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Copper nanoparticles (CuNPs) are used in a range of industries such as 

semiconductors, catalysts, sensors, and antimicrobial agents. While there are 

already studies on its possible genotoxicity, few of these reports evidence in vivo. 

Copper nanoparticles (CuNPs) were prepared via chemical reduction and 

characterized by electronic transmission microscopy (TEM) and X-ray diffraction. 

Drosophila melanogaster (D. melanogaster) were reared on  CuNPs, and Cu+2 (as 

CuSO4) treated food from egg to egg stage. The total number of progeny, percentage 

of aberrant phenotypes, oxidative stress, and gene expression of heat shock protein-

70 (Hsp70) and superoxide dismutase 2 (Sod2) were investigated. Results showed 

that the acute exposure of CuNPs did not affect the fly’s survivorship, unlike Cu+2, 

which showed higher toxicity. Chronic exposure of D. melanogaster to CuNPs (100 

ppm) and Cu+2 (50 and 100 ppm) resulted in a delay in the development of three 

consecutive generations. Furthermore, the ingestion of Cu+2 and CuNPs during early 

developmental stages caused a dose-dependent reduction in the number of 

emerged flies. CuNPs and Cu+2 treatments resulted in distinctive phenotypic 

aberrations, such as deformed wings transmitted to the offspring in subsequent 

generations. Finally, CuNPs and Cu+2 treatments caused downregulation of the Sod2 

gene and upregulation of the Hsp70 gene in the second and third generations. This 

study indicated that CuNPs are mutagenic for D. melanogaster. So, it is necessary to 

evaluate CuNPs toxicity to reduce human health-related issues.  
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1. Introduction  
   Nanoparticles (NPs) (particle diameter <100 nm) show 

exceptional physical properties (optical, electrical, and 

magnetic), making them more attractive for commercial 

and medical applications [1, 2]. 

 

  

On the other hand, NPs have great potential to 

migrate through living cells. Therefore, the 

widespread and diverse use of nanomaterials will pose 

high risks to ecosystems and humans if not properly 

managed [3, 4]. 
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Therefore, nanotoxicology has been defined to bridge 

the knowledge gap and study the mechanisms and 

properties of toxicity of nanomaterials in biological 

systems [5]. 

    Copper nanoparticles (CuNPs) have received much 

interest due to their unique physicochemical properties 

and low fabrication cost [6]. CuNPs are extensively used in 

electronics and metallic inks due to their optical, 

electrical, catalytic, and antimicrobial properties [7-9]. 

CuNPs have various applications, which increase, in turn, 

their environmental exposure [10, 11]. Therefore, the 

bioaccumulation and toxicity of CuNPs have been 

reported in plants [12] and animals such as rainbow trout 

(Oncorhynchus mykiss), zebrafish (Danio rerio) [13], 

nematode (Caenorhabditis elegans), algae, daphnia [14], 

and Drosophila melanogaster [15]. 

   D. melanogaster offers a vital choice organism in 

toxicology studies because of the reasonable 

understanding of its genetics, short lifespan, and low 

maintenance cost. In addition, the molecular pathways 

and behavioral and developmental parameters can be 

assessed using this model in different assays, allowing a 

logical classification of the toxicity levels of different 

nanoparticles [16].  

   Despite the extensive study of the toxicity of NPs, there 

are only limited studies about CuNPs. In the current 

study, The effect of CuNPs on phenotype, oxidative 

stress, and gene expression heat shock protein-70 

(Hsp70) and superoxide dismutase 2 (Sod2) in D. 

melanogaster were investigated.  

   Oxidative stress was considered one of the primary 

causes of nanotoxicity and was stated to be used as a 

biomarker for evaluating the toxic effects of NPs [17, 18]. 

CuNPs are thought to induce oxidative stress by 

disrupting enzyme activity such as catalase (CAT), 

superoxide dismutase (SOD), and glutathione-S-

transferase [19, 20]. 

   The expression of heat shock proteins correlates with 

the general response to shock in the animal kingdom. 

Induction measurement of the heat shock protein, 

Hsp70, has been suggested as a valuable technique for 

toxicology assessment and environmental monitoring for 

several stress factors, including anoxia, heavy metals, 

teratogens, and heat, have been demonstrated [21]. 

These environmental issues necessitate a rigorous 

assessment of the toxic effects of CuNPs, which 

negatively affect human and environmental                    

health [22]. 

 2. Materials and Methods 

2.1 Synthesis of copper nanoparticles   

   The CuNPs were synthesized by the chemical reduction 

method [23]. CuSO4.5H2O was used as precursor salt and 

ascorbic acid as a reducing agent. ten mL of 0.1 M CuSO4 

solution was added to 500 mL of 0.2 M ascorbic acid 

solution. Subsequently, 30 mL of 1 M NaOH solution was 

added dropwise with constant stirring and heating at 80 °C 

for two hours. The latter obtained ocher solution was then 

allowed to settle overnight. CuNPs were collected via 

centrifugation at 16000 rpm for five minutes, washed with 

ethanol three times, then dried.  

2.2 X-Ray Diffraction analysis 

   X-Ray Diffraction (XRD) for the CuNPs was performed in 

the National Research Centre, Giza, Egypt, using RIGAKU 

Japan/ULTIMA-IV diffractometer. The powdered sample 

was subjected to X-ray with CuKα radiation, λ = 0.154 nm, 

with 2θ in the range of 10°–80° and a scanning rate of 2° 

per min. 

2.3 Transmission Electron Microscopy (TEM) 

   The particle size and morphology of CuNPs were studied 

by TEM imaging using a Hitachi H-7600 tungsten-tip 

instrument at an accelerating voltage of 100 kV. In brief, 

about100 μg  CuNPs were suspended in one mL of water. 

Then 5μL of  CuNPs suspension was deposited onto 

formvar/carbon-coated copper TEM grids. The AMT 

software for the digital TEM camera was calibrated for the 

size measurement of the nanoparticles.  

2.4 Drosophila Culture and Procedures 

   The flies and larvae of wild-type D. melanogaster (strain 

Oregon-R) were cultured at 24 °C ± 1 on standard 

Drosophila sterile food containing per one liter (8.9 g agar, 

76.5g cornmeal, 24g glucose, 77.5g sucrose, 27g yeast, and 

5 mL propanoic acid). Fifty adult flies (20 males and 30 

females) were added to glass vials containing Drosophila’s 

prepared media for multiplication. After two weeks, adults 

were transferred to new vials to keep the cycle going. 

