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A B S T R A C T   

Background: Surgery remains the preferred treatment option for hydatid cyst (cystic echinococcosis); however, 
recent studies have demonstrated that the current protoscolicidal agents used during surgery are associated with 
some adverse side effects such as biliary fibrosis, hepatic necrosis, and cirrhosis. The present study aims to 
evaluate the in vitro and ex vivo anti-parasitic effects of copper nanoparticles (CuNPs) alone and combined with 
albendazole on hydatid cyst protoscoleces. 
Methods: CuNPs was green synthesized using C. spinosa extract. Various concentrations of CuNPs (250, 500, and 
750 mg/mL) alone and combined with albendazole (ALZ, 200 mg/mL) were exposed to protoscoleces collected 
from the liver fertile hydatid cysts of infected sheep for 5− 60 min in vitro and ex vivo. Next, the eosin exclusion 
test was applied to determine the viability of protoscoleces. Caspase-3 like activity of CuNPs-treated proto-
scoleces was then evaluated using the colorimetric protease assay Sigma Kit based on the manufacturer’s 
instructions. 
Results: Scanning electron microscopy (SEM) results showed that the particle size of CuNPs was 17 and 41 nm 
with the maximum peak at the wavelength of 414 nm. The maximum protoscolicidal activity of CuNPs was 
observed at the concentration of 750 mg/mL in vitro, so that 73.3 % of protoscoleces were killed after 60 min of 
exposure. Meanwhile, the mortality of protoscoleces was 100 % after 10 min of exposure to 750 mg/mL of CuNPs 
along with ALZ (200 mg/mL). Nevertheless, the findings proved that CuNPs even in combination with ALZ 
required a longer time to kill protoscoleces ex vivo. After 48 h of treating protoscoleces, CuNPs in a dose- 
dependent manner and at doses of 250, 500, and 750 mg/mL induced the caspase enzyme activation by 20.5 
%, 32.3 %, and 36.1 %, respectively. 
Conclusion: The findings of the present investigation showed potent protoscolicidal effects of CuNPs, especially 
combined with albendazole, which entirely eliminated the parasite after 10− 20 min of exposure. The results also 
showed that although the possible protoscolicidal mechanisms of CuNPs are not clearly understood, the inducing 
apoptosis through caspases is one of the main protoscolicidal mechanisms of CuNPs. However, supplementary 
studies, especially in animal models and clinical settings, are needed to approve these results.   

1. Introduction 

Cystic echinococcosis (CE or hydatidosis) is a zoonotic infection 
caused by the larval stage of cestode species belonging to the genus 
Echinococcus [1]. According to the World Health Organization’s (WHO) 
reports, CE is one of the 17 neglected tropical diseases (NTDs) with an 
important challenge both from medical and economic points of view [2]. 

Human and other intermediate hosts (e.g. sheep, goats, cattle, etc.) are 
infected once they ingest the CE eggs, which are shed in the stool of the 
definitive host (carnivores such as canine feline, etc.) [3]. After ingesting 
the eggs, the oncosphere hatches from the egg, penetrates the intestinal 
mucosa, migrates through the bloodstream to vital organs including the 
liver, lung, etc., and forms a hydatid cyst [3]. 

The clinical symptoms of CE depend on various factors such as the 
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involved organ, location, number of cysts in the involved organ, size of 
cysts, etc. Although CE is frequently asymptomatic, some factors 
including cyst rupture cause infection or anaphylactic shock, fistula in 
adjacent tissues (biliary tract, intestine, and bronchus), or mechanical 
effect on the adjacent tissues and structures [4]. 

The CE treatment is complex and there is a large variety of CE 
management around the world [4]. However, chemotherapy, surgical 
treatment, endoscopic interventional treatment, percutaneous methods 
(puncture, aspiration, injection, and re-aspiration (PAIR)), and obser-
vation without intervention (watch and wait) are considered as the main 
CE management modalities [5]. Overall, in small and inactive cysts, the 
preferred treatment is chemotherapy with benzimidazole derivatives 
(mebendazole and albendazole), while the first-choice treatment for 
large and active cysts is surgery [6]. Previous investigations have 
demonstrated that chemotherapy with benzimidazole compounds is 
related to some side effects such as methemoglobinemia, leucopenia, 
thrombocytopenia, hepatotoxicity, teratogenicity, and osteoporosis. 
According to these studies, physicians should be very careful when using 
these drugs [5–7]. 

