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Abstract

Nowadays, the fast development of nanobiotechnology, has led to rapid di-
agnosis of important infectious diseases such as arboviruses-borne diseases,
vector-borne infections and waterborne parasites diseases and others in order
to reduce and avoid further dissemination of the infections within the general
population. Furthermore, new nanomedicines based on the application of
silver and gold nanoparticles which are less toxic, more effective, and that
does not generate resistance could help to solve the problems of parasitic dis-
ease like leishmaniasis and chagas disease. It turns out that the combination
of nanoparticles with antibiotics not only reduces the toxicity of both agents
towards human cells but also enhances their ability to destroy bacteria by fa-
cilitating the binding of antibiotics to the microbes. Moreover, combining
nanoparticles with antimicrobial peptides and essential oils with nanopar-
ticles generates genuine synergy against microbial resistance.
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1. Introduction

The applications of nanotechnology have made important developments in var-
ious fields. Here, we devote the study to the important developments brought

about by nanotechnology and its application in two areas of great importance,
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which is known as nanomedicine, namely drug delivery-means the use of trig-
gered response nanoparticulate systems and another emerging application of
nanotechnology in medicine is its huge potential in diagnostics for the detection
of biomarkers and pathogens. Figure 1 shows the graphical number of publica-
tions in the last twenty years.

2. Parasites and Parasitic Diseases

Parasites as hazardous microorganisms regarding human health might live
within the host (endoparasites) or on the host surface (ectoparasites). The para-
site organisms can cause many infectious diseases such as malaria, leishmaniasis,
and trypanosomiasis, resulting in high morbidity and mortality in developing
countries. Among them, malaria is caused by different parasite Plasmodium
species [1], and is an acute public health problem that needs to be eliminated.
Parasites include protozoa or helminths and arthropods including endopara-
sites/enteral, which inhabit body tissues inflicting serious health issues and ec-
toparasites are arthropods that either cause diseases, or act as vectors transmit
alternative parasites [2].

Parasitic diseases are one of the world’s most devastating and prevalent infec-
tions, causing millions of morbidities and mortalities annually. Most parasitic
diseases and ways of their transmission are discovered and also known that en-
vironmental changes, human behavior, and population movement have an im-
portant impact on transmission, distribution, prevalence, and incidence of para-
sitic diseases [3].

Infectious diseases are mainly caused by pathogenic microorganisms includ-
ing viruses, fungi, bacteria, and parasites that have a profound impact on hu-

mankind because of their unique characteristics such as the ability to rapidly
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Figure 1. The graphical number of publications on Science Direct in the last twenty years
for nanobiotechnology.
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multiply in number, unpredictability, and evolutionary advantage [1]. For in-
stance, there were more than 229 million people infected with malaria around
the world in 2019 and ~409,000 patients died [4]. More importantly, the preva-
lent infectious diseases have caused a continuous increase in morbidity and
mortality rates [5].

In the past, many of these infections have been linked predominantly to trop-
ical or subtropical areas. Nowadays, however, climatic and vector ecology
changes, a significant increase in international travel, armed conflicts, and mi-
gration of humans and animals have influenced the transmission of some para-
sitic diseases in developed countries. It has also been noted that many patients
who have never traveled to endemic areas suffer from blood-borne infections
caused by protozoa [6].

Thus, there is an urgent need to develop new diagnostics to detect infectious
diseases to stop the spread, secure public health, and promote treatment. In ad-
dition, the ideal diagnostic tools for infectious diseases should be sensitive, rapid,
specific, accurate, robust, low-cost, and user-friendly [7] [8]. Therefore, our re-
search aims to shed light on previous studies in the field of using nanotechnolo-

gy for the diagnosis and treatment of diseases.

3. The Diagnosis Techniques

For a long time, microscopy was the most popular approach to diagnose malaria,
especially in developing countries [1]. Only a microscope and a drop of blood to
check the malaria-induced parasites are required. However, this technology has
many drawbacks for the detection of malarial disease. It is not easy to recognize
different species of malarial parasites without skilled technicians. Low concen-
trations of parasites can also be extremely hard to diagnose. A few decades ago,
PCR was demonstrated as the most efficient method for the detection of malaria
with low levels of parasites [9]. However, it needs complicated operating skills
and expensive equipment that is not usually available in poorly-resourced re-
gions in developing countries. The diagnosis techniques like culture and micro-
scopy, immunology, as well as polymerase chain reaction (PCR) strategies have
significantly contributed to the diagnosis of infectious diseases and greatly pro-
moted the prevention and treatment for various infectious diseases [1] [10] [11],
but these techniques are slow, expensive, inaccurate, and require skilled techni-
cians. Therefore, there is an urgent need to develop new technologies that help
in early diagnosis and detection, with their high sensitivity [12]. The unique
properties of nanomaterials or nanostructures confer the nanodiagnostic plat-
forms on the ability of rapid and real-time detection by only using very small

volumes of samples from patients.

