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Abstract Dengue is an arbovirus mainly vectored by Aedes mosquitoes. Its pre-

vention and control depends to effective vector control measures. Cancer causes

millions of death every year. Most of the anticancer drugs have high toxicity and

low specificity of action, leading to systemic toxicity and severe side effects. Thus,

the development of effective tools is a priority. We fabricated zinc oxide

nanoparticles using the Myristica fragrans extract as a reducing and stabilizing

agent. Nanoparticles were studied using UV–vis spectrophotometry, Fourier trans-

form infrared spectroscopy, X-ray diffraction, zeta potential, dynamic light scat-

tering, energy dispersive X-ray analysis, field emission scanning electron

microscopy and transmission electron microscopy. ZnO nanorods were highly

effective against A. aegypti young instars, with LC50 ranging from 3.44 (larva I) to

14.63 ppm (pupa). Nanorods showed adult LC50 of 15.004 ppm. ZnO nanorods

exhibited dose-dependent cytotoxicity against human hepato-cancer cells (HepG2).

After 48 and 24 h of incubation, the IC50 were 20 and 22 lg/ml, respectively.

Nanorods triggered the induction of apoptosis. Overall, this study highlights that the

possibility to employM. fragrans-synthesized ZnO nanorods in mosquito control, as

well as in the development of novel chemotherapeutic agents with reduced systemic

toxicity.
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Introduction

Arthropods are dangerous vectors of deadly pathogens and parasites, which may hit

as epidemics or pandemics in the increasing world population of humans and

animals [1]. Among them, mosquitoes (Diptera: Culicidae) represent a key threat for

millions of organisms worldwide, since they act as vectors for important pathogens,

including malaria, dengue, yellow fever, West Nile virus (WNV), and parasites,

such as filariasis. Mosquito-borne diseases threaten the lives and livelihoods of

millions of people worldwide and exert such a huge public health burden, that it has

been blamed for the continued underdevelopment of the continent as a whole [2].

Dengue virus (DENV), chikungunya virus (CHIKV), Japanese encephalitis virus

(JEV), and WNV are the most prevalent arboviruses throughout the world. For

example, DENV transmitted by Aedes aegypti and Aedes albopictus is estimated to

result in 390 million infections per year worldwide, 96 million of which manifest

with apparent clinical symptoms [3].

The principal vector of DENV is A. aegypti while the secondary vector is A.

albopictus. In India, the reports of natural vertical transmission of dengue viruses

are scarce, although the field evidence supporting vertical transmission as a means

of persistence has been obtained [4]. Currently, there is no specific treatment for

dengue, even if the development of a vaccine is in progress [5], thus its prevention

and control solely depends on effective vector control measures [6]. The trend for

dengue vector control in most tropical regions has shifted from relying solely on

insecticides to an integrated approach involving biological control, source reduction

and environmental management through community participation [7].

Chemical insecticides are widely used to control mosquitoes that are often

harmful to non-target organisms and to the human health. On this basis, eco-friendly

tools have been recently implemented to enhance control of mosquito vectors [8].

Mosquito young instars showed reduced mobility thus are often easy to target. By

targeting the larval stages, mosquitoes are killed before they disperse to human

habitations. Mosquito larvae, unlike adults, cannot change their habitat to avoid

control activities [9]. Recent emphasis has been placed on plant materials that

demonstrate mosquitocidal properties against important mosquito vectors. Many

plant-borne compounds have been reported as excellent toxics against mosquitoes,

acting as ovicides, larvicides, pupicides, adulticides, oviposition deterrents, adult

repellents, growth and/or reproduction inhibitors [10]. Plant extracts can affect pest

behavior, including repelling the pest or prohibiting feeding activity, as well as pest

physiology, including molting and respiratory inhibition, growth and fecundity

reduction, and cuticle disruption [11]. Plant extracts are also an environmentally

interesting tool because they are biodegradable and have minimal side-effects on

non-target organisms, as well as on the environment [12].

Besides mosquito-borne diseases, cancers figure among the leading causes of

morbidity and mortality worldwide, with approximately 14 million new cases and

8.2 million cancer related deaths. Among men, the five most common sites of

cancer diagnosed in 2012 were lung, prostate, colorectum, stomach, and liver.

Among women, the five most common diagnoses were breast, colorectum, lung,
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cervix, and stomach cancer. More than 60 % of world’s total new annual cases

occur in Africa, Asia, and Central and South America. These regions account for

70 % of the world’s cancer deaths. It is expected that annual cancer cases will rise

from 14 million in 2012 to 22 million within the next two decades [13]. Liver cancer

is seen more often in men than in women. Most cases occur in people with certain

risk factors. Current anticancer chemotherapies based on alkylating agents,

antimetabolites, biological agents, and natural products frequently fail to produce

a complete anti-cancer response due to the development of drug resistance or their

failure to effectively differentiate between cancerous and normal cells. This

indiscriminate action frequently leads to systemic toxicity and debilitating adverse

effects in normal body tissues including bone marrow function suppression,

neurotoxicity, and cardiomyopathy, which greatly limits the maximal allowable

dose of the chemotherapeutic drug [14].