The most important risks and complications of surgical approaches 
for CE treatment are the ruptures of cysts or leakage of their contents 
(protoscoleces), which can result in re-infection, secondary infection, 
anaphylaxis shock, and even death in patients [8]. To solve these 
problems and complications, surgeons apply various chemical proto-
scolicidal agents such as hypertonic saline 20 %, silver nitrate, and 
formalin to prevent these complications [8]. Nevertheless, reviews have 
shown that the existing protoscolicidal agents are associated with some 
adverse side effects such as biliary fibrosis, hepatic necrosis, and 
cirrhosis [9,10]. Consequently, the study for finding a new proto-
scolicidal agent is of top urgency for physicians in terms of CE treatment. 

Nanomedicine is well-known as a relatively novel field of science and 
technology that uses nano-meter-sized materials for a wide range of 
medical goals including diagnostic and therapeutic applications in 
modern medicine, drug delivery, imaging, medical devices, vaccines, 
etc. [11]. Recently, using nanoparticles for antimicrobial purposes has 
been of main interest for various researchers around the world [12]. 

In the recent decade, various physical and chemical approaches have 
been investigated to synthesize the nanoparticles with a certain size and 
less toxicity. Among these methods, green synthesis is considered as one 
of the most popular, reliable, maintainable, and eco-favorable ap-
proaches for synthesizing appropriate and safe nanomaterials [13]. 
Generally, green synthesis of metal nanoparticles using plant products is 
described as a preferred choice, rather than bacteria and/or fungi 
mediated synthesis, because of its low cost, low toxicity, acceptable ef-
ficacy, and implementation ease [14]. 

From a long time ago, copper (Cu) has been considered as one of the 
most beneficial elements with a broad spectrum of pharmacological 
properties such as improving the immune system and inducing anti- 
inflammatory, anti-cancer, analgesic, and anti-microbial effects [15, 
16]. Previous investigations have shown that Cu nanoparticles (CuNPs), 
because of their high surface-to-volume ratio, are very reactive and 
merely interact with other particles. Thus, they result in various bio-
logical and therapeutic activities [17]. Recent studies have demon-
strated the expansion of synergistic combinations of synthestic and 
medicinal herbs (e.g. Punica granatum L.) with some existing drugs such 
as albendazole (ABZ) which has led to improved efficacy as well as 
reduced toxicity of single drugs [18]. 

The present study aims to evaluate the in vitro and ex vivo anti- 
parasitic effects of green synthesized CuNPs alone and in combination 
with albendazole on hydatid cyst protoscoleces. 

2. Materials and methods 

2.1. Green synthesis of copper nanoparticles 

Fruits of Capparis spinosa were collected from the rural areas in 

Khorramabad, Lorestan, Iran. The extract was prepared by percolation 
method using 80 % methanol for 72 h at room temperature. The green 
synthesis of CuNPs was performed according to the method described 
elsewhere [19]. Succinctly, 75 mL of the extract mentioned earlier was 
added to 100 mL 0.01 M copper sulfate solution; after stirred it was kept 
at 60 ◦C for one day. Afterward, to remove all impurities it was centri-
fuged twice at the 12,000 rpm for 20 min. The change in color of the 
precursor solution from green to amber yellow with time supply evi-
dence of CuNPs synthesis. The synthesized nanoparticles were dried in 
the oven at 60 ◦C for the more analyses. 

2.1.1. UV–vis spectroscopy analysis 
Surface Plasmon Resonance (SPR) of synthesized CuNPs was detec-

ted by using UV–vis spectrophotometer to confirm the Transformation 
of the copper ions to copper nanoparticles. Consequently, 0.3 mL of the 
NPS solution was diluted with 3 mL of normal saline and were evaluated 
by UV–vis spectrum analysis employing a spectrophotometer device 
(JENWAY 6405) in the range of 300–700 nm 

2.1.2. Fourier transform infrared spectroscopy 
FTIR (model Nicolet32) analysis was performed in the range of 

400–4000 and with the resolution of 1–4 cm on the mixture of the ob-
tained NPs along with the potassium bromide (KBr) granules with the 
ratio of 1–100 (1/100 ratio) after becoming tablets. 

