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Abstract: The uncontrolled increasing clinical resistance to the current anti-parasitic drugs towards
important protozoan parasites (Plasmodium, Leishmania, Trypanosoma and Toxoplasma) has stimulated
the search for novel and safe therapeutic agents at affordable prices for countries in which these
parasites are endemic. For the past few decades, the criticality of the cationic lipid stearylamine (SA)
in liposomes has been explored in these human parasites. Previously, SA was incorporated in the
liposomal formulation to impart a net positive charge for enhanced cellular uptake. However, the
discovery of SA in liposomes alone elicits a strong anti-parasitic activity with immunomodulatory
potential. Additionally, the SA liposome possesses a significant inhibitory potential on multiple life
stages of the parasite cycle and delivers an equal effect on both drug-sensitive and resistant parasites.
Moreover, the delivery of standard anti-parasitic drugs using SA liposome vesicles has enhanced
the efficacy of drugs due to the synergistic impacts without causing any apparent toxicity on the
host cells. In addition, the delivery of antigens as vaccine candidates using SA liposomes elicits a
pronounced immune response in clearing the infection compared to other cationic lipids and SA-free
liposomes. Nonetheless, SA liposome mediates its anti-parasitic activity by targeting the negatively
charged phosphatidylserine-exposed infected host cell surface or by interaction with negatively
charged sialic acid of free-living parasites. Overall, SA liposome confers its protection by acting as a
chemotherapeutic agent with immunomodulatory activity. Therefore, a broadly acting anti-parasitic
agent (SA liposome) is promising in tackling the deadly parasitic infections in endemic regions and
warrants further clinical investigations.
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1. Introduction

