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Abstract

Malaria is a parasitic disease caused due to the infection of Plasmodium. It is transmitted to the
humans by the bite of a Plasmodium infected female Anopheles mosquito. The symptoms
include fever, headache, shaking chills etc. The severity of the infection depends upon the type
of parasite contracted with P. falciparum being most lethal while P. vivax causing frequent
relapses. The disease is amongst one of the leading causes of morbidity and mortality with
around 249 million cases and 608,000 deaths in 2022. However, after years of research only
one vaccine has been approved in 2023 and the burden of the disease lies on the available
marketed chemotherapeutic agents. Amongst the various drugs available in the market,
artemether-lumefantrine (Coartem®) is the first line treatment recommended by CDC.
Artemether is highly effective against the erythrocytic stage and rapidly reduces the parasitic
number of the parasite whereas lumefantrine eliminates the remaining parasites thus preventing
recrudescence. However, in case of P. vivax infections, primaquine is the drug of choice for
being able to eliminate the hepatic dormant stage of the parasite. While these drugs are effective
against malaria, their therapy can be impeded by certain limitations. A pressing requirement
exists for more innovative and effective strategies to alleviate the limitations associated with
these existing drugs. Nanotechnological methods for delivering established drugs have
demonstrated substantial enhancements in efficacy, often resulting in a considerable reduction
in dosage by several folds.

In this dissertation, particle shape of the nanoformulation was explored for increasing the drug
residence time in the body. By utilizing the unique characteristics presented by the non-
spherical nanoparticles, we tried to increase the circulation time, decrease the macrophage
uptake and improve the strength of the depot after its administration. Furthermore, a long-
acting parenteral formulation utilizing biocompatible and non-toxic excipients was explored as
a long-acting injectable formulation. The overall objective of the study was to prepare a
formulation with a patient compliant dosage regimen.

This study addresses the limitations associated with artemether and primaquine. Both drugs are
known for their strong antimalarial action and are used as the first line therapy in the treatment
of malaria. However, their chemical properties present a significant challenge in their therapy.
Artemether is known to have a very short half-life (2-4h) and hence is known to be administered
along with a partner drug. Whereas, primaquine not only has a short half-life, but also has a
long dosage regimen and dose dependent toxicity. Therefore, there was an urgent need to

develop formulations that can mitigate these side effects. Nanoformulations are known to




reduce the drug dose and also present a long-term drug release. Hence, this work involves
preparation of spherical and non-spherical nanoparticles of artemether and primaquine and
evaluating them further for their long-acting ability.

A simple, robust and accurate RP-HPLC analytical method was developed to quantify
artemether in nanoformulations whereas a precise LC-MS-MS bioanalytical method was
developed to quantify artemether in plasma samples of rats. ART was transformed to a, B-
unsaturated decalones by pre-column acid treatment to enhance the sensitivity of chromophoric
group lacking ART for quantification by HPLC-UV. Waters Spherisorb® 5 pum ODS(C18)
column (4.6 x 250 mm) with gradient elution by mobile phase comprising of ACN and PBS
(10 mM; pH 6.0) was used to separate acid-treated ART. The analysis was carried at Amax of -
253 nm with 20 min and 20 pL run time and injection volume respectively. The method was
found to be linear in the concentration range of 0.5-10 pg/mL with 0.09 ng/mL and 0.27 pg/mL
as LOD and LOQ respectively. Further, the method was also found to be specific for ART in
presence of blank polymeric nanoparticles, accurate (% average recovery rate 101.7 = 1.68 %),
precise (RSD <2 %), and robust. The method was successfully used to determine % entrapment
efficiency and in vitro release of ART-loaded polymeric nanoparticles with HPLC using a UV-
visible detector.

Further, artemether-loaded poly (lactic-co-glycolic acid) (PLGA) nanorods were prepared by
mechanical stretching of nanospheres. Artemether-loaded PLGA nanospheres were prepared
by the standard nanoprecipitation method. To prepare the nanorods, nanospheres (129nm) were
embedded in polyvinyl alcohol (PVA) film. The film was stretched by using an in-house
fabricated film stretching apparatus in one dimension at the rate of 10 mm/min in acetone or
silicon oil. Nanorods were recovered by dissolving the film in Milli-Q-water after stretching.
The effect of film thickness (100um vs 150pum), the ratio of lactide to glycolide in PLGA
(50:50 vs 75:25), extent of stretching (2x vs 4x), on the aspect ratio of the nanorods was studied.
A sustained release of artemether was observed from both nanospheres and nanorods with
almost 85% drug release at the end of 72h. In cytotoxicity study, almost 90% cell viability was
found when THP-1 cells were treated with artemether, nanospheres, and nanorods equivalent
t0 0.001 to 100 pg/mL of artemether. At all the concentrations of artemether, nanorods showed
less hemolysis of RBCs than the nanospheres.

Evaluation of nanospheres and nanorods using scanning electron microscopy with the rat
erythrocytes revealed that the both nanospheres and nanorods were adsorbed onto the surface

of rat erythrocytes after incubation of 10min. Whereas, in the pharmacokinetic study, after




intravenous administration to rats, artemether nanorods showed higher plasma concentration
and lower elimination rate of artemether when compared with nanospheres. The biodistribution
studies showed that, at 15min, the liver concentration of DiR loaded nanorods was higher than
DiR loaded nanospheres after intravenous administration to BALB/c mice. The in vitro
schizont inhibition study showed that both nanorods and nanospheres exhibited concentration-
dependent parasitic inhibition, wherein at lower concentrations (2 ppm), nanorods were more
effective than nanospheres. However, at higher concentration, nanospheres were formed to be
more effective. Nanorods showed higher chemosuppression on day 5 and day 7 than
nanospheres and free artemether when studied P. berghei mouse model. Moreover, the survival
rate of P. berghei infected mice was also found to be higher after treatment with artemether
nanoformulations when compared with free artemether. In conclusion, polymeric nanorods
could be a promising next-generation delivery system for the treatment of malaria.

Furthermore, considering the hydrophilic nature of primaquine diphosphate a hydrophobic
prodrug (PQ-PAL) (Molecular wt. 498.41g/mol) using primaquine diphosphate and palmitic
acid was synthesized. An analytical RP-HPLC and a bioanalytical LC-MS-MS method for the
quantification of PQ-PAL was developed and validated as per the ICH regulatory guidelines.
The analytical method was found to be linear between a concentration range of 0.156—10pug/ml
with a high correlation coefficient (R?) of 1 and the equation y = 58447x + 606.47 at 266nm.
The intraday and inter-day precision % relative standard deviation was less than 2%. Whereas,
between a concentration range of 0.0.78—100ng/ml, the bioanalytical method was found to be
linear with an (R?) of 0.9974 and the equation y = 0.2068x - 0.0049. It was found that the total
%recovery for the three different concentration levels fell between 80 and 120% of the
acceptable range. The method development was followed by preparation of PQ-PAL loaded
PLGA nanospheres (234.77+£8.46nm) using the emulsion solvent evaporation method. The
volume of organic phase and sonication time were found to be affecting the particle size. The
particle size was found to be inversely proportional to the organic phase volume and sonication
time. Whereas the PQ-PAL loaded nanorods were prepared by the mechanical stretching of
nanospheres using in-house prepared film stretching apparatus. SEM analysis of the nanorods
inferred that the nanorods were sufficiently stretched (AR - 6.73 + 1.46) and of uniform shape.
In the in vitro drug release study, both nanospheres and nanorods presented a sustained drug
release action over a period of 7days. In the hemolysis study, nanospheres and nanorods were
found to be non-haemolytic at all concentrations i.e. from 0.001 to 200ug/ml. In the

pharmacokinetic study, after administration the nanorods showed lower Cmax concentrations




and higher mean residence time thus ensuring a controlled release of the drug as compared to
the nanospheres.

Long-acting gel formulations loaded with free PQ-PAL and PQ-PAL nanoparticles intended
for the subcutaneous administration was prepared. The preparation of the gel phase involved
formulation of 2 compositions. Composition 1 involved albumin dissolved in water, whereas
composition 2 involved ethanol. The mixture of both the components resulted in the gel
formation. Initially, the components of the formulation were varied in order to optimize the
duration of gel formation. It was followed by the evaluation of the effect of formulation
components on the viscosity and shear stress of the formed gel. It was observed that the
viscosity and shear strength of the gel were directly proportional to the concentration of
albumin in the aqueous phase. In the release study of the gel, it was observed that at the end of
7 days, the prodrug loaded gel and the prodrug nanoparticle loaded gel released less than 2%
of the drug while the gel implant structure was intact during this duration. Finally, the
pharmacokinetic study of PQ-PAL loaded long-acting gel formulation and the PQ-PAL
nanoparticles loaded long-acting gel formulation revealed that the long-acting gel loaded with
nanoparticles showed a protracted drug release for a period of 56 days, whereas, the free drug
loaded long-acting gel formulation displayed an initial burst release followed by sustained drug
release of PQ-PAL. Thus long-acting gel formulations prepared by a simple process, involving
biodegradable components, capable of sustaining the drug release in vivo upto months were

developed.
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Chapter 1: Introduction

1.1 Background

Malaria is a serious parasitic infection caused by the Plasmodium parasite and transmitted to
humans by an infected female Anopheles mosquito during a blood meal. According to the
World Health Organization's 2019 statistics, malaria cases reached a staggering 229 million
globally, with only a meagre 2% decline from 2015 to 2019 (World Malaria Report 2020, n.d.).
Recognising the gravity of the situation, the Global Technical Strategy for Malaria 2016-2030
(GTS) has set ambitious targets to reduce the number of cases up to 75% by 2025 and at least
90% by 2030. To achieve this goal, various strategies have been introduced, including the
country-led response "High Burden High Impact" (HBHI), mobilized by the World Health
Organization and Rollback Malaria (RBM) (WHO, 2018). Malaria is caused by almost 200
different species of Plasmodium, of which P. vivax, P. falciparum, two species of P. Ovale,
and P. malariae are the most common (Brasil et al., 2017; Nureye & Assefa, 2020; Singh &
Daneshvar, 2013).

The Plasmodium parasite is present in two stages: the pre-erythrocytic stage and the
erythrocytic stage. The erythrocytic invasion involves a series of events, including protein-
protein interaction, protease cleavage, intracellular signaling, organelle release, and activation
of the actin-myosin motor, making it a major target for drugs against malaria. Additionally, the
clumping of red blood cells (RBCs) with Plasmodium-infected RBCs (pRBCs) can lead to
death, further highlighting the importance of targeting the erythrocytic stage of malaria (Bell &
Winstanley, 2004). While existing treatments against the erythrocytic stage of malaria have
reduced malaria-related complications (as shown in Fig. 1.1), their efficacy is limited by factors
such as increased drug resistance, toxicity, non-specific targets, poor bioavailability, short half-

life, and poor solubility (Cui et al., 2015; Rai et al., 2017).
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Fig. 1.1. Life cycle of malaria parasite and explored formulations for treatment against the erythrocytic stage of
malaria

Nanotechnology has emerged as a promising field for improving conventional therapies by

enhancing the bioavailability, pharmacokinetic profile, drug efficacy, reducing the dose,
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frequency of administration, and toxicity (Walvekar et al., 2018). Several nanocarriers, such as
liposomes (Fotoran et al., 2019), polymeric nanoparticles (Bhide et al., 2020, 2022; Bhide &
Jindal, 2021; Hamelmann et al., 2023; Michels et al., 2019), solid lipid nanoparticles (Ogutu et al.,
2014), nano lipid carriers (Prabhu, Suryavanshi, Pathak, Patra, et al., 2016; Prabhu,
Suryavanshi, Pathak, Sharma, et al., 2016a; Yanan et al., 2019), and ligand-conjugated
nanocarriers (Aditi et al., 2016a; Coma-cros et al., 2018; Moles et al., 2015), have been reported
for delivering antimalarial drugs to target the Plasmodium cycle during the erythrocytic stage.
pRBCs have shown structural modifications, including enhanced permeability and
overexpression of surface receptors such as glucose transporter 1 (GLUT 1) (Heikham et al.,
2015), glucosaminoglycan receptors (Bhadra et al., 2006; Ismail et al., 2019; Marques et al.,
2014; Muga et al., 2018; Najer et al., 2014), and essential protein receptors (Aditi et al., 2016a;
Alam et al., 2016; Rodriguez et al., 2008). Various ligands specific to overexpressed receptors,
such as human serum albumin (HSA) (Aditi et al., 2016a), glucose (Heikham et al., 2015),
heparin (Ismail et al., 2019; Marques et al., 2014; Muga et al., 2018; Najer et al., 2014), and
chondroitin sulfate A (CSA) (Bhadra et al., 2006; Nash et al., 1992), have been conjugated
onto the surface of nanocarriers to target pPRBCs and enhance the drug concentration within
infected erythrocytes (Fig. 1.1).

Several research groups have reviewed the application of nanocarriers for the delivery of
antimalarial drugs, highlighting the challenges associated with anti-malarial drug delivery,
non-functionalized nanocarriers for direct entry into erythrocytes, and membrane fusion of
long-circulating nanocarriers with RBCs (Baruah et al., 2017; Gnanadesigan et al., 2019; Najer
et al., 2014; Neves Borgheti-Cardoso et al., 2020; Puttappa et al., 2019). Moreover,
nanocarriers for combination antimalarial therapy, prophylactic preloading of uninfected
RBCs, and mosquito vector targeting have also been reviewed (Fernandez-busquets, 2016).
Some researchers have also reviewed various nanotechnology-based passive targeting
strategies against malaria (Anamika et al., 2020). However, very few reports have focused on
the development of ligands for specific pRBC targeting (Kirtane et al., 2021). The present
review provides detailed insight into numerous receptors that are specific to pRBC, their
interaction with the ligand during the erythrocytic and non-erythrocytic stages of malaria, and
the adoption of the receptor-ligand interaction mechanism for effective antimalarial drug
delivery within pRBC.

1.2 Lifecycle of malaria parasite

The fate of malarial parasite leaps between its mosquito and human vector involving sexual
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and asexual reproduction, respectively. The mosquito vector, prominently the female
Anopheles mosquito is responsible for exchange of parasite with the human vector(Rai et al.,
2017). The parasite cycle can be classified in three stages, with respect to the growth phases of
the Plasmodium which may slightly vary between the parasite species(Wells et al., 2010).
Numerous protein interactions occur at each stage and are responsible for the completion of
the life cycle. An insight into the specific interactions involved may embark novel active
targeting strategies against malaria.

(i) Exo-erythrocytic stage: Around a hundred sporozoites present on the salivary glands enters
the host dermis after the bite of an infected vector (Prudéncio et al., 2006a). These sporozoites
traverse through the dermal cells to reach the circulation. Various proteins have been associated
with traversal of the sporozoites. Sporozoite microneme protein essential for cell traversal
(SPECT) (Ishino et al., 2004), SPECT?2 (Ishino et al., 2005), cell-traversal protein for ookinetes
and sporozoites (CelTOS) binding to phosphatidic acid (Kariu et al., 2006), TRAP-like protein
(TLP) binding to aldolase (Moreira et al., 2008), surface phospholipase (Bhanot et al., 2005),
are some of the prominent proteins experimentally identified, evaluated (Steel et al., 2018;
Yang et al., 2017) and thoroughly reviewed for the mechanism of cell traversal (Ejigiri & Sinnis,
2009a; Yang & Boddey, 2017a) and are strongly involved in the membrane wounding, disruption,
lysis and egress(Yang & Boddey, 2017b). Subsequent to the traversal, the sporozoites enter the
circulatory system where they specifically target the liver through their exclusive surface
proteins. The interaction is facilitated by circumsporozoite protein (CSP) — heparin sulphate
proteoglycan (HSPGs) binding present on the surface of sporozoite and liver cells, respectively.
The interaction is thought to be dependent on the degree of sulfonation of the HSPGs thus
making stellate cells (with abundance in sulfate group) in the liver responsible for the primary
arrest of sporozoites than the hepatocytes. After attachment to the Kupffer cells, the sporozoite
traverses and invade hepatocytes. The sporozoite traversal and invasion again in this case is
thought to be regulated by the degree of sulphonation. A series of proteins such as CSP,
thrombospondin-related anonymous protein (TRAP), Apical membrane antigen 1 (AMA-1),
P36/P36p, thrombospondin-related sporozoite protein (TRSP) are involved in various points
of traversal and invasion(Ejigiri & Sinnis, 2009b). Once the sporozoite reaches the hepatocyte, it
is tightly bound to the hepatocyte with the help of the protein TRAP which is followed by
hepatocyte invasion and formation of the parasitophorous vacuole(Prudéncio et al., 2006a).
The sporozoites then replicate into thousands of merozoites responsible for the further

erythrocytic progression of the parasite(Zuzarte-Luis & Mota, 2020). Sporozoites in some cases
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develop few intermediate stages (dormant hypnozoite stage, schizont stage) before becoming
merozoites. These stages are termed as cryptozoites(Huff et al., 1943). The merozoites then are
released from the parasitophorous vacuole and enter the host cell cytoplasm which is termed
as merosome. These merosomes are then released into the bloodstream followed by erythrocyte
infection(Prudéncio et al., 2006b).