2.1.3. Scanning electron microscope (SEM) 
The Specifications of synthesized nanoparticles such as size and 

morphology were studied by electron microscopy (Mira3, Made in 
Czech) with 15 kv, magnification of 10x, and resolution of 1 nm. 

2.2. Collection of protoscoleces and viability 

Protoscoleces of E. granulosus were collected from livers of the 
naturally infected sheep slaughtered at Khorramabad abattoir, Iran. The 
protocol for the preparation of protoscoleces and viability assessment is 
described by Moazeni et al. [20]. 

2.3. In vitro protoscolicidal activity 

In the present study, CuNPs alone at concentrations of 250, 500, and 
750 mg/mL as well as in combined with albendazole (Sigma-Aldrich, 
Germany) at the concentration of 200 μg/mL (the selection of this 
concentration was based on the primary experiments) used for 5, 10, 20, 
30, and 60 min. Initially, 0.5 mL of the protoscoleces (2 × 103/mL) 
solution were placed in test tubes. Then 0.5 mL of various concentrations 
of NPs were added to each test tube. Tubes were delicately mixed and 
then incubated at 37 ◦C for 5, 10, 20, and 30 min. At the end of each 
incubation time, the upper phase was carefully removed and Fifty μl of 
0.1 % eosin stain (Sigma-Aldrich, St. Louis, MO, USA) was then added to 
the remaining settled protoscoleces and mixed gently. Sedimented 
protoscoleces was then smeared on a glass slide, covered with a cover 
glass, and examined under a light microscope. The mortality rate of 
percentages was determined through counting 100 protoscoleces by 
eosin exclusion test. Besides, normal saline and Agnitrate were used as 
negative and positive groups [20]. 

2.4. Ex vivo protoscolicidal activity 

To evaluate the ex vivo protoscolicidal activity of CuNPs alone at 
concentrations of 250, 500, and 750 mg/mL as well as in combined with 
albendazole (ALZ, Sigma-Aldrich, Germany) at the concentration of 200 
μg/mL, liver fertile hydatid cysts acquired from naturally infected sheep 
were used. Firstly, more than half of the content of the cyst was aspirated 
to determine the viability of protoscoleces by eosin test. For each con-
centration three hydatid cysts were applied then NPs were injected into 
the cysts. Then some of the cyst fluid along with protoscoleces was 
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aspirated at 5, 10, 20, 30, and 60 min, and in the next step, 0.1 % eosin 
was placed to the precipitate. Similar to in vitro assay, the mortality rate 
of protoscoleces was calculated by an eosin exclusion test [21]. 

2.5. Eosin exclusion test 

Eosin exclusion test for evaluation of viability of protoscoleces is 
based on the flame cell motility and impermeability to 0.1 % eosin so-
lution (1 g of eosin powder in 1000 mL of distilled water); so that live 
protoscoleces do not absorb color and exhibited typical muscular 
movements and flame cell activity; but in dead protoscoleces eosin enter 
the cell and protoscoleces become red (Fig. 1). 

2.6. Evaluating the caspase-3 like activity of CuNPs-treated protoscoleces 

Caspase-3 like activity of CuNPs-treated protoscoleces was evaluated 
by means of the colorimetric protease assay Sigma Kit based on the 
manufacturer instructions. The basis of the experiment is color spec-
trophotometric measurement, which is caused by the release of a 
molecule (pNA attached to the substrate) under the activity of the 
enzyme caspase-3. After 48 h of treatment with CuNPs, the protoscoleces 
were centrifuged at 600 rpm for 5 min at 4 ◦C, the cell precipitate was 
lysed, and the cell lysate was centrifuged at 20,000 rpm for 10 min. In a 
final volume of 100 μl, 5 μg of supernatant was tested with 85 μl of buffer 
and 10 μl of caspase 3 (pNA-DEVD-Ac) substrate was incubated for 2 h at 
37 ◦C. The light absorption of the samples was read at 405 nm with the 
ELISA reader. 

2.7. Statistical analysis 

SPSS software (SPSS Inc., Chicago, IL, USA) was used to analyze The 

results of this study. in vitro and in vivo experiments were carried out in 
triplicate. One Way ANOVA, as well as a t-test, was utilized to evaluate 
the variations among tested groups. P < 0.05 was considered statistically 
significant. 