2.5 Acute toxicity of CuNPs and Cu+2  

   Standard Drosophila’s media containing CuNPs or Cu+2 

with different concentrations (50, 100, 250, 500, 1000, 

2000, and 4000 ppm) were prepared by mixing the culture 

medium with the proper amount of either CuNPs or CuSO4 

solution. Acute toxicity of CuNPs and Cu+2 on D. 

melanogaster was evaluated by incubation of 15 male wild-

type flies (to avoid laying eggs and hatching of new flies) on 

a medium with normal, CuNPs, and Cu+2 containing media; 

then dead adults were scored daily for eight days. All 

treatments were done in three replicates. 
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Fig.1 Exprerimental design: chronic exposure of D. melanogaster to CuNPs or Cu+2 (50 and 100 ppm) 

 

2.6 Chronic toxicity of CuNPs and Cu+2  

   Chronic toxicity of CuNPs and Cu+2 was assessed by 

treating the flies through the entire life cycle (eggs-to-eggs). 

Briefly, a group of 20 flies (10 males and 10 females) was 

transferred to vials containing normal, CuNPs, and Cu+2 

treated food with known concentrations (50 and 100 ppm). 

After five days of laying eggs, the parent flies were removed. 

Then the life cycle development, number of successfully 

emerged adults, percentage, and types of abnormal   

phenotypic   changes   were   assessed   in three  

 subsequent generations (F1, F2, and F3) [24]. 

2.7 Chronic effects of CuNPs and Cu+2 exposure  

   As summarized in Fig. 1, the adult flies of F1, F2, and F3 

of control and treated groups were examined for any 

phenotypic changes under a stereomicroscope 

(OLYMPUS Co., Japan). For next-generation, flies with 

normal phenotypes (10 male and 10 female) were 

randomly selected, transferred to a new media 

(containing the respective food), and cross-mated. Each 

treatment was carried out in triplicates.  

 

 

 

2.8 Enzyme Activity Assay 

2.8.1 Sample preparation 

Biochemical assays were performed to determine SOD and 

CAT activity levels in addition to lipid peroxidation assay in 

treated versus untreated third instar D. melanogaster 

larvae. Briefly, 10 mg of the larvae were homogenized in 5 

mL cold 100 mM potassium phosphate buffer, pH 7.0, 

containing 2 Mm EDTA/ gram tissue. The solution was 

centrifuged at 4000 rpm for 15 min at 4 °C. The aqueous 

upper layer was collected and kept at a temperature from 

   0 to 4 °C for immediate assay [25]. Experiments were 

run in triplicate; the mean was used for statistical 

analyses. 

2.8.2 Superoxide dismutase (SOD) activity assay 

   Superoxide dismutase activity was determined by 

recording the inhibition of phenazine methosulphate-

mediated reduction of nitro blue tetrazolium dye [26]. 

Phosphate buffer (50 mM, pH 8.5), nitro-blue 

tetrazolium  (1 mM), and NADH (1 mM) were mixed in a 

ratio (8:1:1) to   form   a   mixture solution. one mL of the 
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Table 1 Sequences of the primers used in the present study. Primers were designed using NCBI primer design tool. 

Gene name  Forward (5- > 3) Reverse (5- > 3) 

RPL32 GCCCAAGGGTATCGACAACA GCGCTTGTTCGA TCCGTAAC 

Sod2 GAGGGACGCACGTTCTTGTA ATCTAAATGCCGCCGAGGAG 

Hsp70 GAGCACGATGTCGTGGATCT AGAGGACATGAAGCACTGGC 

 

mixture solution was mixed with 0.1 mL of either deionized 

water or sample extract.  Adding 0.1 mL (0.1 mM) phenazine 

methosulphate initiate the reaction. The nitroblue 

tetrazolium dye reduction rate was monitored for 5 min at 

560 nm. Following the addition of the sample, the decrease  

in absorbance was monitored. The SOD activity was 

determined according to the following equations:  

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 % =  
𝛥 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 −  𝛥 𝑠𝑎𝑚𝑝𝑙𝑒

𝛥 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 𝑥 100 

𝐸𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑈/𝑔𝑚 𝑡𝑖𝑠𝑠𝑢𝑒

= (𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 % 𝑥 3.75) 𝑥 (
1

𝑡𝑖𝑠𝑠𝑢𝑒 𝑤𝑒𝑖𝑔ℎ𝑡
) 

Δ control and Δ sample are the change in absorbance of 

control and sample, respectively.  

2.8.3 Catalase (CAT) activity assay 

   The CAT activity was determined by measuring H2O2 (5 

mM) decomposition by the enzyme [27]. It was monitored by 

adding an aliquot ( 50μL) to the sample, followed by the 

addition of chromogen inhibitor, peroxidase, and 4-

aminoantipyrine. The solutions were incubated for 10 min 

at 37°C and read at 510 nm. The CAT activity was 

determined according to the following equation: 

𝐸𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑈/𝑔𝑚 𝑡𝑖𝑠𝑠𝑢𝑒

=  [
𝐴𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑  − 𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
]  𝑥 

1

𝑡𝑖𝑠𝑠𝑢𝑒 𝑤𝑒𝑖𝑔ℎ𝑡
 

Astandard and Asample are the absorbances of the standard and 

sample, respectively.  

2.8.4 Lipid Peroxidation  

   Lipid peroxidation assay was done by [Thiobarbeturic acid 

(TBA) reactive substances] TBARS assay method [28]. TBA 

reagent (containing 0.037g TBA, 15% TCA, and 0.24N HCl 

per 10ml) was mixed with 100 µL of the larvae extracts or 

Malondialdehyde (MDA) standard. The reaction mixture  

 was boiled for 15 minutes, and the absorbance was 

determined at 532nm. The concentration of MDA in the 

samples was calculated using the standard MDA curve. 

2.9 Gene expression analysis by real-time PCR 

   Changes in the expression profiles of heat shock 

protein-70 and superoxide dismutase-2 were 

determined using Real-time quantitative PCR (RT-qPCR). 