4. Nanotechnology and Nanoparticles

Nanotechnological sciences (Nanoparticle-based Science) means technology

usage of physical, chemical, or biological systems at scales starting from indi-
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vidual atoms or molecules to submicron dimensions, and has applications to our
everyday activities encompasses the drug delivery and medical diagnostic re-
search [13] [14] [15]. While, nanomedicine is the science and technology of de-
signation, treating, and preventing illness and traumatic injury, relieving pain,
and of conserving and up human health, exploitation molecular tools and mole-
cular data of the human body [3].

Nowadays, nanotechnology-based anti-parasite pharmaceutical dosage forms
development and application are being vastly developed worldwide. The field of
nanotechnology involves an array of different areas of expertise with the applica-
tion of innovative products in medicine, engineering, and to a less extent to ve-
terinary medicine. New nanotechnological products like vaccines, target recom-
binant peptides, and other pharmaceutical alternatives enable a safer medium
for animals and or humans. In this review, all aspects of nanoparticle applica-
tions in parasitology have been discussed [3].

Nanotechnology has advanced the development of many fields because of the
unique properties of nanomaterials in biomedical applications including tissue
engineering [16], drug delivery, bioimaging, and nanodiagnostics have been
promoted by nanotechnology significantly [17] [18] [19] [20]. Nanodiagnostics
applications have drawn more and more attention for infectious diseases because
of their unique characteristics in early detection and high sensitivity.

Currently, antimicrobial resistance is a global public health threat that is
leading us to new changes and the introduction of various fields in pursuit of
novel and effective solutions [21] [22]. Nanomedicines are an important strategy
for this, with several advantages in the development of antimicrobial agents [23].

Among the highest rates of morbidity and mortality worldwide are vec-
tor-borne infections such as malaria, yellow fever, dengue, Japanese encephalitis,
filariasis, and others, which is considered dangerous to public health. Growing
rates of resistance among arthropods to insecticidal substances and also serious
environmental problems generated by overuse/misuse of insecticides make it
difficult to effectively control the multiplication of arthropods and the infections
caused by them. Therefore, a novel class of agents with high anti-arthropod ac-
tivity and simultaneous minimal impact on the environment may help to im-

prove the control of arthropods and arthropod-transmitted infections.

5. Nanoparticles (NPs)

Silver nanoparticles (Ag NPs) are one effective approach that has attracted the
attention of researchers, that demonstrated remarkable antimicrobial properties
and their activity against arthropods [23].

The use of noble metal nanoparticles, particularly gold and silver, in biomo-
lecular applications has surged, ranging from innovative strategies for molecular
diagnostics to radically new ways of treatment. Taking advantage of the particu-
lar optical-chemical characteristics of these metal NPs, every year new methods

of molecular diagnostics of infectious diseases are reported providing higher
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analytical capability, sensitivity, and throughput at lower costs and with the pos-
sibility to be used where needed. Gold and silver NPs, or a combination of both,
possess amazing optical/spectral properties [23]. Gold nanoparticles (Au NPs)
are non-cytotoxic in nature with an additional advantage of a huge surface area,
which makes their surfaces accessible for modification with targeting molecules,
which make them advantageous over other nanoparticles for various biomedical
applications. Targeted drug delivery is the most efficient therapy since it is poss-
ible to target only the affected cells or part. This minimizes the side effects of
drugs. This is useful in treating cancer where the medicines can be delivered di-
rectly to the affected cells without damaging healthier cells in any way [24].

As multiresistant and pan-resistant infections continue to emerge, and be-
cause the development of novel antimicrobial drugs is a slow process, nano-
technology offers valuable alternatives for fighting resistant bugs, mainly by im-
proving the therapeutic effect of current antimicrobials. Because of their physic
and chemical properties, magnetite nanoparticles are the preferred vectors for
many biomedical applications used in both diagnosis and therapy. Recent ad-
vances demonstrate that magnetic nanostructures may be used in anti-infectious
therapy by enhancing the activity of natural and synthetic antimicrobial drugs
[23].

Photodynamic therapy (PDT) is a growing field of interest as a potential al-
ternative antimicrobial technique to antibiotics because of the widespread
growth of drug resistance in pathogens. PDT involves the use of a dye called a
photosensitizer (PS) that can be activated by light, causing the production of
reactive oxygen species, which can destroy a wide array of different pathogenic
microorganisms [23].