3. Results 

3.1. Characteristics of CuNPs 

3.1.1. UV–vis spectrum analysis 
As shown in Fig. 2, the maximum peak of the obtained CuNPs was 

detected in the zone of 414 nm. The presence of metallic copper was 
evidenced by EDX analysis. The copper nanoparticles at 1Kev revealed a 
sorptive peak, which is attributed to the metallic nanoparticles of cop-
per. We found that at the wavelength of 414 nm, the characteristic of the 
resonance band of the surface plasmon happened for CuNPs. 

3.1.2. FTIR analysis 
Fig. 3 exhibits that the biomolecules in the extract decreased the 

copper sulfate solution; therefore, they can be used as coatings for 
nanoparticles. The bands at 3380, 2928, 1741, 1604, 1400, 1050, and 
1271 were related to the O–H stretching of alcohol and phenol, C–H 
stretching of the aliphatic group, C––O stretching of ester carbonyl, C––C 
stretching of the aromatic ring, and C–O stretching of ester, 
respectively. 

3.1.3. SEM analysis 
According to the obtained results using SEM, the green synthesized 

CuNPs had spherical morphology and the size of the particles was 
measured between 17 and 41 nm (Fig. 4). 

3.2. In vitro protoscolicidal effects of CuNPs 

The in vitro protoscolicidal effects of different concentrations of 
CuNPs alone and combined with ALZ on the E. granulosus protoscoleces 
over 5, 10, 20, 30, and 60 min incubation are presented in Fig. 5. The 
findings exhibited that CuNPs, especially along with CuNPs, had 
considerable protoscolicidal effects compared to the control group (p <
0.001). The maximum protoscolicidal activity of CuNPs was observed at 
the concentration of 750 mg/mL, such that 73.3 % of protoscoleces were 
killed after 60 min of exposure. Meanwhile, the mortality of proto-
scoleces was 100 % after 10 min of exposure to 750 mg/mL of CuNPs 
along with ALZ (200 mg/mL). The mortality rate of protoscoleces in the 
negative and positive control group was 2.3 % and 100 % after 30 and 5 
min of exposure, respectively. 

Fig. 1. Live (A) and dead (B) protoscoleces after exposure with various copper 
nanoparticles alone or combined with albendazole following various expo-
sure times. 

Fig. 2. The absorption spectrum of synthesized copper nanoparticles. the 
maximum peak of the obtained CuNPs was detected in the zone of 414 nm; 
where the characteristic of the resonance band of the surface plasmon happened 
for CuNPs. 
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3.3. Ex vivo effect on protoscoleces 

According to the obtained results, after adding CuNPs at the con-
centrations of 250, 500, and 750 mg/mL alone and combined with ALZ 
(200 mg/mL) to hydatid cysts, the CuNPs indicated considerable pro-
toscolicidal effects alone and in combination with ALZ. Nevertheless, the 
findings proved that CuNPs, even in combination with ALZ, required a 
longer time to kill protoscoleces ex vivo. Fig. 6 shows the protoscolicidal 
effects of CuNPs alone and combined with ALZ ex vivo (200 mg/mL). 

3.4. Evaluating caspase-3 like activity of CuNPs-treated protoscoleces 

To evaluate the effect of CuNPs on the apoptosis induction in 
E. granulosus protoscoleces through the activity of caspase-3, the enzy-
matic activity of this enzyme was measured. For this purpose, the pro-
toscoleces were treated with various concentrations of CuNPs for 48 h 
and the amount of change in the activity of the caspase-3 enzyme was 
measured by measuring the concentration of the released NA-p. After 48 
h of treating protoscoleces, CuNPs in a dose-dependent manner and at 
doses of 250, 500, and 750 mg/mL induced the caspase enzyme acti-
vation by 20.5 %, 32.3 %, and 36.1 %, respectively (Fig. 7). 

4. Discussion 

In recent decades, nanomaterials, especially nanoparticles individ-
ually and combined with the existing/conventional antimicrobial 
agents, are increasingly applied to target pathogenic parasites as an 
alternative for current drugs [22]. It has been proven that nanoparticles 
because of their large surface-volume ratio and easier entry into the cell 
than other particles can interact with different living molecules and 
microbes. As a result, they can interrupt a negative activity on some 
microbial pathogens, especially parasites [22]. 

