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a b s t r a c t 

Background: Schistosomiasis is an acute and chronic parasitic disease caused by blood flukes of the genus 

Schistosoma . The current drugs for treating schistosomiasis are associated with some side effects. 

Objective: The aim of this systematic study was an overview of the treatment of diseases caused by 

Schistosoma based on nanoparticles. 

Methods: In the present systematic research with keywords “Schistosoma ”, “parasitism”, “anti- Schistosoma 

activity”, “nanoparticles”, “metal nanoparticles”, “silver nanoparticles”, “gold nanoparticles”, “polymer 

nanoparticles”, “PLGA nanoparticles”, “nanoemulsions”, “in vitro ”, and “in vivo ” from five English-language 

databases, including ScienceDirect, europePMC, PubMed, Scopus, Ovid, and Cochrane were searched from 

20 0 0 to 2022 by 2 researchers. 

Results: In the initial search, 250 studies were selected. Based on the inclusion and exclusion criteria, 

27 articles were finally selected after removing duplicate, unrelated, and articles containing full text. In 

present article, the most nanoparticles used against Schistosoma were gold nanoparticles (22%). 

Conclusions: The results indicate the high potential of various nanoparticles, including metal nanoparti- 

cles, against Schistosoma . Also, the remarkable anti-schistosomal activity of nanoparticles suggests their 

use in different fields to eliminate this pathogenic microorganism so that it can be used as an effective 

candidate in the preparation of anti-schistosomal compounds because these compounds have fewer side 

effects than chemical drugs. Ther Res Clin Exp . 2023; XX:XXX–XXX). 

© 2023 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Parasitic diseases can be considered among the most com- 

on infectious diseases. 1 Schistosomiasis is a parasitic disease of 

umans and animals that is caused by Schistosoma species (also 

nown as the blood flukes). The disease is prevalent in tropical 

nd subtropical regions, particularly in poor peoples with no ac- 

ess to safe drinking water and satisfactory sanitation. 1 Based on 

orld Health Organization data, schistosomiasis causes more than 

0 0,0 0 0 deaths annually around the world; at least 251.4 million 

eople needed preventive treatment in 2021. 2 In humans, schisto- 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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omiasis occurs mainly in Africa, the Middle East, South America, 

nd the Caribbean islands. In mammalian hosts, female worms lay 

ggs in the mesenteric vessels, after which the eggs pass through 

he intestinal tract and are excreted through feces. Under labora- 

ory conditions, Schistosoma eggs adhere to endothelial cells and 

nduce cell migration. More than 11% of Schistosoma eggs laid in 

he mesenteric vessels are transported through the portal vein and 

tored in the liver. Inside the tissues, Schistosoma eggs secrete a 

ariety of soluble egg antigens that increase the attachment of 

he egg to endothelial cells and induce the formation of granu- 

oma through T cells. Granuloma production as an immunologi- 

al reaction has a protective role. 2 , 3 Intestinal schistosomiasis is 

eported by S mekongi, S japonicum, S intercalatum, S guineensis, 

nd S mansoni , whereas the urogenital schistosomiasis is caused 

y S haematobium. 2 Praziquantel (PZQ) remains the first-line drug 

gainst adult Schistosoma worms and the smaller stages of schis- 

osomes; however, it displayed some advers side effects, aller gic 

nd hypersensitivity responses, and does not prevent reinfection. 4 

herefore, a novel effective and safe antischistosomal agent must 

e developed. 