Total RNA was extracted from a group of 10 third instar 

treated and untreated larvae of D. melanogaster using 

miRNeasy Mini Kit (Qiagen, Valencia, CA). RNA quality 

and quantity were verified using Thermo Scientific™ 

NanoDrop 2000.  

   cDNA was synthesized using one μg of total RNA using 

Transcriptor First Strand cDNA Synthesis Kit (Roche, US) 

and stored at -20 ºC till further use. The resulting cDNA 

was amplified using Real-Time PCR analysis. SYBR green 

technology was used to assess the relative expression of 

the selected genes using the PowerUp SYBR green 

master mix. 60S ribosomal protein L32 (RPL32) was used 

as a housekeeping gene.  

   For each gene, one μL (20 ng) of cDNA, one μL forward 

primer, one μL reverse primer, 10 μL SYBR green master 

mix were mixed and diluted to 20 μL using deionized 

water. Reaction conditions for all genes were: pre-

incubation for 5 min at 95 °C, one cycle, and the 

amplification was set for 45 cycles (10 s at 95 °C, 15 s at 

61 °C, 72 °C for 25 s). primer sequences used in the 

present study are presented in Table 1. 

2.10 Statistical analysis  

   The experiment was designed with three replicates for 

each test. One-way ANOVA followed by post-hoc 

multiple comparisons. Data were calculated as mean 

±standard error. Significance was ascribed at P ≤ 0.05. 

 

 

 

3. Results 

3.1 Characterization of CuNPs  

   X-Ray Diffraction was performed to confirm the 

crystallinity of the nanoparticles. XRD diffractogram (Fig.2A) 

reveals typical Bragg diffraction peaks of cubic Cu crystals. 

The absence of impurity peaks and high peak intensity 

indicate that these CuNPs are pure and crystalline 

  

The diffraction pattern represents specific peaks for pure 

Cu at 2θ values of 43.29°, 50.41°, and 74.07° (reference 

code. 01-071-4610). Also, TEM was used to identify the 

sizes and shape of CuNPs. The TEM image (Fig. 2B) 

reveals the prism shape of CuNPs, whose size range from 

13 to 20 nm.  
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Fig. 2A X-ray diffraction pattern of synthesized CuNPs. The 

diffraction pattern represents specific peaks for pure 

Cu at 2θ values of 43.29°, 50.41°, and 74.07 

Fig. 2B TEM image of synthesized CuNPs reveals the 
spherical shape of CuNPs with a particle size 
range from 13 to 20 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The number of flies survived after oral administration of different concentrations of Cu+2 compared to control. The 
50, 100, 250, and 500 ppm concentrations showed no acute toxicity. At 1000 ppm Cu+2 concentration,  the number 
of surviving adults significantly decreased to 7 (46.6%). The 2000 and 4000 ppm concentrations resulted in the death 
of all flies after 7 and 6 days, respectively. Data analyzed represent mean ± standard deviation and error bar 

 

 

3.2 Acute toxicity 

   The copper ion Cu+2 caused acute toxicity at 1000, 

2000, and 4000 ppm, while the concentrations of 50, 

100, 250, and 500 ppm did not show acute toxicity. As 

shown in (Fig. 3),  the number of surviving adults 

decreased significantly to 46.6% after exposure to a 

concentration of 1000 ppm for eight days.  

 Concentrations of 2000 and 4000 ppm resulted in the 

death of all flies after 7 and 6 days, respectively. In 

contrast, CuNPs did not affect the fly’s survivorship and 

showed no apparent negative impact on adult physical 

activity up to 4000 ppm for eight days. So, CuNPs 

showed no acute toxicity on D. melanogaster within 

the used concentrations.  

 

 

 

3.3 Chronic toxicity 

   D. melanogaster adults were exposed to CuNPs and 

Cu+2 for three generations to evaluate the chronic 

effects   of   CuNPs   and  Cu+2 on the life cycle, the total 

  

number of emerging adult flies, morphological changes, 

levels of oxidative stress markers, and the expression 

of stress-associated genes. 
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Fig. 4A The life cycle of first-generation (F1) D. melanogaster treated with different concentrations of CuNPs 
and Cu+2, IL: Instar Larvae. B The life cycle of the second generation (F2) of D. melanogaster treated 
with different concentrations of CuNPs and Cu+2. IL: Instar Larvae. (∗) means Significantly different 
from the values of the control group at p < 0.05 

 

Viability (egg-to-adult) was first determined to choose 

suitable doses to further experiments. The 500 ppm and 

250 ppm concentrations of Cu+2 and 500 ppm of CuNPs 

caused the death of a large percentage of larvae. The 

surviving larvae were not developed into the adult fly. 

So, the experiment was continued with the lower 

concentration for both   Cu+2 and CuNPs, i.e., 50 and 100 

ppm. 

3.4 Chronic effects on the life cycle of flies 

   After the flies laid their eggs in each vial, the 

development time was monitored in each vial 

compared   to   normal   development   in control. In all  

 generations, there was a significant delay in 

development found at 100 ppm CuNPs and both 

concentrations in Cu+2 treated flies (Fig. 4A & B). The 

first, second, and third instar larvae were observed in 

the untreated flies after 48+4, 72+2, and 96+5 hours. 

The pupa appeared within 144+4 hrs, and the adult 

flies started to hatch after 168+8 hrs.  

    After treatment, the developmental delay started to 

appear during the third larval instar in the first 

generation and the first larval instar in the second and 

third generations and continued until adulthood. Besides, 

Cu+2 causes more developmental delay than CuNPs.  
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Fig. 5 Effect of chronic CuNPs and Cu+2 administration on the percentage of emerging adult flies to control. The percentage 
of emerging adult flies in the first generation was reduced to 87%, 58%, 97%, and 90% for 50 and 100 ppm Cu+2 and 
50, 100 ppm CuNPs, respectively. In the second generation, the percentage of emerging adult flies was reduced to 
82%, 36%, 88%, and 77% for 50 and 100 ppm Cu+2 and 50, 100 ppm CuNPs, respectively. In the third generation, the 
percentage of emerging adult flies was reduced to 71%, 30%, 80%, and 38% for 50 and 100 ppm Cu+2 and 50, 100 
ppm CuNPs, respectively. (∗) means Significantly different from the values of the control group at p < 0.05 

 

 

 

 