Although surgery remains the preferred treatment option for CE 
management, the rupture of cysts or leakage of their contents (proto-
scoleces) during surgery, which can result in re-infection, secondary 
infection, anaphylaxis shock, and even death in patients, is considered 
the most serious complications for this treatment approach [8]. 
Applying various chemical protoscolicidal agents such as hypertonic 
saline 20 %, silver nitrate, and formalin is one of the best strategies for 

preventing these complications [9]. However, previous studies have 
demonstrated that the current protoscolicidal agents are associated with 
some adverse side effects such as biliary fibrosis, hepatic necrosis, and 
cirrhosis [9,10]. Accordingly, we aimed to evaluate the in vitro and ex 
vivo anti-parasitic effects of CuNPs alone and combined with albenda-
zole on E. granulosus protoscoleces. 

The findings exhibited that CuNPs, especially along with CuNPs, had 
considerable protoscolicidal effects compared to the control group (p <
0.001). The maximum protoscolicidal activity of CuNPs was observed at 
the concentration of 750 mg/mL, such that 73.3 % of protoscoleces were 
killed after 60 min of exposure. Meanwhile, the mortality of proto-
scoleces was 100 % after 10 min of exposure to 750 mg/mL of CuNPs 
along with ALZ (200 mg/mL). CuNPs indicated considerable proto-
scolicidal effects alone and in combination with ALZ. Nevertheless, the 
findings proved that CuNPs, even in combination with ALZ, required a 
longer time to kill protoscoleces ex vivo. These findings promised that 
CuNPs specially in combination with ALZ can be used as an scolicidal 
agent intraperitoneally during hydatid cyst surgery. 

Considering the anti-microbial effects of copper nanoparticles, pre-
vious studies have shown these NPs have considerable antimicrobial 
properties against a broad spectrum of microbial pathogens such as 
Staphylococcus aureus, Salmonella enteric, Campylobacter jejuni, Escher-
ichia coli, Listeria monocytogenes, Aspergillus niger, etc. [23–25]. Also, 
Saad et al. (2015) reported that copper oxide nanoparticles with IC50 
values of 0.13 mg/l for Entamoeba histolytica and 0.72 mg/l for Crypto-
sporidium parvum could be considered as a novel nanoform agent for 
treating E. histolytica and C. parvum infections [26]. In another study, 
Malekifard et al. (2020) showed that copper oxide nanoparticles at the 
concentration of 0.6 mg/mL killed 97 % of Giardia lamblia cysts after 
180 min. This effect is similar to that of metronidazole [27]. 

Although the exact antimicrobial mechanisms of these nanoparticles 
are not yet understood, previous studies have shown that copper in-
teracts with sulfhydryl groups (–SH) and results in the denaturation of 
protein in bacteria [24]. Besides, it has been proven that CuNPs can 
disrupt the cell membrane and multiple toxic effects such as generating 
reactive oxygen species, lipid peroxidation, protein oxidation, and DNA 
degradation in bacteria cells [28]. 

Inducing apoptosis or programmed cell death is considered as one of 
the main probable anti-microbial mechanisms of drugs. Since caspases 

Fig. 3. The FTIR spectrum of synthesized copper nanoparticles. The bands at 3380, 2928, 1741, 1604, 1400, 1050, and 1271 were related to the O–H stretching of 
alcohol and phenol, C–H stretching of the aliphatic group, C––O stretching of ester carbonyl, C––C stretching of the aromatic ring, and C–O stretching of ester, 
respectively. 
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are the main mechanisms of apoptosis [29], in the present study, the 
caspase-3 activity assay was performed to evaluate induced apoptosis in 
E. granulous protoscoleces treated with various concentrations of CuNPs. 
The obtained finding demonstrated that, after 48 h of treatment of 
protoscoleces, CuNPs in a dose-dependent manner and at doses of 250, 
500, and 750 mg/mL induced the caspase enzyme activation by 20.5 %, 
32.3 %, and 36.1 %, respectively. Therefore, inducing apoptosis can be 
suggested as one of the probable antimicrobial mechanisms of CuNPs. In 
line with our results, Chakraborty et al. (2017) demonstrated that CuNPs 
through caspase-9-mediated intrinsic pathway induced apoptosis in a 
human skin melanoma A-375 cell line [30]. Considering the cytotoxicity 
of CuNPs, Prasad et al. (2017) showed that CuNPs had no cytotoxicity at 
concentrations ranging from 0.5 to 1.5 μM on prostate cancer (PC-3) cell 
lines [31]. Ostaszewska et al. (2018) also indicated that CuNPs at the 
concentration of 0.15 mg/mL had no significant cytotoxicity on the 
rainbow trout (Oncorhynchus mykiss) hepatocytes after 4 weeks of in-
cubation [32]. 