In recent years, researchers have investigated the effects of 

anoparticles and their mechanism of action on parasitic infec- 

ions to find a suitable alternative to routine drugs. 5 , 6 Recent stud- 

es have investigated the antiparasitic effects of nanoparticles in 

ivo and in vitro and reported promising results on the effect of 

anoparticles in the treatment of parasitic diseases. 7–11 Nanoparti- 

les are finely dispersed particles or solid particles with a size of 

0 to 100 nm, which are prepared in different forms. In fact, they 

re considered biological mimics, nanomachines, can target cells, 

nd extracellular elements to deliver drugs and genetic factors. 12 

he aim of this systematic study was to present an overview of 

he treatment of diseases caused by Schistosoma based on nanopar- 

icles. 

ethods 

earch strategy and selection 

The study covered the period from 20 0 0 to 2022 according to 

he Preferred Reporting Items for Systematic Reviews protocol. Five 

nglish-language databases, including ScienceDirect, europePMC, 

ubMed, Scopus, Ovid, and Cochrane were searched by 2 of the 

uthors. The search was performed using the syntax and specific 

ags for each of the databases. The words used for the search 

ere Schistosoma, parasitemia , Schistosoma anti-activity nanopar- 

icles , metallic nanoparticles , silver nanoparticles , gold nanoparticles , 

olymeric nanoparticles , PLGA nanoparticles , nano-emulsions , in vitro , 

nd in vivo . Duplicate articles were removed by EndNote software 

ersion 9 (Clarivate, London, United Kingdom). The title and ab- 

tract of the articles were independently reviewed by 2 of the au- 

hors, and in case of disagreement, discrepancies were resolved 

hrough discussion. 

nclusion and exclusion criteria 

nclusion criteria 

The inclusion criteria in this study were as follows: studies 

ublished in English, studies published in peer-reviewed journals, 

tudies that had clear information to evaluate, studies for which 

ull text was available, and studies that only analyzed the effect of 

anoparticles on Schistosoma. 

xclusion criteria 

The exclusion criteria in this study were as follows: studies for 

hich full text was not available, case reports, case series, system- 
2 
tic reviews, summaries of presentations at seminars and confer- 

nces, and studies without clear information to evaluate. 

ata extraction 

Two authors independently extracted the initial information of 

he selected articles as follows: author (year), type of nanoparti- 

les, drug, concentration (in micrograms per milliliter), and expo- 

ure time. 

esults and Discussion 

elected studies 

At the beginning of the search, the studies identified through 

he database search included 240 studies. After removing addi- 

ional records identified through other sources and duplicates that 

ncluded 10 studies, 120 studies were left, which included 120 

tudies, and the remaining cases were 116 studies. Based on the 

xclusion criteria, 40 more studies were also excluded. Eighty 

tudies remained eligible for evaluation. In the next step, 53 ar- 

icles that did not have enough information to be included in 

he study were removed and finally 27 studies were evaluated 

n the present systematic review (see the Figure ). The most used 

anoparticles against Schistosoma were gold nanoparticles (AuNPs) 

22%), followed by liposome (14.8%) and chitosan (14.8%) nanopar- 

icles. Most studies (51%) were performed in vitro and 13 studies 

48.1%) were performed in vivo. Other information is described in 

ables 1 and 2 . 