3.5 Chronic effects on the emerged adult flies 

   This assay determines the percentage of flies that 

successfully developed from the pupal stages. The 

number of emerged adults was calculated as a 

percentage of the control group of the same 

generation. Results showed that the ingestion of Cu+2 

and CuNPs during the egg-to-adult development caused 

a dose-dependent reduction in the number of emerging 

adults. As shown in Fig. 5, the percentage     of     

emerging   adult    flies   in the first generation was  

 reduced to 87%, 58%, 97%, and 90% for 50 and 100 

ppm Cu+2 and 50, 100 ppm CuNPs, respectively. In 

the second generation, the percentage of emerging 

adult flies was reduced to 82%, 36%, 88%, and 77% 

for 50 and 100 ppm Cu+2 and 50, 100 ppm            

CuNPs, respectively. In the third generation,            

the percentage of emerging adult flies was reduced 

to 71%,  30%, 80%, and 38% for 50 and                      

100 ppm Cu+2 and 50, 100 ppm CuNPs,       

respectively. 

 

 

 

 

3.6 Chronic effects on adult fly morphology   

   The morphological analysis of the different adult 

structures revealed some morphological alterations in 

the fly’s wings because of CuNPs and Cu+2 exposure 

(Figs. 6,  7 & 8). For further evaluation of the chronic 

effects of CuNPs and Cu+2 administration in the 

subsequent generations (F1, F2, and F3), flies were 

screened for phenotypic changes. As shown in (Fig. 6), 

in the 1st generation, the percentage of mutated flies 

was mild as 2.4%, 0.4%, 1.3%, and 0.9% in 50, 100 ppm  

  

CuNPs, and 50, 100 ppm Cu+2, respectively,compared 

with the control, which showed no mutations. In the 

second generation, the mutations were 0.4%, 4.8%, 

3.3%, 3.2%, and 1.3% in the control, 50, 100 ppm 

CuNPs, 50 and 100 ppm Cu+2 respectively. In the third 

generation, the mutations were raised to 13.12%, 

8.14%, 3.2%, and 2.4% in 50, 100 ppm CuNPs, 50 and 

100 ppm Cu+2, respectively, while the control group 

showed only 0.6 % mutations. 
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Fig. 6 Percentage of mutant phenotypes observed in the progeny arising from D. melanogaster treated with Cu+2 and 

CuNPs. (∗) means Significantly different from the values of the control group at p < 0.05 
 
 

 
 

Fig. 7 Representative images of mutant phenotypes observed in the 2nd generation progeny arising from flies treated with 
CuNPs and Cu+2. Several wings’ deformations were shown. (A) wing deformation in fly treated by 50 ppm CuNPs 
(B) lethal mutation (necrosis) in the fly’s wings exposed to 100 ppm CuNPs (C) Drosophila wing venation in 50 ppm 
Cu+2 treatment (D) lethal mutation (necrosis) in the fly’s wings exposed to 100 ppm Cu+2 

 
 

 
 

Fig. 8 Representative images of mutant phenotypes observed in the 3rd generation progeny arising from flies treated 
with CuNPs and Cu+2. Several wings’ deformations were shown. (A) lethal mutation (necrosis) in the fly’s wings 
exposed to 50 ppm CuNPs (B) wing deformation in fly treated by 50 ppm CuNPs (C) Drosophila wing venation in 
50 ppm Cu+2 treatment (D) lethal mutation (necrosis) in the fly’s wings exposed to 100 ppm Cu+2 

 

3.7 Antioxidant enzyme activity levels 

   The CAT activity of treated and untreated flies is shown 

in Fig. 9. In the first generation, the mean CAT  activity 

significantly decreased (p < 0.05) in concentrations of 100 

ppm of Cu+2 and CuNPs compared with the control group. 

The adverse effect of Cu+2 and CuNPs on CAT activity 

became more severe in the second and third generations. 

 Compared to the control group, the CAT activity 

significantly decreased in all treated groups. Furthermore, 

mean MDA levels significantly increased after treatment 

with Cu+2 and CuNPs in a similar pattern of CAT enzyme 

(Fig. 10). In contrast, the SOD activity showed insignificant 

change in all treatment groups in all generations 

compared with the control group (Fig. 11). 
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Fig. 9 CAT enzyme activity in third instar larvae of D. melanogaster treated with CuNPs and Cu+2 at 50 and 100 ppm 

concentrations. (∗) means Significantly different from the values of the control group at p < 0.05 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 Lipid peroxidation in third instar larvae of D. melanogaster treated with CuNPs and Cu+2 at 50 and 100 ppm 

concentrations. (∗) means Significantly different from the values of the control group at p < 0.05 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 SOD enzyme activity in third instar larvae of D. melanogaster treated with CuNPs and Cu+2 at 50 and 100 ppm 

concentrations. The results showed a nonsignificant change in treated and untreated flies 
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Fig. 12 The expression of Hsp70 in third-instar larvae of D. melanogaster treated with different doses of CuNPs and Cu+2 

in different generations. (∗) means Significantly different from the values of the control group at p < 0.05 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13 The expression levels of SOD in third-instar larvae of D. melanogaster treated with different doses of CuNPs and 

Cu+2 in different generations 
 
 
 
 
 

3.8 Gene expression analysis  

   Real-time quantitative PCR was used to determine the 

expression level of Hsp70 and Sod2 genes in the third 

instar larvae after exposure to 50 and 100 ppm of CuNPs 

and Cu+2 in three generations. The obtained results 

showed changes in gene expression in third instar 

larvae after  exposure to 50 and 100 ppm of CuNPs and 

Cu+2. Hsp70 did not change at all concentrations applied 

in the first generation, while it  

 

 was significantly upregulated in the second and third 

generations in all treated flies by dose and generation 

independent manner. The fold change in the 

expression profile of Hsp70 in all generations was 

calculated (Fig. 12). On the other hand, Sod2 was 

upregulated in the first generation and downregulated 

in the second and third. The fold change in the 

expression profile of Sod2 in all generations was 

calculated (Fig. 13). 
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4. Discussion 

   Metallic nanoparticles such as CuNPs tend to 

exhibit a wide range of applications due to their novel 

properties than their bulk counterparts[29]. 