Vector-borne parasitic disease is prevalent and life-threatening to humans. Plasmod-
ium, Leishmania, Trypanosoma, and Toxoplasma cause serious health issues with eradication
challenges even in the 21st century [1]. Malaria caused by Plasmodium species leads to
severe health and economic burdens worldwide. Importantly, sub-Saharan Africa is the
most affected area among Central and South America, tropical and subtropical regions
of Africa, Asia, and Oceania [2]. According to the World Health Organization (WHO),
241 million cases are reported worldwide, and the mortality rate was about 627,000 in
2020. Children below the age of five and pregnant women are highly susceptible to Plas-
modium infection [3,4]. In pregnant women, glycosaminoglycan chondroitin sulphate A
receptor in the placenta sequesters the infected RBC through variant-specific antigens
of the PfEMP1 family (pregnant-associated malaria) and aggravates Pf infection [5]. Pf
reactivates the Epstein-Barr virus (EBV), and co-infection leads to severe cerebral malaria
pathology [6]. Moreover, Pf co-infection with schistosome is most common in Uganda [7],
whereas Pf co-infection with HIV is a significant health issue in Saharan Africa [8]. An-
other human parasite, Leishmania, transmitted by female phlebotomine sand flies, causes
leishmaniasis [9]. Nearly 700,000 to 1 million cases are reported annually. Among three
forms of leishmaniasis, the visceral form causes a severe illness with an estimated 50,000
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to 90,000 cases worldwide [10,11] and co-infection with HIV has been reported in 45 coun-
tries. Cutaneous leishmania cases were reported in America, the Mediterranean basin, the
Middle East, and Central Asia, accounting for around 95%. Mucocutaneous leishmaniasis
affects more than 90% of the population in Bolivia, Brazil, Ethiopia, and Peru. Co-infection
of L. infantum with EBV or L. donovani with tuberculosis considerably worsen the disease
severity [12,13]. Chagas disease is caused by Trypanosoma, which is life-threatening and
severely affects the heart and gastrointestinal tract [14,15]. In 2020, 663 cases were reported
by WHO, and more than 95% of cases were caused by Trypanosoma brucei gambiense [16].
Co-infection with T. cruzi-HIV promotes the reactivation of Chagas disease by affecting the
central nervous system manifesting a high mortality rate [17,18]. Another human parasite,
Toxoplasma gondii causes toxoplasmosis; nearly 1 million cases are reported yearly to food
contamination in the European region. Toxoplasmosis is more likely to affect individuals
with a weakened immune system [19]. More than 60% of the world population is infected
due to varied environmental conditions that facilitate the parasite’s survival. Co-infection
between T. gondii and Clostridium perfringens raises uterine gas gangrene, a severe health
complication in pregnant women [20]. Thus, co-infection further aggravates the disease’s
severity, resulting in fewer treatment options. By an earlier report, all four human parasites
rapidly attained clinical resistance to the most widely used anti-parasitic drugs, making
them highly ineffective. The involvement of host—parasite-specific factors and parasite geno-
type in drug sensitivity plays a significant role in treatment failure and contributes to drug
resistance [21]. Artemisinin resistance to Pf is associated with a mutation in the PfKelch13
gene, a primary marker for artemisinin resistance [22]. In the Plasmodium food vacuole,
chloroquine efflux is due to a mutation in the PECRT gene imparting chloroquine resistance
in Pf strains [23]. Amphotericin B (Amp B) resistance to L. donovani promastigotes showed a
notable change in the parasite’s sterol profile of the plasma membrane [24]. Overexpression
of the P-glycoprotein of L. tropica displays cross-resistance to alkyl-lysophospholipid (ALP)
miltefosine and edelfosine [25]. T. brucei resistance to nitroheterocyclic drugs such as nifur-
timox and fexinidazole have reduced nitroreductase expression levels by loss of gene or
gene expression contributing towards resistance [26]. Activation of pentamidine resistance
proteinl (PRP1), a member of ATP- binding cassette transporters, confers pentamidine
resistance in leishmania promastigotes [27]. Decoquinate and atovaquone drugs inhibit
oxygen uptake by affecting the mitochondrial bl complex in T. gondii, a mutation in these
complex confers resistance [28]. An in vivo study showed that nifurtimox-resistance in
T. brucei parasite displayed cross-resistance to fexinidazole [29]. In African trypanosomi-
asis, arsenical-diamidine cross-resistance is mediated through alterations in an unusual
adenosine transporter [30]. The overexpression and amplification of Pfindrl gene provided
cross-resistance to quinine in mefloquine-resistant K1 and W2 Pf strains [31,32]. Such a
scenario stimulates an urgent need for new therapeutics to tackle the spread of infection
and clinical resistance to commonly used antiparasitic drugs. The impact of COVID-19 has
immensely interrupted many control programs against parasitic vector-borne diseases, fol-
lowed by the co-occurrence of SARS-CoV-2 and human parasites, and a considerable effect
on the outbreak of endemic cutaneous leishmaniasis [33-35]. Such a situation provokes
the need for developing or identifying a new class of antiparasitic agents. In this context,
a novel therapeutic cationic lipid, stearylamine (SA) or octadecylamine incorporated in
lipid vesicles (liposome) displays a pronounced killing activity against clinically important
human parasites such as Plasmodium, Leishmania, Trypanosoma and Toxoplasma. This review
attempts to uncover how SA incorporated in lipid vesicles mediates its anti-parasitic effect
through its possible mechanistic action. Moreover, delivering anti-parasitic agents using
SA-based lipid vesicles may show a substantial inhibitory effect and enhanced synergistic
efficacy as a novel therapeutic strategy for tackling deadly human parasites.

2. Stearylamine Liposome

SA (C18H39N) is a cationic lipid [36] that exhibits a lipophilic and hydrophobic nature [37,38],
having a molecular weight of 269.5 g/mol [39]. SA is a positively charged molecule at neutral pH
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with a pk value of 10.5 [40]. To enhance the SA solubility and understand its biological activity, SA
is mixed with phospholipids to form lipid vesicles (liposomes) resembling biological membranes,
as shown in Figure 1. Liposomes are spherical vesicles with particle sizes ranging from 30 nm to
several micrometers comprising one or more lipid bilayers enclosing aqueous compartments.
Majorly, phosphatidylcholine (PC) is widely used to prepare liposomes extracted from different
sources such as EPC (egg PC, animal derivative) and SPC (soya PC, plant derivative). It has
been reported that the choice of bilayer components determines the ‘rigidity” or ‘fluidity” and the
net charge of the bilayer. Thus, PC is known to be the core element of all liposomes, whether
conventional/stealth/charged or stimuli-responsive liposomes. The formation of aggregates
and the property to adopt various microstructures makes phospholipids the most preferable for
liposome preparation [41-43]. Liposome drug delivery systems are considered efficient due to
their high biocompatibility, ability to enhance efficacy, reduce toxicity, and possess non-existing
immunogenicity [44,45]. Based on their structural parameters, liposomes are characterized by
multilamellar vesicles (MLVs), large unilamellar vesicles (LUVs), and small unilamellar vesicles
(SUVs). A small amount of SA in DPPC liposomes changes the shape from MLVs to LUVs with
a trapping efficiency of ten times that of DPPC liposomes [46].
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Figure 1. (a) Chemical structure of stearylamine (b) Proposed liposome formulation containing
stearylamine in a lipid bilayer and PEG-coated liposomal surface.