argeted drug delivery mechanisms in nanoparticles 

Nanoparticle drug delivery systems are engineering technolo- 

ies that use nanoparticles for targeted delivery and production 

ontrol of therapeutic drugs. A modern form of drug delivery sys- 

em should minimize side effects and optimize dosage. In recent 

ears, nanoparticles have received attention due to their potential 

pplication for effective drug delivery. 41 Nanomaterials offer dif- 

erent chemical and physical properties or biological effects than 

heir larger counterparts, which can be useful for drug delivery 

ystems. Some of the important advantages of nanoparticles are 

igh surface-to-volume ratio, chemical and geometric stimulabil- 

ty, and their ability to interact with biomolecules to facilitate ab- 

orption into cell membranes. Nanoparticles include a large family 

f organic and inorganic materials that have unique tunable prop- 

rties that can be selectively tailored for specific applications. De- 

pite the many advantages of nanoparticles, there are also several 

hallenges, which include nanotoxicity, biological release, and col- 

ection and release of nanoparticles by the human body. 42 

sing nanoparticles to treat parasitic infections 

Research on the preparation and use of nanoparticles in the 

reatment and diagnosis of diseases in nanomedical projects is 

f primary importance and includes the accurate identification of 

ells and receptors, depending on specific clinical conditions, and 

he selection of appropriate nanocarriers to obtain a desired re- 

ponse while minimizing side effects. Mononuclear phagocytes, 

endritic cells, endothelial cells, and cancers (tumor cells and neo- 

ascular tumors) are key targets of nanoparticle therapy. 43 Par- 

sitic diseases such as malaria, leishmania, and trypanosomiasis 

re important global issues and due to their intracellular nature, 

hey pose a challenge for researchers aiming to discover and sup- 

ly drugs. In addition, the small amount of discovery in the field 

f antiparasitic drugs in the past decades has necessitated effec- 

ive management to maintain supply. 44 The latest studies in the 

eld of drug development for parasitic diseases are focused on 
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Figure. The flowchart of the process of article selection. 
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iological and biopharmaceutical issues. The role of colloidal car- 

ier liposomes, polymeric nanoparticles, lipid nanoparticles includ- 

ng lipid-conjugated drugs, and nanoparticles used in optimizing 

he supply of antimalarial, anti- Leishmania , and anti- Trypanosoma 

gents have been studied. Macrophages are excretory cells whose 

ole in diseases is well known. 45 Therefore, macrophages are an 

ffective drug target that provides many opportunities to inves- 

igate potential agents that target them. 46 For example, although 

ost microorganisms are killed by macrophages after phagocyto- 

is, many pathogens find ways to survive in macrophages. In cer- 

ain cases, the lysosomes within the macrophage provide a habi- 

at for pathogens. Examples in this field include Toxoplasma gondii , 

ifferent species of Leishmania , Mycobacterium tuberculosis , and Lis- 

eria monocytogenes . Therefore, nanoparticles carrying coated an- 

imicrobial medicinal agents are a logical solution to eliminate 

athogens. 47 The endocytic pathway transports nanoparticle carri- 

rs to lysosomes where pathogens reside. The breakdown of the 

arriers by lysosomal enzymes releases the drugs into the phago- 

ome or lysosome vesicle, or this process may occur in the cyto- 

lasm by diffusion and specific transfer depending on the physic- 

chemical nature of the molecules. For the treatment of visceral 

eishmaniasis or confirmed infections with specific fungal strains, 

he accepted formulation for use in humans is limited to lipid- 

ased nanosystems with a size of 100 to 200 nm containing am- 

hotericin B. This form of targeting has significantly reduced the 
3 
ffective clinical dose of amphotericin B due to the suboptimal 

herapeutic concentration of the drug in infected macrophages. 48 

n medicine, nanoparticles such as gold and silver have a long his- 

ory in the treatment of diseases such as rheumatoid arthritis and 

ancer. However, in recent years, the use of gold derivatives against 

arasitic diseases or neglected diseases has been noticed. Although 

imited research has been done in this regard. Therefore, this study 

eviewed the recent advances and treatment methods that employ 

anoparticles as anti-parasitic drugs against Schistosoma infections. 

he effects of nanoparticles against Schistosoma 

ilver nanoparticles and AuNPs 

AuNPs and silver nanoparticles (AgNPs) have potential antimi- 

robial properties due to their very small size and large surface 

rea, which increase chemical, biological, and solubility activities, 

nd have attracted the attention of researchers. 49 Moustafa et al 13 

nvestigated the potential effects of AgNPs and AuNPs for use as 

olluscicides on Biomphalaria alexandrina snails and as cercari- 

ides on S mansoni and reported that AgNPs and AuNPs with a 

oncentration of 30 μg/mL and 160 μg/mL, respectively, resulted in 

00% mortality rate in B alexandrina snails, whereas a concentra- 

ion of 50 μg/mL AgNPs and 100 μg/mL AuNPs caused 100% mor- 

ality in S mansoni cercariae. By investigating the antioxidant ef- 

ects of AuNPs on granuloma caused by S mansoni , Al-Sherbaghi 
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Table 1 

Details of selected studies that reported the use of nanoparticles (Nps) in the treatment of Schistosoma infection based on natural or unknown compounds used in 

combination with nanoparticles in vitro. 