Therefore, to take advantage of the unique 

properties of CuNPs, it is necessary to evaluate 

toxicity under various conditions to determine the 

safe limits of the use of these NPs. This study 

investigated the acute and chronic toxic effects of  

CuNPs administration on D. melanogaster. The X-ray 

diffractogram and transmission electron microscope 

confirmed that the synthesis methodology produced 

pure, homogeneous, and uncontaminated CuNPs, in 

a spherical shape, with an average size of 13 nm.  

   Generally, the ionic form of metal is more chemically 

reactive than its metallic form. In the biosystem, ions 

have a higher ability to bind with the vital biomolecule, 

which hinders their activity [30]. At physiological 

conditions, NPs release a small amount of metal ions 

that are proposed to cause toxicity [31]. So, Cu+2 usually 

causes higher toxicity than CuNPs   [28, 32]. In the current 

study, the survival assay is performed to evaluate the 

effect of Cu+2 & CuNPs and screen their toxicity on D. 

melanogaster. In agreement with previous studies [12, 

33-35], the ionic form of copper (Cu+2) showed a higher 

harmful effect than CuNPs.    

   On the other hand, Cu+2 and CuNPs retard the 

developmental stages and cause a reduction in the 

success of the development of larvae to the adult 

stage [15]. However, there was no apparent negative 

impact on larval fitness or food consumption due to 

exposing D. melanogaster to Cu+2 and CuNPs [36, 37]. 

   In the chronic exposure study, the number of 

successfully emerging flies was dose- and generation-

dependent for Cu+2 and CuNPs. The reduction in the 

total number of progenies may be due to reduced 

fecundity (fewer fertilized oviposit eggs) [38] or 

unsuccessful development from egg to larvae due to 

egg damage or retarded development [39]. 

Furthermore, the developed larvae have a higher 

chance of exposure to CuNPs due to the accumulation 

of the latter in the gut. The higher concentration of 

NPs in the gut is toxic for the larvae, resulting in early 

death and blackening in many larvae. The extensive 

egg and larval loss at different developmental stages 

led to fewer adult flies in high concentrations of    

CuNPs [40]. 

    NPs are small enough to penetrate cellular 

membranes and interact with cell components to 

stimulate oxidative stress and inflammatory responses 
[41]. In the present study, some morphological 

alterations in the fly’s wings were observed. In the 

third generation, the mutations were raised to 8.14% 

and 13.12 % in 100 ppm CuNPs and 50 ppm Cu+2, 

respectively. These data were consistent with previous 

findings that showed the phenotypic defect in the flies’ 

eye, wing, and bristle exposed to different types of 

metal nanoparticles [42-45]. 

   Oxidative stress has been mentioned as one of the 

most effective mechanisms of toxicity related to 

nanoparticle exposure [46]. Oxidative stress is further 

associated with several aspects of delay in 

development in various species, including D. 

melanogaster [47]. 

   The antioxidant enzyme can be induced under mild 

oxidative stress, although extreme oxidative stress can 

cause such enzymes to be suppressed [48]. The 

induction of the antioxidant defense systems of 

Drosophila exposed to lower concentrations of CuNPs 

indicates an apparent adaptive threshold. The over-

accumulation of free radicals and the impact of CuNPs 

might disrupt the balance of the antioxidant defense 

system [49]. 

    SOD and CAT activity and lipid peroxidation are used 

as oxidative stress markers. Decreasing CAT activity and 

increasing lipid peroxidation were previously reported 
[50, 51]. SOD enzyme was insignificantly decreased in the 

treated groups in agreement with previous           

studies [52, 53].  

   The primary function of heat shock proteins is to 

protect the cells from oxidative stress-promoting 

damage. Such proteins assist with the proper folding of 

nascent and misfolded proteins. Heat shock protein 

genes are known as “stress genes,” which serve as 

indicators of the cell toxicity of various environmental 

stressors [54]. Stress inducible Hsp70 protein is a 

potential first biomarker of cell change due to its 

conservation through evolution and its inducibility by 

various triggers [55]. Herein, the expression profile of 

Hsp70 in treated and untreated flies was evaluated to 

elucidate the role of Hsp70 in cell toxicity. Our study 

showed an increase in the expression of Hsp70 in the 

treated flies of the second and third generations. 

Consistent with our findings, the induction of Hsp70 in 
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D. melanogaster has been reported after exposure to 

silver NPs and graphene- zinc oxide            nanocomposite 
[49, 56].  

   On the other hand, our results showed significant 

upregulation of the Sod2 gene in the first generation in all 

studied doses of CuNPs and Cu+2 compared with the 

untreated flies. Then a significant downregulation in the 

second and third generations. This irregular trend in Sod2 

expression was also observed in earthworms exposed to 

zinc oxide NPs [57]. Meanwhile, downregulation of Sod2 

was also previously reported in D. melanogaster [44, 58]. 

Moreover, the upregulation of the Sod2 has been 

previously reported in D. melanogaster [59]. In addition, 

consistent with our findings, [60] reported that exposure to 

cobalt nanoparticles resulted in detectable deregulation of 

Hsp70 and Sod2 genes. One possible justification for the 

irregular pattern of Sod2 gene expression is that mild 

oxidative stress (in the first generation) induces 

upregulation in the Sod2 gene as a rapid response. In the 

second and third generations, Hsp70 was upregulated to 

act as a primary inhibitor of ROS that causes the altering of 

Sod2 expression [61]. 

 

5. Conclusion 

   Since CuNPs are commonly used nanoparticles in 

consumer products, safe doses need to be evaluated to 

minimize human health problems. Nonetheless, the 

understanding of the toxicity mechanisms associated with 

CuNPs is limited and needs to be further elucidated to 

provide nanosafety evaluation for the safe expansion of 

CuNPs use. The current report shows that CuNPs are 

mutagenic in Drosophila, and these effects may be 

mediated by oxidative stress. However, most of the effects 

seem to be associated with copper ions. This report 

confirmed the toxicity of nanomaterials and may help to 

understand their toxicity mechanism. Also, it showed the 

need to develop standardized and robust toxicological 

characterization protocols for testing nanomaterials to 

select those that comply with health and environmental 

safety standards. 

 

6. References 

1. Guo, D., G. Xie, and J. Luo, Mechanical 

properties of nanoparticles: basics and 

applications. Journal of Physics D: Applied 

Physics, 2013. 47(1): p. 013001. 