When SA is incorporated into the liposome bilayer, the size of lipid vesicles increases
by repulsion and enhances drug entrapment efficiency [47]. Similarly, the liposome size
is increased by raising the concentration of SA [48]. When the content of SA in liposomes
increases, the zeta potential (C) value shows a high net positive charge of +52 mV for
SA-PC (20 mol%) formulation having a polydispersity index of 0.2 [49,50]. In a study, the
macrophages effectively uptake multilamellar SA liposomes compared with negative or
neutral liposomes [51]. In liposomes, the structure of the hydrophilic group determines the
toxic effect of the cationic lipids [52]. Amphotericin B in lipid nano-emulsions was studied
against L. amazonensis in murine macrophages (J774). The lipid vesicle bearing 0.2% of SA
showed higher cytotoxic effects when compared to 0.1% SA. This finding suggests that
increasing the SA content on the liposome surface shows significant inhibitory action on
L. amazonensis promastigotes [53]. Similarly, a study showed that an appropriate amount
of SA improves liposome stability and therapeutic potential for delivering clinical drugs
to diseased sites. Excess amounts of SA possess toxic effects and decrease liposome
stability and efficacy [54]. Liposome containing 10 mol% of SA prevents verapamil and
prochlorperazine leakage and retains their stability [55]. In a finding, prolonged exposure
(90 min) of SA liposome to neutrophils resulted in segmentation and enlargement of the
nucleus, and decondensation of chromatin. The SA-induced morphological changes in
neutrophils decipher its therapeutic potential against tumor-associated neutrophils [56].

More importantly, targeting host death factors to kill infected cells is a potential thera-
peutic option for treating intracellular parasites [57]. A finding reported that SA-liposome
interaction with WEHI231 cells activates the programmed cell death pathway of apoptosis,
whereas anionic and neutral liposomes failed to activate [58,59]. SA liposome- induced
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reactive oxygen species (ROS) generation in cultured macrophages [60,61]. Substantial
shreds of evidence have furnished that positively charged SA liposomes elicit anti-parasitic
effects against Plasmodium, Trypanosoma, Toxoplasma, and Leishmania species through in-
teraction with negatively charged parasite membrane (sialic acid) or infected host cells
exposing phosphatidylserine (PS) on their surface, as shown in Figure 2 [62-66]. The PS is
a negatively charged lipid localized in the eukaryotic membrane [67], restricted to the inner
leaflet in normal conditions [68]. The floppase and flippase are ATP-dependent enzymes
that translocate PS from the inner to outer leaflet during diseased conditions [69]. PS is
a vital ligand that regulates cell death signaling [70] and regulates cell surface charge by
inducing protein aggregation [71,72]. In this context, SA liposomes showed cytolytic effects
by binding to acidic phospholipids having high affinity [73]. Additionally, SA liposomes
have been proven to modulate the immune response relating to anti-parasitic activity
without affecting the host cell [74]. SA-modified liposome containing ovalbumin as an oral
vaccine adjuvant-induced significantly higher IgG and IgA antibody levels in mice sera.
The incorporation of SA in liposome formulations also increased the production of IFN-y
and IL-4 in splenic cells of mice compared to unmodified liposomes [75]. SA liposomes as
vaccine adjuvants combined with antigens significantly modulated the immune response
due to the efficient internalization in macrophages. On the contrary, neutral and nega-
tively charged liposomes with the exact quantities of antigens failed to show a comparable
immunological response [51].