Metal nanoparticles (NP) are a promising antibiofilm agent [25]. They are al-
ready used as additives, mainly to medical devices and food packaging and pre-
servation [26]. Among metal NPs, nanosilver is the most active and commonly
used in medicine and hygiene. The roles of nanocarriers such as liposomes, po-
lymeric nanoparticles (NPs), solid lipid NPs, and dendrimers in improving the
delivery of antibiotics, reducing the minimum inhibitory concentration (MIC),
and minimizing side effects are demonstrated. In addition, inorganic nanopar-
ticles are effective both as nanobactericides (Ag NPs, ZnO NPs, and TiO, NPs)
and as nanocarriers (Ag NPs, Au NPs, ZnO NPs, and TiO, NPs) against sensitive
and multi-drug-resistant bacterial strains.

The ongoing concern of antibiotic resistance in pathogenic microbes has
rajsed the need for the development of new antimicrobial agents to control in-
fectious diseases. The recent developments in nanotechnology have led to a
range of nanomaterials that provide new opportunities to target pathogenic mi-
crobes. Silver nanoparticles (nano-Ag) represent antimicrobial agents with
unique properties that improve their biocompatibility because of their high ratio
of surface area to volume, no charge, and nontoxicity to humans. Some studies
show that nano-Ag interact with membrane or cell wall, DNA, and proteins of

microorganisms to produce the antimicrobial effect [23].
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In this review, a brief account of the nanoparticle-based diagnosis and treat-
ment for infectious diseases is provided, and our attention is focused on current
and future research in this area to allow more rapid and accurate diagnoses, as
well as to increase sensitivity in the identification of parasitic infections and new

treatments.

6. Nanoparticle-Based Diagnosis for Infectious Diseases

There are many nanoparticles, particularly fluorescent nanoparticles, metallic
nanoparticles, and magnetic nanoparticles, which have been successfully utilized
for the diagnosis of infectious diseases. The most used metallic nanoparticles in
the diagnosis applications are gold and silver nanoparticles. The gold nanopar-
ticles are the first nanomaterials as nanodiagnostics for the detection of DNA in
1996 [27]. The changes in the color of gold nanoparticles in solution from red to
blue have been demonstrated after DN'A-guided aggregations, which make them
ideal nanomaterials for nanodiagnostics because of their unique color changes
and other chemical and physical properties. Many different molecules, such as
antibodies, antigens, and enzymes, could be conjugated with gold nanoparticles
as electrochemical labels, optical probes, and signal transfer amplifiers for the
diagnosis of various diseases. Magnetic nanoparticles are nanocarriers that have
been successfully applied in many biomedical applications, such as bioimaging,
cancer therapy, and nanodiagnostics [28] [29] [30] [31] [32]. Iron oxide nano-
particles are used in order to detect many different infecting pathogens, such as
viruses, bacteria, parasites, and for early diagnosis of malaria [33]. Figure 2
shows the graphical number of publications in the last fifteen years for the terms
of nanotechnology on medicine, drug delivery, detection of biomarkers and pa-

rasitology.
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Figure 2. The graphical number of publications of nanotechnology on medicine, drug
delivery, detection of biomarkers and parasitology in the last fifteen years.
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Malaria is an important parasitic infection caused by protozoan parasites the
genus Plasmodium. This parasite causes major morbidity and mortality and is
transmitted by female Anopheles mosquitoes. Figure 3 shows estimated malaria
cases and deaths, 2010-2018 (world malaria report, 2019). Thus, methods for
malaria diagnosis and treatment should be developed for saving human life. A
colorimetric aptasensor for sensitive and specific detection of Plasmodium lac-
tate dehydrogenase in malaria was designed by Jeon et al [34]. Thus, the gold
nanoparticles have obtained great attention as colorimetric reporters, due to
their high extinction coefficients, ease of synthesis, and strongly distance-dependent
optical characteristics. Colorimetric gold nanoparticles aptasensors have gained
considerable attention for the detection of different targets because the molecu-
lar recognition events can be easily detected by the naked eyes without the need
for any sophisticated equipment. Based on all that has been said, colorimetric
gold nanoparticles aptasensors have great potential as commercial diagnostic
tools. By using this system, the Plasmodium vivax and Plasmodium falciparum
were determined [34].