Conclusion and prospective for future work 

The findings of the present investigation showed the potent proto-
scolicidal effects of CuNPs, especially combined with albendazole, as 

they entirely eliminate the parasite after 10− 20 min of exposure. Based 
on the obtained results, although CuNPs has potent scolicidal efficacy in 
vitro and ex vivo as an intraperitoneal model of administration of drug to 
CE treatment; however, further studies are required to assess the safety 
and the efficiency of these NPs as a promising scolicidal agent in pre-
clinical model (in vivo or animal model) and clinical setting not only in 
intraperitoneal administration but also from different routes such as oral 
route. The results also showed that although the possible protoscolicidal 
mechanisms of CuNPs are not clearly understood, the induction of 
apoptosis through caspases is one of the main mechanisms. However, 
the cellular and molecular mechanisms of action of these biogenic NPs 
against CE must be clarified. These can help provide a new vision in NPs 
target, and perhaps give a chance for designing a new and more effective 
drug for human CE in the near future. 

Availability of data and material 

All data generated or analyzed during this study are included in this 
published article. 

Fig. 4. Scanning electron microscope of copper nanoparticles synthesized using aqueous extract of Capparis spinosa fruit. The green synthesized CuNPs had spherical 
morphology and the size of the particles was measured between 17 and 41 nm (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article). 
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Paediatr. Drugs 3 (2) (2001) 123–135, https://doi.org/10.2165/00128072- 
200103020-00005. PMID: 11269639. 

[7] H. Wen, L. Vuitton, T. Tuxun, J. Li, D.A. Vuitton, W. Zhang, D.P. McManus, 
Echinococcosis: advances in the 21st century, Clin. Microbiol. Rev. 32 (February 2) 
(2019), https://doi.org/10.1128/CMR.00075-18 e00075-18, PMID:30760475; 
PMCID: PMC6431127. 

[8] G. Ya-Min, Z. Wen-Jun, Z. Shun-Yun, H. Xiu-Min, X. Zheng-Guang, [Surgical 
treatment strategy for complex hepatic echinococcosis: a review], Zhongguo Xue Xi 
Chong Bing Fang Zhi Za Zhi 30 (July 6) (2018) 705–708, https://doi.org/ 
10.16250/j.32.1374.2018169. Chinese, PMID: 30891993. 

[9] T. Junghanss, A.M. da Silva, J. Horton, et al., Clinical management of cystic 
echinococcosis: state of the art, problems, and perspectives, Am. J. Trop. Med. Hyg. 
79 (3) (2008) 301–311. 

[10] M.A. Rajabi, Fatal reactions and methaemoglobinaemia after silver nitrate 
irrigation of hydatid cyst, Surg. Pract. 13 (2009) 2–7. 

[11] J.D. Kingsley, H. Dou, J. Morehead, B. Rabinow, H.E. Gendelman, C.J. Destache, 
Nanotechnology: a focus on nanoparticles as a drug delivery system, 
J. Neuroimmune Pharmacol. 1 (September 3) (2006) 340–350, https://doi.org/ 
10.1007/s11481-006-9032-4. PMID: 18040810. 

[12] R.Y. Pelgrift, A.J. Friedman, Nanotechnology as a therapeutic tool to combat 
microbial resistance, Adv. Drug Deliv. Rev. 65 (November 13-14) (2013) 
1803–1815, https://doi.org/10.1016/j.addr.2013.07.011. Epub 2013 Jul 24. 
PMID: 23892192. 

[13] S. Ahmad, S. Munir, N. Zeb, A. Ullah, B. Khan, J. Ali, M. Bilal, M. Omer, 
M. Alamzeb, S.M. Salman, S. Ali, Green nanotechnology: a review on green 
synthesis of silver nanoparticles - an ecofriendly approach, Int. J. Nanomed. 14 
(July) (2019) 5087–5107, https://doi.org/10.2147/IJN.S200254. PMID: 
31371949; PMCID: PMC6636611. 