Inhibitory activity of stearylamine liposome against a clinically important intracellular human parasite
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Figure 2. Inhibitory activity of stearylamine liposome against clinically important intracellular
human parasites: (a) Plasmodium: SA liposome interacts with PS-exposed infected RBC of intracellular
Plasmodium during blood-stage infection. (b) Leishmania: Interaction of SA liposome with PS-exposed
intracellular promastigotes and amastigotes of Leishmania parasite in macrophage. (c) Trypanosoma:
Interaction of SA liposome with sialic acid exposing the developmental stage of the Trypanosomal
parasite (amastigotes, epimastigotes and trypomastigote) and SA liposome interacts with PS-exposed
Trypanosoma residing infected adipose cells. (d) Toxoplasma: Interaction of SA liposome with PS-
exposed Toxoplasma residing in host nucleated cells and intracellular macrophages. (e) All four
human parasites are most likely targeted via PS-exposed host cells as well, the presence of sialic acid
residues in free-living parasites (without host) in circulation.

Recent studies have reported that SA exhibits anti-cancer potential. A study claims
that the alkyl amine moiety of SA is responsible for disrupting the growth of various cancer
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cells with selective killing ability in cultured cancer cells and tumor mouse models. SA-PC
liposome is comparatively more effective than other cationic liposome formulations such as
PC-DTAB, PC-DOTAP and PC-DDAB against B16F10 cancer cells [49]. Delivering Anti-miR-
191 loaded SA liposome formulation enhanced the inhibitory activity by suppressing tumor
migration and inducing apoptosis against MCF-7 and ZR-75-1, having ICsy of 37.10 uM
(SI=5) and 33.39 uM (SI = 5.5), respectively, while ICsy of normal mouse fibroblast cell
is 185.5 uM [76]. To confirm whether PS could be an ideal target for killing cancer cells,
an experiment revealed that PC-SA liposomes failed to interact with cancer cells (B16F10)
in the presence of anti-PS antibodies, confirming that SA-PC is PS-specific. Therefore,
SA-PC targets cancer cells directly by interacting with PS. Also, PC-SA inhibited the growth
of acute myeloid leukemia and acute promyelocytic leukemia cells isolated from patient
samples displayed ICsy of 72.5 ng/mL and 69 pg/mL. SA-PC acts on various cancer cells
by inducing apoptosis and ROS generation [49]. Intriguingly, SA liposome was reported
to have antiviral properties, where SA liposome binds to the cell membrane of the A549
host cells which blocks the entry of herpes simplex type I virus, with comparable efficacy
to standard antiviral acyclovir [77]. Therefore, the SA liposome perturbs the host cell
membrane, a similar mechanism to that reported against intracellular parasites.