 2. Park, W., Shin, H., Choi, B., Rhim, W.-K., Na, K. 

and Keun Han, D. (2020). Advanced hybrid 

nanomaterials for biomedical applications. 

Progress in Materials Science, 114: 100686. 

3. Yi, G., Hong, S.H., Son, J., Yoo, J., Park, C., 

Choi, Y. and Koo, H. (2018). Recent advances 

in nanoparticle carriers for photodynamic 

therapy. Quantitative imaging in medicine and 

surgery, 8(4): 433 - 443. 

4. Sapsford, K. E., Algar, W.R., Berti, L., Gemmill, K. 

B., Casey, B. J., Oh, E., Stewart, M. H. and 

Medintz, I. L. (2013). Functionalizing 

Nanoparticles with Biological Molecules: 

Developing Chemistries that Facilitate 

Nanotechnology. Chemical Reviews, 113(3): 1904 

- 2074. 

5. Attarilar, S., Yang, J., Ebrahimi, M., Wang, Q., Liu, 

J., Tang, Y. and Yang, J. (2020). The Toxicity 

Phenomenon and the Related Occurrence in 

Metal and Metal Oxide Nanoparticles: A Brief 

Review From the Biomedical Perspective. 

Frontiers in bioengineering and biotechnology, 8: 

822 - 822. 

6. Hernández-Moreno, D., Li, L., Connolly, M., 

Conde, E., Fernández, M., Schuster, M., Navas, J. 

M. and Fernández-Cruz, M. L. (2016). 

Mechanisms underlying the enhancement of 

toxicity caused by the coincubation of zinc oxide 

and copper nanoparticles in a fish hepatoma cell 

line. Environ. Toxicol. Chem., 35(10): 2562 - 2570. 

7. Hu, A. L., Liu, Y. H., Deng, H. H., Hong, G. L., Liu, 

A. L., Lin, X. H., Xia, X. H. and Chen, W. (2014). 

Fluorescent hydrogen peroxide sensor based on 

cupric oxide nanoparticles and its application for 

glucose and l-lactate detection. Biosensors and 

Bioelectronics, 61: 374 - 378. 

8. d’Halluin, M., Mabit, T., Fairley, N., Fernandez, 

V., Gawande, M. B., Le Grognec, E. and Felpin, F. 

X. (2015). Graphite-supported ultra-small copper 

nanoparticles – Preparation, characterization and 

catalysis applications. Carbon, 93: 974 - 983. 

9. Bezza, F. A., Tichapondwa, S. M. and Chirwa, E. 

M. N. (2020). Fabrication of monodispersed 

copper oxide nanoparticles with potential 

application as antimicrobial agents. Scientific 

Reports, 10(1): 16680. 

 

 



 50-63):2(60; 2/Egy. J. Pure & Appl. Sci. 202 et al M. A. Saudi   

 

48  

 

 

 

10. Gawande, M. B., Goswami, A., Felpin, F. X., 

Asefa, T., Huang, X., Silva, R., Zou, X., Zboril, R. 

and Varma, R. S. (2016). Cu and Cu-Based 

Nanoparticles: Synthesis and Applications in 

Catalysis. Chemical Reviews, 116(6): 3722 -

3811. 

11. Xu, V. W., Nizami, M. Z. I., Yin, I. X., Yu, O. Y., 

Lung, C. Y. K. and Chu, C. H. (2022). Application 

of Copper Nanoparticles in Dentistry. 

Nanomaterials (Basel, Switzerland), 12(5): 805. 

12. Ameh, T. and Sayes, C. M. (2019). The 

potential exposure and hazards of copper 

nanoparticles: A review. Environ. Toxicol. 

Pharmacol., 71: 103220. 

13. Malhotra, N., Ger, T. R., Uapipatanakul, B., 

Huang, J. C., Chen, K. H. C. and Hsiao, C. D. 

(2020). Review of Copper and Copper 

Nanoparticle Toxicity in Fish. Nanomaterials, 

10(6). 

14. Xiao, Y., Peijnenburg, W. J., Chen, G. and 

Vijver, M. G. (2016). Toxicity of copper 

nanoparticles to Daphnia magna under 

different exposure conditions. Sci. Total 

Environ., 563-564: 81 - 88. 

15. Carmona, E. R., García-Rodríguez, A. and 

Marcos, R. (2018). Genotoxicity of Copper and 

Nickel Nanoparticles in Somatic Cells of<i> 

Drosophila melanogaster</i>. Journal of 

Toxicology,  2018: 7278036. 

16. Mirzoyan, Z., Sollazzo, M., Allocca, M., 

Valenza, A. M., Grifoni, D. and Bellosta, P. 

(2019). Drosophila melanogaster: A Model 

Organism to Study Cancer. Frontiers in 

genetics, 10: 51 - 51. 

17. Fu, P. P., Xia, Q., Hwang, H. M., Ray, P. C. and 

Yu, H. (2014). Mechanisms of nanotoxicity: 

Generation of reactive oxygen species. Journal 

of Food and Drug Analysis, 22(1): 64 - 75.  

18. Khanna, P., Ong, C., Bay, B. H. and Baeg, G. H. 

(2015). Nanotoxicity: An Interplay of Oxidative 

Stress, Inflammation and Cell Death. 

Nanomaterials (Basel), 5(3): 1163 - 1180.  
19. Li, F., Lei, C., Shen, Q., Li, L., Wang, M., Guo, 

M., Huang, Y., Nie, Z. and Yao, S. (2013). 

Analysis of copper nanoparticles toxicity based 

on a stress-responsive bacterial biosensor 

array. Nanoscale, 5(2): 653 - 662. 

 20. Mosa, K. A., El-Naggar, M., Ramamoorthy, K., 

Alawadhi, H., Elnaggar, A., Wartanian, S., 

Ibrahim, E. and Hani, H. (2018). Copper 

Nanoparticles Induced Genotoxicty, Oxidative 

Stress, and Changes in Superoxide Dismutase 

(SOD) Gene Expression in Cucumber (Cucumis 

sativus) Plants. Frontiers in plant science, 9: 

872 - 872. 

21. Shevtsov, M., Huile, G. and Multhoff, G. 

(2018). Membrane heat shock protein 70: a 

theranostic target for cancer therapy. Philos 

Trans. R Soc. Lond. B Biol. Sci., 373(1738). 

