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Abstract

:

Since there is no potential, effective vaccine available, treatment is the only controlling option against hydatid cyst or cystic echinococcosis (CE). This study was designed to systematically review the in vitro, in vivo, and ex vivo effects of nanoparticles against hydatid cyst. The study was carried out based on the 06- PRISMA guideline and registered in the CAMARADES-NC3Rs Preclinical Systematic Review and Meta-analysis Facility (SyRF) database. The search was performed in five English databases, including Scopus, PubMed, Web of Science, EMBASE, and Google Scholar without time limitation for publications around the world about the protoscolicdal effects of all the organic and inorganic nanoparticles without date limitation in order to identify all the published articles (in vitro, in vivo, and ex vivo). The searched words and terms were: “nanoparticles”, “hydatid cyst”, “protoscoleces”, “cystic echinococcosis”, “metal nanoparticles”, “organic nanoparticles”, “inorganic nanoparticles, “in vitro”, ex vivo”, “in vivo”. Out of 925 papers, 29 papers including 15 in vitro (51.7%), 6 in vivo (20.7%), ex vivo 2 (6.9%), and 6 in vitro/in vivo (20.7%) up to 2020 met the inclusion criteria for discussion in this systematic review. The results demonstrated the most widely used nanoparticles in the studies were metal nanoparticles such as selenium, silver, gold, zinc, copper, iron nanoparticles (n = 8, 28.6%), and metal oxide nanoparticles such as zinc oxide, titanium dioxide, cerium oxide, zirconium dioxide, and silicon dioxide (n = 8, 28.6%), followed by polymeric nanoparticles such as chitosan and chitosan-based nanoparticles (n = 7, 25.0%). The results of this review showed the high efficacy of a wide range of organic and inorganic NPs against CE, indicating that nanoparticles could be considered as an alternative and complementary resource for CE treatment. The results demonstrated that the most widely used nanoparticles for hydatid cyst treatment were metal nanoparticles and metal oxide nanoparticles, followed by polymeric nanoparticles. We found that the most compatible drugs with nanoparticles were albendazole, followed by praziquantel and flubendazole, indicating a deeper understanding about the synergistic effects of nanoparticles and the present anti-parasitic drugs for treating hydatid cysts. The important point about using these nanoparticles is their toxicity; therefore, cytotoxicity as well as acute and chronic toxicities of these nanoparticles should be considered in particular. As a limitation, in the present study, although most of the studies have been performed in vitro, more studies are needed to confirm the effect of these nanoparticles as well as their exact mechanisms in the hydatid cyst treatment, especially in animal models and clinical settings.
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1. Background


Hydatid cyst or cystic echinococcosis (CE) is well-known as one of the most common universal parasitic infections, which infects a wide range of hosts such as humans, wild animals, and domestic livestock [1]. Therefore, CE can be considered as an important challenge both from medical and economic points of view [2]. In humans, hydatid cyst occurs through accidental infection with ingesting eggs of Echinococcus granulosus (dog tapeworm) expelled from the dog as the final host, followed by the growth of the larvae stage and transformation into cyst, predominantly in the liver (nearly 70%), and less frequently in the lungs, spleen, kidneys, and brain [3]. Considering the clinical symptoms of hydatid cyst, the onset of the disease shows no specific symptoms; but depending on the number, location, and size, the cysts have variable symptoms from mild to deadly [4].



Since there is no potential, effective vaccine available, treatment is the only controlling option against hydatid cyst diseases. Today, the therapeutic approaches for hydatid cyst treatment are medical treatment, surgical treatment, endoscopic interventional treatment, percutaneous methods (puncture, aspiration, injection, and re-aspiration (PAIR)), as well as the consequent minimally invasive techniques [5]. Therefore, in small and inactive cysts, the preferred treatment is chemotherapy with benzimidazole derivatives (mebendazole and albendazole); however, the first choice treatment for large and active cysts is surgery [6].



The results of recent studies have shown chemotherapy with benzimidazole derivatives is associated with some side-effects, i.e., hepatotoxicity, teratogenicity, methemoglobinemia, severe leucopenia, thrombocytopenia, and osteoporosis, indicating that caution should be exercised in using of these drugs [6]. By surgical treatment, since the rupture of cysts or leakage of their contents (protoscoleces) may cause re-infection, secondary infection, as well as anaphylaxis shock, surgeons use a number of chemical protoscolicidal agents such as hypertonic saline 20%, silver nitrate, and formalin to prevent these complications [4]. Hence, recent studies have demonstrated that the current protoscolicidal agents are not risk-free and can cause complications such as biliary fibrosis, hepatic necrosis, and cirrhosis [4,7]. Therefore, searching and discovering a new protoscolicidal agent are of top priority for physicians in this field.