(ii) Erythrocytic stage: The merozoites followed by the egress from the hepatocytes, enter the
bloodstream. Once they come in contact with the erythrocytes, the specialized ligands present
on the merozoites namely, the erythrocyte binding ligands (EBL) involved in the sialic acid
(SA) dependent invasion and the reticulocyte binding like (RBL)/(PfRh) involved in SA
independent invasion thus taking part in an active process of binding with the erythrocytes thus
initiating the ingress (Jaskiewicz et al., 2019; Satchwell, 2016a). Conversely, SA dependent
invasion receptors like the GPA/B/C/D while SA independent invasion receptors (Complement
receptor 1, Basigin, Semaphorin 7a, Band 3/ GPA, Kx) of erythrocyte are involved in the
binding with the merozoites and their ingress. A prominent pathway of the merozoite binding
involves the erythrocyte binding antigen-175 (EBA-175) ligand interacting with Glycophorin
A, the most abundant protein on the erythrocyte. This binding is believed to be responsible for
the deformation of the erythrocyte membrane(Chasis et al., 1985). In a similar way, EBL-1 and
EBA-140 are responsible for binding with GPB and C respectively. A similar type of behaviour
is observed in the SA independent complement receptor (CR1). The receptor binding is
involved in the phosphorylation of B spectrin resulting in Ca2+ influx leading to membrane
deformability (Glodek et al., 2010; Satchwell, 2016b). PfRh4 is specific for CR1 involved in
the parasite ingress while also provides binding site for PFEMP1 involved in the resetting of
the erythrocytes. Another specific receptor known as the basigen is known to perform a very
crucial part in merozoite invasion and its inhibition is also found to prevent all types of
merozoite invasions. Additionally, the receptor is present in all the stages of erythrocyte
development and thus can be targeted regardless of the stage (Satchwell, 2016b; Wright et al.,
2014). Apart from these, literature has revealed the involvement of semaphoring 7a, band 3,
Kx, cluster of differentiation 55 (CD55), CD44 and intercellular adhesion molecule 4 in
erythrocyte binding thus targeting these receptors is presently a chief approach of modelling
the nanocarriers(Satchwell, 2016b). The actin myosin motor of the parasite is responsible for
its ingress in a specialized parasitophorous vacuole created by the parasite itself. Here, the
merozoite is present in the rounded form and eventually becomes trophozoite. The trophozoite

utilizes the erythrocytic hemoglobin as an amino acid source and its toxic metabolite heme is
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polymerized into the nontoxic hemozoin. Once the invasion of the parasite is complete, the
parasite remodels erythrocytic internal and external membranes for the proliferation in the host.
The remodelling is also responsible for cytoadherence. Thereafter, trophozoite matures into
schizonts leaving merozoites into the bloodstream. Some parasite differentiates into sexual
erythrocytic stages (gametocytes)(Fujioka & Aikawa, 2002a).
(ii) Gametogony: The process is initiated in the mosquito midgut once the gametocytes are
ingested by the mosquito. The male gametocyte produces eight haploid motile gametes by
exflagellation. These male gametes fertilize the female gametes resulting in the formation of a
diploid zygote which further forms motile ookinetes. The oocyte traverses through two barriers
namely the peritrophic matrix (PM) and the midgut epithelium. Enzyme chitinase is thought to
be responsible for PM traversal. Following traversal, the ookinetes become rounded to form
oocysts. Once formed, oocyst grows which is characterized by nuclear division, vacuole
formation. The oocyst cytoplasm is divided into sporoblasts by the vacuoles. Sporozoites
emerge from these sporoblasts. Mature sporozoites egress the oocysts and reach the salivary
glands of mosquito(Fujioka & Aikawa, 2002b).
1.3 Ligand-anchored nanocarriers for delivery of antimalarial drugs to Plasmodium-
infected erythrocytes
Various ligands target RBC receptors, including glycosaminoglycans targeting GPA and band-
3, inhibitory proteins targeting the microneme-secreted AMA1 and the rhoptry neck (RON
2/4/5) protein complex, as well as Cytochalasin and Latrunculin targeting the key step of actin
polymerization dynamics involved in RBC invasion by the merozoites. Unexplored targets
such as Myosin A, P. falciparum subtilisin protease, and Plasmepsin IX and X are also present
(Burns et al., 2019). In this review, distinct ligands used for active targeting of pRBC have
been categorized as proteins and peptides (A. K. Agrawal & Gupta, 2000; K. Agrawal, 1987,
Chakrabarti et al., 2013; Chandra et al., 1991; Tagami et al., 2015; Urban, Estelrich, Adeva, et al.,
2011), polymers (Ismail et al., 2019; Rosen et al., 2009; Urbén et al., 2015), and lipids (S. A.
Jain et al., 2014). The following section provides a brief overview of various examples
belonging to each classification, surface-functionalized onto various nanocarriers, including
liposomes (Date et al., 2007; Moles et al., 2015, 2016, 2017; Tagami et al., 2015; Urban,
Estelrich, Adeva, et al., 2011), solid lipid nanocarriers (Date et al., 2007; Muga et al., 2018),
polymeric nanoparticles (Ismail et al., 2019; Najer et al., 2014; Shafi et al., 2017), and
dendrimers (Bhadra et al., 2006; Rosen et al., 2009) (Table 1.1).
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Table 1.1 Summary of receptor-specific ligand functionalized nanocarrier targeting Plasmodium infected RBC

Sr.

No.

Receptor/internalization

mechanism

Nanoformulation

Details

References

1

GPA (Complement receptor 1)

MAHRP121-40
(ADVPTEGMDVPFGFFDKNTL)
peptide decorated liposomes DSPE-PEG-
2000 liposomes encapsulating CQ and PQ

Anti-glycophorin-A half
(MBMI1232 and 1234) coated iLP

v 26.7+1.8%

in in-vitro P. falciparum 3D7 cultures
compared with liposomes loaded with
free CQ and PQ. The ring stage parasites
were killed immediately while, when
exposed to late stage parasite the parasite
egressed and failed to infect new RBC or
couldn’t mature within newly infected
RBC leaving the erythrocytic cycle
incomplete =~ when  treated  with
MAHRRP121-40 CQ loaded liposomes.

v' In vivo evaluation in mice grafted with

human erythrocyte and infected with P.
falciparum depicted diminished
parasitemia upto 0.01% when treated with
anti-Glycophorin A immunoliposomes
compared with 0.4% in free CQ (1.75
mg/kg). 0.5 mg/kg CQ loaded non
targeted immunoliposomes have much
diminished effect compared with targeted
immunoliposomes.

antibody v' 100% selectivity for RBC infected with

late-form parasite mature trophozoite and
schizont. While, 99% selectivity towards
RBC infected with all forms.

P.  falciparum  growth
inhibition was observed when pRBC were
treated with half antibody iLP loaded with

v" 10-folds enhanced efficacy was observed (Moles et al.,

2015)

(Urbén,
Estelrich,
Cortés, et al.,
2011)
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Anti-glycophorin A antibody coated PEG-
DSPE iLP loaded with pyronaridine or
atovaquone

CQ (equivalent to 2 nM chloroquine)
(>10 times its reported ICso value)

v Optimal targeting to pRBC (99%) was
obtained for iLP with lipid concentration
of 0.05 uM

v 100% parasite inhibition was observed
with Pyronaridine loaded anti-glycophorin
A antibody iLP compared with 5% and
20% parasite inhibition with free
Pyronaridine and pyronaridine loaded
liposomes.

v' Atovaquone and Pyronaridine co-loaded
iLP cause 50% growth inhibition
compared with only 1% growth inhibition
when pRBC were treated with individual
free drug.

(Biosca et al.,
2019)

TER-199 and GPA Aminoalcohol and aminoquinolone loaded
TER-199 and anti-Glycophorin A

antibody coated iLP

v >80% pRBC retentions efficacy was
observed when treated with iLP. 2.3 to
26.5-folds decrease in IC50 of drugs was
obtained when loaded within anti-GPA
iLP compared with free drug.

v’ 45-55% decrease in blood P. yeolli 17XL
mice model was observed when treated
with drug loaded iLP.

v 7-8 fold units average daily parasite
replication rate was found in free drug
treated and drug loaded liposomal group
whereas, < 3.5 fold units average daily
parasite replication rate was found in iLP.

(Moles et al.,
2017)

PfEMP1 Lumefantrine loaded anti PfEMP1 anti-

rosetting antibody (R29) coated iLP

v’ The R29-iLP were adsorbed onto the
pRBC expressing PfEMP-1 receptors.
Moreover, the R29-iLP prevented the

(Moles et al.,
2016)
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rosetting of pRBC with RBC (equivalent
to 0.75 uM Lumefantrine) and inhibited
pRBC generation  against  their
homologue R29 strains. Whereas, the
anti-rosetting activity of R29-iLP without
drug and free drug was observed at
significantly higher concentration of
3.4uM and 4.8 puM, respectively. The R29
anti-body being polyclonal caused
multiple binding onto the epitope, thereby
depicting proficiency against rosetting.
Once the R29-iLp adsorbed onto the
pRBC, the hydrophobic lumefantrine
penetrated through the lipid membrane
thereby causing parasite inhibition. The
LMP loaded R29-iLP reduced >60% ring
form Plasmodium R29 strain while,
>70% increase in ring form was observed
when treated with free drug.

HSA

Artemether-loaded HSA nanoparticles

v' In vitro culture studies demonstrated 2.2-
folds lower ICso values of HSA
nanoparticle (5.4 nM) than free ART
(12.08 nM)

v I.V. administration of ART-HSA
nanoparticles depicted increased plasma
drug concentration and AUC (2-fold) than
free ART

v' Conventional and half of the dose
demonstrated significant reduction in
parasitaemia

v’ Parasitaemia was reduced to 13.21% and
13.71% at conventional and half of the

(Aditi et al.,
2016b)
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Albumin bound artemisinin nanoparticles

HSA bound artemether nanoparticles

Indolone-N-oxides HSA nanoparticles

dose of ART-HSA nanoparticles than
23.46% and 46.34% for conventional and
half of the dose of marketed formulation

v' In vitro studies revealed 3.5-fold dose
reduction for Albumin bound artemisinin
nanoparticles than the reference standards
for achieving 50% parasitaemia

v' In vivo studies demonstrated 96%
parasitaemia inhibition for
nanoformulation (10mg/kg/day)

v' In vitro studies demonstrated pronounced
reduction in haemolysis for HSA bound
artemether nanoparticles (7.16 % and
3.68 % for nanoformulation prepared by
emulsification and desolvation
respectively) than artemether (101%)

v HSA nanoparticles of indolone-N-oxides
inhibited of 99. 1% parasitaemia at
25mg/kg/day where all mice survived for
more than with mean survival time of
greater than 34 days.

v' In humanized mice, efficacy was
observed by inhibition of 97.5% of
parasitaemia at the same dose

(Ibrahim et
al., 2015)

(Boateng-
Marfo et al.,
2018)

(Ibrahim et
al., 2014)

10

dehydrophenylalanine

v Curcumin loaded FAF nanotubes (Ccm-
FAF) presented greater inhibition (ICso,
3.0 uM) of P. falciparum as compared to
free Ccm (ICso, 13 uM) and 4.33-folds
lesser IC50 compared with free Cem

v' While Ccm-FAF treated mice survived
throughout study (26 days) with
significant parasitaemia reduction while

(Alam et al.,
2016)
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the mice from the control group and
treated with free drug died within 10 to 14
days and 18 days respectively due to high
parasitaemia.

11

12

GLUT-1

Chloroquine phosphate loaded
Dehydroascorbic acid coated chitosan
nanoparticles

CDRI97/63 or quinine loaded starch
nanoparticles

v' Preferential targeting to pRBC compared

with normal RBC was observed.
Significant reduction (p<0.0004) in ICso
of Chloroquine was observed during in
vitro efficacy studies in P. falciparum
infected 3D7 RBC culture.

v" 50% reduction in ICso of CDRI 97/63 was

observed when loaded into starch
nanoparticles compared with free drug
during in vitro efficacy studies in P.
falciparum infected 3D7 RBC culture.
The in vitro efficacy was increased by
63% and 20-22% for CDRI 97/63 and
Quinine, respectively when loaded into
starch nanoparticles.

(Shafi et al.,
2017)

(Heikham et
al., 2015)

13

14

Heparin sulphate

CQ loaded heparin coated stearic acid-

chitosan nanoparticles

Artesunate-heparin conjugated

nanocapsule

The IC50 value of CQ-heparin coated
stearic acid-chitosan nanoparticles and
CQ loaded uncoated nanoparticles was
2.41+0.27 ng/ml and 4.752+0.144 ng/ml,
respectively against in vitro CQ-sensitive
D6 strain. The efficacy of heparin coated
CQ loaded nanoparticles was 50% more
compared with heparin uncoated CQ
loaded nanoparticles due to synergistic
effect of heparin and CQ.

v’ In vitro efficacy studies in P. falciparum

3D7 erythrocyte cultures depicted slightly
lower efficacy of the nanocapsule (10.16

(Muga et al.,
2018)

(Ismail et al.,

2019)
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15

16

PQ loaded heparin adsorbed 1,2-dioleoyl-
3- trimethylammonium-propane
liposomes

PDMS-heparin block
Copolymer polymerosome

nM) compared with free Artesunate (6.27
nM). However, the heparin-artesunate
nanocapsule depicted pRBC selective
targeting compared with free artesunate.

v The parasitemia in P. falciparum 3D7

cultures of heparin conjugated PQ loaded
lipsoomes dropped from 77.8% to 13.8-
19%  compared with  primaquine
unconjugated liposomes.

v 2 order of magnitude reduction in ICsg

value of nanomimics compared with free
drug in in vitro P. falciparum (clone 3D7)
suspension culture in 24-well pates.

(Ms et al.,

2014)

17

Electrostatic  interaction

pRBC membrane lipid

with

Poly(N-vinylpyrrolidone) peptide

conjugate

v’ in vitro assay depicted high potency and

specific  targeting of  formulated

nanoconjugates

v Nanoconjugates had 4-19 fold less

toxicity than that of free peptide thus
demonstrating its safety

(Jokonya et
al., 2020)

18

19

PQ and CQ conjugated AGMAI1, ISA1,
and ISA23

PAA conjugated CQ nanoparticles

v' In

vitro studies revealed AGMALI
preferentially bound to pRBCs

v CQ-AGMALI and CQ-ISA23 (0.8mg/kg)

1.p cured P. yeolii infected mice while P.
veolii infected mice treated with free drug
(1.9mg/kg) did not survive

v CQ conjugated anionic and cationic PAA

had preferential membrane permeability
through intestinal epithelium

v (5mg/kg/day) ISA23-CQ cured 3 of 5,

ARGO7-CQ cured 2 of 4 and AGMAI-
CQ cured 2 of 5 thus depicting slight
improvement than free drug.

(Urbén et al.,
2014)

(Coma-cros

et al., 2018)
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v ISA23-CQ, ARGO7-CQ and AGMAI-
CQ proved as potential vaccine
candidates as they developed immunity in
mice against P. yeolli

20

Chondroitin-4-sulphate receptor ~ CSA coated CQ loaded dendrimer

v Haemolysis reduction was observed from
28.4+1.7 to 34.1£1.8% for CQ-CSA
dendrimer

v  CQ-CSA  dendrimer had reduced
macrophage uptake than uncoated
dendrimers

v CQ-CSA and uncoated dendrimer in
Albino rats led to an increase in AUC and
MRT by 2-2.5 and 3.5-4 folds
respectively

(Bhadra et
al., 2006)

21

Erythrocyte Vesicle Protein 1 ART-clindamycin loaded GDL-NLC,
lumefantrine-ART loaded GDL-NLC

v' 5-20% dose of ART- clindamycin loaded
GDL-NLC and lumefantrine-ART loaded
GDL-NLC rendered complete parasitic
clearance from the murine model.

(S. A. Jain et
al., 2014)

CQ-chloroquine, PQ-Primaquine, iLP-immunoliposome, HSA-human serum albumin, PAA-polyamidoamine, CSA-chondroitin sulphate, EVP 1-Erythrocyte
vesicle protein 1, GPA-glycophorin A, GDL-glyceryl dilaurate, ART-artemether, NLC-nanostructured lipid carrier
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1.3.1 Protein and peptide coated nanocarriers

1.3.1.1 Antibody bearing liposomes

Liposomes are versatile vesicles composed of phospholipids and cholesterol that can
encapsulate both hydrophobic and hydrophilic drugs. They are widely studied for the treatment
of malaria in infected animal models, with long-circulating PEGylated (Miatmoko et al., 2019)
and negatively charged (F. Wang et al.,, 2020) liposomes being the focus of many
investigations. The delivery of drugs within red blood cells (RBCs) has been established by
membrane fusion (Neves Borgheti-Cardoso et al., 2020) or through the tubovesicular network
observed in parasitized RBCs (pRBCs) (Anamika et al., 2020), which is influenced by the type
and fluidity of phospholipids and particle size. However, passive targeting through membrane
fusion can lead to non-targeted drug delivery to various cells (Neves Borgheti-Cardoso et al.,
2020).

Monoclonal antibodies (Mabs) have been traditionally used as "magic bullets" against specific
antigens. Combining Mabs with liposomes could lead to effective antimalarial drug delivery
via both overexpressed antigen receptors and fusion with pRBCs (Di et al., 2020). IgG is the
most commonly used immunoglobulin due to its presence in most body fluids, but antibody
fragments that only include the complementarity-determining region are sufficient for targeting
(Eloy et al., 2017). Mabs can be attached to liposomes via covalent and non-covalent linkages.
Various reactions including thiolation, hydrazone linkage formation, and carboxyl-amine
linkage aid in covalent linkage, while biotin-neutravidin/streptavidin leads to non-covalent
Mab-liposomal linkage (Eloy et al., 2017).