22. Pohanka, M. (2019). Copper and copper 

nanoparticles toxicity and their impact on 

basic functions in the body. Bratisl. Lek. Listy., 

120(6): 397 - 409. 

23. Aguilar, M. S., Esparza, R. and Rosas, G. 

(2019). Synthesis of Cu nanoparticles by 

chemical reduction method. Transactions of 

Nonferrous Metals Society of China, 29(7): 

1510 - 1515. 

24. Baeg, E., Sooklert, K. and Sereemaspun, A. 

(2018). Copper Oxide Nanoparticles Cause a 

Dose-Dependent Toxicity via Inducing 

Reactive Oxygen Species in Drosophila. 

Nanomaterials (Basel, Switzerland), 8(10): 

824. 

25. Ternes, A. P., Zemolin, A. P., da Cruz, L. C. 

and et al. (2014). Drosophila melanogaster - 

an embryonic model for studying behavioral 

and biochemical effects of manganese 

exposure. Excli. j., 13: 1239 - 1253. 

26. Nishikimi, M., Appaji Rao, N. and Yagi, K. 

(1972). The occurrence of superoxide anion 

in the reaction of reduced phenazine 

methosulfate and molecular oxygen. 

Biochemical and Biophysical Research 

Communications, 46(2): 849 - 854. 

27. Zeng, C. Q., Liu, W. X., Hao, J. Y., Fan, D. N., 

Chen, L. M., Xu, H. N. and Li, K. Z. (2019). 

Measuring the expression and activity of the 

CAT enzyme to determine Al resistance in 

soybean. Plant Physiology and Biochemistry, 

144: 254 - 263. 

28. Stanley, S. (2014). Biological nanoparticles 

and their influence on organisms. Current 

Opinion in Biotechnology, 28: 69 - 74. 

 

 



  M. A. Saudi et al /Egy. J. Pure & Appl. Sci. 2022; 60(2):36-50  

 

 49 

 

 

 
 
 
 

29. Khan, I., Saeed, K. and Khan, I. (2019). 

Nanoparticles: Properties, applications and 

toxicities. Arabian Journal of Chemistry, 12(7): 

908 - 931. 

30. Auría-Soro, C., Nesma, T., Juanes-Velasco, P. 

and et al. (2019). Interactions of Nanoparticles 

and Biosystems: Microenvironment of 

Nanoparticles and Biomolecules in 

Nanomedicine. Nanomaterials (Basel, 

Switzerland), 9(10): 1365. 

31. Asharani, P. V., Lian Wu, Y., Gong, Z. and 

Valiyaveettil, S. (2008). Toxicity of silver 

nanoparticles in zebrafish models. 

Nanotechnology, 19(25): 255102. 

32. Cvetković, V. J., Jovanović, B., Lazarević, M., 

Jovanović, N., Savić-Zdravković, D., Mitrović, 

T. and Žikić, V. (2020). Changes in the wing 

shape and size in Drosophila melanogaster 

treated with food grade titanium dioxide 

nanoparticles (E171) – A multigenerational 

study. Chemosphere, 261: 127787. 

33. Lee, I. C., Ko, J. W., Park, S. H., Shin, N. R., Shin, 

I. S., Moon, C., Kim, J. H., Kim, H. C. and Kim, J. 

C., (2016). Comparative toxicity and 

biodistribution assessments in rats following 

subchronic oral exposure to copper 

nanoparticles and microparticles. Part Fibre 

Toxicol., 13(1): 56. 

34. Wang, T., Long, X., Cheng, Y., Liu, Z. and Yan, 

S. (2014). The potential toxicity of copper 

nanoparticles and copper sulphate on juvenile 

Epinephelus coioides. Aquat. Toxicol., 152: 96-

104. 

35. Kasemets, K., Ivask, A., Dubourguier, H. C. and 

Kahru, A. (2009). Toxicity of nanoparticles of 

ZnO, CuO and TiO2 to yeast Saccharomyces 

cerevisiae. Toxicol. In Vitro, 23(6): 1116 - 1122. 

36. Han, X., Geller, B., Moniz, K., Das, P., 

Chippindale, A. K. and Walker, V. K. (2014). 

Monitoring the developmental impact of 

copper and silver nanoparticle exposure in 

Drosophila and their microbiomes. Sci. Total 

Environ., 487: 822 - 829. 

 

 37. Poynton, H. C., Lazorchak, J. M., Impellitteri, 

C. A., Smith, M. E., Rogers, K., Patra, M., 

Hammer, K. A., Allen, H. J. and Vulpe, C. D. 

(2011). Differential Gene Expression in 

Daphnia magna Suggests Distinct Modes of 

Action and Bioavailability for ZnO 

Nanoparticles and Zn Ions. Environmental 

Science & Technology, 45(2): 762 - 768. 

38. Sabat, D., Patnaik, A., Ekka, B., Dash, P. and 

Mishra, M. (2016). Investigation of titania 

nanoparticles on behaviour and 

mechanosensory organ of Drosophila 

melanogaster. Physiol. Behav., 167: 76 - 85. 

39. Panacek, A., Prucek, R., Safarova, D., Dittrich, 

M., Richtrova, J., Benickova, K., Zboril, R. and 

Kvitek, L. (2011). Acute and Chronic Toxicity 

Effects of Silver Nanoparticles (NPs) on 

Drosophila melanogaster. Environmental 

Science & Technology, 45(11): 4974 - 4979. 

40. Baeg, E., Sooklert, K. and Sereemaspun, A. 

(2018). Copper Oxide Nanoparticles Cause a 

Dose-Dependent Toxicity via Inducing Reactive 

Oxygen Species in Drosophila. Nanomaterials 

(Basel), 8(10). 

41. Ja, W. W., Carvalho, G. B., Mak, E. M., Noelle, 

N. d. l. R., Fang, A. Y., Liong, J. C., Brummel, T. 

and Benzer, S. (2007). Prandiology of 

Drosophila and the CAFE assay. Proceedings of 

the National Academy of Sciences - PNAS. 

104(20): 8253 - 8256. 

42. Singh, N., Manshian, B., Jenkins, G. J. S., 

Griffiths, S. M., Williams, P. M., Maffeis, T. G. 