Author (y) Nps type Drug Concentration Exposure time Ref. 

Moustafa (2018) 

Silver Nps 

Gold Nps ND 

∗ 3, 5, 10, 25, and 50 μg/mL 

5, 10, 25, 50, 75, and 100 

μg/mL 

5 min 

30 min 

45 min 

60 min 

13 

El-Shorbagy (2017) Gold Nps PZQ 

2 0.1, 0.625, 1.25, 2.5, 5, 10, and 

25 μg/mL 

7 and 14 days 14 

Lotfia (2018) Iron Nps ND 

1 30–60 mg/L 30 min 

1 h 

2 h 

3 h 

4 

15 

Cheng (2013) Silver Nps ND 200–1200 μg/mL ND 16 

El-Nour (2021) Calcium silicate Nps PZQ 0.07–10 μg �mL 48 h 17 

Zoghroban (2019) 

Niosomes PZQ 

11, 0.5, 0.2, 0.1, 0.01, 0.05, and 

0.001 μg �mL 24 h 18 

Radwan (2019) Solid lipid Nps PZQ 250, 500, and 1000 mg/kg 24 h 19 

Aly (2017) Nanoemulsion Curcuma longa extract 12.5, 25, 

50, and 100 μg/mL. 

24, 48, and 72 h 20 

Kishik (2019) Chitosan Nps Nigella sativa 10, 20, 40, 60, 80, and 100 

μg/mL 

24 and 48 h 21 

Luz (2012) Polylactide-co-glycolide 

acid Nps 

Curcumin 50 and 100 μM 24 h 22 

Andrade (2020) Solid lipid Nps PZQ 0.25, 0.5, 1, and 1.5 μg/mL 72 h 23 

Kolenyak-Santos (2015) Nanostructured lipid 

carriers 

PZQ 25 μg/mL 72 h 24 

de Souzaa (2014) Solid lipid Nps PZQ 25 and 50 μg/mL 2, 4, 6, 24, 48, and 72 h 25 

Amara (2018) Lipid nanocapsules PZQ 5 and 25 mg/mL ND 26 

Guimaraes (2014) Liposome PZQ 5, 200, 300, and 400 μg/mL 24, 48, 72, 96, and 120 h 27 

ND = not determined; PZQ = praziquantel; Ref. = reference number. 
∗ The absence of the required information in the main texts of the article, and despite the participation of a group of authors, the required information could not be 

extracted. 

e

g

i

i

c

s

m

A

r

s

p

t

t

s

n

w

a

t

t

d

t

m

t

p

a

C

t

c

a

N

t

i

t

s

r

c

M

m

e

o

3

a

m

m

i

o

r

e

N

d

p

a

d

a

t

e

h

m

t

t al 14 showed a significant decrease in the granuloma index and 

ranulocyte mediators, including hydrogen peroxide and nitric ox- 

de, with a significant increase in tumor necrosis factor. 

Cheng et al 16 investigated the effect of AgNPs in inhibiting the 

nfectivity of S japonicum cercariae and reported that AgNPs rapidly 

aused tail shedding, agitated behavior, and a decrease in cercarial 

ecretion in a dose-dependent manner that caused 100% cercariae 

ortality at AgNPs concentration of 125 μg/L. 

Dkhil et al 28 investigated the antioxidant and protective role of 

uNPs against hepatic S monsoni in mice and reported that AuNPs 

educed the inflammatory response by downregulating the mes- 

enger RNA expression of interleukin 1 β and interleukin 6, im- 

roved tumor necrosis factor α, interferon γ and inducible ni- 

ric oxide synthase. In another study, Dkhil et al 29 investigated 

he effect of AuNPs on the brain of mice infected with S man- 

oni and found that in mice treated with AuNPs, the changes in 

orepinephrine and dopamine content and oxidative brain damage 

ere reduced. In general, AuNPs can reduce neuro-oxidative stress 

nd regulate gene expression. 29 Another study showed that AuNPs 

reatment reduced the degree of histological disorder and oxida- 

ive kidney damage. AuNPs were able to regulate gene expression 

isrupted by S mansoni infection. 30 

By evaluating the effect of nanoselenium and AuNPs against in- 

estinal schistosomiasis in mice, Dkhil et al 31 showed that treating 

ice with metal nanoparticles reduced oxidative stress and his- 

ological disorders in the jejunum tissue. The results showed the 

rotective role of nanoseleniums and AuNPs against jejunum dam- 

ge in mice infected with S. mansoni . 