Nanoparticles have received considerable attention in recent years due to their

wide range of applications in the fields of diagnostics, biomarkers, cell labeling,

antimicrobial agents, drug delivery, cancer therapy, and mosquito control [15]. The

small nature of nanoparticles allows them to cross cellular membranes and their

high surface area to volume ratio can allow increased loading of therapeutics [16].

Among the inorganic NPs, ZnO nanoparticles are of particular interest because

they can be prepared easily inexpensive and safe material for human beings and

animals. Indeed, zinc oxide is non-toxic and chemically stable under high exposure

to high temperature and is capable of high photo-catalytic oxidation [17]. The

antibacterial activity of ZnO was tested and the effect was more pronounced with

the gram-positive than the gram-negative bacteria and also ZnO NPs exhibited a

preferential ability to kill cancerous HL-60 cells as compared with normal

peripheral blood mononuclear cells [18].

Various studies have shown that ZnO nanoparticles exhibit high degrees of

cancer cell selectivity with the ability surpass the therapeutic indices of some

commonly used chemotherapeutic agents in similar ex vivo studies. In addition, the

rapid elimination or widespread dissemination of the anticancer drug across non-

target tissues requires drug administration in large quantities which can further

complicate problems related to non-specific toxicity. Thus, there is an urgent need

to develop new classes of anticancer drugs with new modes of action that better

target cancer cells while sparing healthy tissues.

In recent times, it has been pointed out that the plant-mediated biosynthesis of

nanoparticles is advantageous over chemical and physical methods because it is

cheap, rapid, and environment-friendly. Also, it does not require high pressure,

energy, temperature, or the use of highly toxic chemicals. One of the green methods

of synthesis of nanoparticles is the utilization of various plants and their parts. The

various biomolecules present in the plant extract act as both reducing and capping

agents. Recently, a growing number of plants have been employed for efficient and

rapid extracellular synthesis of mosquitocidal nanoparticles [19].

The plant Myristica fragrans (Myristicaceae) is commonly found in South Asia

which is an evergreen tree reaching 20 m. M. fragrans, knows as nutmeg, has been

reported to contain 25–30 % of fixed oil and 5–15 % of volatile oil that is mainly

composed of phenylpropanoids with myristicin as the most abundant component
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[20]. Common activities attributed to the plant extract are antioxidant, antimicro-

bial, cytotoxic and anti-inflammatory effects. Antiparasitic properties have also

been reported and the effects of nutmeg essential oil on anisakis larvae have been

studied earlier [21]. In addition, there are several reports on the hepatoprotective

and anti cancer activity of myristicin and anti-inflammatory property of caryophyl-

lene, one of the main essential oil constituents. The leaf oil exhibits significant

antimicrobial and larvicide activity as well as cytotoxic activity against MCF-7

breast cancer cell line and A-357 epidermal skin cancer line [22].

In this study, we proposed the green-synthesis of zinc oxide nanoparticles as a

novel and effective tool against dengue vector A. aegypti and we also showed its

antiproliferative efficacy on HepG2 cells. ZnO nanoparticles were synthesized using

the M. fragrans leaf extract as reducing and stabilizing agent. ZnO nanoparticles

were characterized using a variety of biophysical methods including UV–vis

spectroscopy, dynamic light scattering analysis (DLS), zeta potential analysis,

fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), energy

dispersive X-ray spectroscopy (EDX), scanning electron microscopy (SEM),

transmission electron microscopy (TEM) and sorted for size categories. M. fragrans

leaf extract and green-synthesized ZnO nanorods were evaluated for larvicidal,

pupicidal and adulticidal toxicity against the primary dengue vector A. aegypti.

Moreover, the green-synthesized ZnONP were tested for apoptosis-induced activity

and related anti-proliferative efficacy in liver cancer cells, HepG2 cells.

Materials and Methods

Collection and Preparation of Plant Extracts

The leaves of M. fragrans were collected from Karumaloor (Aluva, India) and

allowed to dry at room temperature (28 ± 2 �C) for 5–7 days. The leaves were

grinded to powder using an electrical blender. 50 g of the powder was taken packed

using Whatman n. 1 filter paper (pore size 25 lm). The plant extract was obtained

from the leaves macerated with 250 ml of methanol for 8 h using a Soxhlet

apparatus with boiling point range of 60–80 �C. The extract was cooled to room

temperature and filtered. It was evaporated to dryness in a hot air oven and rest

stored for further experiments. One gram of the plant residue was dissolved in

100 ml of acetone considered as 1 % stock solution. From this stock solution,

concentrations were prepared ranging from 75, 150, 225, 300, and 375 ppm.

Green Synthesis of Zinc Oxide Nanoparticles

Zinc nitrate was used as a precursor material for nanoparticles synthesis. Zinc

nitrate was dissolved in de-ionized water under constant stirring. The 50 and 25 %

of plant extract was prepared with deionized water and the volume was made up to

250 ml. 50 ml of the zinc nitrate solution was added along with 20 ml of M.

fragrans leaves extract under constant stirring. The pH of the mixture was

maintained at 6. This mixture of the solution was kept under vigorous stirring at
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60 �C for 4–5 h in magnetic stirrer. After this process a green color precipitate was

obtained. This mixture was centrifuged at 2500 rpm for 15 min and the green

precipitate was discarded. The supernatant was stirred again at 2500 rpm for 15 min

along with distilled water twice. A pale white color solid precipitate was obtained.