G., Wright, C. J. and Doak, S. H. (2009). 

NanoGenotoxicology: The DNA damaging 

potential of engineered nanomaterials. 

Biomaterials, 30(23): 3891 - 3914. 

43. Mishra, M., Sabat, D., Ekka, B., Sahu, S., P, U. 

and Dash, P. (2017). Oral intake of zirconia 

nanoparticle alters neuronal development and 

behaviour of Drosophila melanogaster. Journal 

of nanoparticle research : an interdisciplinary 

forum for nanoscale science and technology, 

19(8): 1-12. 

 

 



 50-63):2(60; 2/Egy. J. Pure & Appl. Sci. 202 et al M. A. Saudi   

 

50  

 

 

 

44. Chandra, M. and Anand, K. (2015). Assessment of 

nicotine dependence in subjects with vascular 

dementia. International journal of research in 

medical sciences, 3(3): 711. 

45. Jovanović, B., Jovanović, N., Cvetković, V. J., Matić, 

S., Stanić, S., Whitley, E. M. and Mitrović, T. L. 

(2018). The effects of a human food additive, 

titanium dioxide nanoparticles E171, on Drosophila 

melanogaster - a 20 generation dietary exposure 

experiment. Scientific Reports, 8(1): 17922. 

46. Vecchio, G., Galeone, A., Brunetti, V., Maiorano, 

G., Rizzello, L., Sabella, S., Cingolani, R. and Pompa, 

P. P. (2012). Mutagenic effects of gold nanoparticles 

induce aberrant phenotypes in Drosophila 

melanogaster. Nanomedicine, 8(1): 1 - 7. 

47. Nel, A. (2006). Toxic Potential of Materials at the 

Nanolevel. Science (American Association for the 

Advancement of Science), 311(5761): 622 - 627. 

48. Fortunato, J. J., Feier, G., Vitali, A. M., Petronilho, F. 

C., Dal-Pizzol, F. and Quevedo, J. (2006). Malathion-

induced Oxidative Stress in Rat Brain Regions. 

Neurochemical research. 31(5): 671-678. 

49. Xu, A., Chai, Y., Nohmi, T. and Hei, T. K. (2009). 

Genotoxic responses to titanium dioxide 

nanoparticles and fullerene in gpt delta transgenic 

MEF cells. Particle and fibre toxicology, 6(1): 3 - 3. 

50. Siddique, Y. H., Khan, W., Fatima, A. and et al. 

(2016). Effect of bromocriptine alginate 

nanocomposite (BANC) on a transgenic Drosophila 

model of Parkinson's disease. Disease models & 

mechanisms, 9(1): 63 - 68. 

51. Fatahian-Dehkordi, R. A., Reaisi, M., Heidarnejad, 

M. S. and Mohebbi, A. (2017). Serum biochemical 

status and morphological changes in mice ovary 

associated with copper oxide nanoparticles after 

thiamine therapy. Journal of herbmed 

pharmacology, 6(1): 21 - 26. 

52. Wu, Y. and Zhou, Q. (2013). Silver nanoparticles 

cause oxidative damage and histological changes in 

medaka ( Oryzias latipes ) after 14 days of exposure. 

Environmental toxicology and chemistry, 32(1): 165 

- 173. 

53. Armstrong, N., Ramamoorthy, M., Lyon, D., Jones, 

K. and Duttaroy, A. (2013). Mechanism of Silver 

Nanoparticles Action on Insect Pigmentation 

Reveals Intervention of Copper Homeostasis. PloS 

one, 8(1): e53186. 

 54. Yang, J., Hu, S., Rao, M. and et al. (2017). Copper 

nanoparticle-induced ovarian injury, follicular 

atresia, apoptosis, and gene expression alterations 

in female rats. International journal of 

nanomedicine, 12: 5959-5971. 

55. Camarena-Novelo, I., Salazar-Campos, Z., Botello, 

A. V., Villanueva-Fragoso, S., Jiménez-Morales, I., 

Fierro, R. and González-Márquez, H. (2019). 

Potential of the HSP70 protein family as biomarker 

of Crassostrea virginica under natural conditions 

(Ostreoida: Ostreidae). Revista de Biología Tropical, 

67: 572 - 584. 

56. Mukhopadhyay, I., Saxena, D. K. and Chowdhuri, 

D. K. (2003). Hazardous Effects of Effluent from the 

Chrome Plating Industry: 70 kDa Heat Shock Protein 

Expression as a Marker of Cellular Damage in 

Transgenic Drosophila melanogaster (hsp 70-lacZ). 

Environmental health perspectives, 111(16): 1926 -

1932. 

57. Van Der Ploeg, M. J. C., Handy, R. D., Heckmann, L. 

H., Van Der Hout, A. and Van Den Brink, N. W. 

(2013). C60 exposure induced tissue damage and 

gene expression alterations in the earthworm 

Lumbricus rubellus. Nanotoxicology, 7(4): 432 - 440. 

58. Li, L. Z., Zhou, D. M., Peijnenburg, W. J. G. M., van 

Gestel, C. A. M., Jin, S. Y., Wang, Y. J. and Wang, P. 

(2011). Toxicity of zinc oxide nanoparticles in the 

earthworm, Eisenia fetida and subcellular 

fractionation of Zn. Environment international, 

37(6): 1098 - 1104. 

59. Sundararajan, V., Dan, P., Kumar, A., 

Venkatasubbu, G. D., Ichihara, S., Ichihara, G. and 

Sheik Mohideen, S., (2019). Drosophila 

melanogaster as an in vivo model to study the 

potential toxicity of cerium oxide nanoparticles. 

Applied surface science, 490: 70 - 80. 

60. Alaraby, M., Romero, S., Hernández, A. and 

Marcos, R. (2019). Toxic and Genotoxic Effects of 

Silver Nanoparticles in Drosophila. Environmental 

and Molecular Mutagenesis, 60(3): 277 - 285. 

61. Siddique, H. R., Gupta, S. C., Mitra, K., Murthy, R. 

C., Saxena, D. K. and Chowdhuri, D. K. (2007). 

Induction of biochemical stress markers and 

apoptosis in transgenic Drosophila melanogaster 

against complex chemical mixtures: Role of reactive 

oxygen species. Chemico-Biological Interactions, 

169(3): 171 - 188. 

 

 