opper oxide nanoparticles 

Due to its remarkable properties, copper oxide (CuO) is among 

he most important transition metal oxides and has many appli- 

ations. Recently, CuO has been used as an antimicrobial agent 

gainst several bacterial, fungal, and parasitic species. 50 , 51 Abu Al- 
4 
urba et al 17 investigated the effects of nano calcium silicate con- 

aining 5% CuO on Schistosoma and reported that nano-calcium sil- 

cate incorporating 5% CuO showed excellent anti-schistosome ac- 

ivity in in vitro and in vivo tests for 2 strains of Egyptian schisto- 

ome. The strongest effect of CS-5% nano-calcium silicate incorpo- 

ating 5% CuO was shown after 6 hours at 10 μg/mL with signifi- 

ant activity. 

agnetic nanoparticles 

Due to its high biocompatibility, magnetic nanoparticles have 

any applications in the field of medicine and treatment of dis- 

ases. 52 Khalil et al 15 investigated the effects of iron nanoparticles 

n adult S mansoni worms and reported that worms exposed to 

0 and 60 mg/L iron nanoparticles showed 20% and 77% mortality 

fter 3 hours, respectively. Younis et al 32 studied the activity of 

agnetite particles and zero-valent iron nanoparticles against S 

ansoni , and showed that zero-valent nanoparticles had a signif- 

cant effect in reducing the number of tissue eggs and the size 

f liver granulomata, whereas magnetic nanoparticles significantly 

educed the total burden of female worms, the number of tissue 

ggs, female fertility, and the number of liver granulomata. 

ano-chitosan 

Chitosan contains amine groups in diatomic carbon after 

eacetylation in the chitin structure. Chitosan is used due to its 

ositive charge and binding power to negatively charged surfaces, 

s well as its simplicity in creating surface changes to transfer 

rugs and genes to target cells. 53 Kishik et al 21 investigated the 

nti- Schistosoma effects of Nigella sativa -loaded chitosan nanopar- 

icles against adult stage S mansoni and reported time-dependent 

ffects on the movement and death of worms so that live worms 

ad poor mobility after 24 hours of incubation and showed 100% 

ortality after 48 hours. El-Menyawy et al 35 recently investigated 

he anti- S. mansoni activity of thymoquinone chitosan nanopar- 

https://pubmed.ncbi.nlm.nih.gov/?term=Zoghroban+HS&cauthor_id=30421348
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Table 2 

Details of the selected studies that reported the use of nanoparticles in the treatment of Schistosoma infection based on natural or unknown compounds used in combination with nanoparticles in vivo. 

Author (y) Nanoparticle type Drug Animal Concentration Mortality 

percentages/lethal 

doses 

Type of 

administration 

Treatment duration Ref. 

Moustafa (2018) Silver Nps 

Gold Nps 

ND 

∗ Swiss albino mice ND ND ND 1 h 13 

Dkhil (2015) Gold Nps ND CD-1 mice 0.25, 0.5, and 1 mg/kg 0.25 mg/kg IP 2 times on day 46 and day 49 

postinfection 

28 

Dkhil (2015) Gold Nps ND Swiss albino mice 100 μL, 0.25, 0.5 and 1.0 

mg/kg 

0.5 mg/kg IP 2 times/wk (on days 46 and day 

49 postinfection ) 

29 

Dkhil (2016) Gold Nps PZQ Swiss albino mice 50, 500, and 1000 μg/kg 1 mg/kg IP 2 d 30 