[14] E. Burlacu, C. Tanase, N.A. Coman, L. Berta, A review of bark-extract-mediated 
green synthesis of metallic nanoparticles and their applications, Molecules 24 
(November 23) (2019) 4354, https://doi.org/10.3390/molecules24234354. PMID: 
31795265; PMCID: PMC6930476. 

[15] A.P. Ingle, N. Duran, M. Rai, Bioactivity, mechanism of action, and cytotoxicity of 
copper-based nanoparticles: a review, Appl. Microbiol. Biotechnol. 98 (February 3) 
(2014), https://doi.org/10.1007/s00253-013-5422-8, 1001-9, Epub 2013 Dec 5. 
PMID: 24305741. 

[16] I. Scheiber, R. Dringen, J.F. Mercer, Copper: effects of deficiency and overload, 
Met. Ions Life Sci. 13 (2013) 359–387, https://doi.org/10.1007/978-94-007-7500- 
8_11. PMID: 24470097. 

[17] A.P. Ingle, N. Duran, M. Rai, Bioactivity, mechanism of action, and cytotoxicity of 
copper-based nanoparticles: a review, Appl. Microbiol. Biotechnol. 98 (February 3) 
(2014) doi: 10.1007/s00253-013-5422-8. 1001-9, Epub 2013 Dec 5. PMID: 
24305741. 

[18] M. Labsi, I. Soufli, L. Khelifi, Z.C. Amir, C. Touil-Boukoffa, A preventive effect of 
the combination of albendazole and pomegranate peel aqueous extract treatment 

Fig. 5. In vitro scolicidal effects of CuNPs alone and in 
combined with albendazole (ALZ, 200 μg/mL) against 
E. granulosus protoscoleces at various concentrations 
following various exposure times. The findings exhibi-
ted that CuNPs, especially along with CuNPs, had 
considerable protoscolicidal effects compared to the 
control group (p < 0.001). The maximum proto-
scolicidal activity of CuNPs was observed at the con-
centration of 750 mg/mL, such that 73.3 % of 
protoscoleces were killed after 60 min of exposure.   

F. Ezzatkhah et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/bs.apar.2016.07.003
https://doi.org/10.4269/ajtmh.16-0659
https://doi.org/10.4269/ajtmh.16-0659
https://doi.org/10.1128/JCM.02420-15
https://doi.org/10.1016/bs.apar.2016.09.006
https://doi.org/10.1016/bs.apar.2016.09.006
https://doi.org/10.2174/157489109787236274
https://doi.org/10.2174/157489109787236274
https://doi.org/10.2165/00128072-200103020-00005
https://doi.org/10.2165/00128072-200103020-00005
https://doi.org/10.1128/CMR.00075-18
https://doi.org/10.16250/j.32.1374.2018169
https://doi.org/10.16250/j.32.1374.2018169
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0045
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0045
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0045
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0050
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0050
https://doi.org/10.1007/s11481-006-9032-4
https://doi.org/10.1007/s11481-006-9032-4
https://doi.org/10.1016/j.addr.2013.07.011
https://doi.org/10.2147/IJN.S200254
https://doi.org/10.3390/molecules24234354
https://doi.org/10.1007/s00253-013-5422-8
https://doi.org/10.1007/978-94-007-7500-8_11
https://doi.org/10.1007/978-94-007-7500-8_11
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0085
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0085
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0085
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0085
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0090
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0090


Biomedicine & Pharmacotherapy 136 (2021) 111257

7

in cystic echinococcosis mice model: an alternative approach, Acta Trop. 197 
(2019), 105050. 

[19] M. Khatami, M.S. Nejad, S. Salari, P.G. Almani, Plant-mediated green synthesis of 
silver nanoparticles using Trifolium resupinatum seed exudate and their antifungal 
efficacy on Neofusicoccum parvum and Rhizoctonia solani, IET Nanobiotechnol. 
10 (August 4) (2016) 237–243, https://doi.org/10.1049/iet-nbt.2015.0078. 
Erratum in: IET Nanobiotechnol. 2017 Mar;11(2):212. PMID: 27463795. 

[20] M. Moazeni, H. Borji, M. Saboor Darbandi, M.J. Saharkhiz, In vitro and in vivo 
antihydatid activity of a nano emulsion of Zataria multiflora essential oil, Res. Vet. 
Sci. 114 (October) (2017) 308–312. 