The precipitate was washed with methanol and air-dried.

Characterization of Zinc Oxide Nanoparticles

Green synthesized zinc oxide nanoparticles were confirmed by sampling the

reaction mixture by UV–visible spectra analysis, FT-IR spectroscopy analysis using

Nicolet 5700 instrument (Nicolet Instrument, Thermo Company, USA) with KBr

pellet method, XRD analysis with a Philips PW 17291 powder X-ray diffractometer

with a voltage of 40 kV and current 25 mA where the scanning rate employed was

1� min-1 over the 10–80� 2h range, zeta potential analysis by means of zeta

potential analyzer (90 Plus Particle Size Analyzer, Brookhaven Instruments

Corporation, using zeta plus software), DLS analysis using a particle size analyzer

(90 Plus Particle Size Analyzer, Brookhaven Instruments Corporation) scanning

electron microscope (SEM) analysis using a SEM (JSM5600LV, JEOL, Japan)

operating at an accelerating voltage of 20 kV along with EDX and transmission

electron microscopic (TEM) analysis using a Philips CM120 TEM, transmission

electron microscope at a voltage of 80 kV.

Aedes aegypti Rearing

Eggs of A. aegypti were provided by the National Centre for Disease Control

(NCDC) field station of Mettupalayam (Tamil Nadu, India). Eggs were transferred

to laboratory conditions [27 ± 2 �C, 75–85 % R.H., 14:10 (L:D) light/dark

photoperiod] and placed in 18 9 13 9 4 cm plastic containers containing 500 ml

of tap water, waiting for hatching. Larvae were fed daily with a mixture of dog

biscuits (Pedigree, USA) and hydrolyzed yeast (Sigma-Aldrich, Germany) (3:1,

w/w). Larvae and pupae were collected, transferred to glass beakers filled with

500 ml de-chlorinated water, and tested in subsequent experiments [6]. Each glass

beaker contained about 50 mosquito pupae and was placed in a mosquito rearing

cage (90 9 90 9 90 cm, plastic frames with chiffon walls) until adult emergence.

Mosquito adults were continuously provided with 10 % (w:v) glucose solution on

cotton wicks. The cotton was always kept moist with the solution and changed daily.

Five days after emergence, females were supplied with a blood meal which was

furnished by means of professional heating blood (lamb blood), at a fixed

temperature of 38 �C and enclosed in a membrane of cow gut. After 30 min, the

blood meal was removed and a fresh one was introduced [23].

Larvicidal and Pupicidal Toxicity

Laboratory colonies of mosquito larvae/pupae were used for the larvicidal/pupicidal

activity. 25 A. aegypti larvae (I, II, III, or IV instar) or pupae were placed for 24 h in

a 500 ml glass beaker filled with 250 ml of dechlorinated water plus M. fragrans
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leaf extract (75, 150, 225, 300, and 375 ppm) and M. fragrans-synthesized zinc

oxide nanoparticles (2, 4, 8, 16 and 32 ppm) respectively. Larval food (0.5 mg) was

provided for each tested concentration. Each concentration was replicated five times

against all instars. The plant extract control was prepared by mixing 1 ml of acetone

with 249 ml of dechlorinated water. In NP control treatments, 25 larvae or pupae

were transferred in 250 ml of dechlorinated water. The control mortalities were

corrected by using Abbott’s formula [24].

Percentage mortality was calculated as follows:

Mortality %ð Þ¼ Number of dead individuals

Number of treated individuals
� 100

Adulticidal Toxicity

Adulticidal bioassay was performed following the method by [6, 25]. The M.

fragrans aqueous extract was tested at 60, 120, 180, 240 and 300 ppm, and zinc

oxide nanoparticles were tested at 6, 12, 18, 24 and 30 ppm. M. fragrans aqueous

crude extract and zinc oxide nanoparticles were applied on Whatman no. 1 filter

paper (size 12 9 15 cm) lining a glass holding tube (diameter 30 mm, length

60 mm). Control filter paper was treated with distilled water and zinc nitrate,

respectively. In each test, 20 A. aegypti females were gently transferred into another

glass holding tube. The mosquitoes were allowed to acclimatize in the tube for 1 h

and then exposed to test tube lined with treated or control paper for 1 h. At the end

of exposure period, the mosquitoes were transferred back to the original holding

tube and kept for a 24 h recovery period. A pad of cotton soaked with 10 % (w:v)

glucose solution was placed on the mesh screen at the top of the holding tube.

Cell Culture Conditions

Human liver cancer (HepG2) cells were procured from the National Centre for Cell

Sciences (NCCS, Pune, India). The cells were maintained and propagated in Eagle’s

minimum essential medium (EMEM) containing 10 % fetal bovine serum and then

incubated at 28 and 37 �C respectively, in 5 % CO2 humidified chamber.