3. Stearylamine Liposome Activity on Plasmodium

Five Plasmodium species include Plasmodium falciparum, Plasmodium vivax, Plasmodium
ovale, Plasmodium malariae, and Plasmodium knowlesi [78]. A parasite-RBC invasion is an
important event in the Plasmodium life cycle that attributes to malarial pathogenesis [79]. Pf
invades RBCs through two alternative invasion pathways, such as sialic acid-dependent
(SAD) and sialic acid-independent (SAID) pathways [80]. In the SAD pathway, RBC sialo-
glycoproteins such as glycophorins, act as invasion receptors interacting with parasite
ligands such as EBA-175, EBL-1, and EBA-140 [81-90]. In the SAID pathway, the hypotheti-
cal RBC receptors X and Z interact with an undefined Pf merozoite protein and Pf Rh2b [80].
A study confirmed that liposomes containing either stearyl alcohol (without amino group)
or spermidine (without alkyl group) lack antimalarial activity. Thus, amino and alkyl
groups are crucial for antiplasmodial action against Pf3D7. The presence of 20 mol% of
SA in liposome showed IC5y —6.87uM, compared with 5 mol% having ICsy —41.15 uM,
respectively. Therefore, 20 mol% of SA is optimal for antiplasmodial activity leading to
growth arrest of Pf3D7 having a SI value of 27 by determining the CCsg of erythrocyte/ICsq
of infected erythrocytes, suggesting minimal interaction with host erythrocytes [62,76].
The most likely accepted mechanism is the electrostatic interaction between positively
charged SA liposomes and negatively charged infected RBC exposing increased levels
of PS on the outer membrane [91]. However, it was reported that the exposed PS levels
of iRBC on blood-stage forms of the ring are less. In contrast, trophozoites and schizont
(mature forms) display increased levels by binding with anti-PS antibodies, responsible
for cytoadherence of P. falciparum infected RBC to CD36 and thrombospondin [92,93].
Thus, blocking the interaction of PS-exposed infected RBC with endothelial cells using
SA-PC may aid in preventing the severe form of complicated cerebral malaria. In another
study, doxycycline (DOXY)-loaded SA liposome (10 mol%) showed a 38-fold enhancement
against Pf3D7 in culture. In contrast, DOXY loaded with neutral liposomes showed a
16-fold enhancement relative to the free form of DOXY. When tested in P. berghei infection
in murine malaria, the same formulations showed significant suppression in parasitemia,
whereas DOXY-SA-liposome showed superior efficacy [94]. In another study, SA liposome
(10 mol%) loaded with sodium ionophore monensin showed pronounced inhibitory effects
compared to neutral or negatively charged liposomes against Pf3D7 and P. berghei infection
in a mouse model [95]. Both studies underscore the presence of SA in liposomes combined
with antimalarial drugs showing a synergistic antimalarial effect compared to SA-free
liposomes. In in vitro studies, the ICsg value of CQ alone showed 48.66 ng/mL in Pf3D7
(CQ-sensitive strain) and 1488.33 ng/mL in PfRKL9 (CQ-resistant strain). However, the
CQ incorporated in a nanostructured lipid carrier composed of 5 mol% of SA and 5 mol%
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of phosphatidylethanolamine showed ICsj of 12.8 ng/mL for Pf3D7, and 51.86 ng/mL
for PfRKLY strain. This finding demonstrates that CQ combined with SA is very effective
against drug-resistant Pf, although the mechanism involved in CQ-sensitization in resis-
tant strains remains to be explored [96]. Consistent with the experimental observation,
further studies are warranted on whether SA liposome inhibition on Plasmodium growth
is intervened by an effect on host cells and/or directly on the parasite. Further studies
must explore whether SA-PC pre-treatment blocks the parasite entry during blood- and
liver-stage infections.

4. Stearylamine Liposome Activity on Leishmania

The life cycle of Leishmania is digenic, and leishmaniasis is transmitted through meta-
cyclic promastigotes, which are inhabited in the pharynx of the vector [97,98]. Leishmania
species alter host macrophages and metabolic processes [99]. L. amazonensis amastigotes
destabilize the host macrophages in the cell-cycling phase [100]. In L. mexicana, the presence
of the cysteine proteinase gene is significant for host-parasite interaction and the survival of
intracellular parasites [101]. SA-PC liposome showed anti-leishmanial activity by specific
interaction with negatively charged PS on the promastigote and amastigote forms having
EDsq of 33.41 ng/mL (SI-10.3) [102], 38 ng/mL (SI1-9.07) [103], 38.26 pug/mL (SI-9) [104],
which is absent in peritoneal macrophages (CCsg- 344.69 pg/mL) [102]. The possible
killing mode involves disruption of plasma membrane potential, resulting in depletion of
cytosolic ATP and decreased oxygen consumption levels. To show whether PS could be an
ideal target for SA, PS was masked with annexin-V, resulting in reduced killing activity,
indicating that PS interacts with SA-PC liposomes and induces parasite death [102]. In
another study, SA-PC liposome (22 mol%) killed 99% of L. donovani promastigotes within
60 min and 50% of the parasite in 13 min. On the other hand, PA (Phosphatidyl-acid)-PC
and PC alone failed to inhibit the parasite. Thus, SA mediates its anti-leishmanial activity,
selective to the parasites [105]. The SA-PC (88 ug/mL) loaded with sodium antimony
gluconate (SAG) shows synergistic activity by eliminating chronic L. donovani infection
from the spleen and liver in BALB/c mice. From the in vitro study, the ECsy value of
SA-PC alone was 38.26 ug/mL and SAG 69.57 ug/mL, while 0.5 ug of SAG combined with
22.39 pg/mL of SA-PC/mL induced an equal effect against L. donovani amastigotes [104].
In SA-meglumine antimoniate (MA) liposomal formulation, SA improved the efficacy
of MA liposome against amastigotes compared to promastigotes in culture conditions
and BALB/c model of cutaneous leishmaniasis by reducing the splenic parasite burden
and reduced lesion [48]. In an in vivo study, using SA-PC with sodium stibogluconate
(SSG) liposome suppressed the parasite burden in the liver by about 97% in CK1R and
93% in GE1F8R in BALB/c mice [106]. Therefore, it seems reasonable to suggest that
SA-PC mediates anti-parasitic effect by binding to PS-exposed cell membranes, followed
by disruption of plasma membrane potential, depletion in cytosolic ATP levels, decreased
oxygen consumption rate, ROS generation and apoptosis being the most likely reported
mechanistic actions against leishmania parasite forms [102].