[21] M. Niazi, M. Saki, M. Sepahvand, S. Jahanbakhsh, M. Khatami, M. Beyranvand, In 
vitro and ex vivo scolicidal effects of Olea europaea L. to inactivate the 
protoscolecs during hydatid cyst surgery, Ann. Med. Surg. (Lond.) 42 (April) 
(2019) 7–10. 

[22] P. Boisseau, B. Loubaton, Nanomedicine, nanotechnology in medicine et 
nanotechnologies pour la medecine, C. R. Phys. 12 (2011) 620–636. 

[23] M.F. Al-Hakkani, Biogenic copper nanoparticles and their applications: a review, 
SN Appl. Sci. 2 (2020) 505, https://doi.org/10.1007/s42452-020-2279-1. 

[24] S. Mahmoodi, A. Elmi, S. Hallaj-Nezhadi, Copper nanoparticles as antibacterial 
agents, J. Mol. Pharm. Org. Process Res. 6 (1) (2018) 1–7. 

[25] P. Kanhed, S. Birla, S. Gaikwad, A. Gade, A.B. Seabra, O. Rubilar, N. Duran, M. Rai, 
In vitro antifungal efficacy of copper nanoparticles against selected crop 
pathogenic fungi, Mater. Lett. 115 (January) (2014) 13–17. 

[26] H.A. Saad, M.I. Soliman, A.M. Azzam, B. Mostafa, Antiparasitic activity of silver 
and copper oxide nanoparticles against Entamoeba histolytica and cryptosporidium 
parvum cysts, J. Egypt. Soc. Parasitol. 45 (December 3) (2015) 593–602, https:// 
doi.org/10.12816/0017920. PMID: 26939237. 

Fig. 6. Ex vivo scolicidal effects of CuNPs alone and in combined with albendazole (ALZ, 200 μg/mL) against E. granulosus protoscoleces at various concentrations 
following various exposure times. The findings proved that CuNPs, even in combination with ALZ, required a longer time to kill protoscoleces ex vivo. 

Fig. 7. Caspase-3 activity of E. granulosus protoscoleces at various concentrations of CuNPs. After 48 h of treating protoscoleces, CuNPs in a dose-dependent manner 
and at doses of 250, 500, and 750 mg/mL induced the caspase enzyme activation by 20.5 %, 32.3 %, and 36.1 %, respectively. Data show as mean ± SD from three 
experiments in duplicate. * p < 0.05, ** p < 0.001. 

F. Ezzatkhah et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0090
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0090
https://doi.org/10.1049/iet-nbt.2015.0078
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0100
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0100
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0100
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0105
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0105
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0105
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0105
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0110
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0110
https://doi.org/10.1007/s42452-020-2279-1
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0120
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0120
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0125
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0125
http://refhub.elsevier.com/S0753-3322(21)00042-1/sbref0125
https://doi.org/10.12816/0017920
https://doi.org/10.12816/0017920


Biomedicine & Pharmacotherapy 136 (2021) 111257

8

[27] F. Malekifard, M. Tavassoli, K. Vaziri, In vitro assessment antiparasitic effect of 
selenium and copper nanoparticles on Giardia deodenalis cyst, Iran. J. Parasitol. 15 
(3) (2020) 411–417. 

[28] A.K. Chatterjee, R. Chakraborty, T. Basu, Mechanism of antibacterial activity of 
copper nanoparticles, Nanotechnology 25 (April 13) (2014) 135101, https://doi. 
org/10.1088/0957-4484/25/13/135101. Epub 2014 Feb 28. PMID: 24584282. 

[29] S. Elmore, Apoptosis: a review of programmed cell death, Toxicol. Pathol. 35 (4) 
(2007) 495–516, https://doi.org/10.1080/01926230701320337. 

[30] R. Chakraborty, T. Basu, Metallic copper nanoparticles induce apoptosis in a 
human skin melanoma A-375 cell line, Nanotechnology 28 (March 10) (2017) 
105101, https://doi.org/10.1088/1361-6528/aa57b0. 

[31] P.R. Prasad, S. Kanchi, E.B. Naidoo, In-vitro evaluation of copper nanoparticles 
cytotoxicity on prostate cancer cell lines and their antioxidant, sensing and 
catalytic activity: one-pot green approach, J. Photochem. Photobiol. B Biol. 161 
(August) (2016) 375–382. 
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