Cytotoxic Assay

To evaluate the cytotoxicity of ZnO nanoparticles MTT experiments were carried

out. Confluent monolayers of HepG2 cells were grown in 96-well tissue culture

plates. Cells were incubated with different concentrations of zinc oxide nanopar-

ticles. Then, we examined cell viability, as the ability of the cells to cleave the

tetrazolium salt MTT [3-(4,5-dimethylthiazol-2ol)-2,5diphenyl tetrazoliumbro-

mide), Sigma Chem. Co. St. Louis, USA], by the mitochondrial enzyme succinate

dehydrogenase which develops a formazan crystal. Each concentration was

replicated three times. The 50 % cytotoxicity concentration (CC50) was needed as

the test compound concentration required for reduction of cell viability by 50 % and
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CC50 values were calculated. In the second experiment plating efficiency was

checked with the subtoxic dose of nanoparticles. HepG2 cells were used as control

for anti-proliferation assays.

Morphological Studies on HepG2 Cells

The HepG2 cells that were grown on cover slips (1 9 105 cells/cover slip) were

incubated for 6–24 h with ZnO at the IC50 concentration, and they were then fixed

in an ethanol: acetic acid solution (3:1; v/v). The cover slips were gently mounted

on glass slides for the morphometric analysis. Three monolayers per experimental

group were photo micrographed. The morphological changes of the HepG2 cells

were analyzed using Nikon (Japan) bright field inverted light microscopy at 940

magnifications.

Fluorescence Microscopic Analysis of Apoptosis

Approximately 1 lL of a dye mixture (100 mg/mL acridine orange (AO) and

100 mg/mL ethidium bromide (EtBr) in distilled water) was mixed with 9 mL of

cell suspension (1 9 105 cells/mL) on clean microscope cover slips. The cancer

cells were collected, washed with phosphate buffered saline (PBS) (pH 7.2), and

stained with 1 mL of AO/EtBr. After incubation for 2 min, the cells were washed

twice with PBS (5 min each) and visualized under a fluorescence microscope

(Nikon Eclipse, Inc., Japan) at 9400 magnification with an excitation filter at

480 nm. The percentage of apoptotic cells was determined using the following

formula:

Apoptotic cells %ð Þ¼ Total number of apoptotic cells

Total number of normal and apoptotic cells
� 100

40,6-Diamidino-2-phenylindole dihydrochloride (DAPI) Nuclear Staining

HepG-2 cells were treated with the above methods for 48 h and then fixed with

methanol/acetic acid (3:1, v/v) prior to washing with PBS. The washed cells were

stained with 1 mg/mL DAPI for 20 min in the dark. Stained images were recorded

with a fluorescent microscope with the appropriate excitation filter.

Data Analysis

SPSS software package 16.0 version was used for all analyses. Mosquito mortality

and cell apoptosis/growth inhibition data were analyzed by probit analysis,

calculating LC50 and IC50, respectively [26]. All cell viability data were transformed

into arcsine Hproportion values then analyzed using ANOVA, then means were

separated using Tukey’s HSD test. P\ 0.05 was used for the significance of

differences between means. P\ 0.05 was used for the significance of differences

between means.
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Fig. 1 UV-visible spectrum of zinc oxide nanorods biosynthesized using the Myristica fragrans leaf
extract

Fig. 2 Dynamic light scattering analysis of zinc oxide nanorods biosynthesized using the Myristica
fragrans leaf extract
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Results

UV–Visible Spectroscopy

The color change observed in the UV–vis spectrophotometer was due to the

Plasmon resonance phenomenon. The reduction zinc nitrate to zinc oxide obtained a

band around 350 nm, which was identified as surface Plasmon resonance band, and

ascribed to excitation of valence electrons of ZnO arranged in the nanoparticles. The

shape of the band was symmetrical, suggesting uniform scattering that also confirms

that particle existence and stability (Fig. 1).

Dynamic Light Scattering Analysis

It is also known as photon correlation spectroscopy, a technique used to determine

the size distribution profile of small particles in suspension or polymers in solution.

The measurement of DLS analysis depends on the size of surface structures, particle

concentration, and the type of ions in the medium. DLS result showed that particles

were poly dispersed in nature of an average size of about 100 nm in diameter

(Fig. 2).

Zeta Potential Analysis

Zeta potential is the electric potential in the interfacial double layer or the potential

difference between the dispersion medium and the stationary layer of fluid attached

to the dispersed particle. A value of 11 mV (positive) was obtained as the arbitrary

value that separates low-charged surfaces from highly-charged surfaces (Fig. 3).

The significance of zeta potential is that its value can be related to the stability of

colloidal dispersions.

Fig. 3 Zeta potential analysis of zinc oxide nanorods biosynthesized using the Myristica fragrans leaf
extract

Toxicity on Dengue Mosquito Vectors Through Myristica… 213

123



Fourier Transform-Infrared Spectroscopy

FT-IR gives information on the vibrational and rotational modes of motion of a

molecule and hence an important technique for identification and characterization of

a substance. The infrared spectrum of an organic compound provides a unique

fingerprint, which is readily distinguished from the absorption patterns of all other

compounds. The FT-IR spectrum of synthesized ZnO nanoparticles is shown in

Fig. 4.

Possible biomolecules responsible for the reduction of ZnO and capping agent of

bioreduced ZnONPs through particular bond vibrations peaks coming at definedwave

numbers was identified. The peak found around 2310 cm-1 showed the bond stretch

for C–N. Whereas, the vibration found at 1360 cm-1 denotes C–H stretching in ZnO

nanoparticles. From the analysis of FT-IR studies we confirmed that the carbonyl

groups from the amino acid residues and proteins has the stronger ability to bind metal

indicating that the proteins could possibly form themetal nanoparticles (i.e. capping of

zinc nanoparticles) to prevent agglomeration and thereby stabilize the medium.