Nanomedicine is considered as a relatively new field of science and technology that deals with nanometer-sized materials for medical purposes [8]. To date, nanomedicine has a variety of diagnostic and therapeutic applications in modern medicine, such as drug delivery, imaging, diagnosis, medical devices, vaccines, as well as antimicrobial therapy [9]. Considering applications of nanomedicine in treating microbial diseases, a wide range of studies have reported the antimicrobial effects of some inorganic nanoparticles (such as metal and metal oxide) and organic nanoparticles (peptide- and polymer-based nanoparticles such as cationic peptides, synthetic cationic polymers, chitosan, etc.) [10,11,12]. Considering the protoscolicidal activity of nanoparticles, although Shnawa et al. [13] reviewed the application of nanomedicine, especially green biosynthesis nanoparticles such as biogenic selenium, silver, gold, and chitosan nanoparticles, as new protoscolicidal alternative to treat hydatid cysts [13], in this study, we aim to systematically review the in vitro, in vivo, and ex vivo effects of a wide range of nanoparticles such as metal, carbon-based nanoparticles, lipid-based nanoparticles, polymeric nanoparticles, etc. against hydatid cyst.




2. Materials and Methods


2.1. Search Strategy


The current study was carried out based on 06- PRISMA guideline [14] and registered in the CAMARADES-NC3Rs Preclinical Systematic Review and Meta-analysis Facility (SyRF) database. The search was performed in five English databases, including Scopus, PubMed, Web of Science, EMBASE, and Google Scholar without time limitation for publications worldwide on the protoscolicidal effects of organic and inorganic nanoparticles without date limitation in order to identify all the published articles (in vitro, in vivo, and ex vivo). Studies in any languages were entered in the search step if they had an English abstract. The words and terms were used as a syntax with specific tags of each database. The searched words and terms were: “protoscolicidal”, “scolicidal”, “nanoparticles”, “hydatid cyst”, “metal nanoparticles”, “protoscoleces”, “cystic echinococcosis”, “in vitro”, ex vivo”, “in vivo”, “scolex” etc. (Figure 1).




2.2. Quality Assessment and Article Selection


Those studies were examined, in which the effects of nanoparticles against hydatid cyst were investigated. First, the studies were imported into EndNote X9 software (Thomson Reuters, New York, NY, USA) and duplicate studies were deleted. Afterwards, three independent authors examined the title and abstract of the studies and relevant works were included for further analysis. The same authors carefully read the studies and the eligible studies with adequate inclusion criteria were selected.




2.3. Exclusion Criteria


The studies with inadequate information, abstract submitted in congresses, full texts of which were not available, and failure to match methods with the incorrect interpretation of the results was excluded from the current study.




2.4. Inclusion Criteria


Inclusion criteria of this study were the articles evaluating the in vitro, ex vivo, and in vivo effects of various forms of nanoparticles containing drugs and other pharmaceutical formulations of organic and non-organic nanoparticles against hydatid cyst (Figure 1).




2.5. Data Extraction


Three independent authors extracted information from the selected articles and, if needed, the differences were resolved by the corresponding author. The extracted data included nanoparticle type, in combination or loaded with other drugs, type of study, animal model, concentration, time of use, reference, etc.





3. Results


Out of 925 papers, 29 papers including 15 in vitro (51.7%), 6 in vivo (20.7%), ex vivo 2 (6.9%), and 6 in vitro/in vivo (20.7%) up to 2020 met the inclusion criteria for discussion in this systematic review, the extracted data of which are presented in Table 1, Table 2 and Table 3. The most common type of nanoparticles were organic nanoparticles (15 studies, 51.7%) such as polymeric, lipid, etc., followed by non-organic nanoparticles such as metal and metal oxide nanoparticles (14 studies, 48.3%). The results demonstrated that the most widely used nanoparticles in the studies were metal nanoparticles such as selenium, silver, gold, zinc, copper, and iron nanoparticles (n = 8, 28.6%), metal oxide nanoparticles such as zinc oxide, titanium dioxide, cerium oxide, zirconium dioxide, and silicon dioxide (n = 8, 28.6%), followed by polymeric nanoparticles such as chitosan and chitosan based nanoparticles (n = 7, 25.0%). The findings also showed that, in the in vitro studies, the best exposure times were 60 min (n = 13, 46.4%), followed by 10 min (n = 4, 14.3%) and 120 min (n = 3, 10.7%). The results exhibited that the doses used in the in vitro studies were ranging from 0.0005 to 20 mg/kg, whereas in the in vivo studies, the doses ranged from 0.5 to 100 mg/kg.