The pharmacokinetics and pharmacodynamics of immunoliposomes depend on the structure,
density, and affinity of the Mab on the liposomal surface, as well as the liposomal surface
properties and drug-to-lipid ratio (Di et al., 2020). The development of immunoliposomes using
antibodies targeting specific receptors on pRBCs could emerge as a successful pRBC targeting
strategy against malaria. The CD47 receptor is overexpressed on RBCs and inhibits
phagocytosis of infected cells, which can be blocked by CD47 receptor antibodies to eliminate
pRBCs (Dulgeroff et al., 2021). Similarly, other receptors such as CR1 (Nichole & Niraj, 2016),
GP-A and C, CD55 (Bikash et al., 2020), and basigin are involved in parasite binding and
transmission, and blocking these receptors could inhibit infection.

Efforts to develop immunoliposomes for malaria treatment have focused on targeting specific
receptors. For example, Moles et al. used anti-GPA immunoliposomes loaded with

Chloroquine and Primaquine that accomplished >96% drug loading using pH-gradient methods
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overcoming the drawback of insufficient drug efficacy in-vitro. Moreover, the
immunoliposomes targeted both pRBC and RBC causing anti-malarial treatment and
prophylaxis due to 100 % RBC and pRBC invasion through the GPA receptors (Moles et al.,
2015). Additionally, the group elucidated specific targeting to pRBCs using NTS-DBL1aN-
terminal domain anti-rosetting PfEMPI1 antibody decorated liposomes that inhibited
transmission of the parasite from pRBCs to healthy RBCs (Moles et al., 2016). For instance,
lumefantrine-loaded immunoliposomes could specifically target pRBCs upon exposure to
PfEMP1 and inhibit rosette formation. Administering drugs in the form of antibody-coated,
drug-loaded liposomes has been shown to decrease the required dosage compared to
administering free drugs. Moreover, the antibody-conjugated immunoliposome provided a dual
effect of specific recognition of the PFEMP1 and elimination of the pRBC. In a study by Biosca
et al., co-encapsulated pyronaridine and atovaquone in liposomes with HIR2 monoclonal
antibodies targeting glycophorin A onto pRBC for anti-malarial effect (Biosca et al., 2019).
Therefore, the immunoliposomes could be a viable option to deliver drugs with differential
physicochemical properties or drugs and antigens for vaccine delivery with prophylaxis and
treatment measures by targeting both RBC and RBC.

1.3.1.2 Human serum albumin-coated nanocarriers

Human serum albumin (HSA) is a highly abundant protein in blood plasma and plays a vital
role in maintaining homeostasis in the human body (Merlot et al., 2014). Additionally, HSA
has been shown to have a significant impact on the proliferation of p/asmodium parasites, as it
is abundantly available and accessible to the parasites within erythrocytes. pRBCs utilize
various pathways for nutrient import and export, including the ATP-dependent pathway for the
transport of HSA to the parasitic membrane (Tahir et al., 2003). HSA is responsible for
interactions (Duranton et al., 2008), uptake (Tougan et al., 2020), proliferation (Lopez-Perez
et al., 2020), and expansion (Somner et al., 2000) of the parasite within the human host, and
due to its non-toxic, non-irritant, and rare adverse effects, it is widely used in parenteral
formulations (Rowe et al., 2009). Researchers have formulated nanocarriers using HSA to
specifically target pRBCs. For instance, Aditi et al. developed artemether (ART) loaded HSA
nanoparticles that demonstrated a significant antimalarial effect when compared to blank HSA
nanoparticles in vitro in P. falciparum cultures and in vivo in P. berghei-infected mice
compared to marketed formulations, blank HSA nanoparticles, and control. The HSA
nanoparticle provided an edge regarding uniform pharmacokinetic as against the erratic

absorption and pharmacokinetics of Artemether from its presently available oil based marketed
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formulation (Aditi et al., 2016a). Ibrahim et al. developed albumin nanoparticles loaded with
artemisinin, intended for intravenous injection to allow for direct contact between the
nanoparticles and erythrocytes. An efficacy study of the artemisinin-loaded albumin
nanoparticles in humanized mice demonstrated their high effectiveness in treating the disease,
resulting in an extended mean survival time and cessation of disease recrudescence (Ibrahim
etal., 2015; Zwain et al., 2022). The HSA nanoparticles would be advantageous compared with
another synthetic lipid- and polymer-based system due to their endogenous nature, long-
circulation time, non-immunogenicity, and amenability to bind to varied drugs through
hydrophobic or charged interaction. On the contrary, the encapsulation of macromolecules
would be critical in a HSA-based nanocarrier considering it molecular size.

1.3.1.3 Short peptide nanotubes

The use of peptide-based nanoconstructs has shown promising results in enhancing the
antimalarial activity of curcumin (Ccm), a compound derived from the rhizomes of Curcuma
longa (turmeric) (Chakrabarti et al., 2013; Cui et al., 2007). Ccm has demonstrated antimalarial
activity by causing microtubule disruption, inhibiting histone acylation, and generating reactive
oxygen species (ROS) in parasitized red blood cells (pRBCs). However, Ccm has limitations
due to its poor absorption, rapid metabolism, and fast elimination from the body (Ipar et al.,
2019). Dipeptide-based self-assembled nanotubes (DNP) have shown to enhance the uptake of
Cem 1in pRBCs, specifically those consisting of o, p-dehydroamino acids
(dehydrophenylalanine, APhe) backbone. Four different dipeptides, namely phenylalanine-a.,f3-
dehydrophenylalanine (FAF), arginine-a,3-dehydrophenylalanine (RAF), methionine-a,f3-
dehydrophenylalanine (MAF), and valine-a,f-dehydrophenylalanine (VAF) have been
evaluated for their ability to enhance the antimalarial activity of Ccm (Chakrabarti et al., 2013).
Among the dipeptides, FAF DNP demonstrated 4.33-fold lesser IC50 compared with free Ccm
in P. falciparum (indo), a chloroquine resistant antimalarial strain of Plasmodium falciparum.
Furthermore, when administered in P. berghei (ANKA) infected BALB/c mice, Ccm loaded
FAF DNP showed the highest growth inhibition efficacy compared to control and free drugs.
Mice treated with DNP survived until 26 days after treatment with a significant reduction in
parasitemia, while the control group and free drug treatment group had a lower survival rate
and higher parasitemia levels. These findings suggest that dipeptide-based nanoconstructs can
potentially enhance the therapeutic efficacy of Ccm for the treatment of malaria (Alam et al.,

2016).
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1.3.1.4 Polymer peptide hybrid ligand coated nanocarrier

Jokonya and colleagues developed a novel approach to enhance the efficacy and specificity of
antimicrobial peptides (AMPs) against pRBCs. The researchers synthesized polymer
conjugates of the AMP tyrocidine coated with a pPRBC-targeting ligand, GSRSKGT. They
conjugated poly(N-vinylpyrrolidone) polymer with tyrocidine using reversible addition
fragmentation chain transfer, followed by post-polymerization deprotection. In vitro assays
demonstrated that the nanoconjugates exhibited high potency, with activity in the ng/mL
concentration range. Additionally, the nanoconjugates demonstrated specific targeting of
pRBCs and were 4-19 fold less toxic to erythrocytes compared to free peptide. These findings
suggest that the polymer-peptide hybrid ligand has the potential to improve the delivery of
AMPs to infected cells and enhance their therapeutic effectiveness against malaria(Jokonya et
al., 2020).

1.3.2 Polymer-coated nanocarriers

1.3.2.1 GLUT 1 specific ligand functionalized nanocarriers

Blood-stage malaria parasites rely on glucose uptake through overexpressed GLUT-1 receptors
to fuel glycolysis and ATP production. Deprivation of glucose impedes parasite replication by
reducing ATP and depolarizing the plasma membrane (Slavic et al., 2011). Targeting the
GLUT-1 receptor has emerged as a promising strategy to hinder parasite replication and
improve drug efficacy. Various ligands, including glucose and glucosamine-bearing polymers
(Najer et al., 2014), starch (Heikham et al., 2015), dehydroascorbic acid (DHA) (Shafi et al.,
2017), heparin (Ismail et al., 2019; Muga et al., 2018; Najer et al., 2014), and chitosan (Shafi
et al., 2017), have been investigated to block glucose uptake and increase antimalarial drug
concentration in infected red blood cells (pRBCs). DHA, the most preferred GLUT-1 ligand,
can compete out glucose (Sage & Carruthers, 2014). One study developed DHA functionalized
CQ-chitosan nanoparticles, which showed enhanced uptake by pRBCs, increased efficacy, and
reduced drug resistance (Shafi et al., 2017). Another study incorporated investigational drugs
CDRI 97/63 and/or quinine in starch nanoparticles to target GLUT receptors, leading to
improved efficacy compared with free drug (Heikham et al., 2015). Recently, a new GLUT
receptor antagonist, WU-1, was synthesized, which specifically blocks 2-DG uptake through
the PfRH receptor with minimal effect on human glucose receptors. Surface adsorption,
functionalization, or co-encapsulation of WU-1 with other antimalarial drugs could pave the
way for new anti-malarial treatment strategies (Heitmeier et al., 2019). Although several

ligands have been investigated for GLUT receptor targeting, preferential targeting to pRBC
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GLUT receptor and PfRH remains unexplored for effective anti-malarial therapy with minimal
side effects and enhanced efficacy. GLUT] transporters present on the blood-brain barrier
have been utilized to target drug formulations to the cerebral region for the treatment of cerebral
malaria. One such approach involved preparing brain-targeted liposomes conjugated with
cholesterol-undecanoate-glucose. In a biodistribution study, these liposomes were found to
accumulate more in the cerebral region compared to conventional control liposomes,
demonstrating their targeting ability. The formulation was also effective in reducing infection
and recurrence rates in a mouse model, demonstrating its efficacy (Tian et al., 2022). Therefore,
the GLUT-1 targeting strategy rely upon the competitive inhibition of overexpressed GLUT
receptors onto pRBC with glucose. In-vitro studies of starch nanoparticles depicted inefficient
pRBC inhibition due to their inability to compete with dextrose (Shafi et al., 2017). Moreover,
careful consideration is required in case of other disease causing GLUT receptor
overexpression along with Malaria, despite their in vitro success. Moreover, due consideration
shall be given to the cytotoxic effect of chitosan in vivo based on the dose and duration of
administration.

1.3.2.2 Glucosaminoglycan functionalized nanocarriers

A. Heparin-coated nanocarriers

PfEMP1 is a key antigen that triggers the host's antibody response to clear the parasite P.
falciparum. However, certain subpopulations of the parasite can switch expressions to different
forms of PfEMP1, leading to immune evasion and re-infection (Pasternak & Dzikowski, 2009).
PfEMPI is a transmembrane protein that has 4 to 7 extracellular domains encoded by the var
gene family. It can bind to various adhesion receptors, including CD36, intracellular adhesion
molecule-1 (ICAMT1), Vascular cell adhesion molecule-1 (VCAMI1), CSA (Pasternak &
Dzikowski, 2009), and non-infected RBCs, causing rosetting. Heparan sulphate (HS) receptors,
blood group A antigen, and complement receptor 1 (CR1) present on the host cell surface
initiate rosetting through the cysteine-rich domain of PfEMP1 (Albrecht et al., 2011). HS
receptors are ubiquitous, while heparin is only found in mast cell granules within the connective
tissue (Alaez-verson, 2017). When pRBCs bind to endothelial cells through PfEMP1, they can
cause deep-seated parasite hubs that can complete their life cycle and multiply in various
tissues, evading clearance via the spleen (Pasternak & Dzikowski, 2009). The N-terminal DBL1a
domain of PfEMPI1, known as a heparin-binding protein, binds to HS and is involved in the
cytoadherence (Vogt et al., 2003). Highly sulfated heparin can inhibit sporozoites and

merozoites of the malaria parasite by interacting with the surface of erythrocytic merozoite and
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pRBC membrane, rupturing parasitophorous vacuoles, leaving the erythrocytic membrane
intact, and preventing merozoite disaggregation into schizonts (Boyle et al., 2010; Marques et
al., 2014; Vogt et al., 2003) (Glushakova et al., 2017). Recent studies have revealed that HS
can be electrostatically adsorbed onto liposomes containing PQ, displaying potent anti-malarial
activity at concentrations much lower than those needed for an anticoagulant effect (Lantero et
al., 2020). Heparin may interact with amyloid-prone structures on the merozoite surface to
inhibit P. falciparum growth. Heparin-functionalized solid lipid nanoparticles (SLN) have been
shown to improve the anti-plasmodium activity of CQ against the D6 strain of P. falciparum
(Muga et al., 2018). It display macrophage evading properties, enabling longer circulation half-
life, and exhibit inherent antiplasmodial activity (Muga et al., 2018).

Polymersomes are unique 3D-membranous nanovesicles made of amphiphilic block
copolymers that mimic the host cell membrane, allowing them to interact effectively with
pathogens. These nanovesicles are more stable than liposomes and remain in circulation for a
longer period of time (Najer et al., 2014). Researchers, including Najer et al., have developed
nanomimics using different block copolymers, including Polydimethylsiloxane (PDMS)-
heparin block copolymer and polymethyloxazoline) PMOXA-b-PDMS-b-PMOXA. These
nanomimics specifically bind to merozoites of P. falciparum (3D7) culture, resulting in
reduced RBC invasion potential. In contrast, polymersomes consisting of PMOXA-b-PDMS-
b-PMOXA encapsulating tetrabutylammonium heparin without surface conjugation and free
heparin showed no effect on parasites when compared to nanomimics (Najer et al., 2014). This
study highlights the importance of heparin block co-polymer on the surface of polymersomes
for effective pRBC targeting. Anselmo et al. used dendronized hyperbranched polymers to
create nanostructures coated with heparin, which were shown to be a promising platform for
targeted drug delivery. The nanostructures specifically targeted parasitized erythrocytes while
also exhibiting their own antimalarial activity due to the presence of heparin. This suggests that
the nanostructured formulation is a suitable technology for the drug delivery (San Anselmo et
al., 2022). The heparin nanoparticles and surface-decorated heparin polymerosomes serve as
suitable resort for specific pRBC or merozoite targeting, unlike the GLUT-1 targeting
nanoparticles. Purification of heparin from the animal source and its development involves
minimal cost. Despite the biocompatibility and biosafety aspect of heparin as a drug delivery
vehicle, the faster elimination of heparin is a major cause of concern which might lead to lower
efficacy(Lantero et al., 2020). Efforts should be directed towards the development of

PEGylated heparin nanoparticles to counteract their quick elimination without losing their
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efficacy and decreased anti-coagulation activity to transition them into the clinical pipeline.

B. Chondroitin sulphate-coated nanocarrier

Chondroitin sulphate (CS) has recently emerged as a crucial receptor for erythrocytes infected
with Plasmodium falciparum, binding to the microvasculature of the lung (Rogerson & Brown,
1997) and placental syncytiotrophoblast. This binding leads to pregnancy-associated malaria
and pulmonary edema. The interaction of Plasmodium-infected erythrocytes with the CS
section of the Syndecan-1 receptor on the placental membrane is linked with the development
of monocytes and macrophages, which results in increased autophagosome formation and
decreased autophagosome and lysosome fusion, causing a reduced uptake of amino acids
within the placenta (Clark, 2019; Zakama et al., 2020a). The pro-inflammatory state of the
placenta caused by this interaction results in pathological changes and poor pregnancy
outcomes (Zakama et al., 2020b). While pregnancy-associated malaria poses significant risks,
including anaemia, maternal morbidity and mortality, low birth weight, preterm birth, and
spontaneous abortion, the use of CS as a target for the prevention or treatment of malaria
remains largely unexplored (Sharma & Shukla, 2017). One previous report showed that CQ-
loaded CSA-coated PEGylated poly(L-lysine)-based dendrimers depicted in-vitro and
antimalarial efficacy and efficient pharmacokinetic in-vivo (Bhadra et al., 2006). The CSA-
coated CQ-loaded dendrimers masked a few hemotoxic functional groups of CQ upon
encapsulation. CSA-coated dendrimers showed lower levels of hematological disturbances and
adverse effects on organs compared to free CQ (Bhadra et al., 2006). Therefore, CSA-coated
dendrimers have the potential to prolong drug delivery, escape reticuloendothelial system
clearance, and increase safety compared to free CQ and uncoated dendrimers.

1.3.2.3 Poly (amidoamine)

Polyamidoamine (PAA) is a biodegradable and biocompatible polymer that has been studied
for its ability to target erythrocytes. PAA has a structure resembling proteins and peptides
(Barrand et al., 2012; Goodyer et al., 1997; Urban et al., 2014), which allows it to permeate
pRBCs, and has been explored for various applications such as tumor targeting (Kesharwani et
al., 2015) and brain delivery (Gu et al., 2013; Huang et al., 2008). Researchers have found that
PAA is compatible with erythrocytes and can interact with various charge groups with
structures resembling biological membranes(Lombardo et al., 2016). pRBCs have been
observed to possess new permeation pathways, leaky surfaces, and parasitic invasion pores,
making them suitable for PAA to permeate (Bergmann-Leitner et al., 2009; Jevprasesphant et

al., 2004). Studies have reported that pRBC has permeability to high molecular mass solutes
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upto 70 nm diameter (Urban et al., 2015).