Recently, Zheng and Huo [35] published a new rapid blood test for virus in-
fection detection and diagnosis. They prepared a gold nanoparticle pseudo pa-
thogen by coating citrate gold nanoparticles with a virus lysate. The mechanism
of action is based on the reaction between the gold nanoparticle pseudovirus and
the blood sample from a positive patient. The result of the reaction is the activa-
tion of immune molecules in the blood such as antibodies, complement proteins,
and others leading to nanoparticle aggregate formation. The nanoparticle ag-
gregate formation may be detected and measured using a dynamic light scatter-
ing technique. They applied this test for Zika virus infection detection. They
tested blood plasma samples from 85 Zika positive patients, 40 Dengue positive
patients, 10 Chikungunya positive patients, and 78 non-patient control samples

collected from both endemic and non-endemic locations. The study shows that
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Figure 3. Estimated malaria cases and deaths, 2010-2018 (World Malaria Report, 2019).
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the new test has higher sensitivity compared to some existing commercial tests
in the market while maintaining a similar specificity. For example, within 7 days
from symptom onset, the new test detected 43% of the infected patients while a
commercial anti-Zika IgM test detected only 26% of the infected patients. They
highlight that the new test is extremely simple, easy to develop, with test results
obtained within minutes. Moreover, this new test platform may be potentially
adapted for the detection and diagnosis of a wide range of viral infectious dis-
eases, for example, the currently ongoing COVID-19.

Krampa and co-workers [36] reported recent advances in the development of
biosensors for Malaria diagnosis. They examined the various biosensor-based
methods for malaria diagnostic biomarkers, Plasmodium falciparum histi-
dine-rich protein 2 (PfHRP-2), parasite lactate dehydrogenase (pLDH), aldolase,
glutamate dehydrogenase (GDH), and the biocrystal hemozoin.

7. Nanoparticle-Based Treatment for Infectious Diseases

The major therapeutic approach for infectious disease is the use of anti-microbial
drugs. However, pathogens can become resistant, where anti-microbial drugs be-
come therapeutically insufficient. In that case, administration dose and frequency
are increased, resulting in increased side effects and toxicity. Besides, many pa-
thogens are located intracellularly in an active or latent state, which prevents
access to antimicrobial drugs [37]. The use of nano-delivery systems promises to
overcome such limitations. Therefore, there is a growing interest to generate na-
notechnology-based formulations against various pathogens, such as bacteria, vi-
ruses, fungi, or parasites. Application of nano-delivery for the treatment of infec-
tious diseases includes both polymer-based and non-polymeric nanoparticles, as
well as liposomes that improve the anti-microbial activity of drugs [37] [38].

Current research on these novel delivery systems has provided insight into
possible indications, with evidence demonstrating their improved ability to spe-
cifically target pathogens, penetrate barriers within the host, and reduce toxicity
with lower dose regimens. Nanoparticulate systems present a unique therapeutic
alternative through the repositioning of existing medications and directed drug
delivery [39].

Nanomedicine is the application of nanotechnology for the treatment, preven-
tion, monitoring, and control of biological diseases. In applying nanomedicine
in the treatment of diseases, the precise targets (cells and/or receptors) specific
to the clinical disease are identified and the suitable nanoparticles for the deli-
very system to minimize the side effects and improve the efficacy of the original
drug are selected. Several studies have explored the use of a nano-delivery sys-
tem in improving the therapeutic efficacy of different drug molecules in the
treatment of diseases. Mehrizi et al [40] carried out the synthesis of a novel na-
nosized chitosan-betulinic acid delivery system, against resistant Leishmania,
with the first clinical observation of this parasite in the kidney. It was discovered
that chitosan nanoparticles synthesized using phase separation; and drug loading

by phase separation, improved the therapeutic dose of betulinic acid to 20
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mg/kg. More, the successful improvement in the use of the nanosystem loaded
betulinic acid in the treatment of Leishmania, displayed both in vitro and in vivo
efficacy [40].

The effectiveness of ivermectin was investigated using nano structured lipid
carriers in the treatment of hydatidosis, with some limitations and resistance as-
sociated with thedrug overcome by the carriers in in-vitro experimentation. It
was observed that nanolipid carriers loaded ivermectin induced higher mRNA-
caspase-3 expression which suggested a more potent apoptotic effect on the pa-
rasite [41]. In another related study, nucleoside-lipid-based nanocarriers were
used to encapsulate methylene blue; a positively charged tricyclic phenothiazine
molecule used in malaria treatment. This approach showed that the nanopar-
ticles partially protected methylene blue from oxido-reduction reactions, thereby
preventing early degradation during storage, and the carrier also prolonged the
pharmacokinetics in plasma. This approach was an interesting technique in im-
proving methylene blue stability and delivery in malaria treatment [42].