Carbonyl groups proved that flavanones or terpenoids absorbed on the surface ofmetal

nanoparticles. It is also possible that the terpenoids play a role in reduction of metal

ions by oxidation of aldehydic groups in the molecules to carboxylic acids.

X-Ray Diffraction Analysis

XRD is a versatile, non-destructive analytical method for identification and

quantitative determination of various crystalline forms of compound present in

Fig. 4 Fourier transform-infrared spectroscopy analysis of zinc oxide nanorods biosynthesized using the
Myristica fragrans leaf extract

214 A. P. Ashokan et al.

123



powder and solid samples. That means X-rays can be diffracted from minerals

which, by definition, are crystalline and have regularly repeating atomic structures.

XRD is widely used for X-ray crystallography. XRD spectrum showed

diffraction peaks confirms that crystal structure of ZnO. The XRD patterns of

synthesized ZnO NPs clearly indicated the crystalline nature of nanoparticles with

various Bragg’s diffraction peaks at 18�, 25�, 36�, 59�, of 2h which corresponds to

Fig. 5 X-ray diffraction analysis of zinc oxide nanorods biosynthesized using theMyristica fragrans leaf
extract

Fig. 6 Energy dispersive X-ray analysis of zinc oxide nanorods biosynthesized using the Myristica
fragrans leaf extract
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the crystal planes of (100), (212), (110) and (102) (Fig. 5). Therefore, XRD results

also suggested that the crystallization of the bio-organic phase occurs on the surface

of the ZnO nanoparticles or vice versa. The results of XRD analysis are in

conformity with the available joint committee on powder diffraction standards

(JCPDS 36 1451).

FESEM Analysis Coupled with EDX

EDX coupled with SEM highlighted the presence ZnO nanorods. Further, the EDX

spectrum shows that the Zn atoms exhibited strong signal, along with small signal

exhibited from O atoms respectively. ZnO nanorods showed a typical absorption

peak at approximately 4 keV due to SPR phenomenon. Strong signals from the zinc

Fig. 7 Scanning electron microscopy of zinc oxide nanorods biosynthesized using the Myristica
fragrans leaf extract

Fig. 8 Transmission electron microscopy of zinc oxide nanorods biosynthesized using the Myristica
fragrans leaf extract

216 A. P. Ashokan et al.

123



and oxygen observed in EDX spectra confirmed the presence of elemental zinc

oxide (Fig. 6).

FESEM provided information on morphology and particle size of material. In the

present study, the size of the nanorods ranged from 100 to 200 nm and morphology

of particles was rod-like structure, probably due to the electrostatic attraction. The

average size of the nanoparticles was close to 100 nm as also confirmed by DLS

(Fig. 7).

Table 1 Larval and pupal toxicity of the Myristica fragrans aqueous leaf extract against the dengue

vector Aedes aegypti

Target LC50 (LC90) 95 % Confidential limit Regression equation X2

d.f. = 3
LC50(LC90)

LCL UCL

Larva I 162.03 (502.04) 120.61 (432.14) 193.11 (625.46) y = 0.611 ? 0.004x 2.8 n.s.

Larva II 194.11 (542.56) 158.13 (464.18) 224.89 (682.93) y = 0.714 ? 0.004x 1.9 n.s.

Larva III 240.1 (604.78) 207.53 (511.28) 275.60 (777.64) y = 0.844 ? 0.003x 0.7 n.s.

Larva IV 273.9 (660.96) 239.72 (550.57) 318.93 (874.48) y = 0.907 ? 0.003x 0.7 n.s.

Pupa 359.08 (803.52) 309.94 (642.89) 450.6 (1157.21) y = 1.035 ? 0.003x 0.1 n.s.

No mortality was observed in the control

LC50, lethal concentration (ppm) that kills 50 % of the exposed organisms; LC90, lethal concentration

(ppm) that kills 90 % of the exposed organisms; v2, Chi square; d.f., degrees of freedom; n.s., non-

significant (a = 0.05)

Table 2 Larval and pupal toxicity of zinc oxide nanorods synthesized using the Myristica fragrans leaf

extract against the dengue vector Aedes aegypti

Target LC50 (LC90) 95 % Confidential limit Regression equation X2

d.f. = 3
LC50(LC90)

LCL UCL

Larva I 3.44 (18.35) 1.37 (15.79) 5.02 (22.33) y = 0.295 ? 0.086x 1.3 n.s.

Larva II 5.25 (30.37) 2.23 (25.83) 7.64 (37.55) y = 0.268 ? 0.051x 1.3 n.s.

Larva III 8.02 (39.14) 4.72 (32.64) 10.8 (50.19) y = 0.330 ? 0.041x 2.74 n.s.

Larva IV 10.28 (44.07) 7.01 (36.37) 13.31 (57.61) y = 0.390 ? 0.048x 4.36 n.s.

Pupa 14.63 (51.22) 11.40 (41.73) 18.36 (68.6) y = 0.513 ? 0.035x 3.92 n.s.