Dkhil (2019) Selenium Nps 

Gold Nps 

PZQ Swiss albino mice 0.5, 1, and 600 mg/kg 0.25 mg/kg IP 7 d 

2 d 

31 

Younis (2021) Iron Nps PZQ Swiss albino mice 10 mg/kg 0.5 mg/kg OA 4 d 32 

El-Nour (2021) Calcium silicate Nps PZQ Golden hamsters 0/07, 10 μg/mL 1.0 mg/kg IP 5 d 17 

Zoghroban (2019) Niosomes PZQ Swiss albino mice 250 mg/kg 500 μg/kg OA 4–12 wk 18 

Radwan (2019) Solid lipid nanoparticles PZQ Swiss albino mice 5 mg/kg 

62/5 mg/kg 

1000 μg/kg OA ND 19 

Amara (2018) lipid nanocapsules PZQ 

Cabrafac 

Kolliphor Hs 15 

Rats 250 mg/kg 

30% (w/w) 

25% (w/w) 

0.5 mg/kg OA 7 d 26 

El Gendy (2019) Liposomes PZQ Swiss albino mice 500 and 1000 mg/kg 50% IP 7, 30, and 45 d 33 

Frezza (2013) Liposomes PZQ Swiss albino mice 47, 60, 250, and 300 

mg/kg 

10 μg �mL OA 30 d 34 

Frezza (2015) Liposomes PZQ Swiss albino mice 60 and 100 mg/kg 500 mg/kg OA A single dose 35 

Wahab (2021) Ginger-derived Nps PZQ 

MFQ 

Swiss albino mice 2, 5, 10, 500, and 1000 

mg/kg 

1000 mg/kg OA 3 d/wk for 5 consecutive wk 36 

EL-Derbawy (2019) Chitosan Nps Ginger extract BALB/c mice 500 mg/kg/d 250 mg/kg OA 3 d/wk for 5 wk 37 

El-Menyawy (2021) Chitosan Nps Nigella sativa 

Thymoquinone 

Swiss albino mice 200 mg/kg ND ND 3 times every wk for 4 wk 38 

Elawamy (2019) Chitosan Nps Nigella sativa 

PZQ 

ND 1140 and 

500 mg/kg 

ND OA 2 wk 39 

AboSheishaa (2019) Polylactide-co-glycolide 

acid Nps 

PZQ Swiss albino mice 500 mg/kg/d 

600 mg 

98.4% OA 10 wk 40 

IP = intraperitonially; MFQ = mefloquine; ND = not determined; Nps = nanoparticles; OA = orally; PZQ = praziquantel; Ref. = reference number. 
∗ The absence of the required information in the main texts of the article, and despite the participation of a group of authors, the required information could not be extracted. 
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icles (thymoquionone extracted/purified from Nigella sativa ) and 

eported that infected mice treated with thymoquinone chitosan 

anoparticles had a significant reduction in the total worm burden, 

 large reduction in the number of eggs in the intestinal tissue, 

nd a moderate decrease in the liver tissue. Elawamy et al 39 in- 

estigated the role of chitosan nanoparticles in S mansoni -infected 

ice and showed a decrease in the diameter and number of gran- 

lomata, thus confirming the role of chitosan nanoparticles in re- 

ucing liver damage. 

anoemulsions 

Due to their small size, transparency, long-term physical stabil- 

ty, and the need for less surfactant, nanoemulsions cause more 

bsorption of antimicrobial substances by microorganisms. Na- 

oemulsion production is used for microencapsulation and releases 

ontrol of various drugs, dyes, essential oils, and vitamins. 54 Aly 

t al 20 prepared a chlorine nanoemulsion of Curcuma longa extract 

nd evaluated its effect on S mansoni cercariae and reported that 

he formulation showed greater solubility and bioavailability com- 

ared with the ethanol extract of the plant. 