In recent decades, different types of nanostructures including nanotubes, na-
nodiamonds, thin films, nanorods, nanoparticles, nanofibers, and various clus-
ters have been explored and applied in the construction of biosensors. Among
nanomaterials mentioned above, gold nanoparticle as a new class of unique flu-
orescence quenchers is receiving significant attention in developing optical bio-
sensors because of their unique physical, chemical, and biological properties.
Yazdian-Robati et al [43] used gold nanoparticles for the detection of antibio-
tics, toxins and infection diseases. The main factor that has contributed to the
spread of Malaria disease is the increase in the number of drug-resistant para-
sites.

To overcome drug resistance, nanomaterials have been investigated for their
capacity to effectively deliver antimalarial drugs at local doses sufficiently high to
kill the parasites and avoid drug resistance evolution, while maintaining a low
overall dose to prevent undesirable toxic side effects.

In recent years, several nanostructured systems such as liposomes, polymeric
nanoparticles or dendrimers have been shown to be capable of improving the ef-
ficacy of antimalarial therapies [44]. A significant number of researchers have
developed a drug delivery system using liposomes due to their dual hydrophil-
ic/hydrophobic nature, they can encapsulate water-soluble drugs in the aqueous
core and lipophilic compounds in the phospholipid bilayer. Dendrimers are
among the most recent and attractive nanoparticulate systems, thanks to their
multi-branched nanoarchitecture, which equipped them with multiple active
sites for loading antibiotics and also interacting with bacteria [45].

Coma-Cros et al. [46] used the anionic copolymer Eudragit® S100 to assemble
liposomes incorporating curcumin and containing either hyaluronan (Eudra-
git-hyaluronan liposomes) or the water-soluble dextrin Nutriose® FM06 (Eudra-
git-Nutriosomes). As a result, cuarcumin incorporated into Eudragit-Nutriosomes
enhanced its antimalarial activity upon oral administration to Plasmodium yoe-

lii-infected mice. Eudragit-Nutriosomes presented better performance than Eu-
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dragit-hyaluronan liposomes due to the greater stability of the former, as shown
by the vesicle behavior in gastrointestinal fluids.

The drug delivery systems based on silica and liposomes were characterized by
distinct features such as good biocompatibility, high percentage drug encapsula-
tion, reduced drug toxicity, and targeted drug delivery [47]. Malaria, a mosqui-
to-borne disease caused by Plasmodium species, claims more than 400,000 lives
globally each year. The increasing drug resistance of the parasite renders the de-
velopment of new anti-malaria drugs necessary. Varela-Aramburu et al [48] tested
glucose-based ultra-small gold nanoparticles that bind to cysteine-rich domains of
Plasmodium falciparum surface proteins. Microscopy shows that ultra-small gold
nanoparticles bind specifically to extracellular and all intra-erythrocytic stages of
Plasmodium falciparum. Ultra-small gold nanoparticles may be used as drug de-
livery agents as illustrated for ciprofloxacin, a poorly soluble antibiotic with low
antimalarial activity. Ciprofloxacin conjugated to ultra-small gold nanoparticles
is more water-soluble than the free drug and is more potent. Glyco-gold nano-
particles that target cysteine-rich domains on parasites may be helpful for the
prevention and treatment of malaria.

Schistosomiasis is a major parasitic disease that affects human health in tropi-
cal regions. Whilst Praziquantel is the main classic antischistosomal drug, new
drugs are required due to the poor effect of the drug on the parasite juveniles
and immature worms, and the emergence of drug resistant strains of Schistoso-
ma. Nanotechnology is one of the most important recent and current methods
used to treat human diseases including parasitic ones. Dkhil et al [49] [50]
showed that both gold and selenium nanoparticles reduced the levels of body
weight changes, oxidative stress and histological impairment in the jejunal tissue
significantly. Therefore, the results revealed the protective role of both selenium
and gold nanoparticles against S. mansoni.

In vitro, Kar et al. [51] carried out a study that brings to the fore, the anthel-
mintic efficacy of gold nanoparticles. Gold nanoparticles were tested as vermi-
fugal agents against a model cestode (Raillietina sp.) an intestinal parasite of
domestic fowl. The study proved the effectiveness of gold nanoparticles in a
plausible anthelmintic role and recommended further in-vivo studies are re-
quired on the anthelmintic efficacy of nanogold particles.