4. Discussion


4.1. Preparation Methods of Nanoparticles


According to some factors such as condition of reaction, operation, and approved protocols, several techniques can be used for the nanoparticles synthesis. Currently, there are two main preparation methods, which include (i) bottom-up synthesis or chemo-physical methods such as lipid phase methods (precipitation, sol-gel, hydro-thermal approaches), gas phase methods (flame hydrolysis, spray hydrolysis, and aerosol methods), and biological production by plants, bacteria, fungi, etc., and (ii) top-down synthesis or mechanical-physical methods such as chemical etching, mechanical milling, sputtering, laser ablation, electro-explosion, etc. [44,45,46].




4.2. Solid Lipid Nanoparticles (SLNs)


SLNs have been used as a carrier system since the early 1990s. The advantages of these nanoparticles lie with their capability in drug release control, drug targeting, increasing drug chemical stability, acting as a carrier for lipophilic and hydrophilic drugs, having mass production capability, and being completely sterilized. They also increase the bioavailability of praziquantel (PZQ), enhance the pharmacological activity as well as therapeutic efficacy of PZQ and its therapeutic effect and efficacy, and reduce dose and administration frequency [15,47,48].




4.3. Albendazole (ABZ)-Loaded SLNs


In a recent study by Aminpour et al., the protoscolicidal effects of albendazole-loaded SLN (ABZ-loaded SLN) were investigated both in vitro and in vivo. In this study, during the seven-day period, the protoscoleces were exposed to the concentrations of 250 and 500 μg/mL of the drug. Then, the number of the remaining cysts was evaluated. On the fifth day of testing, all the protoscoleces in contact with ABZ-loaded SLN disappeared while protoscoleces in contact with the same concentrations of ABZ were destroyed on day 7 of the experiment. On the third day of the experiment, 5 CC of protoscoleces at the concentration of 250 μg/mL ABZ-loaded SLN was injected into the mice and, after three months, the pathogenicity of the protoscoleces in contact with the drug was investigated. It was found that in some of the mice after receiving the above compound, no cysts were formed; the remaining mice had much smaller cysts than the other groups that received ABZ only or did not receive any treatment at all. The results of this study indicated the efficient prophylactic effect of this drug on the treatment of hydatid cysts [15].




4.4. Albendazole Sulfoxide-Loaded SLNs


In a study in 2013, Ahmadnia et al. investigated the effects of albendazole sulfoxide-loaded SLN (ALBSO-loaded SLN) on hydatid cysts. The results showed this compound reduced the size of the cysts, but made no significant changes over the duration of this experiment (15 days) and still required more precise experiments, more dosing studies, and longer-term studies [41]. In another study, Soltani et al. (2015) aimed to compare hydatid cyst membrane permeability of ABZ, ABZSO, ABZ-loaded SLN, and ABZSO-loaded SLNs. Their results showed ABZ and ABZSO, due to some unique properties such as good physicochemical characterizations, controlled release, higher permeability, and efficacy by loading into SLNs, were promising for hydatid cyst treatment [17]. In a study published by Rafiei et al. (2019), ultrastructural changes of fertile and infertile cysts exposed to 2 μg/mL of ABZ-loaded SLN and ABZSO-loaded SLNs were investigated. In the histopathologic evaluation of cysts in the control group, which did not receive treatment; in this case, no structural changes were observed, while in the groups treated with the mentioned nanoparticles, the cyst structure was not integrated and only the residues and fragments of protoscoleces were present. The best performance was also observed in the ABZSO-loaded SLNs treated group [16].




4.5. Albendazole- and Praziquantile-Loaded SLNs


A 2016 study by Jelowdar et al. on PZQ- and ABZ-loaded SLNs showed that, by giving the drug to mice infected with protoscoleces, the spread of cysts in mice receiving these compounds was much lower than that in the control group receiving only SLNs without the drug. In this group of mice, there was a significant decrease in the size and dry weight of the cysts and the damaged layers of the cysts were highly observed in the mice treated with the above nanoparticles. It should be noted that in comparison to the effect of PZQ- and ABZ-loaded SLNs with free PQZ and ABZ, no significant difference was observed in the number and size of cysts; but, in the destruction rate of cyst layers in the recipient group of PZQ- and ABZ-loaded SLNs, LL loss and serious damage to GL were found. In the group receiving free ABZ and PZQ, only this layer became thin and fragile, and the number of GL cells decreased [40].




4.6. Nanolipid Carriers


This combination, created by the change in SLNs, has some advantages. These changes maintain the physical stability of the compound and facilitate the incorporation of more drug into the nanocarier. This compound has been studied in various respects and the results have shown anti-inflammatory, antimicrobial, and efficient drug delivery carriers for anti-cancer drugs [49,50,51].



Nanolipid Carriers-Loaded Ivermectin


In 2019, Ahmadpour et al. investigated the effect of nanolipid carriers-loaded ivermectin on the treatment of hydatid cysts. In this study, the concentrations of 200, 500, and 800 μg/mL at 150, 120, and 60 min were able to destroy hydatid cyst protoscoleces, whereas free ivermectin, at concentrations of 800 μg/mL at 150 min, was able to achieve this percentage [19].