olyglycolic lactic acid nanoparticles 

Polyglycolic lactic acid (PLGA) is a co-polyester consisting of lac- 

ic acid and polyglycolic acid. Its hydrolysis leads to the production 

f lactic acid and glycolic acid monomers. Among the characteris- 

ics of these polymers is biocompatibility. Their safety has been 

ointed out, so this feature has made this polymer be used for 

he preparation of vaccines. 55 In a study aimed at investigating the 

nti-schistosomal effect of curcumin loaded in PLGA nanoparticles, 

uz et al 22 showed that PLGA nanoparticles loaded with curcumin 

50 and 100 μM) caused the death of all worms and separation 

etween 50% and 100% of S mansoni couples at 30 μM concentra- 

ions. In addition, PLGA nanoparticles loaded with curcumin also 

educed locomotor activity and caused slight changes in the tissue 

f adult worms. 22 Another study that evaluated the effect of PLGA 

anoparticles loaded with praziquantel against mice infected with 

 mansoni reported a significant decrease in the total worm load, a 

ecrease in the number of tissue eggs, an increase in serum inter- 

eukin 10 levels, and a decrease in serum aspartate transaminase, 

lanine transaminase, interleukin 4, and interferon γ levels. 41 

ipid nanoparticles 

Lipid nanoparticles are nanostructures of fats that are used as 

arrier systems to control drug release and increase the chemical 

tability of drugs introduced into them. 56 Zoghroban et al 18 used 

iosomes to increase the activity of praziquantel against S mansoni 

nd in vitro results showed that niosomes containing PZQ at a con- 

entration of 0.001 μg/mL increased the mortality rate from 30% to 

0%, whereas PZQ solution only caused 10% mortality. In vivo re- 

ults show that niosome-PZQ compared with PZQ solution signif- 

cantly reduced the number of adult worms, hepatic and intesti- 

al oocyte deposits, and liver granuloma size and number, with a 

ignificant decrease in the expression of vascularized endothelial 

rowth factor. 18 Radwan et al 19 evaluated the anti-schistosomal ef- 

ect of PZQ solid lipid nanoparticles against S mansoni infection in 

ice and reported that compared with market PZQ, PZQ solid lipid 

anoparticles showed superior anti-schistosomal-activity with in- 

reased bioavailability in all treated groups at low dose levels, in 

hich the 95% effective dose (ED 95 ) of PZQ solid lipid nanoparti- 

les was 5.29-fold lower than that of market PZQ, with significantly 

reater reductions in liver and intestinal tissue oocyst loads and al- 

ost complete disappearance of immature deposited oocysts. 

Similarly, Andrade et al 23 also reported that PZQ solid lipid 

anoparticles were much more effective in inducing the death of S 

ansoni than PZQ alone. Investigating nanostructured lipid carriers 

nd the in vitro schistosomiasis activity of PZQ, Kolenyak-Santos et 
6

l 24 showed that encapsulating PZQ in nanostructured lipid carri- 

rs 2 or nanostructured lipid carriers 4 improved the safety pro- 

le of the drug against the S mansoni Belo Horizonte (BH) strain, 

hereas the intestinal transport of free PZQ and PZQ- nanostruc- 

ured lipid carriers 2 was similar. De Souza et al, 25 by evaluat- 

ng the effect of PZQ solid lipid nanoparticles against S mansoni 

nd reported a significant reduction in the intestinal absorption of 

ZQ loaded in solid lipid nanoparticles compared with free PZQ, 

hich indicates that the slid lipid nanoparticles medium can act 

s a reservoir system that reduced the time needed to kill the 

arasite. Amara et al 26 evaluated the anti- Schistosoma activity of 

ZQ-lipid nanocapsules and reported that PZQ-lipid nanocapsules 

educed worm burden and improved liver pathology and proposed 

hat the formulation be administered orally as a lower, tolerable 

ZQ dose for mass therapy with greater effectiveness. The study 

y Guimaraes et al 27 had synthesized epiisopiloturine-loaded li- 

osomes with different concentrations of lipids and reported that 

ipalmitoylphosphatidylcholine: cholesterol with a weight ratio of 

:1 had killed all S mansoni parasites after 96 hours of incubation, 

hereas the 8:2 weight ratio required 120 hours of incubation to 

chieve 100% mortality. 