Undoubtedly, the gastrointestinal protozoan parasites particularly, Entamoeba
histolytica and Cryptosporidium parvum are among the commonest causes of
diarrheal illness particularly among children worldwide. Their prevalence in
children with diarrhea is higher than in those without them. Nanoparticles have
received more attention as antiparasitic agents. Saad ef al [52] tested silver and
copper nanoparticles as antiparasitic activity against two of the most environ-
mentally spread parasites in Egypt (Entamoeba histolytica and Cryptosporidium
parvum). A significant reduction for cysts viability (p > 0.05) was observed for
CuO nanoparticles against Entamoeba histolytica cysts and Ag nanoparticles
against Cryptosporidium parvum oocysts. Moreover, LC;)-3 h of CuO NPs for
Entamoeba histolytica and Cryptosporidium parvum were0.13 and 0.72 mg/l,
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while Ag nanoparticles recorded 0.34 and 0.54 mg/l, respectively. Accordingly,
these nanoparticles could be suggested as a new nano form agent for the safe and
effective treatment of Entamoeba histolytica and Cryptosporidium parvum pa-
rasites. In other words, this means the capability of CuO and Ag nanoparticles to
inactivate Entamoeba histolytica and Cryptosporidium parvum cysts. The CuO
nanoparticles and Ag nanoparticles may represent alternative drugs and water
treatment for Entamoeba histolytica and Cryptosporidium parvum cysts. The
treatment based on CuO and Ag nanoparticles has a very important role in
overcoming amoebiasis and cryptosporidiosis.

Roy et al [53] studied the antifilarial activity of biopolymer functionalized
gold nanoparticles against the human filarial parasite (Wuchereria bancrofti)
and Setaria cervi (bovine parasite). Gold nanoparticles exhibited superior antifi-
larial activity against both human and bovine filarial parasites, and are able to
induce oxidative stress and apoptotic cell death in filarial parasites mediated
through mitochondria. In addition, the synthesized nanomaterials appear to be
nontoxic to the mammalian system.

Neglected tropical diseases comprise a group of seventeen infectious condi-
tions endemic in many developing countries. Among these diseases are three of
protozoan origin, namely leishmaniasis, chagas disease, and African trypanoso-
miasis, caused by the parasites Leishmania spp., Trypanosoma cruzi, and Try-
panosoma bruceli, respectively. These diseases have their own unique challenges
which are associated with the development of effective prevention and treatment
methods. Collectively, these parasitic diseases cause more deaths worldwide than
all other neglected tropical diseases combined. Moreover, many current thera-
pies for these diseases are limited in their efficacy, possessing harmful or poten-
tially fatal side effects at therapeutic doses. It is therefore imperative that new
treatment strategies for these parasitic diseases are developed. Nanoparticulate
drug delivery systems have emerged as a promising area of research in the ther-
apy and prevention of neglected tropical diseases. These delivery systems pro-
vide novel mechanisms for targeted drug delivery within the host, maximizing
therapeutic effects while minimizing systemic side effects. Currently approved
drugs may also be repackaged using these delivery systems, allowing for their
potential use in neglected tropical diseases of protozoan origin [39] [54].

Adeyemi and co-workers [55] reported the anti-trypanosoma activity of inor-
ganic gold and silver nanoparticles and their alloys. These findings add support
to the in vitro antiparasitic action of gold and silver nanoparticles against 7ry-
panosoma brucei brucei, Trypanosoma congolense and Trypanosoma evansi,
and also indicated that nanoparticles may be effective against both extracellular
and intracellular parasites, and encourage holding future investigations to de-
termine the 7n vivo anti- Trypanosoma effectiveness of these gold and silver na-
noparticles at higher doses are warranted. Nevertheless, the gold and silver na-
noparticles exhibited promising and selective in vitro anti- Trypanosoma action.

As in Figure 4, the parasites mentioned in the study.
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Figure 4. Different types of parasites.

Leishmaniasis is a widespread disease that causes 20,000 to 30,000 deaths annually,
making it a major health problem in endemic areas. Because of low-performance
medications, drug delivery poses a great challenge for better treatment of leish-
maniasis. The present study’s purpose was to review all relevant literature re-
garding the application of nanoparticles as a new method in leishmaniasis
treatment and other parasites. In the present study, we tried to identify different
research efforts in different conditions that examined the influence of various
nanoparticles on different forms of leishmaniasis. In this way, we could compare
their results and obtain a reliable conclusion from the most recent studies on
this subject.

Silver nanoparticles (nano-Ag) represent antimicrobial agents with unique
properties that improve their biocompatibility because of their high ratio of sur-
face area to volume, no charge, and nontoxicity to humans. Some studies show
that nano-Ag interacts with membrane or cell wall, DNA, and proteins of mi-
croorganisms to produce the antimicrobial effect [56].