The PAA have been widely used due to their cationic surface charge for complexation with
nucleic acid and gene delivery(Zhong et al., 2008). The atomistic discrete molecular dynamic
studies revealed strong electrostatic and hydrophobic interaction of PAA nanoparticles with
serum HSA and Immunoglobulin G due to its surface properties and particle size (Marti et al.,
2017; B. Wang et al., 2018). This depicts the affinity of the PAA towards proteins. On the
contrary, the interaction with serum proteins decreased when the surface amino groups were
conjugated with neutral functional groups(B. Wang et al., 2018). The pRBC are characterized
by their expression of adhesive proteins (PfEMP1) which are exported by the Plasmodium
during infection to an erythrocyte(Smith D, 2014). Increased PFEMP1 facilitate the adherence
to the over expressed normal cell surface receptors including ICAM-1, VCAM-I,
thrombospondin, CD36, E-selectin, endothelial protein C receptor (EPCR), and PECAM-1 to
facilitate the transfer of Plasmodium infection(Marin et al., 2023; Viebig et al., 2005; Wassmer
et al., 2005). The free amino group incase of AGMA-1 would lead to quick elimination due to
the formation of protein corona activating the immune system. However, the ISA-1 and ISA-2
would lead to longer circulation. Since the PAA structurally mimick the B-structure of
protein(Gajbhiye et al., 2009), we hypothesize that the hydrophobic and -electrostatic
interaction arising from the peptide mimicking amides and other hydrophobic groups in PAA,
would make it structurally similar to the ICAM-1/VCAM-1lor other proteins facilitating
specific interaction with the PfEMP1 onto the pRBC. To conclude, the PAA elicit specific
targeting to pRBC due to their particle size, peptide mimicking structure PFEMP1 targeting,
and surface charge. On contrary, the normal RBC do not possess PFEMP1, the tubovesicular
network and and are non-permeable making their affinity to PAA a rare phenomenon.

Due to its polyelectrolyte nature and the presence of amido groups in its structure, PAA can be
used to target antimalarial drugs within infected RBCs (Urban et al., 2014). Various PAA,
including AGMAL, ISA1, and ISA23, have been explored for their anti-malarial activity (Fig.
1.2) (Urban et al., 2015). In vitro studies have revealed that AGMA1 has preferential binding
affinity towards pRBCs and interacts with normal RBCs depending on the molecular size of
AGMALI, while ISAT and ISA23 have specific selectivity towards pRBCs. The non-specific
distribution towards RBC and pRBC incase of AGMAI could be attributed to the free amino
end groups. PAA polymers were never internalized into normal RBCs due to the absence of
endocytic uptake routes in RBCs. In vivo administration of PAA-loaded drugs revealed a rapid

biodistribution of AGMA1, which was attributed to its resemblance with the extracellular
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binding protein tripeptide arginine-glycine-aspartic acid (RGD) (Urban et al., 2014). In vivo
efficacy studies of PAA conjugated CQ nanoparticles revealed only slight improvement
compared to free CQ when administered orally. However, the mice that were treated with PAA-
conjugated drugs and then reinfected with P. yoelli did not develop malarial symptoms,
indicating the potential of PAA as a vaccine adjuvant. Modifications to PAA, such as
PEGylation or functionalization with targeting moieties, could further improve its potential as

a carrier for oral delivery (Coma-cros et al., 2018).

Fig. 1.2. Structure of poly(amidoamine) including AGMA1, ISA23 and ISA1

1.3.3 Lipid-based nanocarriers

Lipid nanocarriers have shown promising potential for the delivery of antimalarial drugs with
high specificity towards the ring stage, trophozoite stage, and schizont stage of the malaria
parasite (S. A. Jain et al., 2014; Maier et al., 2009). These stages of the parasite can create
nutrient uptake channels, such as new permeation pathways and the tubulovesicular network,
in red blood cells (RBCs) during their growth (Hagai et al., 1985; Kirk, 2001; Rathod et al.,
1997). Lipid molecules can be transported through the TVN into the RBCs with the help of the
ATP (Tamez et al., 2008). Glyceryl-dilaurate nanostructured lipid carriers (GDL-NLC) have
been reported to effectively enter the parasitized RBCs by disrupting the tubulovesicular
network. When administered intravenously in mice, GDL-NLC enhances the mitochondrial
membrane potential, leading to the release of ROS and externalization of phosphatidylserine,
ultimately causing the lysis of parasitized RBCs (Mandal et al., 2002; Rotmann et al., 2010).
However, the non-specific binding potential of GDL could lead to higher dosages and side
effects, which need to be addressed through further exploration.

1.3.4 Extracellular vesicles

Extracellular vesicles (EVs) are small spherical carrier bodies composed of phospholipid

bilayers, mainly transporting lipids, DNAs, RNAs, and proteins between cells. They can be
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roughly categorized as exosomes, microvesicles, and apoptotic bodies depending on the
process of their genesis (Elsharkasy et al., 2020). Once considered mere garbage bags, recent
studies have unveiled the significant role of EVs in facilitating the transfer of crucial biological
information. Cells efficiently sort and package desired biomolecules into these EVs, which are
then released into the extracellular environment. Interestingly, these vesicles, composed of
endogenous materials, seamlessly penetrate target cells, triggering the transfer of biomolecules
and evoking the desired biological responses (Chavda et al., 2023; Vader et al., 2016). EVs
play a crucial role in transporting materials to specific target cells, and researchers have
recently explored it as drug delivery carriers (Borgheti-Cardoso et al., 2020a; Pandya et al.,
2022).

EVs are believed to be responsible for facilitating communication between host and parasite
cells. Researchers have observed an elevated production of EVs during Plasmodium infection,
implying their potential pathological role in disease progression (Avalos-Padilla et al., 2021).
The EVs secreted by the parasitized red blood cells (pRBCs) are recognized for their role in
orchestrating various essential processes, including population changes, gametocyte
differentiation, alterations in the infection's severity, and immune suppression or activation
(Babatunde et al., 2020). In addition, these imbalanced levels of EVs could serve as a potential
biomarker for the disease, providing valuable diagnostic information and aiding in the
monitoring of the infection's progression (Opadokun & Rohrbach, 2021).

EVs have emerged as crucial elements in vaccine development as well. Herraiz et al. conducted
proteomics analysis on EVs derived from P. vivax-infected patients, aiming to identify antigens
that could serve as promising vaccine candidates (Aparici-Herraiz et al., 2022). On the other
hand, De Sousa et.al. successfully characterized the protein cargo in the plasma of P. yoelii-
infected mice. Through their work, they were able to identify specific proteins of interest while
excluding essential metabolic proteins (De Sousa et al., 2022). In recent studies, EVs,
particularly exosomes, have been assessed for their protective capabilities. Researchers
observed that mice immunized with purified exosomes developed IgG antibodies capable of
recognizing parasitized red blood cells (pRBCs). Moreover, these immunized animals
exhibited reduced parasitemia and increased survival time, highlighting the potential of
exosomes as carriers for antigens and adjuvants in the vaccine development (Martin-jaular et
al., 2011).

Indeed, EVs have been explored as potential drug carriers for delivering therapeutics to

parasitized red blood cells (pRBCs). In a study by Cardoso et al., EVs were isolated from both
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healthy and pRBCs, and their lipidomic profiles were found to be similar with no significant
differences. Despite this, EVs derived from infected erythrocytes demonstrated more efficient
internalization compared to EVs from non-infected erythrocytes (Borgheti-Cardoso et al.,
2020b). EVs secreted by infected and healthy erythrocytes exhibit differential interactions with
the erythrocytic cell membrane. This presents an interesting avenue of research. Exploring EV's
further can lead to the development of biomarkers and better treatment strategies, including
vaccines and drug delivery carriers.

1.4 Conclusion and Future Perspective

To achieve the target of eradicating 90% of malaria globally by 2030, a deep understanding of
the interaction between the malaria parasite and host cells is crucial. Targeting the erythrocytic
stage of malaria through drug delivery can eliminate the risk of transmission to other tissues
and prevent recurrence. This review summarizes current strategies for erythrocytic targeting
and highlights the receptor-ligand interactions that can aid future developments in malaria
therapy. Although the literature reports a complex mechanism for parasite entry and
transmission, only a few receptors have been explored for ligand-based nanocarrier targeting.
The review identifies unexplored receptors that offer potential avenues for erythrocytic stage
malaria treatment. Existing erythrocyte targeting strategies involve either inhibiting parasite
entry and transmission or having a static effect on parasite growth within RBC. While some
strategies, such as immunoliposomes targeting glycophorin A, restrict parasite entry, others,
like anti-rosetting PfEMP1 antibody-decorated liposomes, HSA, and heparin sulphate
decorated nanoparticles, inhibit parasite transmission from pRBC to normal RBC. However, a
comprehensive approach targeting multiple receptors to inhibit the erythrocytic stage of
malaria has not been established. Key concerns related to established active targeting strategies
include evaluating clinical efficacy, scaling up developed surface-functionalized nanocarriers,
the total cost of therapy, pharmacokinetics of surface-functionalized nanocarriers in
erythrocytes, and toxicity studies, which are still gaps in current reports related to various
ligand-anchored nanocarriers for malaria.

1.5 Rationale of the present work

Artesunate for injection has been approved by the United States Food and Drug Administration
for the initial treatment of severe malaria in adults and pediatric patients. It is administered
intravenously at 0 h, 12 h and 24 h and thereafter once daily until the patient is able to tolerate
oral antimalarial therapy (4rtesunate, 2023). The major limitations of artesunate therapy are poor

patient compliance due to high dosing frequency and the pain associated with parenteral
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administration. In the absence of artesunate, artemether is recommended for the treatment of
severe malaria (Guidelines for the Treatment of Malaria - 3rd Edition World Health Organization
(14/06/2022),n.d.). It is available in the market as an oily injection for intramuscular use which
showed erratic absorption of artemether from the injection site, probably due to poor solubility
of the drug. Moreover, artemether exhibits a very short elimination half-life (2-3 h) which
demands high dosing frequency to maintain the plasma concentration of the drug within the
therapeutic range (Bhandari et al., 2017). Therefore, an alternative delivery strategy is needed
to overcome the limitations associated with the current antimalarial therapy.

Different advanced drug delivery systems including polymeric micro and nanoparticles
(Gérard Yameéogo et al., 2020; Mangrio et al., 2017; Sidhaye et al., 2016; Yaméogo et al.,
2012), lipidic nanoparticles (K. Jain et al., 2015; Nnamani et al., 2014; Parashar et al., 2016;
Patil et al., 2020; Prabhu, Suryavanshi, Pathak, Patra, et al., 2016; Prabhu, Suryavanshi, Pathak,
Sharma, et al., 2016b), liposomes (Isacchi et al., 2011) and micro and nanoemulsions (Ma et
al., 2014) have been exploited for the delivery of artemether with the aim to improve the present
malaria therapy. The major limitations of the above formulations are rapid clearance of
nanocarriers from blood circulation due to phagocytosis and the inability to maintain drug
concentration within the therapeutic range inside infected erythrocytes. It has been reported
that nonspherical nanoparticles could evade phagocytosis after parenteral administration
(Devarajan et al., 2010; Jindal, 2017) and showed significant influence on margination and
wall adhesion in blood flow (Guha & Jindal, 2020; Jurney et al., 2017). However, the role of
particle shape in the improvement of antimalarial efficacy of the drugs has remained

unexplored yet.

Primaquine phosphate is indicated for the radical cure (prevention of relapse) of vivax malaria.
A 14-day course is found to be effective for the prevention of vivax malaria relapse (Castelli
etal., 2010; Rodrigues et al., 2012). Patients suffering from an attack of vivax malaria or having
parasitized red blood cells should receive a course of chloroquine phosphate, which quickly
destroys the erythrocytic parasites and terminates the paroxysm. Primaquine phosphate should
be administered concurrently in order to eradicate the exoerythrocytic parasites in a dosage of
1 tablet (equivalent to 15 mg base) daily for 14 days (Kevin Baird et al., 2003).

Adherence to the 14-day regimen of primaquine is a major challenge for the prevention of
relapse which was varied from 25-85% (Brown, 1993; Mazier et al., 2009). Although direct

observation of dosing intake has improved the adherence to the therapys, it is practically difficult
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and time-consuming. To meet the WHO mission of 90% reduction of malaria cases by 2030,
there is an urgent need for either a new antimalarial drug that can remain in the blood in the
therapeutic range for weeks after single-dose administration or an innovative drug delivery
strategy that could enable long-acting release of antimalarial drugs for few days and plasma
concentration of the drug can be maintained within the therapeutic range. The discovery of the
new antimalarial drug is a time-consuming process and demands huge investments. On the
other hand, exploration of new drug delivery technology which could meet the requirements of
maintenance of plasma concentration of the drug for a few days after single-dose administration
is a significantly fast process and can be completed by low investment than the amount required

for the discovery of a new drug.

The objective of the project was to increase the efficiency of artemether and primaquine by
preparing their long-acting formulation. Initially, leveraging the concept of particle shape, we
prepared antimalarial drug loaded polymeric nanorods using the film stretching technique. It
has been reported that nonspherical nanoparticles could evade phagocytosis after parenteral
administration (Devarajan et al., 2010; Jindal, 2017) and showed significant influence on
margination and wall adhesion in blood flow (Guha & Jindal, 2020; Jurney et al., 2017).
Whereas, the second approach involves the development of long-acting injectable implant
using albumin. The initial step involves exposing the albumin solution to an ethanol solution,
triggering the formation of insoluble aggregates within a specified timeframe, dependent on
the quantity of ethanol used. These insoluble aggregates contribute to the viscosity of the
solution mixture. Consequently, when administered parenterally, this solution serves as a depot
for sustained drug release. Unlike in situ forming depots, the formation of this depot is not
contingent on the physiological conditions of the injection site but is solely determined by the
quantity of ethanol employed to induce albumin denaturation.

1.6 The objectives of the present work

The following are the specific objectives of the thesis work

Objective i: Development and validation of HPLC-based analytical method and LC-MS-MS
based bioanalytical method for quantification of artemether and primaquine prodrug.
Objective ii: Development and evaluation of artemether loaded polymeric nanorods for
enhanced antimalarial effect.

Objective iii: Development and evaluation of long-acting primaquine prodrug loaded nanorods

for prolong plasma drug concentration.
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Objective iv: Development and evaluation of long-acting biodegradable nanoparticle loaded

implant for prolong plasma drug concentration of primaquine prodrug.
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Chapter 2.1: Development and validation of RP-HPLC
based analytical method for quantification of artemether

2.1.1 Introduction

Artemether (ART), 10-methoxy-3,6,9-trimethyldecahydro-12H-3,12-
epoxy[1,2]dioxepino[4,3-i]isochromene is a semi-synthetic derivative of Artemisinin which is
obtained from the plant Artemisia annua (Gilmore et al., 2014). Chemically, ART is a
sesquiterpene lactone having one endoperoxide functionality. It is white in colour and
crystalline in nature, insoluble in water and soluble in ethanol, dimethyl sulfoxide, and
dimethylformamide (Product Information,n.d.). ART has a log P value of 3.48 (Amin et al., 2013)
and exhibits high plasma protein binding (95 — 98 %) (Colussi et al., 1999). The compound has
a melting point range of 86 — 90 °C (4rtemether, n.d.).

Analysis of ART using reverse-phase high-performance liquid chromatography (RP-HPLC)
with different detectors including UV — photodiode array (UV-PDA) (1. D. C. César & Pianetti,
2009), electron capture detector (Mount et al., 1995), polarographic detector (Huang et al., 1987)
have been extensively reported for the quantification of ART in bulk drugs (Ubale & Choudhari,
2015), formulations (I. da C. César et al., 2008) and biological fluids (Huang et al., 1987). Recently,
Resende et. al.(Resende et al., 2019), reviewed different analytical techniques for quantification
of ART alone or in combination with lumefantrine in fixed-dose combination (Resende et al.,
2019). The structure of ART lacks the chromophoric group, leading to poor sensitivity when
quantified using an HPLC-UV detector (Fig. 2.1.1.). However, it has been reported that ART
can be transformed to a, B-unsaturated decalones by acid treatment which exhibits enhanced
absorption in the UV-visible region as compared to ART (Christian et al., 2017). This
transformation has enabled the quantification of ART using a UV-visible spectrophotometer.
Many literature reports demonstrated that the sensitivity of ART towards UV-visible detectors
was increased after treatment with acids (Christian et al., 2017), bases (Shishan & Mel-Yi, 1986),
or coupling with UV-sensitive entities (Adegoke et al., 2012). However, multistep sample
preparation technique still exerted significant challenge in the quantification of ART in
biological fluids using the above strategies. To the best of our knowledge, no method has been
reported for analysis of ART from nanoformulation by acid treatment of ART utilizing HPLC-
UV.

Hence, the objective of the present study is to develop and validate a simple and sensitive RP-

HPLC method using a UV-visible detector for the quantification of ART from polymeric
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nanoparticles. The pre-column acid treatment approach was adapted to increase the sensitivity
of ART during quantification by HPLC using UV-detector.

2.1.2 Materials

Artemether (>98.0%) was purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan).
HPLC grade acetonitrile and methanol were purchased from Merck Limited (Mumbai, India).
All other chemicals, solvents and reagents utilized, were either HPLC or analytical grade.
HPLC grade water was obtained from Milli-Q system (Millipore GmbH, Germany) used
throughout the analysis. The solvents and buffers prepared were suitably filtered through 0.22
MilliporeTM membrane filter (Merck, Darmstadt, Germany) and suitably degassed using an
ultrasonic bath for 30 min.

2.1.3 Methods

2.1.3.1 Instrument and software

The HPLC method for ART was developed with the Shimadzu HPLC system (Kyoto, Japan)
with a binary pump (LC-20AD), UV-visible detector (SPD-20A) and autosampler (SIL-20AC
HT). The column used for analysis was Waters Spherisorb® Sum ODS(C18) column with the
dimensions of 4.6 x 250mm. The instrument was operated by the software LC solution version
5.97.