The in vitro study showed that 88 nug/mL SA-PC killed 95% of L. donovani amastigotes
in 24 h, and in the in vivo study, a single dose of (55 mg) SA-PC liposome showed reduced
hepatic parasite burden in BALB/c mice. This suggests that SA-PC liposomes are a new
potential therapy for treating visceral leishmaniasis [63]. A single dose of paromomycin
(16 mg/kg) associated with SA-PC (22 mg/mouse) killed the L. donovani parasite about 88
to 98% in the liver, spleen and bone marrow by downregulating IL-10 and TGF-3 [103].
Thus, SA-PC plus paromomycin exhibits profound anti-leishmanial activity by direct para-
site killing and its immunomodulatory effect. In the visceral leishmaniasis hamster model,
Amp B alone showed 42.5% inhibition, and SA-PC showed 28.1%, but the combination of
both showed 61.2% inhibition, indicating that SA enhances the effectiveness of Amp B [107].
In an in vitro study, curcumin analogue (HO-3867) loaded with SA-PC induced oxidative
stress-induced apoptosis by PS exposure, depolarization of mitochondria, intracellular
lipid accumulation, cell cycle arrest and morphological changes in L. donovani promastig-
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otes. Additionally, it activated PARP-1 [poly (ADP)- ribose polymerase-1] and induced
L. donovani metacaspase along with Sir2 gene downregulation which blocked the intracellu-
lar L. donovani amastigotes. Thus, parasite killing is mediated through aberrant nitric oxide
levels and ROS [108]. Surface-modified SA liposome (SML) with Amp B showed effective
killing activity against promastigote and amastigote forms of visceral leishmaniasis. The
ICs value of Amp B in conventional liposomes is 49.27 nM and SML (5% w/w mL) is
39.78 nM in promastigotes showing a ~1.34 fold enhancement [109]. Interestingly, a study
showed that unilamellar SA liposomes of various sizes and different SA contents strongly
influenced the interaction with macrophages. This finding correlates that SA liposome
uptake is significantly higher in leishmanial parasite-infected peritoneal macrophages,
resulting in reduced parasitic burden [110]. Based on the above findings, SA could be a
potent anti-leishmanial agent with prophylactic and therapeutic properties.

5. Stearylamine Liposome Activity on Trypanosoma

Trypanosoma species completes its life cycle with two intermediate hosts, humans
and vectors (tsetse fly stages) [111]. The host—parasite interaction of T. cruzi is based
on their molecular specificity and invasion of host cells and tissues [112]. Under in vitro
conditions, SA liposome (15 mol%) shows trypanocidal activity by inhibiting 99% of T. cruzi
within 60 min of all the developmental stages [65]. Trypanosoma resides as a free-living
blood form and host cells dependency for their survival. Trypomastigotes are the most
severe form, which exposes higher amounts of negative charge than epimastigotes and
amastigotes [113-115]. The free-living forms of Trypanosoma expose negatively charged
sialic acid on their surface which facilitates the binding of SA liposomes, resulting in
cytolytic activity [114]. Therefore, trypomastigotes are highly susceptible to SA-PC due to
their increased sialic acid (negative charge) exposure. SA-PC liposome shows trypanocidal
activity, and 15 mol% is optimal for killing more than 99% of T. brucei gambiense-infected
cells within 30 min of treatment [116]. Amastigote forms display a minimal amount of sialic
acid, making them less susceptible to SA-PC treatment [114]. An in vivo study revealed
that diminazene encapsulated in SA-PC liposome (1 mol%) is more efficient than free drug
(37% mortality) against T. brucei evansi [117]. Based on the above studies, it is clear that SA
in liposomes displays a marked trypanocidal activity. Trypanocidal drugs loaded in SA
liposomes exhibited enhanced killing potential toward the parasites. Further studies on its
prophylactic effects remain to be determined.