According to the results of Vazini [57] study, the 1000 ppm of the gold nano-
particles can effectively use to eliminate the Leishmania major in both in vivo
and in vitro. Thus, the metal nanoparticles such as gold, in suitable dosages, can
be used for in vivo elimination of the promastigotes of Leishmania major. In ad-
dition, these results are considered as asuitable approach to find the proper al-
ternative to the drugs used as a therapeutic agent for the cutaneous leishmaniasis

caused by Leishmania major since it can be a method without the issues related
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to the chemical drugs such as glucantime.

Leishmaniasis and chagas disease, The most important protozoan infections
caused by intracellular parasites. Treatments of chagas disease and cutaneous
leishmaniasis have limitations including toxicity, variable efficacy, requirements
for parenteral administration, and lengthy treatment regimens. Despite progress
in visceral leishmaniasis treatments, the high cost is its main limitation. No pre-
ventive and therapeutic vaccine exists for these diseases. An attractive alternative
to the urgent need of developing new medication alternatives to current treat-
ments that are less toxic, more effective, and that does not generate resistance is
offered by the intervention of nanotechnology in the pharmaceutical and im-
munological field. Nanomedicines could help solve the problems posed by the
treatment and prophylaxis of parasitic diseases like leishmaniasis and chagas
disease [54] [58].

Another study on Leishmania donovani, Baranwal et al. [59] reported that
nanotherapeutic agents play a crucial role in clinical medicine. The antileish-
manial potential of Ag nanoparticles was examined on the clinical isolates of
Leishmania donovani promastigote cells in an in vitro experimental setting.
Dose-dependent killing activity of the Ag nanoparticles was observed with an
IC;, value of 51.88 = 3.51 pg/ml. These results were also compared using the
commercially available drug, miltefosine. Furthermore, the clinical applicability
of Ag nanoparticles, as an antileishmanial agent was proven by testing them
against normal mammalian monocyte cell line (U937), and no significant toxic-
ity of Ag nanoparticles on the normal mammalian cells was observed [59].

Moreover, Amphotericin B (AmB) as a liposomal formulation of AmBisome
is the first line of treatment for the disease, visceral leishmaniasis, caused by the
parasite Leishmania donovani. However, nephrotoxicity is very common due to
poor water solubility and aggregation of Amphotericin. So, Kumar et al [60]
developed a water-soluble covalent conjugate of gold nanoparticles with a po-
lyene antibiotic Amphotericin B for improved antileishmanial efficacy and re-
duced cytotoxicity. Macrophages treated with gold nanoparticles with Amphote-
ricin B showed increased immunostimulatory T;1 (IL-12 and interferon-y) re-
sponse compared with standard Amphotericin B. In parallel, Amphotericin B
uptake was ~5.5 and ~3.7-fold higher for gold nanoparticle-Amphotericin
treated macrophages within 1 and 2 h of treatment, respectively. The ergosterol
content in gold nanoparticles with Amphotericin treated parasites was almost
two-fold reduced compared with Amphotericin B treated parasites. Moreover,
gold nanoparticle with Amphotericin B was significantly less cytotoxic and he-
molytic than Amphotericin B. According to these results, gold nanoparticle-based
delivery of Amphotericin B can be a better, cheaper, and safer alternative than
available Amphotericin B formulations [60].

Toxoplasmosis, a common food and pet-borne illness linked to hallucinations,
personality alteration, and it’s often carried by house pets. The treatment, de-
veloped at the University of Technology Sydney, Australia, uses gold nanopar-
ticles that attach to toxoplasmid-hunting antibodies. The gold carrying-antibodies
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then spread through the circulatory system, affixing themselves to parasites in
the blood. Once the gold particles are well distributed and widely attached to the
parasite, the laser heats up the gold, incinerating the parasites [61]. Abdulsattar
and Drywall [62] found that gold and nickel nanoparticles decrease the level of
the enzyme by 41.3% and inhibition of nickel NPs was greater than 43.8%. The
results indicated that both IgA and IgG were shown to be inhibitory in the pres-
ence of nickel nanoparticles while the results showed activation of the immu-
noglobulin M (IgM) level with nickel nanoparticles.

In the last twenty-five years, a large number of studies have been carried out
and many research groups have proven the efficiency of nanomaterials as an-
ti-parasites [52] [63]-[80]. Studies were performed in vitro and/or in vivo. Said
and co-workers [63] using Silver, chitosan, and curcumin nanoparticles on
Giardia lamblia in vivo found that the highest fighter effect was achieved by
combining the three nanoforms. The parasite was found to be eradicated from
stool and the intestine. Another research carried out using Gold NPs Giardia
Jlamblia in vitro, Bavand et al. [64] found that Gold NPs at a concentration of 0.3
mg-ml™" can be used as an effective combination for killing Giardia cysts.