Gradient RP-HPLC method with a mobile phase composed of A — ACN and B — Phosphate
buffer solution (PBS) (10mM; pH 6.0) consisting of T (min)/% B (v/v) of 0/50, 2/40, 3/30,
14/50, 20/50 as gradient at 1 ml/min was utilized for quantification of ART. The analysis was
carried out at Amax of 253nm with 20min and 20pL being run time and injection volume
respectively.

2.1.3.2 Pre-column acid treatment of ART

Accurately weighed 25mg of ART was dissolved in 25mL of methanol to prepare 1mg/ml of
the stock solution. Pre-column acid treatment of ART was carried out as described previously
by Christian et al. with some modification.(Christian et al., 2017) Briefly, Sml of the solution of
ART (Img/ml) was taken in a test tube and 0.5ml of concentrated HCI1 (35% v/v) was added
into it (solution 1). Solution 1 was then incubated at 40°C for 4h. After the incubation period,
the solution was immediately transferred into an ice bath to cease the reaction. Thereafter, the
volume of solution 1 was made up to 50ml with methanol to get a concentration of 100png/ml
(solution 2). Aliquot of 3ml was withdrawn from solution 2 and diluted with methanol up to
10mL to get a solution of 30pug/ml concentration. This solution of 30pug/ml concentration was

serially diluted with methanol to get solutions of 20pg/ml and 15pg/ml respectively. These
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solutions were analysed at Amax of 253nm using Shimadzu-3600 UV-VIS spectrophotometer
(Kyoto, Japan). The process of pre-column acid treatment of ART was optimized by varying
different reaction conditions as presented in Table 2.1.1.

Table 2.1.1. Optimization of pre-column acid treatment reaction conditions for ART

Parameter Reaction Conditions
Temperature (°C) 25, 40, 60

Acid concentration (M) 5, 10, ~=11.65

Acid volume (ml) 0.25,0.5,1.3

Time (h) 2,4,6

Fig. 2.1.1. Reaction scheme of acid treated ART

2.1.3.3 Preparation of standard solution

Accurately weighed 10mg of ART was dissolved in 10mL of methanol to prepare Img/ml of
the stock solution. S5ml of the stock solution was treated with acid as described in the section
pre-column acid treatment of ART. After acid treatment and dilution, an aliquot of 1ml was
withdrawn and diluted with methanol up to 10ml in a volumetric flask to prepare a solution of

10pg/ml (solution 3). Solution 3 was then serially diluted to get various solutions of

61



concentrations 8, 6, 4, 2, 1, 0.75, and 0.5ug/ml respectively.

2.1.3.4 Preparation of sample solution

Aliquot of 5ml supernatant obtained after centrifugation of nanoparticles, was acid-treated as
described in the pre-column acid treatment of ART. After acid treatment, the solution was
diluted up to 50ml and was analysed by HPLC using the chromatographic conditions as stated
in instrumentation and chromatographic conditions.

2.1.3.5 Validation

The developed method was validated as per ICH Q2R(1) guidelines for specificity, linearity
and range, limit of detection (LOD) and limit of quantitation (LOQ), accuracy, precision,
robustness, stability, and system suitability (Validation of Analytical Procedures: Text and
Methdology Q2(R1), 2005). To confirm the specificity, chromatogram obtained from the
supernatant of the blank nanoformulation was compared to the standard ART reaction product
for the presence of any interfering peaks.

Calibration curves were prepared by injecting different concentrations of ART including 0.5,
0.75, 1, 2, 4, 6, 8, and 10pg/ml in six replicates. The data were tested for homoscedasticity
using both the Ordinary Least Squares (OLS) and Weighted Least Squares (WLS) method. The
F-values (Fobsearved and Frabie) were calculated and the regression analysis was performed on
weights \/X, 1/\/X, 1/x, x2, 1/x2, \/y, 1/\/y, 1y, y*, 1/ y*. % Relative error (% RE) and total %
Relative error (X% RE) were calculated for each model. The model with least 2% RE was
selected to determine linearity.(Surve & Jindal, 2019) The range of developed analytical method
was determined from the peak area versus concentration curve and response factor versus
concentration curve. %RSD of response obtained from each concentration was calculated to
establish concentration range. LOD and LOQ were calculated by using Eq. (2.1) and (2.2)

respectively.

LOD =227 2.1)

L0Q =22 (2.2)

N

Where o is the standard deviation of response and S is the slope of the calibration curve.

Accuracy was determined by spiking a known concentration (4pg/ml) of ART into three
working standards (1, 4, and 8pug/ml) each in triplicate. % Recovery was then calculated while
considering the %RSD to confirm the accuracy of the method. The intra-day precision was
determined by analyzing the quality control samples of three different concentrations including

Ipg/ml (LQC), 4pg/ml (MQC), and 8ug/ml (HQC) each in triplicate within a day. Inter-day
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precision was determined by analyzing the above quality control samples in triplicate for three
consecutive days. %RSD of peak area was calculated to establish inter-day and intra-day
precision. To confirm the robustness of the method, quality control samples of ART (1, 4, and
8ug/ml) were analyzed after deliberately changing the different chromatographic parameters
including pH of PBS and column temperature. The pH of PBS and column temperature were
varied from 5.8 to 6.2 and from 28°C to 32°C respectively. % Recovery obtained from each
concentration was determined.

Stability of ART (Img/mL) after pre-column acid treatment was assessed till 24h, the above
solution was kept at room temperature in a vial and analysed at pre-determined time points (0,
6, 18, 24h). The concentration of the solution was obtained from the peak area and %recovery
was calculated. To assess the system suitability of the method, five replicate injections of ART
(5pg/ml) obtained after acid treatment was injected and %RSD of retention time, tailing factor,
height equivalent to theoretical plates (HETP), resolution and number of theoretical plates (N)
were calculated.

2.1.4 Results

2.1.4.1 Optimization of reaction conditions for pre-column acid treatment of ART

ART does not exhibit significant absorption in the UV-visible region due to the absence of any
chromatographic group in chemical structure. It also lacks chemical groups which can react
with other reagents to form coloured compounds (Tayade & Nagarsenker, 2007). Hence, ART
was treated with HCI to get o, B unsaturated decalones (Fig. 2.1.1.) for which the probable
mechanism involves protonation of ART in methanol to generate hydroperoxyl acetal. This
hydroperoxyl acetal forms cyclic peroxides by aldolization due to its strong nucleophilic
properties. The cyclic peroxides further rearrange to a, B-unsaturated decalones which exhibits
improved UV absorbance. The reaction also involves the formation of tricyclic dihydropyrans
as secondary byproducts (Jefford, 1996).

Therefore, pre-column acid treatment was carried out, to enable the quantification of ART by
HPLC using a UV detector. Until now, acid treatment of ART was carried at 53°C for 15min
(Jefford, 1996; Thomas & Ward, 1992). However, it was observed that various reaction parameters
including reaction temperature, volume, and strength of hydrochloric acid and reaction time
played a significant role in the formation of o, B-unsaturated decalones. Effect of different
reaction conditions on UV absorbance of solutions of different concentrations of 15, 20, and
30png/ml reaction products are shown in Fig. 2.1.2. The absorbance of acid-treated ART was

found to be increased when the temperature was increased from room temperature to 40°C or
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60°C (Fig. 2.1.2A.). However, considering the appreciable absorbance at 40°C and further
utilization of the method for quantification of the drug in biological samples, the reaction was
carried out at 40°C to optimize other parameters. Furthermore, the absorbance of acid-treated
ART was also found to be increased with an increase in acid strength (Fig. 2.1.2B.). The
absorbance of acid-treated ART in the case of concentrated HC1 was found to be significantly
higher when compared to the absorbance of acid-treated ART obtained after treatment with
10M and 5M HCI. The volume of acid used during the reaction also exerted a significant impact
on the absorbance of acid-treated ART. Higher absorbance was observed when 1.3ml of HCI1
was used during the reaction as compared to 0.5 to 0.25mL of HCI (Fig. 2.1.2C.). To utilize
the minimum amount of acid during separation and quantification by HPLC, 0.5mL of HCl
was found to be suitable to obtain acid-treated ART. The absorbance of acid-treated ART was
found to be increased by 1.78 = 0.011 folds when the reaction time was increased from 2h to
4h. While, only a slight increase of 1.15 £ 0.022 folds in the absorption of unsaturated a, -

decalones was observed when the reaction time was increased to 6h from 4h (Fig. 2.1.2D.).

Fig. 2.1.2. Effect of different reaction conditions including (A) temperature (B) acid molarity (C) acid volume
(D) reaction time on acid treated ART (n=3).

2.1.4.2 Method development

A solution of 100 pg/ml of the reaction product was obtained after acid treatment of ART as
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described in the section of the pre-column acid treatment of ART. It was diluted with methanol
to prepare a solution of a concentration of 1 pg/ml. Initially, the separation of acid-treated ART
was attempted under isocratic conditions. Different mobile phases were used to optimize the
isocratic separation of acid-treated ART. However, in all the conditions, poor peak shape
and/or resolution was observed as presented in Table 2.1.2. It was difficult to separate those
multiple peaks resolving at the same time leading to interference with the reaction product peak
under isocratic conditions. Therefore, gradient elution of acid-treated ART was attempted to
resolve the peaks eluting at the same time by subjecting the analyte solution in the column with
different mobile phase ratios.

Table 2.1.2. Different mobile phase composition used for separation of acid treated ART
under isocratic conditions

Mobile Phase Comment
A — ACN and B — Water in the ratio of %A: %B = 85: .
15 Poor resolution between peaks
A — Methanol and B — Water in the ratio of %A: %B = .
70: 30 Poor resolution
A — Methanol and B — Acetic acid in the ratio of %A .
%B = 60: 40 Shoulder peak and broadening
A — ACN and B — PBS (pH 3.5, 10 mM) in the ratio of :
%A: %B — 83: 17 Peak broadening
A — ACN and B — PBS (pH 6.0, 10 mM) in the ratio of Peak splitting at higher
%A: %B = 55: 45 concentrations

Peak resolution was found to be affected by a change in gradient steepness and range. As the
initial mobile phase composition was changed from 20% B to 50% B and run time from 6min
or 10min to 14min. Significant improvement in peak and resolution (k = 0.084) was observed.
The peaks obtained at 9.0min, 10.7min, and 12.2min were attributed to reaction byproducts
while the peak at 9.7min was of o, B- unsaturated decalones (Idowu et al., 1989). A
chromatogram of acid-treated ART separated by gradient elution is presented in Fig. 2.1.3.
2.1.4.3 Method validation

The method validity was analysed by a series of analytical tests as mentioned above. The tests
for specificity involved comparison of the supernatant of the blank formulation with that of the
ART standard. No interference was observed in the case of blank nanoparticles at the retention
time of acid-treated ART indicating the specificity of the method for the quantification of ART
from polymeric nanoparticles (Fig. 2.1.4). Moreover, the resolution of the by-product and acid-

treated ART was found to be greater than 2.
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Fig. 2.1.3. Representative chromatogram of acid treated ART (5 mg/ml) by gradient elution.

Fig. 2.1.4. Representative chromatogram of a) blank nanoparticles b) ART loaded nanoparticles

All the six calibration curves were found to be linear in the concentration range of 0.5 to
10pg/mL with R? values of 0.9996 (Fig. 2.1.5A.). Linearity was further confirmed from the
slope, %RSD, and a plot of response factor versus standard concentrations (Fig. 2.1.5B.). A
negative slope of a small value and low %RSD (1.19 — 1.95%) further confirmed the linearity
of the method. However, the OLS regression analysis is only suitable when data is
homoscedastic. Therefore, obtained results were tested for homoscedasticity using F-test. The
data can be considered statistically homoscedastic if Fopserved < Fiable. Since Fobserved > Fravle
(Table 2.1.3) therefore the obtained responses were heteroscedastic at lower concentrations.
WLS regression equation, regression coefficient, and X% RE for each weighed factor were

obtained (Table 2.1.4) and represented graphically in Fig. 2.1.6.

66



Fig. 2.1.5. A.) Calibration curve of ART B.) Response factor versus standard concentration plot of ART

Table 2.1.3. Test for homogeneity of variance, F-test

Concentration (png/ml) Responses

Variance (S%)

0.5

10

Fobserved (SZZ/SIZ) - 488.55
Ftab]e (0.99,5,5) - 10.97

9209
9032
9205
9075
8827
9137
181347
184804
184722
180121
179263
176792

S1%:20369.77

S,2: 9951556.57

Table 2.1.4. Regression equation, correlation coefficient and sum of the relative errors
(Z%RE) for each weighted and unweighted factor

Wi WLS/LS regression equation  Correlation coefficient (R?) T %RE
Vx y=17933.116 5 x + 1509.5497 0.9998 39.4023
1\ y =18093.206 4 x + 605.1912 0.9997 22.7108
1/x y =18183.466 9 x + 306.4489 0.9996 18.1644
x? y =17899.472 2 x + 1 749.3452 0.9998 44.0363
1/x? y = 18406.186 9 x - 44.5227 0.9993 16.3874
Jy y=17930.441 8 x + 1537.1258 0.9998 39.9491
1y y =18092.724 1 x + 591.6367 0.9997 22.4009
Iy y=18182.172 2 x +292.8082 0.9996 17.8343
y? y=17884.711 7 x + 1 887.0903 0.9998 46.7510
1/y? y = 18409.385 8 x - 55.935 0.9993 16.3385
Unweighted y=18008.836 7 x +1021.0227 0.9998 30.0449

Table 2.1.5. Calibration curve parameters

Parameter

Result
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Range (ng/ml) 0.5-10

Regression equation y =18009x + 1021
Correlation coefficient (R?) 0.9996
Limit of Detection (pg/ml) 0.09

Limit of Quantification (png/ml) 0.27

Fig. 2.1.6. % Relative error distribution based on concentration for unweighted and weighted factors. model A)
\x, model B) 1/7x, model C) 1/x, model D) x2, model E) 1/ x2, model F) \/y, model G) 1/\/y, model H) 1/y, model
I) y2, model J) 1/y2 and model K) Unweighted.

Among the models screened, 1/y? was chosen as it resulted in least = % RE (16.34%), highest
correlation coefficient amongst other weighted models (0.999) and uniform distribution of the
response towards x axis with respect to the other models (Fig. 2.1.6.). Upon validation of the
developed RP-HPLC method for weighted and unweighted models, higher accuracy for
weighted model (% ias = 0.34 + 1.79) was obtained compared with unweighted model (% bias
= 1.76 = 1.70). Similarly, %RSD was found to be least in case of weighted model for intraday
precision (1.43 £+ 0.11%) and interday precision (1.60 + 0.36 %) compared with unweighted
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model for intraday precision (1.46 = 0.09 %) and interday precision (1.64 + 0.36 %) depicting
significance of weighted model for heteroscedastic values.(Almeida et al., 2002)

LOD and LOQ of the method are presented in Table 2.1.5. The values of LOD and LOQ
demonstrated the sensitivity of the method suitable for the quantification of acid-treated ART
from the polymeric nanoparticles.

Accuracy determined by calculating %recovery at three concentration levels (1, 4, and 8ug
mL-1) of the calibration curve was found to be over the linear range of acid-treated ART.
%Recovery at all the three concentrations found to be between 100.14% - 103.50% which was
well within the acceptance criteria of 80 — 120% while the %RSD was found to be not more
than 2.04% (Table 2.1.6). Both inter-day and intra-day precision of the method was assessed
at three concentration levels over calibration ranges and presented in Table 2.1.6. %RSD for
inter-day and intra-day precision were found to be between 1.22 - 1.93% and 1.35 - 1.56%
respectively. The method was found to accurate and precise for quantification of ART from
polymeric nanoparticles.

Table 2.1.6. Accuracy and Precision results
Accuracy (n=3)

Target (%) %Recovery S.D.  %RSD
80 101.59 0.41 0.40
100 103.50 2.11 2.04
120 100.14 1.23 1.22
Inter-day Precision (n=3)
Concentration (ug ml') Measured Concentration (ug ml™!) S.D. %RSD
1 1.05 0.02 1.65
4 4.13 0.05 1.22
8 7.91 0.15 1.93
Intraday Precision (n=3)
Concentration (ug ml™') Measured Concentration (ug ml™!) S.D. %RSD
1 1.04 0.01 1.35
4 4.11 0.06 1.39
8 7.90 0.12 1.56

In robustness studies, no significant difference in % recovery of acid-treated ART observed at
three quality controls (1 pg/ml, 4 pg/mL, and 8 pg/mL) after deliberate changes in
chromatographic conditions. %Recovery was found to be between 87.94 + 3.30% to 100.78 +
0.24% (Table 2.1.7).

Table 2.1.7. Robustness results
Condition %Recovery
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1pg/ml 4ug/ml 8ug/ml

Column Temperature (32 °C) 96.58 +2.61 96.27 + 8.52 100.78 = 0.24
Column Temperature (28 °C) 91.83+1.59 97.21+4.16 95.47+1.49
Phosphate Buffer (10mM; pH 6.2) 90.10+1.10  92.62 +3.09 92.35+0.45
Phosphate Buffer (10mM; pH 5.8) 87.94+330 91.79+3.56 9224 +4.72

Each value represents Mean + SD; n=3

The methanolic solution containing acid-treated ART showed 95.19 + 2.19, 97.91 £ 1.44,
102.95 £ 4.9 and 101.58 £ 2.97% (n = 3) recovery after 0, 6, 18 and 24h respectively which
indicated that acid-treated ART was stable for at least 24h in the solution state.

Different system suitability parameters including tailing factor, HETP, resolution, and number
of theoretical plates obtained from 5 replicates of standard acid-treated ART solution are
presented in Table 2.1.8. All the parameters were found to be within the limits as specified by

Food and Drugs Administration (No Title, n.d.)