El Gendy et al 33 evaluated the effect of nanoparticles on the 

herapeutic synergy of PZQ against S mansoni in mice and reported 

hat the group that received liposome-encapsulted PZQ had the 

ost significant reduction in the total number of worms eggs per 

ram of liver and intestinal tissue, the number and diameter of 

iver granuloma in comparison with the other groups. In another 

tudy, Frezza et al 34 reported the effectiveness of liposomal PZQ 

gainst S mansoni in BH mice after 45 days of infection, and re- 

orted that 300 mg/kg of liposomal PZQ had decreased the total 

umber of worms and egg count by 68.8% and 55.5%, respectively, 

he number of eggs in the intestine by 79%, and the number of 

epatic granulomata by 98.4% compared with the untreated con- 

rol group. In another study, Frezza et al 35 evaluated the effective- 

ess of combination therapy comprised of liposomal PZQ and hy- 

erbaric oxygen in the experimental treatment of S mansoni , and 

eported that administering 100 mg/kg liposomal PZQ followed by 

yperbaric oxygen showed 48% worm count reduction, 83.3% de- 

rease in eggs per gram of feces, and 100% altered oograms (in- 

icating interruption of oviposition) compared with the control 

roup. 

reen synthesis of nanoparticles 

Synthesis of nanomaterials by an environmentally friendly pro- 

ess using enzymes, microscopic organisms, and plant extracts has 

een the focus of researchers for biosafety. 57 Abd El Wahab et al 36 

nvestigated the effect of nanoparticles derived from ginger ( Zin- 

iber officinale ) on S mansoni -infected mice and reported a signifi- 

ant 50% reduction in therapeutic doses when combined with PZQ 

r mefloquine. Eldarbawi et al 37 investigated the potential effect 

f ginger nanoparticles on mice and reported that the worm load 

nd egg density in the liver decreased significantly in the group 

hat received ginger extract loaded on chitosan nanoparticles, in 

ddition to liver tissue improvement marked by significantly de- 

reased alanine aminotransferase and aspartate aminotransferase 

evels. 

ummary of Nanotechnology against Schistosomiasis 

The use of synthetic drugs in the treatment of parasitic diseases 

as led to a decrease in the bioavailability of the drug due to its 

ow solubility in water. Therefore, the use of a new strategy; that 

s, increasing the bioavailability of the drug, leads to a reduction 

n the treatment period of the disease as well as the dosage regi- 

ent of the drug, and consequently, a reduction in the side effects 

f the drug in patients. Based on the reviewed research, synthetic 
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nd herbal drugs loaded with nanoparticles show more significant 

ffects against the larval and adult forms of Schistosoma than the 

rug alone, which have been clearly demonstrated in vitro stud- 

es. However, due to the lack of extensive studies on the toxicity of 

anoparticles, therapeutic doses of nanoparticles should be evalu- 

ted in larger preclinical and clinical studies, and in vivo studies 

hould be conducted to further investigate the therapeutic effects 

f nanoparticles. In addition to identifying the toxic concentrations 

f nanoparticles, it is necessary to investigate the effects of un- 

oaded nanoparticles as well as those loaded with praziquantel and 

ther parasiticidal drugs in the larval and adult stages. Therefore, 

he use of synergist compounds provides enhanced absorption and 

olubility and reduced toxicity of administered drugs. However, 

imitations such as the toxicity of nanoparticles including AuNPs 

nd AgNPs cannot be ignored although their effectiveness against 

chistosome larval and adult stages has been established. 

onclusions 

The findings of this review show that nanoparticles have de- 

irable effects against diseases caused by Schistosoma that can be 

sed synergistically as a more effective treatment option for this 

oonotic infection. Thus, we recommend further research and the 

evelopment of more effective, less harmful drugs for the preven- 

ion and treatment of other parasitic infections. 
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