6. Stearylamine Liposome Activity on Toxoplasma

Toxoplasmosis is caused by Toxoplasma gondii, an intracellular obligative parasite
that replicates and invades the nucleated human cells and warm-blooded animals [118].
Tachyzoite and merozoites are replicative stages in the host, whereas bradyzoite and
sporozoite are involved in the transmission of the disease [119]. Definitive and intermediate
hosts are essential to completing their life cycle [120]. The polycationic property of SA is
essential for cytocidal activity against T. gondii. In a study, 130 ug/mL (20 mol%) of SA-PC
liposome curbed the growth of more than 95% of T. gondii within 90 min. Furthermore,
10 mg (30 mol%) of SA-PC liposome showed an inhibitory effect against 80% of a virulent
strain of T. gondii in a mouse model [64]. Further studies are warranted to understand the
prophylactic effect of SA-PC and combined therapy of antitrypanosomal drugs loaded in
SA-PC against Toxoplasma infection.

7. Inmunomodulatory Effect of SA Liposome

SA-PC liposomes not only act as a chemotherapeutic agent but have also been shown
to modulate innate and adaptive immune responses. The immunomodulatory potential
of SA liposome is well studied in the murine model of acute and chronic leishmaniasis.
SA-PC-5SG directly kills the parasite by preferential uptake in L. donovani, downregulating
the disease-promoting factors such as IL-10 and TGF-f3, and upregulating Thlcytokines
and macrophage microbial NO production [106]. Paromomycin loaded in SA-PC liposome
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induced the production of CD4", CD8* and IFN-y by Thl-biased protective cell-mediated
immunity which imparts protection against leishmaniasis [103]. Interestingly, prophylactic
treatment of SA-PC loaded Amp B completely cleared the chronic L. donovani burden in
bone marrow, spleen and hepatic cells in BALB/ ¢ mice by downregulation of IL-10 and
upregulation of IL-12 and NO production [74]. Using an L. donovani-infected hamster
model, the AmpB loaded with lipid polymer hybrid nanoparticles (LPNPs) containing
SA showed a higher inhibitory effect (89.4%) compared with other lipid formulations
without SA (AmpB-PNPs—63%, LAmpB—69.3%, dAmpB—56.3%). AmpB-LPNPg-SA
treated groups showed increased IFN-y and IL-12 (3.5-fold) and TNF« (2.4-fold) as well
as suppressed IL-4, IL-10, and TNF-f3 expression. As a result, the triggered macrophage
microbial molecules reversed the immunosuppressive condition towards the Thl-type
immune response [121]. The immunomodulatory potential of SA liposome was explored
for cancer immunotherapy. A finding reveals that SA-PC-loaded doxorubicin cures lung
metastasis in mice by eliciting Th1l cytokine response-mediated anti-tumor immunity.
The immune protective mechanism involves significant upregulation of IL-12 and NO
production in splenic cultures and increased levels of IFN-y, IL-2 and TNF-« in sera,
suggesting that SA-PC imparts protection by directly acting on tumor growth and enhances
the host immunity. Combined doxorubicin treatment with SA-PC liposome elicits Th1
cytokine response and cures metastatic tumors in the mouse model by enhancing lymph
proliferation and T-cell response [122]. Therefore, SA liposomes possess chemotherapeutic
and immunomodulatory potential, which may effectively tackle parasitic infections and
metastatic cancer.