No mortality was observed in the control

LC50, lethal concentration (ppm) that kills 50 % of the exposed organisms; LC90, lethal concentration

(ppm) that kills 90 % of the exposed organisms; v2, Chi square; d.f., degrees of freedom; n.s., non-

significant (a = 0.05)
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Transmission Electron Microscopy

TEM studies were performed to further confirm the size and morphology of the

synthesized ZnO nanoparticles. TEM micrographs showed that separate particles

with rod like shape and size distribution of about 100 nm (Fig. 8). These rod-like

particles were obtained due to the inter-particle interaction. It also confirmed that

the particles showed a porous nature.

Larvicidal and Pupicidal Toxicity

The results for larvicidal and pupicidal toxicity effect of M. fragrans leaf extract

was presented in Table 1, while Table 2 showed the larval and pupal mortality

evoked by green-synthesized ZnO nanorods on A. aegypti. Significant mortality of

all larval instars and pupae was evident post-treatment with low doses of ZnO

nanorods. 45 % mortality was noted for 1st instar larvae post treatment with 2 ppm

of ZnO nanorods. Mortality increased to 100 % mortality post treatment with

32 ppm. The same trend has been noted for all larval stages and pupae of A. aegypti

after exposure to different concentrations of ZnO nanorods. No mortality was

observed in the control. The LC50 and LC90 values for larval and pupal toxicity

ranged from 3.44 ppm (larva I) to 14.63 ppm (pupa).

Adulticidal Toxicity

The results about the adulticidal activity of M. fragrans leaf extract and

green synthesized ZnO nanorods against A. aegypti were presented in Table 3. At

higher concentrations, the adults showed restless movement for some time with

abnormal wagging and then died. The rates of mortality were directly proportional

to concentration. The LC50 and LC90 values of ZnO nanorods on A. aegypti were

15.004 and 34.2 ppm respectively.

Cytotoxic Assays

ZnO nanorods synthesized using M. fragrans were evaluated for their anti-

proliferative potential using MTT assays after 24 and 48 h from the treatment. The

Table 3 Adulticidal activity of the leaf extract of Myristica fragrans and green-synthesized zinc oxide

nanorods against the dengue vector Aedes aegypti

Treatment LC50 (LCL–UCL) LC90 (LCL–UCL) X2

d.f. = 3

Myristica fragrans leaf extract 180.26 (162.76–197.85) 368.93 (332.32–423.28) 0.97

ZnO nanorods 15.004 (13.03–16.75) 34.2 (30.79–39.30) 4.66

No mortality was observed in the control

LC50, lethal concentration (ppm) that kills 50 % of the exposed organisms; LC90, lethal concentration

(ppm) that kills 90 % of the exposed organisms; v2, Chi square; d.f., degrees of freedom; n.s., non-

significant (a = 0.05)
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nanoparticles inhibited the cancer cell proliferation in a dose-dependent and time-

dependent manner. From the growth curve, we calculated 22 and 20 lg/ml as the

inhibitory concentrations (IC50) for HepG2 cells, after 24 and 48 h, respectively

(Fig. 9). Phase contrast micrographs supported the MTT results as there was

decrease in cell density when treated with different doses of ZnO nanorods

synthesized using M. fragrans. High numbers of cells were found to be formless,

detached and floating at higher concentrations of ZnO in the treated cells.

Fig. 9 Inhibitory activity of zinc oxide nanorods biosynthesized using theMyristica fragrans leaf extract
on HepG2 cells

Fig. 10 Morphological analysis of ZnO nanorod-treated HepG2 cells; the arrows indicate membrane
blebbed cells
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Morphological Analysis

Selected cancer cells were incubated with ZnO nanorods synthesized using M.

fragrans (Fig. 10). The membrane blebbing and alterations induced by ZnO

nanorods synthesized using M. fragrans were observed at the IC50 concentration

after 24 and 48 h of exposure. Similarly, prolonged exposure to ZnO nanorods

synthesized using M. fragrans at the same concentration resulted in shrinkage and

blebbing of the cell membrane. On the other hand, untreated control cells did not

show any adverse effect.

AO/EtBr and DAPI Staining

No aggregation of ZnO nanorods synthesized using M. fragrans was observed

during the assay because most of the ZnO was dissolved at these low concentrations.

After the treatment with IC50 concentration of zinc nanorods, the induction of

apoptosis was assessed for HepG2 cells by fluorescence microscopy stained with

acridine orange/ethidium bromide (AO/EtBr). The acridine orange penetrated the

normal cell membrane and the cells were observed as green fluorescence; whereas

in apoptotic cells and apoptotic bodies observed a nuclear shrinkage, nuclear

damage and blebbing as orange colored bodies (Fig. 11). Necrotic cells were

Fig. 11 AO/EtBr staining assay of ZnO nanorod-treated HepG2 cells: a control; in b, c and d cells were
treated with 10, 20 and 30 lg/ml of ZnO nanorods, respectively
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observed as red color fluorescence due to their loss of membrane integrity when

viewed under a fluorescence microscope. Similarly nuclear dye DAPI also exhibits

nuclear fragmentation in treated cells (Fig. 12). The loss of cell adherence property

and severe membrane disintegration were found in HepG2 cells treated with zinc

oxide nanoparticles. This further confirms that particle induced detachment of cell

through activating membrane precipitating proteins.

