, G.I. Soma, Profile of cytokines
produced in tumor tissue after administration of
cyclophosphamide in a combination therapy with tumor
necrosis factor, Anticancer Res. 24 (2004) 1823–1828.
[30] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein
measurement with the Folin phenol reagent, J. Biol. Chem. 193
(1951) 265–275.
[31] D. Rehana, D. Mahendirana, S.R. Kumar, A.K. Rahiman,
Evaluation of antioxidant and anticancer activity of copper

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

237

oxide nanoparticles synthesized using medicinally important
plant extracts, Biomed. Pharmacother. 89 (2017) 1067–1077.
V. Gopinath, S. Priyadarshini, A.R. Al-Malekia, M. Alagiri, R.
Yahya, S. Saravanan, J. Vadivelu, In vitro toxicity, apoptosis
and antimicrobial effects of phyto-mediated copper oxide
nanoparticles, RSC Adv. 6 (2016) 110986–110995, https://doi.
org/10.1039/C6RA13871C.
M. Saravanan, V. Gopinath, M.K. Chaurasia, A. Syed, F.
Ameen, N. Purushothaman, Green synthesis of anisotropic zinc
oxide nanoparticles with antibacterial and cytofriendly
properties, Microb. Pathog. 115 (2018) 57–63, https://doi.org/
10.1016/j.micpath.2017.12.039.
H. Zhang, X. Lv, Y. Li, Y. Wang, J. Li, P25-graphene composite
as a high performance photocatalyst, ACS Nano 4 (2009) 380–
386.
S.K. Sahu, S.K. Mallick, S. Santra, T.K. Maiti, S.K. Ghosh, P.
Pramanik, In vitro evaluation of folic acid modified
carboxymethyl chitosan nanoparticles loaded with DOX for
targeted delivery, J. Mater. Sci. Mater. Med. 21 (2010) 1587–
1597.
M.V. Berridge, A.S. Tan, Characterization of the cellular
reduction
of
3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT): subcellular localization,
substrate dependence, and involvement of mitochondrial
electron transport in MTT reduction, Arch. Biochem. Biophys.
303 (1993) 474–482.
P.C. Nagajyothia, P. Muthuramanb, T.V.M. Sreekanth, D.H.
Kim, J. Shim, Green synthesis: In-vitro anticancer activity of
copper oxide nanoparticles against human cervical carcinoma
cells, Arab. J. Chem. 10 (2017) 215–225.
E. Besic Gyenge, X. Darphin, A. Wirth, U. Pieles, H. Walt, M.
Bredell, C. Maake. Uptake and fate of surface modified silica
nanoparticles in head and neck squamous cell carcinoma, J.
Nanobiotechnol. 9 (2011) 32.
A. Wongrakpanich, I.A. Mudunkotuwa, S.M. Geary, A.S.
Morris, K.A. Mapuskar, D.R. Spitz, V.H. Grassian, A.K.
Salem, Size-dependent cytotoxicity of copper oxide
nanoparticles in lung epithelial cells, Environ. Sci. Nano 3
(2016) 365–374.
S. Choi, C. Filotto, M. Bisanzo, S. Delaney, D. Lagasee, J.L.
Whitworth, A. Jusko, C.R. Li, N.A. Wood, J. Willingham, A.
Schwenker, K. Spaulding, Reduction and anticancer activity of
platinum(IV) complexes, Inorg. Chem. 37 (1998) 2500–2504.
M.J. Clarke, Ruthenium metallopharmaceuticals, Coord. Chem.
Rev. 236 (2003) 209–233.
M. Valko, C.J. Rhodes, J. Moncol, M. Izakovic, M. Mazur,
Free radicals, metals and antioxidants in oxidative stress
induced cancer, Chem. Biol. Interact. 160 (2006) 1–40.
A.J. Gow, D. Duran, S. Malcolm, H. Ischiropoulos, Effects of
peroxynitrite-induced protein modifications on tyrosine
phosphorylation and degradation, FEBS Lett. 385 (1996) 63–66.
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