Table 2.1.8. System suitability parameters

Parameter Value £ SD
Retention Time (min) 9.91+0.00
Tailing factor 1.23 +£0.02
HETP 9.81 £ 0.05
Resolution 2.54 £0.02
Number of Theoretical Plates 15298 + 80.55

Each value represents Mean + SD; n=3

2.1.5 Conclusion

Pre-column acid treatment of ART showed a significant increase in the sensitivity of ART
during quantification by HPLC using UV-detector due to the formation of a, B-unsaturated
decalones. The method was validated as per ICH guideline Q2(R1) for estimation of ART and
could be successfully utilized for determination of % EE, and in vitro drug release from ART-

loaded polymeric nanoparticles.
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Chapter 2.2: Development and validation of LC-MS-MS
based bioanalytical method for quantification of
artemether

2.2.1 Introduction

Artemether (ART), 10-methoxy-3,6,9-trimethyldecahydro-12H-3,12-
epoxy[1,2]dioxepino[4,3-i]isochromene is a semi-synthetic derivative of Artemisinin which is
obtained from the plant Artemisia annua (Gilmore et al., 2014). Chemically, ART is a
sesquiterpene lactone having one endoperoxide functionality. It is white in colour and
crystalline in nature, insoluble in water and soluble in ethanol, dimethyl sulfoxide, and
dimethylformamide (Product Information, n.d.). ART has a log P value of 3.48 (Amin et al.,
2013) and exhibits high plasma protein binding (95 — 98 %) (Colussi et al., 1999). The
compound has a melting point range of 86 — 90 °C (4rtemether, n.d.).

Analysis of ART using reverse-phase high-performance liquid chromatography (RP-HPLC)
with different detectors including UV — photodiode array (UV-PDA) (1. D. C. César & Pianetti,
2009), electron capture detector (Mount et al., 1995), polarographic detector (Huang et al.,
1987) have been extensively reported for the quantification of ART in bulk drugs (Ubale &
Choudhari, 2015), formulations (I. da C. César et al., 2008) and biological fluids (Huang et al.,
1987). Recently, Resende et. al.(Resende et al., 2019), reviewed different analytical techniques
for quantification of ART alone or in combination with lumefantrine in fixed-dose combination
(Resende et al., 2019). The structure of ART lacks the chromophoric group, leading to poor
sensitivity when quantified using an HPLC-UV detector (Chaturvedi et al., 2010; Christian et
al., 2017; Stringham et al., 2009). Hence, it has been difficult to quantify ART in formulations
as well as in in vitro release media. A pre-column acid treatment of ART with HCI leading to
formation of a, B decalones has been reported thus increasing the sensitivity of ART by UV
spectroscopy. However, the method is not suitable for the quantification of ART in biological
matrices. ART has a therapeutic plasma drug concentration of around 5 to 150ng/ml (Tarning
et al., 2013). It is difficult to develop an analytical method using UV-vis spectroscopy capable
of quantifying ART in the plasma at its therapeutic concentrations (Bhide et al., 2020).
Therefore, here we developed a sensitive LC-MS-MS based bioanalytical method for the
quantification of ART in rat plasma. The chapter covers the steps used for the development,
optimization and the validation of the LC-MS-MS based bioanalytical method for the
quantification of ART.
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2.2.2 Materials

Artemether (>98.0%) was purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan).
Curcumin was purchased from HiMedia Laboratories Pvt. Ltd. (Mumbai, India). LC-MS grade
and HPLC grade formic acid, acetonitrile and methanol were purchased from Merck Limited
(Mumbai, India). All other chemicals, solvents and reagents utilized, were either HPLC or
analytical grade. HPLC grade water was obtained from Milli-Q system (Millipore GmbH,
Germany) used throughout the analysis. The solvents and buffers prepared were suitably
filtered through 0.22 MilliporeTM membrane filter (Merck, Darmstadt, Germany) and suitably
degassed using an ultrasonic bath for 30 min.

2.2.3 Methods

2.3.3.1 Instrumentation, software and chromatographic conditions

The bioanalytical method for the quantification of ART was developed with liquid
chromatography coupled with tandem mass spectrometry (LC—MS/MS) (Waters Acquity
UPLC H Class system with a Waters Xevo Triple Quadrupole mass spectrometer). Mass Lynx
software version 4.1 was used to control the machine and analyse the data. The column utilized
during the analysis was Acquity UPLC BEH C18 (50 mm x 2.1 mm, 1.7 um) column.
Isocratic method with a mobile phase system consisted of reservoir A (methanol) and reservoir
B (0.1% v/v formic acid) with a ratio of 80:20 (%A: %B) with a flow rate of 0.4ml/min. The
injection volume was set to 10uL with a column temperature of 35°C with a total run time of
Smin. With the use of an ESI source, a mass spectrometer was able to identify the drug and the
internal standard. For the measurement of ART, the ART ammonium adduct [M"™ + NH4]",
m/z 16.02 — 267.14 and m/z 368.84 — 177 for curcumin (CUR), were the molecular transition
ions that were analyzed.

2.3.3.2 Preparation of standard solutions

10 mg of ART and CUR each were precisely weighed and then added to volumetric flasks to
prepare stock solutions. The volume was increased to 10 ml by adding methanol, and the
resultant solutions were stored at 2-8°C until further use. Calibration curve samples were
prepared at concentrations of 1.56, 3.12, 6.25, 12.5, 25, 50 and 100ng/mL using working
solutions of 1pug/mL. To get final concentrations of 6.5, 12.5, and 50 ng/mL, quality control
(QC) samples were also made via serial dilutions from stock solution at concentrations of
1000ng/mL. Methanol and water were diluted one at a time to provide all working solutions

needed for preparing ART samples and producing the calibration curve.
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2.3.3.3 Extraction procedure

Two techniques— protein precipitation and liquid-liquid extraction (LLE)—were assessed for
the extraction of ART from plasma. Tert-butyl methyl ether (TBME), diethyl ether, TBME:
IPA (80:20), chloroform, hexane, ethyl acetate and dichloromethane—were tried for LLE.
Furthermore, several water-miscible organic solvents (acetonitrile and methanol) were used in
different ratios to extract ART from plasma in order to assess plasma protein precipitation.
LLE was chosen for additional sample processing because it was found to be the most efficient
technique for the extraction of drug. By comparing the chromatographic peak areas of non-
biological standard samples with the biological plasma samples with spiked drug at the same
concentration level, the extraction efficiency was assessed.

2.3.3.4 Preparation of plasma samples

90uL of pooled rat plasma (n=6) was spiked with SuL. of ART (0.031, 0.062, 0.125, 0.25, 0.5,
1 and 2pg/ml) and SpL. of CUR (1pg/ml) (IS). The sample were vortexed for 30sec. Then, 1ml
of TBME was added to the samples and the samples were vortexed for 15min followed by
centrifugation (10,000rpm; 15min). Post centrifugation, the TBME was separated and placed
in a vacuum oven at 37°C until all TBME was completely evaporated. The residue was then
reconstituted in 100uL of 8:2 mixture of methanol and water followed by vortex mixing and
centrifugation (10,000rpm; 15min). A 0.22um nylon syringe filter was used to filter the
supernatant, and 10uL of the resultant solution was then injected into the LC-MS-MS system
for chromatographic analysis.

2.3.3.5 Bioanalytical Method validation

The developed LC-MS-MS method was validated for range, limit of detection (LOD), limit of
quantitation (LOQ) and precision.

The linearity and range of the devised analytical technique were assessed by injecting six times
a set of calibration standards with concentrations ranging from 1.56 to 100ng/mL. Six
calibration curves were prepared by plotting the drug: IS peak area ratios on the Y-axis and the
nominal plasma concentrations on the X-axis. Using the correlation coefficient and ordinary
least square regression equation that were previously acquired via the analytical method's
optimisation, the linearity of the approach was evaluated.

Three replicates at three distinct QC levels (LQC, MQC, HQC) were analysed in order to assess
the intra-day and inter-day precision of the developed bioanalytical method. Samples were
tested on the same day to assess the precision for intra-day, whereas, samples were analysed

on three separate days to establish precision and accuracy for inter-day. The acceptance
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standards for precision were within +15% (reported as percentage deviation, or % CV).

The developed method's limits of detection (LOD) and quantification (LOQ) were ascertained
through the measurement of the signal-to-noise ratio (S/N) acquired in the chromatogram
containing the standard and blank quantities of ART. The concentrations designated as LOD
and LOQ, respectively, were those at which the S/N ratio was larger than 3 and 10.

2.2.4 Results

Using polynomial regression, the calibration plots demonstrated an excellent linear relationship
throughout the concentration range of 1.56—-100ng/ml, with a high correlation coefficient (R?)
of 0.994 and the equation y = 1.4617x + 4.3566. Fig. 2.2.1. represents the linear regression
calibration curve of ART. It was found that the total %recovery for the three different

concentration levels fell between 80 and 120% of the acceptable range.

Fig. 2.2.1. Linear regression calibration curve of ART

2.3.4.1 Optimization of chromatographic conditions

To find the ideal mobile phase composition, column choice, flow rate, and injection volume
for the measurement of ART in rat plasma, a range of chromatographic settings were evaluated.
The chromatographic settings were optimized with the use of information obtained throughout
the development of the analytical method. By increasing the flow rate from 0.3 to 0.4ml/min,
a significant shift in the analyte retention time was noted. Using an Acquity UPLC BEH C18
(50mm x 2.1mm, 1.7um) column, with a mobile phase made up of 80:20 ammonium acetate
buffer with 0.1% v/v formic acid, 0.4 mL/min flow rate, and 10 pL injection volume was the
final optimised separation technique for the quantification of ART. The retention times for
ART and the IS were 1.05 and 0.45min, respectively, with a total run duration of 2min. A
typical chromatogram of a bioanalytical sample comprising ART and CUR (I.S.) is displayed
in Fig. 2.2.2.
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Fig. 2.2.2. Chromatograms of bioanalytical samples of a) curcumin and b) artemether from the developed

bioanalytical method of LC-MS-MS

2.3.4.2 Optimization of sample preparation method

The process of cleaning up the plasma sample is essential to the development of bioanalytical
methods since it influences the method's sensitivity and selectivity. The recovery of a known
concentration of the analyte following sample extraction methods is referred to as the analytical
process's extraction efficiency. An increased extraction efficiency results in a more precise
procedure. Amongst the different techniques used for the extraction of the drug, liquid-liquid
extraction method produced the most recovery. Table 2.2.1. lists the different solvents and how
they extracted ART from plasma as efficiently as possible.

Table. 2.2.1. Extraction efficiency of different solvents

Qty Vortex Centrifugatio.n %
Solvent added time (min) [speed (rpm), time Recovery
(uL) (min)]
Acetonitrile 1000 15 10000, 10 7.6%
Methanol 1000 15 10000, 10 1.98%
Diethyl ether 1000 15 10000, 10 1.72%
TBME 1000 15 10000, 10 1.46%
TBME: IPA (80:20) 1000 15 10000, 10 10%
Chloroform 1000 15 10000, 10 67.15%
Hexane 1000 15 10000, 10 2.28%
Ethyl acetate 1000 15 10000, 10 9.07%
Dichloromethane 1000 15 10000, 10 81%
Dichloromethane + Diethyl o
ether (50:50) 1000 15 10000, 10 27.27%
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2.3.4.3 Bioanalytical method validation

The peak area ratios of ART to IS at different concentrations of ART in plasma were plotted
to generate a calibration curve that exhibited linearity in the concentration range of 1.56-
100ng/mL with a high regression coefficient of 0.994, indicating good reproducibility. Fig
2.2.2. shows the chromatograms of ART and the IS respectively whereas, Table 2.2.2. displays
the regression data.

Table 2.2.2. Linear regression data for the calibration curve of ART in rat plasma (n =
6).

Parameters Values

Range (ng/mL) 1.56-100
Correlation coefficient (1?) 0.9939
Slope 1.4617
Intercept 4.3566

The plasma ART detection and quantification limit were found to be 0.30 £+ 0.05 and 0.99 +
0.17.

Table 2.2.3 enlists the QC values of LQC, MQC, and HQC, including LLOQ, for the inter-day
precision. All the values for these QC samples were found to be within the acceptable range
thus rendering the method suitable for the quantification of PQ-PAL in the biological matrices

(% bias and RSD <+15% at LQC, MQC, and HQC).

Table 2.2.3. Precision (% CV) of the PQ-PAL in rat plasma samples at QC concentrations
of the calibration ranges

. Inter-day
Level Nominal conc. Measured s s o
(ng/mL) concentration Precision (% CYV)
LQC 6.25 7.67 16.20
MQC 12.5 10.96 11.28
HQC 50 49.78 12.38

2.2.5 Conclusion

A sensitive LC-MS-MS based bioanalytical was developed which could quantify ART in rat
plasma upto Ing/ml. The method was validated for precision as per ICH guideline Q2(R1) for
estimation of ART and could be successfully utilized in the pharmacokinetic studies for the

quantification of ART in the rat plasma.
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Chapter 2.3: Development and validation of RP-HPLC
based analytical method for quantification of primaquine
prodrug

2.3.1 Introduction

Primaquine diphosphate (PQ), 4-N-(6-methoxyquinolin-8-yl)pentane-1,4-diamine;phosphoric
acid is an 8-aminoquinoline derivative used for the prophylaxis and treatment of P. vivax
caused malaria (Baird & Rieckmann, 2003; Waters & Edstein, 2011). Primaquine itself is a viscous
liquid, hence is available in the diphosphate salt form which is orange crystalline powder and
soluble in water (Al-Badr, 2005; Chung et al., 1997). It has a log P of 2.1 (Davanco et al.,
2014).

However, the drug poses few complications while use. For instance, PQ is a hydrophilic drug
(solubility — 66mg/ml) (PRIMAQUINE PHOSPHATE, n.d.) and hence it poses challenge in
loading ion the nanocarriers (Singh & Vingkar, 2008). Furthermore, PQ has a short half-life (4-
S5h) (Jittamala et al., 2015; Li et al., 2014) and hence, the PQ formulation needs to be
administered daily (Galappaththy et al., 2013; Milligan et al., 2020). In order to resolve this,
hydrophilic PQ was conjugated to palmitic acid in order to synthesize a lipophilic prodrug (PQ-
PAL) (Sloat et al., 2011). The prodrug due to its lipophilic nature, was suitable for loading on
nanoformulations (Barichello et al., 1999). Hence, now a sensitive analytical method was
required for the analysis of PQ-PAL in the solvents. PQ-PA needed to evaluated for its
solubility in various solvents and release medias. Furthermore, the nanoformulations loaded
with PQ-PAL were to be prepared and evaluated for %EE, %DL and drug content. Although,
UV spectrophotometer was useful for the determination of solubility and Amax of PQ-PAL
(266nm), it was not specific for the analysis of PQ-PAL in the formulations and the in vitro
release media due to the interference of the inactive components present in it.

Therefore, a sensitive analytical method was required for the detection and quantification of
PQ-PAL in the nanoformulations as well as the in vitro release media.

Hence the objective of the present study was development, optimization and validation of the
RP-HPLC method for the detection and quantification of PQ-PAL in the nanoformulations and
release medias.

2.3.2 Materials

Primaquine diphosphate was a gift sample from IPCA Laboratories, Maharashtra India.

Primaquine prodrug was synthesized in the laboratory. LC-MS grade and HPLC grade formic
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acid, acetonitrile and methanol were purchased from Merck Limited (Mumbai, India). All other
chemicals, solvents and reagents utilized, were either HPLC or analytical grade. HPLC grade
water was obtained from Milli-Q system (Millipore GmbH, Germany) used throughout the
analysis. The solvents and buffers prepared were suitably filtered through 0.22 MilliporeTM
membrane filter (Merck, Darmstadt, Germany) and suitably degassed using an ultrasonic bath
for 30 min.

2.3.3 Methods

2.3.3.1 Instrumentation, software and chromatographic conditions

The analytical method for the quantification of PQ-PAL was developed with Shimadzu HPLC
system (Kyoto, Japan) equipped with a binary pump (LC-20AD), autosampler (SIL-20AC HT)
and UV-visible detector (SPD-20A). The hardware control and data processing were done
using LC solution software version 5.97. The column utilized during the analysis was Thermo
Scientific HyPURITY ADVANCE 5pum ODS(C18) column with the dimensions of 50 x
4.6mm.

Isocratic RP-HPLC method with a mobile phase system consisted of reservoir A (acetonitrile)
and reservoir B [Phosphate buffer solution (PBS), 10mM; pH 3.5] with a ratio of 60:40 (%A
%B) with a flow rate of 1ml/min. The injection volume was set to 20uL with a column
temperature of 30°C with a total run time of 7min at a wavelength of 266nm.

2.3.3.2 Preparation of standard solutions

Standard solution of PQ-PAL was prepared by dissolving accurately weighed 25mg of PQ-
PAL in 25ml of methanol in a volumetric flask. A working standard solution of 100pug/ml was
prepared by diluting 1mL of the stock solution to 10mL in a volumetric flask (10mL) using
methanol. For the preparation of secondary working standard solutions of PQ-PAL, the
working standard solution (100pug/mL) was suitably diluted with 6:4 acetonitrile: Milli-Q
water. Further, 100pL of standard stock solution was diluted up to 1mL to obtain a final
concentration of 10pg/mL, which was further serially diluted to yield 5, 2.5, 1.25, 0.625, 0.312,
0.156pg/mL concentration standards.