Discussion

Nowadays, human and environmental safety is considered to be of paramount

importance. Phytochemicals are relatively safe, inexpensive, and readily available

in many parts of the world. Several plants are used in traditional medicines for the

mosquito larvicidal activities in many parts of the world [13]. The ethno-

pharmacological approaches used in the search of new bioactive toxins from plants

appear to be predictive compared to the random screening approach. Mosquito

control is being strengthened in many areas, but there are significant challenges,

Fig. 12 DAPI staining assay of ZnO nanorod-treated HepG2 cells; a control; in b, c and d cells were
treated with 10, 20 and 30 lg/ml of ZnO nanorods, respectively
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including an increasing mosquito resistance to insecticides and a lack of alternative,

cost-effective, and safe insecticides [8, 13].

ZnO nanorods have some excellent properties like exceptional mechanical

strength, antistatic, antibacterial, and UV absorption properties. In agreement with

our results, the UV–visible absorption spectrum of the ZnO nanoparticles green

synthesized using the leaf extract of Tamarindus indica obtained a peak at 369 nm

[27]. Also, the UV–visible absorbance of M. fragrans seed extract showed

absorbance at about 240 and 320 nm indicating the presence of proteins and phenols

in the extract respectively [28]. XRD confirms the presence of ZnO in the

synthesized material and their crystalline nature. Recently, zinc oxide nanoparticles

green synthesized using Hibiscus rosa-sinensis showed main peaks at 2h value of

31.73�, 34.38�, 36.22�, 47.50�, 56.56�, 62.81�, 66.34�, 67.91�, 69.03�, 72.6� and

76.90� which correspond to pure ZnO [29]. In our study we have obtained the ZnO

nanorods with crystalline structure confined with respective 2h range value.

Furthermore, we have obtained FTIR spectral value showing stretching at

2310 cm-1 highlighting C–N stretching, and one stronger vibration at 1360 cm-1

denoting the C–H stretching in ZnO nanorods. The FTIR spectrum of M. fragrans-

fabricated metal nanoparticles also showed sharp absorption peaks at 1635 and

3430 cm-1, assigning to C–N stretching in proteins and OH stretching in alcohols

and phenolic compounds respectively [28]. In addition, main peaks in the FT-IR

spectrum of T. indica-mediated ZnO nanoparticles were observed at 3419, 2924,

1739, 1423, 1111, 1049, 873, 518 and 478 cm-1 respectively indicates the presence

of O–H stretching alcohol group, C–H stretching alkane group, C=O stretching

aldehydes group, C–C stretching aromatics group, C=N stretching aliphatic amines

and =C=H bend in alkenes group [27].

FESEM study provides the information on morphology and particle size of

material. SEM micrographs of green synthesized ZnO nanorods showed main

particle size of 100 nm [30]. Earlier SEM reports showed the synthesis of spherical

and rod-like shapes with sizes of 50–60 nm [31]. In the EDX spectrum, Zn atom

exhibited strong signal, along with Zn atom the small signal was exhibited from Ca,

K and O atoms respectively, which may be linked to the presence of carbohydrates

and proteins present in the plant extract [27]. The EDX studies showed main peaks

between 1 and 10 kV showing the presence of elemental Zn atoms [30].

The size distribution analysis of porous ZnO nanorods showed that the particle

size ranged from 50 to 60 nm of rod shape. TEM images of the synthesized ZnO

showed the center of a tetrapod to the tip of a rod, where the thickness of the rod

was uniform (68 nm). In addition, rod-like ZnO had similar characteristics with that

of tetrapod-like ZnO [31]. TEM analysis of green Ag nanoparticles synthesized

using M. fragrans seed extract were predominantly spherical in shape, distributed

with a size range of 7–20 nm [28].

Our mosquitocidal experiments showed that M. fragrans-synthesized ZnO

nanorods had high larvicidal, pupicidal and adulticidal activity against the dengue

and Zika virus vector A. aegypti. Recently, a growing number of botanicals have

been tested as reducing and capping agents for the production of nanoformulated

mosquitocides. However, most of the reports focused on the synthesis of Ag and Au

nanoparticles. For instance, Ag nanoparticles biosynthesized using the seed extract
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of Moringa oleifera were highly effective against A. aegypti young instars, with

LC50 of 10.24 ppm (I), 11.81 ppm (II), 13.84 ppm (III), 16.73 ppm (IV) and

21.17 ppm (pupae) compounds [32]. Phyllanthus niruri-synthesized Ag nanopar-

ticles were also highly effective in laboratory experiments conducted against A.

aegypti larvae, with LC50 of 3.90 ppm (I), 5.01 ppm (II), 6.2 ppm (III), 8.9 ppm

(IV), and 13.04 ppm (pupae) [6].

However, only moderate knowledge is available about toxicity of ZnO

nanoparticles against arthropod pests. Green synthesized zinc oxide nanoparticles

were toxic to Rhipicephalus microplus and Pediculus humanus capitis and the

larvae of Aedes subpictus and Culex quinquefasciatus showed LC50 values of 29.14,

11.80, 11.14, and 12.39 mg/L, respectively [33].

More generally, a wide number of botanicals have been recently screened as

toxic agents against A. aegypti. For instance, the Citrus hexane leaf extracts showed

moderate larvicidal efficiency on the dengue vector. The bioassays showed LC50

and LC90 values of 446.84 and 1370.96 ppm, respectively, after 24 h of exposure.