4.7. Lipid Nanocapsules


LNCs are remarkable structures in the medical field. The benefits of this combination have led to their use not only in therapeutic applications, but also in the fields of drug delivery, cancer diagnosis, and gene and cell therapy. Studies of this compound in the field of cancer have shown promising results, indicating that this compound could reduce tumor mass and increase the cytotoxicity of glioma cells [52].



Albendazole-Lipid Nanocapsules


In 2019, Ullio Gamboa et al. investigated the protoscolicidal effects of albendazole-lipid nanocapsules (ABZ LNCs). In this study, various parameters such as LNCs drug payload and encapsulation efficiency, nanoparticle stability, stability of the nanocapsules in simulated gastrointestinal fluids, and animal studies were investigated, all of which had promising results. As seen in the animal studies, 4 out of the 10 infected mice receiving this compound showed no improvement in the cyst development and the size of the cysts decreased significantly compared to the control group. GL was also highly deformed and its cells were reduced [39]. In 2015, Pensela et al. investigated ABZ LNCs in the mice infected with hydatid cysts. In this study, we investigated the plasma and cyst drug exposure after administering ABZ as ABZ-LNCs or ABZ suspension and compared the clinical effects of these two formulations. In the studies following the use of these two formulations, ABZ levels in plasma and cysts were significantly higher when ABZ was used in combination with nanoparticles compared to ABZ suspension [18].





4.8. Metal Nanoparticles


Metallic nanoparticles are among the most efficient nanoparticles in various medical fields such as cancer therapy, respiratory disease therapy, neurodegenerative disease therapy, infectious diseases therapy, etc. [43,44]. These nanoparticles have anti-bacterial and biofilm prevention effects by producing ROS, protein adhesion, and membrane destabilization. The anti-cancer effect of these nanoparticles has also been shown to have strong effects on the cancer cells [53,54].



4.8.1. Selenium (Se) NPs


Various studies have been carried out on this nanoparticle, investigating its various aspects. In these studies, we observed a decrease in acute Se toxicity, induction of apoptosis in cancer cells, minimal side-effects on normal cells, and reduction in apoptosis in the diabetic kidney [55,56]. In evaluating the antimicrobial effects of these nanoparticles, these compounds have antimicrobial effects on methicillin-sensitive and methicillin-resistant Staphylococcus aureus. Antifungal and antiparasitic effects of these compounds have also been observed. These properties as well as the anti-cancer effects have made these compounds an important part of drug making [57,58].



In 2014, for the first time, the effects of biogenic selenium nanoparticles were evaluated by Mahmoudvand et al. In this study, the concentrations of 500 and 250 μg/mL of this compound for 10 and 20 min had 100% efficacy on the protoscoleces of hydatid cyst, indicating this compound had strong protoscolicidal effects [15]. In 2018, the effect of Se and Ag on the protoscoleces was evaluated by Nematollahi et al. Examining different concentrations of these compounds over 10 to 30 min showed that Se NPs were much stronger than Ag NPs and had approximately 42% yield over 60 min [20].




4.8.2. Silver (Ag) NPs


The antimicrobial and antiparasitic effects of silver nanoparticles have been studied in various studies and promising results have been obtained in cancer-related studies. The antiviral effects of silver nanoparticles have been shown to inhibit replication and binding to the host cell membrane and anti-parasitic studies have demonstrated the inhibition of proliferation and metabolic activity of promastigotes in leishmaniasis. One of the reasons that have led these nanoparticles to attract more attention is their promising effects on developing anticancer drugs [59,60,61,62,63].



In studies on biogenic Ag NPs by Rahimi et al. in 2015, at concentrations of 0.025, 0.05, 0.1, and 0.15 mg/mL, only the concentration of 0.15 mg/mL at 120 min was observed to have 90% protoscolicidal effects. The lowest protoscolicidal activity was also observed at 0.025 mg/mL concentration and 10 min [23]. In addition, Lashkarizadeh et al. reported this nanoparticle in the same year to have poor protoscolicidal effects on the protoscoleces of hydatid cysts, so that at concentrations of 4mg/mL for the period of 60 min, it was able to eliminate 71.6% of protoscoleces, while hypertonic salt solution at a concentration of 20% was able to eliminate 100% of protoscoleces in 10 min [22].