2.3.3.3 Analytical Method validation of PQ-PAL

In accordance to the International Conference on Harmonization (ICH) guideline Q2 (R1)(ICH,
2005), the method was validated for specificity, linearity, range, limit of detection (LOD), limit
of quantitation (LOQ), precision, accuracy and robustness.

In order to assess the specificity of the developed analytical method, a PQ-PAL standard

solution (0.5ug/mL) was spiked in the placebo formulation, which contained all the
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formulation components namely PLGA, albumin, PVA and ethanol. Furthermore, release
media was also spiked with the PQ-PAL standard (0.5ug/mL) and the resulting chromatograms
were observed for the presence of other peaks.

The linearity and range of the devised analytical technique were assessed by injecting six times
a set of calibration standards with concentrations ranging from 0.156 to 10 pug/mL. A
calibration curve was then created by plotting each standard's peak area against the respective
concentration. Using the correlation coefficient and ordinary least square regression equation
that were previously acquired via the analytical method's optimization, the linearity of the
approach was evaluated.

Samples were analyzed in triplicate after known amounts of PQ-PAL were injected into three
calibration standards (0.312, 1.25, and Spg/mL) in order to assess the accuracy of the
established RP-HPLC technique. Comparing the measured concentrations to the anticipated
concentrations of the spiked samples allowed for the computation of the recovery of PQ-PAL.
The percent recovery and percent relative standard deviation (%RSD) for each calibration
standard were computed in order to evaluate the method's accuracy. This approach provides a
reliable and comprehensive assessment of the accuracy of the developed method and ensures
the reliability of subsequent analysis.

To analyze the precision of the developed method, the peak areas of three calibration standards
were examined in triplicate, three times a day. Whereas, the for the inter-day precision the peak
areas of three calibration standards were analyzed in triplicate for three consecutive days. The
method's accuracy was evaluated by computing the relative standard deviation (%RSD) for
every set of measurements made in triplicate.

The developed method's limits of detection (LOD) and quantification (LOQ) were ascertained
through the measurement of the signal-to-noise ratio (S/N) acquired in the chromatogram
containing the standard and blank quantities of PQ-PAL. The concentrations designated as
LOD and LOQ, respectively, were those at which the S/N ratio was larger than 3.3 and 10.
For determination of the robustness of the method, deliberate modifications were made to the
chromatographic settings, such column temperature (28 and 32°C). By calculating the
percentage recovery of the three calibration standards, the impact of these modifications on the
method's accuracy was assessed

2.3.4 Results

2.3.4.1 Analytical method development

Considering the lipophilic nature and solubility of the drug, it was assumed that a mobile phase
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with higher proportion of ACN in the mobile phase would result in poor retention. However,
the compound's high hydrophobicity resulted in extensive interaction of the compound with
the C18 column [Sum ODS(C18); 250 x 4.6mm] leading to longer retention times. A method
with longer retention times would have involved a longer run time and excessive use of solvents
with no commensurate advantages. Hence, in order to decrease the retention time, a column
with similar characteristics but with a shorter length was chosen. A column with the dimensions
of 50 x 4.6mm with Spm ODS(C18) was selected for further analysis. Initial trial runs were
conducted at a ratio of 50:50 (%A: %B), while the mobile phase ratio was changed in further
trials to understand its effect on the retention time and peak shape. A mobile phase ratio of
60:40 (%A: %B) consisting of reservoir A (acetonitrile) and reservoir B (PBS, 10mM; pH 3.5)
with a flow rate of Iml/min were optimized. The column temperature was set to 30°C. Table
2.4.1. represents various chromatographic parameters of the peak obtained during the
optimization of mobile phase ratio.

Table 2.3.1. Mobile phase optimization
Chromatographic conditions | Acceptance criteria Results

A: Acetonitrile,

B: PBS, 10mM; pH 3.5 -

50:50 | 60:40 | 65:35 | 80:20

Retention time of PQ-PAL 18.14 | 5.27 | 3.38 1.47
Tailing factor 0.8-1.5 0.94 1.02 1.07 1.25
Number of theoretical plates >2000 1590 | 2087 | 1573 | 461

2.3.4.2 Analytical method validation

Using polynomial regression, the calibration plots demonstrated an excellent linear relationship
throughout the concentration range of 0.156—10ug/ml, with a high correlation coefficient (R?)
of 1 and the equation y = 58447x + 606.47. Fig. 2.3.1a. shows the calibration curve Linear
regression calibration curve of PQ-PAL in RP-HPLC. A representative chromatogram of PQ-
PAL (1.25pg/mL) ACN: PBS, 10mM; pH 3.5 (60:40) is shown in Fig. 2.3.1b.

It was found that the total %recovery for the three different concentration levels fell between
80 and 120% of the acceptable range. The devised method's %RSD was less than 2%,

indicating that the inter-day and intra-day precision.

84



Fig. 2.3.1. a) Linear regression calibration curve of PQ-PAL in RP-HPLC, and b) Representative chromatogram
of PQ-PAL (1.25pg/mL) ACN: PBS, 10mM; pH 3.5 (60:40)

The absence of interference from the excipients used in the formulation proved the selectivity

of the devised RP-HPLC technique for quantifying PQ-PAL (Fig. 2.3.2).
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Fig. 2.3.2. Representative chromatogram of PQ-PAL formulation sample

Furthermore, the method's robustness was confirmed when minor adjustments were made in

the column temperature and buffer pH. The percentage recovery of PQ-PAL remained within
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the permissible range of 80-120%. It was discovered that the limits of detection and

quantitation were, respectively, 30.23ug/ml and 100.77ng/ml. Table 2.3.2. displays the

findings from the PQ-PAL method accuracy and precision. Additionally, it was found out that

the method was selective since no interference from the formulation's excipients. The results

of the method robustness

are given in table 2.3.3.

Table 2.3.2. Accuracy and precision

Accuracy (n=3)

Concentration (pg/ml) % Recovery Standard Deviation | %RSD
LQC (0.312ug/ml) 96.61 0.91 0.94
MQC (1.25pg/ml) 96.93 0.68 0.70

HQC (5pg/ml) 96.32 1.22 1.26
Inter-day precision (n=3)

Concentration (ug/ml) | Measured concentration (ug/ mL) | Standard Deviation | %RSD
LQC (0.312ug/ml) 0.30 0.00 1.25
MQC (1.25pg/ml) 1.28 0.03 2.04

HQC (5pg/ml) 5.11 0.08 1.65
Intraday precision (n=3)

Concentration (ug/ml) | Measured concentration (ug/ mL) | Standard Deviation | %RSD
LQC (0.312ug/ml) 0.31 0.00 1.35
MQC (1.25pg/ml) 1.30 0.02 1.68

HQC (5pg/ml) 5.17 0.10 1.98
Table 2.3.3. Robustness
% Recovery £ SD
.. LQC MQC HQC
Condition 03 12Q],Lg/ml) (1.25pg/ml) 5 ug/ml)
Column temperature (32°C) 97.80+1.14 103.58 £1.86 103.74 £ 0.80
Phosphate b“fg; (I0mM; pH | g9 354 159 10436233 | 104.57 + 3.08

2.3.5 Conclusion

A sensitive HPLC based analytical was developed which could detect PQ-PAL. The method

was validated for accuracy, precision and robustness as per ICH guideline Q2(R1) for the

estimation of PQ-PAL and could be used for the quantification of PQ-PAL from the

formulations and other analytical matrices for the determination of %EE, %DL and drug

content.
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Chapter 2.4: Development and validation of LC-MS-MS
based bioanalytical method for quantification of
primaquine prodrug

2.4.1 Introduction

Primaquine diphosphate (PQ), 4-N-(6-methoxyquinolin-8-yl)pentane-1,4-diamine;phosphoric
acid is an 8-aminoquinoline derivative used for the prophylaxis and treatment of P. vivax
caused malaria (Baird & Rieckmann, 2003; Waters & Edstein, 2011). Primaquine itself is a viscous
liquid, hence is available in the diphosphate salt form which is orange crystalline powder and
soluble in water (Al-Badr, 2005; Chung et al., 1997). It has a log P of 2.1 (Davanco et al.,
2014).

However, the drug poses few complications while use. For instance, PQ is a hydrophilic drug
(solubility — 66mg/ml) (PRIMAQUINE PHOSPHATE, n.d.) and hence it poses challenge in
loading ion the nanocarriers (Singh & Vingkar, 2008). Furthermore, PQ has a short half-life (4-
S5h) (Jittamala et al., 2015; Li et al., 2014) and hence, the PQ formulation needs to be
administered daily (Galappaththy et al., 2013; Milligan et al., 2020). In order to resolve this,
hydrophilic PQ was conjugated to palmitic acid in order to synthesize a lipophilic prodrug (PQ-
PAL) (Sloat et al., 2011). The prodrug due to its lipophilic nature, was suitable for loading on
nanoformulations (Barichello et al., 1999). Initially, for the analysis of PQ-PAL a sensitive RP-
HPLC was developed and validated. The LOQ value for PQ-PAL was found to be around
100ng/ml. This limit for the quantification of PQ-PAL was suitable for the quantification of
PQ-PAL in the nanoformulation and in vitro studies where higher quantity of drug is used
during the study. However, such is not the case in in vivo pharmacokinetic studies (Moein et
al., 2017). Additionally, the ability of PQ-PAL to remain in the system was evaluated using
long-acting formulations. In such case, following the administration of the formulations, the
latter time points frequently exhibited lower plasma drug concentrations, falling below the
detection limit of the developed RP-HPLC method. Hence, a bioanalytical method sensitive
enough for the quantification of PQ-PAL in the biological matrices was required. Therefore,
we developed a sensitive LC-MS-MS method for the quantification of PQ-PAL in the
biological matrices.

This chapter discusses about the steps which were involved in the development, optimization,
and validation of the LC-MS-MS method for the detection and quantification of PQ-PAL in

the rat plasma.
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2.4.2 Materials

Primaquine prodrug was synthesized in the laboratory. Lumefantrine was purchased from
Yarrow Chem Products (Mumbai, Maharashtra). LC-MS grade and HPLC grade formic acid,
acetonitrile and methanol were purchased from Merck Limited (Mumbai, India). All other
chemicals, solvents and reagents utilized, were either HPLC or analytical grade. HPLC grade
water was obtained from Milli-Q system (Millipore GmbH, Germany) used throughout the
analysis. The solvents and buffers prepared were suitably filtered through 0.22 MilliporeTM
membrane filter (Merck, Darmstadt, Germany) and suitably degassed using an ultrasonic bath
for 30 min.

2.4.3 Methods

2.4.3.1 Instrumentation, software and chromatographic conditions

The bioanalytical method for the quantification of PQ-PAL was developed with liquid
chromatography coupled with tandem mass spectrometry (LC—MS/MS) (Waters Acquity
UPLC H Class system with a Waters Xevo Triple Quadrupole mass spectrometer). Mass Lynx
software version 4.1 was used to control the machine and analyse the data. The column utilized
during the analysis was Acquity UPLC BEH C18 (50 mm x 2.1 mm, 1.7 um) column.
Isocratic method with a mobile phase system consisted of reservoir A (acetonitrile) and
reservoir B (0.1% v/v formic acid) with a ratio of 90:10 (%A: %B) with a flow rate of
0.2ml/min. The injection volume was set to 10uL. with a column temperature of 35°C with a
total run time of Smin. With the use of an ESI source, a mass spectrometer was able to identify
the drug and the internal standard. The molecular transition ions analyzed for the measurement
of PQ-PAL and LUM were m/z 498.11 — 324.24 and m/z 527.86 — 510.07 respectively.
2.4.3.2 Extraction procedure

Two techniques— protein precipitation and liquid-liquid extraction (LLE)—were assessed for
the extraction of PQ-PAL from plasma. Diethyl ether and dichloromethane—were tried for
LLE. Furthermore, several water-soluble organic solvents (acetonitrile, methanol and acetone)
were used in diverse ratios to extract PQ-PAL from plasma in order to assess plasma protein
precipitation.

Protein precipitation was chosen for additional sample processing because it was found to be
the most efficient technique for the extraction of drug. By comparing the chromatographic peak
areas of non-biological standard samples with the biological plasma samples with spiked drug

at the same concentration level, the extraction efficiency was assessed.
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2.4.3.3 Preparation of plasma samples

90uL of pooled rat plasma was spiked with SuL of PQ-PAL (0.016, 0.031, 0.062, 0.125, 0.25,
0.5, 1 and 2pg/ml) and Spul of LUM (0.5pg/ml) (IS). The sample were vortexed for 30sec.
Then 1ml of ACN was added to the samples and the samples were vortexed for 15min followed
by centrifugation (10,000rpm; 15min). Post centrifugation the supernatant was separated and
placed in a vacuum oven at 37°C until all ACN was completely evaporated. The residue was
then reconstituted in 100puL of 8:2 mixture of acetonitrile and water followed by vortexing and
centrifugation (10,000rpm; 15min). A 0.22um nylon syringe filter was used to filter the
supernatant, and 10uL of the resultant solution was then injected into the LC-MS-MS system
for chromatographic analysis.

2.4.3.4 Bioanalytical Method validation of PQ-PAL

In accordance to the International Conference on Harmonization (ICH) guideline Q2 (R1)(ICH,
2005), the method was validated for range, limit of detection (LOD), limit of quantitation
(LOQ), precision and accuracy.

The linearity and range of the devised analytical technique were assessed by injecting six times
a set of calibration standards with concentrations ranging from 0.078to 100ng/mL. Six
calibration curves were prepared by plotting the drug: IS peak area ratios on the Y-axis and the
nominal plasma concentrations on the X-axis. Using the correlation coefficient and ordinary
least square regression equation that were previously acquired via the analytical method's
optimisation, the linearity of the approach was evaluated.

Three replicates at three distinct QC levels (LQC, MQC, HQC, and LLOQ) were analysed in
order to assess the intra-day and inter-day precision and accuracy of the developed
bioanalytical method. Samples were tested on the same day to assess the precision and accuracy
for intra-day, whereas, samples were analysed on three separate days to establish precision and
accuracy for inter-day. With the exception of LLOQ, where its value should not exceed £20%
for both accuracy and precision, the acceptance standards for accuracy are within £15%
(represented as percentage of variation from nominal concentration, or % bias) and for
precision within £15% (reported as percentage deviation, or % CV).

The developed method's limits of detection (LOD) and quantification (LOQ) were ascertained
through the measurement of the signal-to-noise ratio (S/N) acquired in the chromatogram
containing the standard and blank quantities of PQ-PAL. The concentrations designated as

LOD and LOQ, respectively, were those at which the S/N ratio was larger than 3.3 and 10
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2.44 Results

2.4.4.1 Bioanalytical method development

Using polynomial regression, the calibration plots demonstrated an excellent linear relationship
throughout the concentration range of 0.78-100ng/ml, with a high correlation coefficient (R?)
of 0.9974 and the equation y = 0.2068x - 0.0049. Fig. 2.4.1. represents the linear regression
calibration curve of PQ-PAL. It was found that the total %recovery for the three different

concentration levels fell between 80 and 120% of the acceptable range.

Fig. 2.4.1. Linear regression calibration curve of PQ-PAL

2.4.4.2 Optimization of chromatographic conditions

To find the ideal mobile phase composition, column choice, flow rate, and injection volume
for the measurement of PQ-PAL in rat plasma, a range of chromatographic settings were
evaluated. The chromatographic settings were optimized with the use of information obtained
throughout the development of the analytical method. Using an Acquity UPLC BEH C18 (50
mm X 2.1 mm, 1.7 um) column, with a mobile phase made up of 90:10 ACN: ammonium
acetate buffer with 0.1% v/v formic acid, 0.2 mL/min flow rate, and 10 pL injection volume
was the final optimised separation technique for the quantification of PQ-PAL. The retention
times for PQ-PAL and the IS were 3.98 and 3.4 1min, respectively, with a total run duration of
Smin. A typical chromatogram of a sample comprising PQ-PAL (50ng/ml) and IS (50ng/ml)
is displayed in Fig. 2.4.2.

2.4.4.3 Optimization of sample preparation method

The process of cleaning up the plasma sample is essential to the development of bioanalytical
methods since it influences the method's sensitivity and selectivity. The recovery of a known
concentration of the analyte following sample extraction methods is referred to as the analytical

process's extraction efficiency. An increased extraction efficiency results in a more precise
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procedure. Amongst the different techniques used for the extraction of the drug, protein
precipitation method produced the most recovery. Table 2.4.1. lists the different solvents and

their extraction capacity of PQ-PAL from plasma.

Fig. 2.4.2. Chromatogram of PQ-PAL (50ng/ml) and IS (50ng/ml) from the developed bioanalytical method of
LC-MS-MS

Table 2.4.1. Extraction efficiency of PQ-PAL of different organic solvents

Qty added Vortex time Centrlfugathn %
Solvent (uL) (min) [speed (rpm), time Recover
: (min)] Y

Acetonitrile 1000 15 10000, 10 79%
Methanol 1000 15 10000, 10 84%
Dichloromethane 1000 15 10000, 10 34%
Diethyl ether 1000 15 10000, 10 9%
Ethyl acetate 1000 15 10000, 10 10%

2.4.4.4 Bioanalytical method validation

The peak area ratios of PQ-PAL to IS at different concentrations of QS in plasma were plotted
to generate a calibration curve that exhibited linearity in the concentration range of 0.78-100
ng/mL with a high regression coefficient of 0.997, indicating good reproducibility. Table 2.4.2.
displays the regression data for the calibration curve of PQ-PAL.
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Table 2.4.2. Linear regression data for the calibration curve of PQ-PAL in rat plasma

(n=6).
Parameters Values
Range (ng/mL) 0.78-100
Correlation coefficient (r*) | 0.9974
Slope 0.2068
Intercept (-0.0049)
LLOQ (ng/mL) 0.585

The plasma PQ-PAL detection and quantification limit were found to be 0.044 and 0.164ng/ml.
Table 2.4.3. enlists the QC values of LQC, MQC, and HQC, including LLOQ, for the inter-
and intra-day precision and accuracy. All the values for these QC samples were found to be
within the acceptable range thus rendering the method suitable for the quantification of PQ-
PAL in the biological matrices (% bias and RSD <£15% at LQC, MQC, and HQC while,
<+20% for LLOQ).