8. Safety and Biodistribution Profile of SA Liposome

An ex vivo study depicted 100% of relative hemolysis in various animal erythrocytes
(guinea pig, rabbit and horse) exposed to 10 mol% of SA liposome for 60 min. On the
other hand, 8% of hemolysis was reported in human RBC, suggesting its minimal cytotoxic
effects [73]. However, increasing SA density (>20 mol%) on liposomes provokes increased
toxicity and reduces the stability of liposomes. SPC-SA at 16 pug/mL failed to elicit any
hemolytic activity in human RBC (2% hematocrit) up to 42 h [62]. Likewise, SPC/Chol/SA
formulation induced hemolysis >50 ug/mL when incubated at 4% hematocrit for 1 h [76].
In another study, an SA-based formulation (SA-TDZA-liposome) did not provoke any
hemolytic activity when tested at 2% hematocrit. Such studies underscore that SA liposome
administration via the intravenous route is relatively safe and reliable [54]. Furthermore,
in acute toxicity studies in mice models, intravenous administration of 220 mg of PC-SA
liposomes showed no signs of mortality within 24 h and no apparent adverse effects were
observed for 15 days. Histopathological organ toxicity revealed no signs of toxicity in vital
organs compared to normal mice. This study advocates that 220 mg of PC-SA liposome
is safe for administration and can be further extrapolated in clinical use. In addition, SA
liposome specifically caused membrane damage to cancerous cells such as MCF-7, HepG2
and ZR-75-1, whereas no cytotoxic effects were observed in normal cells such as 1929,
HEK?293 and human PBMCs at therapeutic concentrations having varied selectivity index
values [49,76,123]. From this convincing evidence, SA-based liposomal formulations with
optimal SA content may selectively act on diseased cells without causing harmful effects
to normal cells and human erythrocytes. Further studies are warranted in higher model
organisms before it enters clinical trials.

Intravenous administration of radiolabelled albumin) positively charged SA
liposomes in rats showed a longer circulating time (3 h) as compared to negatively charged
liposomes (30 min) and neutral liposomes (2 h) in plasma [124]. Though charged liposomes
are eliminated from the reticuloendothelial system more quickly, adding PEG moiety on
the surface may significantly enhance their circulation time. A finding states that fast
clearance of charged liposomes was reversed by attaching optimal PEG density of varied
chain length (750, 5000 kDa) having a retention time of >5 h in mice plasma [125]. To realize
the full potential of anti-parasitic drugs in clinics, delivering through PEG-attached SA
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liposomes could be an ideal strategy to combat parasitic infections. SA-bearing pemetrexed
disodium (PMX) liposomal formulation showed prolonged blood circulation and lung
tissue retention with 2.85-fold and 2.35-fold higher than the conventional liposome and
free PMX [126]. This study indicates that SA-based formulations exhibit a lung targeting
effect which may be utilized for treating non-small cell lung cancer, metastasis cancer and
respiratory pathogens. Another research finding highlighted that incorporating SA to
D-alpha-tocopheryl polyethylene glycol 1000 succinate (TPGS) liposome showed ~6.23-fold
enhanced bioavailability of nintedanib-esylate compared to the free form [127]. From these
studies, it is evident that the presence of SA in liposomes significantly improves the stability
of the liposomes and has a targeted-based therapeutic effect.

9. Conclusions and Future Perspectives

SA displays remarkable activity against the four clinically important parasitic dis-
eases. The significant advantage of SA-PC liposome is a positively charged component
in delivery vehicles that display anti-parasitic activity and immunomodulatory potential.
Thus, delivering anti-parasitic agents using SA-based liposomal formulations could further
enhance the therapeutic efficacy and delay resistance development. Another approach
involving the co-delivery of drugs in SA-PC vehicles could significantly curtail the parasite
replication and block their transmission to a greater extent. However, no studies have yet
been conducted to understand the efficacy of SA-PC liposomes on the survival of parasite
vectors. Moreover, using SA-PC as a prophylactic agent against Plasmodium, Trypanosoma
and Toxoplasma remain unexplored. Furthermore, the precise mechanistic action of SA tar-
geting the parasite’s growth cycle or host imbalance is not well understood. As a result, this
potent molecule can be explored as a multi-stage anti-protozoan agent in clinics at optimal
dosages. Additionally, the effect of SA liposome on opportunistic pathogens leading to
co-infection remains elusive. More studies are required to explore the therapeutic action
of other clinical parasites. Overall, SA possesses minimal cytotoxic effects on mammalian
cells, further strengthening the clinical utility of SA-PC liposome in humans.
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