In a recent study by Nassef et al., the therapeutic effects of albendazole-loaded silver nanoparticles along with ABZ and Ag NPs were evaluated. These studies have shown that this compound had the highest pharmacological effect among ABZ and Ag NPs and had the least histopathological effects on the liver. In addition, in the cysts in contact with this nanoparticle, there were marked ultrastructural changes. While measuring size, granuloma size, and weight of cysts, the greatest decrease was in ABZ loaded with silver nanoparticles [38]. In a study by Norouzi et al., the protoscolicidal effects of silver, silica, copper, iron, and zinc nanoparticles were evaluated. In this in vitro work, the highest protoscolicidal effects were related to Ag-NPs at 1 mg/mL concentration after 60 min of exposure time (80% mortality rate), followed by Si-NPs at 1 mg/mL concentration (52.33%), Cu-NPs at 0.5 mg/mL concentration (41%), Fe-NPs at 1mg/mL concentration (28%), and Zn-NPs at concentration of 1mg/mL after 60 min (15.67%) [24].




4.8.3. Gold (Au) NPs


Gold nanoparticles are among the most important compounds in the medical field. There have been numerous studies on the treatment of important parasitic diseases such as leishmaniasis and malaria that have shown successful results. In addition, applying these nanoparticles for identifying different parasites has also been studied and confirmed. Gold nanoparticles have been shown to have a highly stable and adaptable structure for drug delivery, which has increased the interest in these nanoparticles [64,65].



In the recent study by Napooni on the protoscolicidal effects of this nanoparticle, we observed that the highest lethal effect was at 60-min exposure to protoscoleces with 4000 μg/mL gold nanoparticles. Furthermore, the cytotoxicity of this compound was found to be low at all concentrations. Ultrastructure changes in the tegument, shape of the sucker, size, and DNA fragmentation were also observed in protoscoleces [26]. Another study in 2016 on these nanoparticles by Barabadi et al. showed that the in vitro use of 300 μg/mL of these nanoparticles compared to other groups (groups receiving 5% normal saline and concentrations of 50, 100, and 200 μg/mL gold nanoparticles) had the highest removal rate of protoscoleces in 2 h [25]. In a recent study by Çolak et al., the protoscolicidal activity of AuNPs at concentrations of 0.4 and 0.8 mL and three laser powers including 30, 50, and 150 mW were evaluated for 30, 60, and 120 min. They found that 89.3% of the protoscoleces was killed after treatment with AuNPs under high dose (150 mW) laser power for 120 min, indicating that increasing the dose of AuNPs or laser power or used time increased the mortality rate of protoscoleces [43].



Malekifard et al. (2017) also investigated the protoscolicidal effects of these nanoparticles. Protoscolicidal effects of gold nanoparticles were studied in vitro at concentrations of 250, 500, and 1000 μg/mL for 5 to 60 min in contact with hydatid cyst fluid. Gold nanoparticles at all concentrations used had significant protoscolicidal effects compared to the control group, so that all the protoscoleces in contact with the concentration of 1000 μg/mL were eliminated within 1 h [27].





4.9. Non-Metal NPs


ABZ-Loaded Nanoparticles


In a study in 2008, Truong Cong et al. evaluated the diffusion ability of ABZ nanoparticles and increased drug concentration in hydatid cysts. A good correlation was observed between the permeation coefficient and partition coefficient. The drug release from the nanoparticles through the hydatid membrane was improved compared to the soluble ABZ and showed sufficient entrapment efficiency to increase the apparent solubility of ABZ [42].





4.10. Metal Oxide NPs


4.10.1. Zinc Oxide Nanoparticles


ZnO nanoparticles are non-toxic and compatible with body skin. Properties such as skin adaptation, non-toxicity, antimicrobial, antiparasitic, and antifungal activity have made these nanoparticles a widely-used and important compound in manufacturing medicine. These nanoparticles, without toxic effects on healthy cells, induce death in cancer cells; studies have shown that these nanoparticles can be used for gene delivery [66,67].



Norouzi et al. recently investigated the protoscolicidal effects of zinc oxide nanoparticles for the first time. At 50 and 100 mg/mL concentrations, the highest protoscolicidal effects of this compound were observed in 10 min of zinc oxide and protoscolece nanoparticles exposure, which was 19.6% (very weak) and with no increase in performance over time; it was a low percentage, indicating this compound was not suitable for use in hydatid cyst surgery [28]. In another study on this nanoparticle in 2015 by Razi Jalali et al., the protoscolicidal effects of zinc oxide and ABZ, Echinacea purpurea, and Sambucus ebulus nanoparticles were investigated, which revealed a decrease in size, volume, and number of cysts in all the compounds [37].