However, the extracts were irritant against adult A. aegypti [34]. Another study on

A. aegypti showed LC50 of 204.87, 264.26, 342.45, 436.93 and 497.41 ppm,

respectively (from first to fourth instar larvae and pupae) [35]. The larval and pupal

mortality of A. aegypti after the treatment of orange peel ethanol extract of C.

sinensis were observed. The LC50 and LC90 values were represented as follows:

LC50 value of first instar was 204.87 ppm, second instar was 264.26 ppm, third

instar was 342.45 ppm and fourth instar was 436.93 ppm, respectively. The LC90

value of first instar was 509.72 ppm, second instar was 607.02 ppm, third instar was

734.98 ppm and fourth instar was 891.63 ppm, respectively. The LC50 value of

pupae was 497.41 ppm, and the LC90 value of pupae was 938.06 ppm, respectively

[36].

The ZnO nanorods produced in this study also showed high adulticidal

effectiveness. In agreement with our results, P. niruri-fabricated nanoparticles

had LC50 and LC90 of 174.14 and 6.68 ppm and 422.29 and 23.58 ppm on A.

aegypti, respectively. Furthermore, also a number of botanical products are able to

exert high mortality rates against mosquito adults [6]. The root extract of Valeriana

jatamansi exhibited adulticidal activity on adult A. stephensi, A. culicifacies, A.

aegypti, A. albopictus and C. quinquefasciatus with LC90 of 0.14, 0.16, 0.09, 0.08

and 0.17, and 0.24, 0.34, 0.25, 0.21 and 0.28 mg/cm2, respectively [37]. High

adulticidal effect was found for Piper sarmentosum, followed by P. ribesoides and

P. longum, with LD50 of 0.14, 0.15 and 0.26 lg/female, respectively [38]. Testing

the C. sinensis extract, the LC50 and LC90 values were 272.19 and 457.14 ppm,

A. stephensi; 289.62 and 494.88 ppm, A. aegypti; 320.38 and 524.57 ppm,

respectively [36]. In addition, M. fragrans biosynthesized silver nanoparticles also

showed antimicrobial activity against both Gram-negative (E. coli) and Gram-

positive (S. aureus) bacteria [28]. Earlier studies reported that the aqueous extract of

M. fragrans showed no growth inhibition on E. coli and S. aureus [39].

In our anticancer assays, the cytotoxicity of ZnO nanorods was dose-dependent.

Similarly, three types of cancer cells HepG2, A549 and BEAS-2B were suppressed

by the effect of ZnO nanoparticles, while normal rat astrocytes and hepatocytes

were not affected [40]. The nano-sized ZnO was found more cytotoxic than the
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micrometer-sized ZnO with LC50 values of 15 ± 1 and 29 ± 4 lg, respectively
[41]. Prolonged exposure to ZnO nanoparticles at 10 lg ml results in decreased

mitochondrial activity, loss of normal cell morphology, and disturbances in cell

cycle distribution [42]. A-375 cells were studied for the comparative morphology of

untreated and treated ZnO nanoparticles. Morphological changes in cells started to

become visible after exposure to 5 lg/ml ZnO nanoparticles for 24 h. Cells treated

with 10 lg/ml ZnO nanoparticles after 48 h changed into a spherical shape and

detached from the surface. The morphology of the A-375 cells exposed to ZnO

nanoparticles had consistent membrane damage in their cytotoxicity results. The

A-375 cells treated with 5, 10, and 20 lg/ml concentrations of ZnO nanoparticles

for 24 and 48 h showed the activity of caspase-3 increased in a concentration-

dependent and time-dependent manner [43]. As a result of their small size,

nanoparticles may offer other advantages to the biomedical field through improved

biocompatibility [44].

The possible mechanisms for the cytotoxicity of the cells were reactive oxygen

species production, dissolution, and release of toxic cations, lysosomal damage, and

inflammation against ZnO nanoparticles [45]. The soluble fraction of ZnO

nanoparticles exerted a higher toxic effect in the insoluble form when compared

to that of the same amount of ionic zinc ions. The ZnO nanoparticle toxic action can

be linked to a chemical effect and/or stress or stimuli caused by the peculiar

physical characteristics of the nano-state [46]. The loss of cell adherence property

and severe membrane degradation were found in human breast cancer cells treated

with nanoparticles. This further confirms that particle induced detachment of cell

through activating membrane precipitating proteins. The mechanisms for ZnO

nanoparticles induced toxicity may be related with oxidative stress, DNA damage

and induction of apoptosis [47]. In our observation, we have determined an IC50 of

20 lg/ml on liver cancer cells with nuclear shrinkage, nuclear damage and

membrane blebbing.

Overall, the biosynthesized ZnO nanoparticles have a good multipurpose

potential, to function as natural selective killers on highly proliferating cancer

cells [48, 49], with special reference to HepG2 cells. In conclusion, although the

application of zinc oxide nanoparticles in cancer therapy looks intriguing and

exciting, specific tumor cell targeting will be essential (e.g., nanoparticles

functionalization with cellular ligands) because these nanoparticles are killers of

all rapidly proliferating cells, irrespective of their benign or malignant nature.

Therefore, further research on this issue is urgently needed.
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