Saad et al [52] using CuO (copper oxide) and Ag (silver) on E. histolytica, C.
parvum in vitro and found that the treatment based on CuO NPs and Ag NPs
showed a very important role in overcoming amoebiasis and cryptosporidiosis.
Sedighi et al. [65] using Nano-Nitazoxanide (NTZ) on Cryptosporidium parvum
in vivo and found that nano-nitazoxanide was effective on parasites on day 6.

Allahverdiyev et al. [66] using silver (Ag-NPs) on Leishmania tropica in vitro
and found that Ag-NPs demonstrated significant antileishmanial effects by inhi-
biting the proliferation and metabolic activity of promastigotes. Allahverdiyev et
al. [67] using TiO, and Ag,0 Leishmania in vitro and found that TiO, and Ag,0
NPs showed significant antibacterial activity. Sazgarnia et al [68] using Gold
NPs (GNPs) on Leishmania major in vitro and found that the presence of GNPs
during MW irradiation was more lethal for promastigotes and amastigotes in
comparison to MW alone. Venier-Julienne et al. [69] using Amphotericin B in-
corporated into poly (D,L-lactide-co-glycolide) on Leishmania in vitro and
found that anti-leishmanial activity was observed with drug-free NPs. Sa-
lah-Tazdait et al. [70] using Chitosan Leishmania infantum in vitro and found
that Chitosan had not antileishmanial activity against Leishmania infantum
LIPA 155/10. Karimi et al [71] using silver NPs on Leishmania major in vitro
and found that AgNPs alone did not kill Leishmania major promastigotes com-
pletely, while the combined use of both direct current electricity and AgNPs has
a significant synergistic effect on promastigote mortality. Khosravi et al [72]
using silver NPs on Leishmania tropica in vitro found that the IC, for nanosilv-
er solutions was high significantly (14.9 pg-ml™). Jameii et al [73] using sele-
nium and silver on Leishmania major in vivo and found that unlike selenium
NPs, Ag NPs showed an anti-Leishmanial effect in vivo.

Gaafar et al. [74] used chitosan and silver Toxoplasma gondii in vivo. The re-

sults showed that used AgNPs singly or combined with chitosan have promising
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anti-toxoplasma potentials.

Mohapatra et al. [75] using copper (II) nanohybrid solids, Lcu (CH,COO),
and LCuCl, on Plasmodium falciparum in vitro and found that the two com-
pounds showed significant antimalarial activities against the parasites. Tripathy
et al. [76] using chitosan-tripolyphosphate conjugated chloroquine on Plasmo-
dium berghei in vivo and found that the maximum effect of nanoconjugated
chloroquine (Nch) was found at 250 mg kg 'bw concentration during 15 days of
treatment. Ponarulselvam et al. [77] on Plasmodium using silver NPs on Plas-
modium falciparum in vitro and found that The Ag NPs showed antiplasmodial
activity against P. falciparum. Nayak et al [78] used curcuminoids-loaded lipid
on Plasmodium berghei in vivo and found that the in vivo pharmacodynamic
activity revealed a 2-fold increase in antimalarial activity of curcuminoids en-
trapped in lipid NPs.

Abulaihaiti ef al [79] using Albendazole-chitosan microspheres on Echino-
coccus multilocularis in vivo and found that metacestode grown was highly sup-
pressed during treatment with ABZ-CS-MPs. Brodaczewska et al [80] using
chitosan on Trichinella spiralis in vitro and found that although chitosan stimu-
lated the lymphocyte response, the effect of treatment was not protective. Gher-
bawy et al [81] using silver NPs on Fasciola in vitro and in vivo and found the
percentage of non-hatching eggs treated with the triclabendazole drug was
69.67%, while this percentage increased to 89.67% in combination with drug and
AgNPs.

8. Conclusion

Thanks to development research in the field of bionanotechnology, the incorpo-
ration of nanoparticles with chemical drugs, peptides, and essential oils, the
quality, efficiency, and sustainability of drugs have been significantly improved
and their costs have been reduced. Moreover, considering the use of nanopar-
ticles in the destruction of parasites, their inhibitory effect (making drugs more
effective and less harmful), and their utility in making effective vaccines to pre-
vent and fight against parasites, further research on this issue is highly recom-

mended.
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