4.10.2. Titanium Dioxide (TiO2) Nanoparticles


TiO2 nanoparticles are considered as one of the most widely used nanoparticles in various industries such as cosmetics, food, and pharmaceuticals, since they have some physicochemical properties such as non-toxicity, cost-effectiveness, anticorrosive, high stability, photocatalytic properties, etc. These compounds kill cells by inactivating germ cell and DNA enzymes as well as by removing fluids from bacterial cells. Other uses of these compounds include treating and diagnosing cancer [68,69,70]. Navvabi et al. (2019) recently investigated the in vitro and in viovo protoscolicidal effects of Echinometra mathaei (sea urchin gonad) extract alone or combined with TiO2 NPs. Their results showed that sea urchin gonad extract at the concentration 15 μg/mL, especially in combination with TiO2, killed 84% of the protoscoleces after 60 min exposure in vitro. On the other hand, oral administration of infected mice with the combination of the gonad extract + TiO2 for three months demonstrated higher efficacy by reduction in number, size and volume of the hydatid cysts in comparison to the control group [29].




4.10.3. Cerium Dioxide Nanoparticles


Cerium (Ce) is one of the rare-earth elements that, because of its special structure, has expended its use. Other features include its cost-effectiveness. Many studies have investigated the benefits of this nanoparticle, such as antimicrobial, anti-cancer, treatment, and antioxidant activities [71,72]. In a study by Aryamand et al. (2019), the in vitro and in vivo protoscolicidal effects of Holothuria leucospilota extract alone, CeO2 nanoparticles alone, and extract combined with CeO2 NPs were investigated for 10 to 60 min. In vitro results showed that the most protoscolicidal effects were reported for extract (70% at 20 mg/mL for 60 min), followed by the combination of this extract and Ce nanoparticles (63% in 15 mg/mL concentration for 1 h). Furthermore, in vivo assay demonstrated that all three compounds significantly reduced the number and size of the hydatid cysts compared to the control group that received no treatment [30].




4.10.4. Zirconium Dioxide Nanoparticles


Zirconium (Zr) is a chemical element which has some applications, especially in medicine and dentistry [73]. Zirconium dioxide (ZrO2), also called zirconia, has some unique properties such as high compatibility, low toxicity, low cost, and high strength and is broadly used in various biomedical fields including antimicrobial ones [74,75,76,77]. In a study conducted by Ibrahim (2020), ZrO2 at concentrations of 1000, 2000, and 4000 µg/mL significantly killed 49.6, 52.7, and 53.1% of the hydatid protoscoleces after 60 min [31].





4.11. Nanopolymeric Particles


Various properties of chitosan nanoparticles (Ch NPs) including non-toxicity, water solubility, stability, simple preparation, environmental compliance, and antimicrobial activity have made them remarkable and effective compounds in the field of medicine. In the field of vaccine development, several studies have been performed to evaluate the usefulness of these nanoparticles, showing their beneficial effects [78,79,80].



4.11.1. Chitosan-Curcumin Nanoparticles


In another study by Napooni et al. (2019), the in vitro protoscolicidal effects of chitosan–curcumin nanoparticle (Ch-Cu NPs) at different concentrations of 0.25, 0.05, 1, 2, and 4 mg/mL were evaluated for 5, 10, 20, 30, and 60 min. The results showed that the highest mortality rate (68%) of protoscoleces was observed after exposure to Ch-Cu-NPs at a concentration of 4000 µg/mL for 60 min, whereas by scanning electron microscopy, the length and width of protoscoleces were significantly reduced compared to the control group [32].




4.11.2. Chitosan-Praziquantel and -Albendazole Nanoparticles


Torabi et al. (2018) examined the protoscolicidal, prophylactic, and therapeutic effects of ChPZQ and ChABZ. In evaluating the in vitro protoscolicidal effects of these compounds, microcysts were exposed (for 16 days) at concentrations of 1, 5, and 10 μg/mL of chitosan-praziquantel (ChPZQ) and -albendazole (ChABZ); then, it was observed that the best effect during this time was related to using these two compounds together (at concentrations 5 and 10) when no microcysts were observed for 10 days post-incubation. Compared to ChPZQ and ChABZ, ChPZQ performed better at all the three concentrations than ChABZ (no significant difference). In order to evaluate the therapeutic and prophylactic effects of these compounds, the number and weight of cysts in contact with the above compounds were evaluated. For evaluating the prophylactic effect of these compounds, a significant decrease in the number and weight of cysts in the group receiving the two compounds was observed compared to the control group receiving no medication. However, in the evaluation of therapeutic effect, there was a significant difference in the number of cysts in the group receiving ChABZ and ChPZQ nanoparticles together compared to the control group; but no significant decrease was observed in the weight of the cysts compared to the control group. In the mice receiving both combinations, GL and LL were separated [81]. Furthermore, in another study by Torabi et al., ChPZQ showed more stability than ChABZ, which could be due to its better performance [66].



In a recent study conducted by Darvishi et al. (2020), the effects of ABZ-sulfoxide (SO)-loaded chitosan (CS)-PGLA NPs synthesized by nanoprecipitation orally administered at a dose of 10 mg/kg/day for 45 days showed significant therapeutic effect in the weight and volume of cysts in comparison to that in the control group, indicating that ABZ-SO-loaded CS-PGLA NPs could improve the therapeutic effects of ABZ-SO in the CE treatment in mice [36].




4.11.3. Albendazole Sulfoxide-Loaded PLGA-PEG NPs


In 2016, Naseri et al. investigated the protoscolicidal effects and apoptotic activity of albendazole sulfoxide-loaded PLGA-PEG (ABZs-loaded PLGA-PEG). In this study, concentrations of 50, 100, 150, and 200 μg/mL of these compounds were exposed to a specific concentration of hydatid cyst fluid for 5 to 60 min. To evaluate the protoscolicidal effects, it was observed that at concentrations of 150 and 200 μg/mL, the nanodrug (at all times of the experiment) had 100% protoscolicidal effects, while at a concentration of 200 μg/mL, albendazole at 30 min had a 100% effect. Protoscoleces treated with ABZs-loaded PLGA-PEG showed surface shrinkage, disoriented appearance, and a disrupted characteristic due to programmed cell death. Both compounds had apoptotic intensity, but no significant difference was observed in the activity of both compounds [34].




4.11.4. Flubendazole-Loaded mPEG-PCL NPs


In 2018, studies on the protoscolicidal effects of flubendazole-loaded mPEG-PCL NPs were conducted by Farhadi et al. The in vitro study showed that, at exposure time of 27 days, 10 μg/mL of these nanoparticles was able to kill all the protoscoleces on the 15th day. In vivo studies also showed that the number of cysts was significantly lower than the control group, but the difference in the number of cysts in the free flobendazole recipient group and the group that received nanoparticle was not significant. The weight of the cysts in the nanoparticle receiving group was much lower than the other groups; the cysts underwent many changes and there were marked ultrastructural changes in the germinal layer [35].






5. Conclusions


The results of this review study show the high efficacy of a wide range of organic and inorganic NPs against CE, indicating that nanoparticles could be considered as an alternative and complementary resource for CE treatment. The results demonstrated that the most widely used nanoparticles for hydatid cyst treatment are metal nanoparticles, metal oxide nanoparticles, followed by polymeric nanoparticles. We found that the most compatible drugs with nanoparticles were albendazole, followed by praziquantel and flubendazole, indicating a deeper understanding about the synergistic effects of nanoparticles and the present anti-parasitic drugs to treat hydatid cysts. The important point about using these nanoparticles is their toxicity; therefore, cytotoxicity as well as acute and chronic toxicities of these nanoparticles should be considered in particular. As a limitation, in the present study, although most studies have been performed in vitro, more studies are needed to confirm the effect of these nanoparticles as well as their exact mechanisms in hydatid cyst treatment, especially in animal models and clinical settings.
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Figure 1. Flowchart describing the study design process. 
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Table 1. A list of in vitro studies on effects of nanoparticles against hydtid cysts.
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Nanoparticles

	
Drug

	
Outcome

	
Ref




	
Concentration of Drug (µg/mL)

	
Best Exposure Time






	
Solid lipid nanoparticles (SLNs)

	
Albendazole Loaded SLN

	
250

	
Fifth day

	
[15]




	
500

	
Fifth day




	
2

	
72 h

	
[16]




	
Albendazole Sulfoxide

Loaded SLN

	
2

2.5

	
72 h

	
[17]




	
2

	
72 h

	
[16]




	
Lipid nanocapsules

(LNCs)

	
Albendazole -LNCs

	
0.5

	
-

	
[18]




	
1

	
-




	
1.5

	
7 day




	
Nano lipid carriers

(NLCs)

	
NLCs Loaded Ivermectin

	
50

	
-

	
[19]




	
100

	
-




	
200

	
150 min




	
400

	
120 min




	
800

	
60 min




	
Metal NPs

	
Selenium NPs

	
50

	
-

	
[20]




	
125

	
-




	
250

	
20 min




	
500

	
10 min




	
50

	
-

	
[21]




	
125

	
-




	
250

	
-




	
500

	
60 min




	
Silver NPs

	
500

	
-

	
[22]




	
1000

	
-




	
2000

	
-




	
4000

	
60 min




	
25

	
-

	
[23]




	
50

	
-




	
100

	
-




	
150

	
120 min




	
50

	
-

	
[21]




	
125

	
-




	
250

	
60 min




	
500

	
-




	
250

	
-

	
[24]




	
500

	
-




	
1000

	
60 min




	
Gold NPs

	
50

	
-

	
[25]




	
100

	
-




	
200

	
-




	
300

	
120 min




	
250

	
-

	
[26]




	
500

	
-




	
1000

	
-




	
2000

	
-




	
4000

	
60 min




	
250

	
-

	
[27]




	
500

	
-




	
1000

	
60 min




	
Zinc NPs

	
250

	
10 min

	
[24]




	
500

	
-




	
1000

	
-




	
Copper NPs

	
250

	
-

	
[24]




	
500

	
60 min




	
1000

	
-




	
Iron NPs

	
250

	
-

	
[24]




	
500

	
10 min




	
1000

	
-




	
Metal oxide NPs

	
Zinc Oxide NPs

	
50,000

	
10 min

	
[28]




	
10,000

	
-




	
Sea Urchin Gonad Extraction Combined with Tio2 NPs

	
1

	
-

	
[29]




	
5

	
-




	
15

	
60 min




	
CeO2 NPs

	
1000

	
-

	
[30]




	
5000

	
-




	
10,000

	
-




	
15,000

	
-




	
20,000

	
60 min




	
ZrO2

	
250

	
-

	
[31]




	
500

	
-




	
1000

	
60 min




	
2000

	
60 min




	
4000

	
60 min




	
Nonmetals oxide NPs

	
SiO2 NPs

	
250

	
-

	
[24]




	
500

	
-




	
1000

	
60 min




	
Nanopolymeric particles

	
Chitosan NPs

	
Curcumin

	
500

	
-

	
[32]




	
1000

	
-




	
2000

	
-




	
4000

	
60 min




	
Praziquantel

	
1

	
-

	
[33]




	
5

	
Tenth days




	
10

	
Tenth days




	
Albendazole

	
1

	
-

	
[33]




	
5

	
Tenth days




	
10

	
Tenth days




	
Albendazole Sulfoxide Loaded

PLGA-PEG NPs

	
50

	
-

	
[34]




	
100

	
-




	
150

	
All The time




	
200

	
All The time




	
Flubendazole-Loaded mPEG-PCL NPs

	
1

	
-

	
[35]




	
5

	
-




	
10

	
Fifteenth days
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Table 2. A list of in vivo studies on effects of nanoparticles against hydtid cysts.
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Group

	
Drug

	
Animal

	
Outcome

	
Ref.




	
Drug Dose

	
Duration of Medication

	
Investigation Timeframe






	
Nanopolymeric particles

	
Flubendazole-loaded mPEG-PCL NPs

	
BALB/c mice

	
5 mg/kg

	
1 month

	
8 months

	
[35]




	
Chitosan NPs

	
Praziquantel

	
Male DBA/2

mice

	
25mg/kg

	
21 days

	
8 months

	
[33]




	
Albendazole

	
Male DBA/2

Mice

	
25 mg/kg

	
21 days

	
8 months

	
[33]




	
Albendazole sulfoxide (ABZ-SO)–loaded chitosan-PLGA nanoparticles

	
BALB/c mice

	
10 mg/kg

	
45 days

	
10 months

	
[36]




	
Metal oxide NPs

	
CeO2 NPs

	
Male BALB/c mice

	
50 mg/kg

	
1 month

	
2 months

	
[30]




	
Sea Urchin Gonad Extraction Combined with Tio2 NPs

	
BALB/c mice

	
-

	
3 month

	
3 months

	
[29]




	
Zinc Oxide NPs

	

	

	

	

	
[37]




	
Metal NPs

	
Albendazole-Loaded Silver NPs

	
Female albino mice

	
100 mg/kg

	
2 month

	
2 months

	
[38]




	
Silver NPs

	
Female albino mice

	
25 mg/kg

	
2 month

	
2 months

	
[38]




	
Lipid Nanocapsules

(LNCs)

	
Albendazole -LNCs

	
Female CF-1 mice

	
5 mg/kg

	
1 month

	
6 months

	
[39]




	
Female CF-1 mice

	
5 mg/kg

	
1 month

	
8 months

	
[18]




	
Solid lipid nanoparticles (SLNs)

	
Praziquantel Loaded SLN

	
Female BALB/c mice

	
-

	
3 month

	
5 months

	
[40]




	
Albendazole Loaded SLN

	
Female BALB/c mice

	
-

	
3 month

	
5 months

	
[40]




	
Albendazole Sulfoxide

Loaded SLN

	
Male BALB/c mice

	
0.5 mg/kg

2 mg/kg

	
15 day

	
8 months

	
[41]




	
Albendazole Loaded SLN

	
BALB/c mice

	
-

	
-

	
3 months

	
[15]
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Table 3. A list of ex vivo studies on effects of nanoparticles against hydtid cysts.






Table 3. A list of ex vivo studies on effects of nanoparticles against hydtid cysts.





	
Group

	
Drug

	
Outcome

	
Ref




	
Concentration of Drug (mL)

	
Best Exposure Time






	
Nonmetal Nanoparticles

	
Albendazole Loaded NPs

	
0.5

	
-

	
[42]




	
Metal Nanoparticles

	
Gold NPs

	
0.4

	
-

	
[43]




	
0.8

	
120 min
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