Table 2.4.3. Precision (% CV) and accuracy (% bias) of the PQ-PAL in rat plasma
samples at QC concentrations of the calibration ranges

Nominal conc. Inter-day
Level (ng/mL) Measured Precision Accuracy (%
concentration (%CV) Bias)
LLOQ 0.585 0.56 17.14 -3.82
LQC 2 2.07 10.28 3.31
MQC 30 29.75 7.60 -0.83
HQC 60 59.02 7.29 -1.64
Nominal conc. Intra-day
Level (ng/mL) Measured Precision Accuracy (%
concentration (%CV) Bias)
LLOQ 0.585 0.54 15.92 -7.82
LQC 2 1.97 10.43 -1.45
MQC 30 30.14 6.63 0.48
HQC 60 63.19 8.10 5.32

2.4.5 Conclusion

A sensitive LC-MS-MS based bioanalytical was developed which could quantify PQ-PAL in
rat plasma upto 0.164ng/ml. The method was validated for precision as per ICH guideline
Q2(R1) for estimation of PQ-PAL and could be successfully utilized in the pharmacokinetic
studies for the quantification of PQ-PAL in the rat plasma.
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Chapter 3: Development and evaluation of artemether
loaded polymeric nanorods for enhanced antimalarial
effect

3.1 Introduction

Recently, particle shape has been recognized as an important parameter to design the
nanocarriers for site-specific drug delivery. The in vivo journey of nonspherical nanocarriers
largely depends upon the shape and the dimensions of the particle (Jindal, 2017). Nanocarriers,
based on the particle shape, have shown a significant difference in several biological processes
including phagocytosis (Champion & Mitragotri, 2009), cellular uptake mechanism and kinetics
(Jurney et al., 2017), particle-cell interaction (Dasgupta et al., 2014), intracellular distribution
of the particles (Yoo et al., 2010), margination of the particles in the blood vessels (Jurney et
al., 2017) and tissue distribution of particles (Zhu et al., 2019). Moreover, the impact of particle
shape on the cytotoxicity and in vivo antitumor efficacy of anticancer agents have been
extensively investigated (L. Wang et al., 2019). It has also been reported that the nonspherical
nanocarriers (needle-shaped) showed improved cytoplasmic delivery of siRNA as compared
to its spherical counterpart (Kolhar et al., 2011).

The significant impact of the nanocarrier geometry on the in vivo performance of the
nanoparticles directed the researchers towards the exploitation of methods for the fabrication
of nonspherical nanoparticles. Several techniques including PRINT® (Rolland et al., 2005),
microfluidics (Dendukuri et al., 2005), modified nanoprecipitation (Jindal & Devarajan, 2015),
solvent evaporation (Zhang et al., 2021), sol-gel technique (Shukla & Seal, 2004), co-
precipitation (Aphesteguy et al., 2015), template assembly (Mathaes et al., 2015), self-
assembly (Mhatre & Sodha, 2019) and solvent moulding methods (Caldorera-Moore et al.,
2010) have been reported for the design of nonspherical nanoparticles of varied geometries.
Ho et. al. reported the fabrication of ellipsoidal shaped polystyrene-based micro- and
nanoparticles of different aspect ratio (AR) using the film stretching method (Ho et al., 1993).
Later, Champion et. al. also used the same method to prepare polystyrene-based nonspherical
micro- and nanoparticles of more than 20 different shapes and sizes ranging from 60 nm to 30
pm (Champion et al., 2007). In another study, Palazzo et. al. reported the fabrication of
elongated chitosan coated poly(alkylcyanoacrylate) nanoparticles by mechanical stretching of
water-soluble film (Palazzo et al., 2017). Although, the film stretching method has been

investigated for the fabrication of polystyrene-based nonspherical nanoparticles, yet there are
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very few reports present on the fabrication of biodegradable polymer-based nonspherical
nanoparticles. Cao et. al. reported fabrication of functionalized biodegradable poly(lactic-co-
glycolic acid) (PLGA) nanorods of the dimensions 380 x 100 (nm) with AR of 4 using the film
stretching method (Cao et al., 2019). In another study, Castoldi et al. prepared drug-loaded
functionalized PLGA nanorods with an AR of 2.6. They observed significantly enhanced
intracellular inhibition of bacteria by nanorods as compared to nanospheres (Castoldi et al.,
2019). To enable successful translation of the nanocarriers from lab to clinic, fabrication of
nonspherical nanoparticles using biodegradable polymers is extremely important. To the best
of our knowledge, biodegradable polymer based nonspherical nanoparticles encapsulating
antimalarial drugs have not been attempted yet.

Therefore, the objective of the present study was the preparation and evaluation of artemether-
loaded PLGA based nanorods by mechanical stretching of nanospheres. In the present study,
artemether-loaded PLGA nanospheres were prepared by the standard nanoprecipitation method
and loaded into the polyvinyl alcohol (PVA) film. The nanosphere loaded film was then
stretched using an in-house fabricated film stretching apparatus to form nanorods by
mechanical stretching of nanospheres. The influence of process parameters and material related
properties on the AR of nanorods was investigated. The nanorods were further evaluated for in
vitro release, cytotoxicity, and hemolysis.

3.2 Materials and methods

3.2.1 Materials

Artemether (>98.0%) was purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan).
Poly(lactic-co-glycolic) acid (PLGA) (50:50, MW 30,000- 60,000) and (75:25, MW 4000-
15,000), polyvinyl alcohol (PVA, MW 9000- 10,000) were purchased from Sigma-Aldrich
Chemicals Company (Missouri, United States). Glycerol was purchased from S D Fine-Chem
Ltd (Mumbai, India). Silicon oil was purchased from Rankem™ (Bangalore, India). Trehalose
was purchased from Spectrochem (Mumbai, India). Emplura® grade acetone was procured
from Merck Life Science Pvt. Ltd. (Mumbai, India). Water was obtained from Milli-Q system
(Millipore GmbH, Germany). All other chemicals, solvents, and reagents utilized were either
HPLC or analytical grade.

3.2.2 Methods

3.2.2.1 Preparation of artemether loaded PLGA nanospheres

Artemether loaded PLGA nanospheres were prepared by the standard nanoprecipitation

method. Briefly, PLGA (50:50, MW 30,000- 60,000) or (75:25, MW 4000- 15,000) (75mg)
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and artemether (Smg or 10mg) were dissolved in acetone (5-15ml) to prepare the organic phase.
The aqueous phase was prepared by dissolving the PVA (molecular weight 9000- 10,000)
(0.25-1% w/v) in Milli-Q water at 65°C. The organic phase was added drop-wise to the aqueous
phase under constant stirring (400rpm). Thereafter, the organic phase was evaporated using a
rotary vacuum evaporator (Buchi Rotavapor, Switzerland) at 40°C under reduced pressure.
After the evaporation of the organic phase, the aqueous dispersion was centrifuged at
20,000rpm for 40min to separate the artemether loaded PLGA nanospheres. The obtained pellet
was redispersed in 1 ml of Milli-Q water by sonication. Nanospheres were characterized for
particle size, polydispersity index (PDI), % entrapment efficiency, scanning electron
microscopy and % drug loading. The artemether loaded PLGA nanospheres were freeze-dried
using trehalose (10% w/v) as a cryoprotectant and stored at 4 °C until further use.

3.2.2.2 Preparation of artemether loaded PLGA nanorods

Artemether loaded PLGA nanorods were prepared as reported previously by Champion et. al.
with modification (Champion et al., 2007). Briefly, a film-forming solution was prepared by
dissolving PVA (5% w/v) and glycerol (2.5% w/v) in Milli-Q water. Thereafter, 1 ml of
aqueous dispersion of artemether loaded PLGA nanospheres (equivalent to 10 mg of
artemether) prepared from (50:50, MW 30,000- 60,000) or (75:25, MW 4000- 15,000) was
added to the above film-forming solution (10ml) under stirring which was then added to a 6 x
6 (cm) glass mould and dried at room temperature for 24h to form the artemether loaded PLGA
nanospheres embedded polymeric film. The film was stretched by using an in-house fabricated
film stretching apparatus (fig. 3.1.) in one dimension at the rate of 10mm/min in acetone or
silicon oil (65°C). In the case of acetone, the film was immersed in acetone for 15min, removed,
and stretched in the air. While in case of heat stretching, the film was immersed in hot oil, for
15 min and stretched while still in the oil. The extent of stretching was varied from 2- to 4-fold
of the initial length of the film. After stretching, the film was removed from the apparatus and
dissolved in Mill-Q-water. The particles were washed with water to remove the PVA absorbed
onto the particle surface and separated by centrifugation. The particles were freeze-dried and
stored at 4°C until further use (Bhide & Jindal, 2021).

3.2.2.3 Characterization of nanospheres and nanorods

A) Particle size and PDI

The aqueous nanodispersion of artemether loaded nanospheres was centrifuged at 20,000 rpm
for 40 min (Sorvall 150+ Micro Ultracentrifuge, United States). The supernatant was removed,

and the pellet was re-dispersed in Milli-Q water to get a dispersion of 83.7 mg/ml
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concentration. The particle size and PDI was determined using Malvern Nano ZS (Malvern

Instruments Ltd. UK) after appropriate dilution of the re-dispersed sample.

Fig. 3.1. In house fabricated film stretching apparatus a) Schematic representation of the apparatus b) Image
acquired by digital camera.

B) % Entrapment efficiency (EE)

The supernatant obtained after centrifugation of the nanoformulation was analysed by the RP-
HPLC method reported previously by our group (Bhide et al., 2020). %EE was calculated using
equation (1)

% EE = Total quantity of drug used — Drug content in the supernatant
() =

X100 ..o (1)

Total quantity of drug used

99



C) % Drug loading
The drug loading is calculated by determining the entrapped drug in the formulation. It can be
expressed as the mass ratio of artemether to the artemether loaded nanospheres (Liu et al.,

2020). The % drug loading can be calculated using equation (2)

Total quantity of drug entrapped
% DL = q yof drug 144

(Total quantity of drug used + Total quantity of polymer used)
D) Drug content
The accurately weighed (10 mg) of the lyophilized nanorods was dispersed in 1 mL of methanol
and vortexed and sonicated for 5 min. The dispersion was centrifuged and supernatant was then
acid treated and analysed using the RP-HPLC method previously reported by our group (Bhide
et al., 2020).
E) Field emission scanning electron microscopy
Aliquot of aqueous dispersion of nanospheres or nanorods was placed onto the coverslip and
dried at room temperature. The coverslip was then placed on the metal stub and gold coated
for 45 sec by sputter coater (Quorum Technologies Q150TES, East Sussex, England). The
coated nanoparticles were then analysed by FEI scanning electron microscope (Hillsboro,
Washington) at 20kV high vacuum, with 9.0 as the spot size and the scale set to 300 to 1000
nm.
F) Calculation of shape descriptors of nanorods
Feret diameter, minor Feret diameter, AR, major axis, and minor axis were used as shape
descriptors to characterize the nanorods. The shape descriptors were determined from the SEM
images of the nanorods using Fiji ImageJ software (Version 1.52p).
G) Feret diameter and minor Feret diameter
Feret diameter is the distance between two parallel tangents drawn perpendicular to the two
ends of the particle having maximal distance from each other. While, in case of minor Feret
diameter, the distance calculated is between two endpoints having minimal distance from each
other (Baybay et al., 2020; Yu & Hancock, 2008). It is primarily calculated for asymmetrical
particles. Feret diameter and minor Feret diameter of a nanorod are depicted schematically in
fig. 3.2.
H) Major axis, minor axis and aspect ratio
Major axis is the distance of the segment connecting the farthest points of the particle
comprising its maximum length. While minor axis is the distance of the segment connecting

the closest points of the particle. Aspect ratio is the ratio of the major axis to the minor axis of
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the particle. Major axis and minor axis of a nanorod are depicted schematically in fig. 3.2.

Fig. 3.2. Schematic representation of the shape descriptors used for the characterization of a rod-shaped particle.
Segment a-b and c-d represent the major axis and minor axis of the nanorod, respectively. Distance between
point e to f and point g to h represent the Feret diameter and minor Feret diameter.

I) Size distribution of nanorods

The percentage frequency of distribution of major and minor axis of nanorods was determined
and data was represented in the form of size-frequency distribution curve by plotting
percentage frequencies of various particles against particle size. The D10, Dso and Doo values
were calculated from size-frequency distribution curve.

3.2.2.4 Release study

In vitro release of artemether from nanospheres and nanorods was determined using the dialysis
bag method as described previously with modifications (Raina et al., 2017). Nanospheres or
nanorods (equivalent to 5 mg of artemether) were dispersed in 2 ml of Milli-Q water and was
filled in a dialysis bag (SnakeSkin™, 3.5K MWCO, Thermo Scientific, USA). The dialysis
bag was immersed in 50 mL of 10 mM phosphate buffer pH 7.4 with sodium lauryl sulphate
(SLS) (1% w/v) for 72 h under stirring (100 rpm) at 37° C. SLS was used to maintain the sink
conditions during the release studies as reported previously by the researchers.(Belew et al.,
2020; Pawar et al., 2016; Shende et al., 2017). 2 mL of sample was withdrawn at predetermined
time points (0.25, 0.5, 1, 2, 4, 6, 12, 24, 48, and 72 h) and was replaced with an equal amount
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of fresh media. The samples were analysed by HPLC after pre-column acid treatment as
reported previously by our group (Bhide et al., 2020). The study was carried out in triplicate.
3.2.2.5 Cytotoxicity study

THP-1 suspension cell line was cultured in RPMI 1640 media with 10% (foetal bovine serum)
FBS and gentamycin (0.005%) in a T-75 culture flask till an optimal cell count was obtained.
THP-1 cells were seeded in a 96-well plate with phorbol 12-myristate 13-acetate (PMA) to
differentiate it at a count of 10,000 cells per well. The cells were incubated with artemether,
nanospheres (artemether equivalent to 0.001, 0.01, 0.1, 1, 10, 100, and 200 pg/mL), nanorods
(artemether equivalent to 0.001, 0.01, 0.1, 1, 10, 100, and 200 pg/mL), blank nanospheres and
blank nanorods for 24 h. Then, 100 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) solution (0.5 pg/mL) was added to each well and incubated for 4
h. After 4 h, the MTT solution was replaced by DMSO and the absorbance was recorded at
540nm using an Epoch ELISA plate reader (BioTek, Winooski, United States). % cell viability

was calculated by using the equation (3)

(absorbance of sample—absorbance of blank)
(absorbance of control—absorbance of blank)

% cell viability =

3.2.2.6 Hemolysis study

In vitro hemolysis study was carried out as reported previously by our group (Jindal et al.,
2020). Blood was collected from Wistar rats in microcentrifuge tubes containing
Ethylenediamine tetraacetic acid (EDTA) (10% w/v). Red blood cells (RBCs) were collected
after centrifugation of blood at 1000 rpm for 5 min and washed thrice with normal saline (0.9
% w/v sodium chloride). SuL of the packed erythrocytes were treated with 95 pL of the
nanospheres (artemether equivalent to 0.001, 0.01, 0.1, 1, 10, 100, and 200 pg/mL) or nanorods
(artemether equivalent to 0.001, 0.01, 0.1, 1, 10, 100, and 200 pg/mL). Thereafter, the samples
were centrifuged at 1000 rpm for 5 min and the supernatant was analysed at 540 nm using an
Epoch ELISA plate reader (BioTek, Winooski, United States). Normal saline and Milli-Q water
were used as a negative control and positive control respectively during the study. %

haemolysis was calculated using the equation (4)

absorbance of the sample

% hemolysis =
y absorbance of the positive control

3.2.2.7 Interaction of artemether-loaded poly(lactic-co-glycolic) acid nanorods with rat
erythrocytes
Interaction of polymeric nanorods with erythrocytes isolated from rat blood were studied using

scanning electron microscopy and confocal imaging techniques.
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A. Isolation of erythrocytes from the rat blood

Fresh blood (200uL) was collected from the retro-orbital plexus and erythrocytes were isolated
from the blood by centrifugation at 1000 rpm for 5 min. Thereafter, isolated erythrocytes were
washed thrice with normal saline and 5 pL of it was redispersed in 1 mL normal saline.

B. Scanning electron microscopy

10uL of freshly prepared artemether nanospheres or artemether nanorods were diluted 640
times by normal saline. Thereafter, to the S00uL of the above diluted nanodispersion, 500uL
of resuspended erythrocytes and 500uL of 1 % v/v glutaraldehyde solution were added,
vortexed and incubated for 10min at room temperature. After incubation, aliquot of above
solution was spread on a cover slip and dried at 37°C. Then, the sample was chromium coated
for 45sec by placing it on a metal stub in a sputter coater (Quorum Technologies Q150TES,
East Sussex, England). The images were acquired using a FEI scanning electron microscope
(Hillsboro, Washington).

3.2.2.8 Confocal microscopy

Coumarin-6 (C-6) loaded nanospheres and nanorods were used as a surrogate to study the
interaction of nanoformulation with erythrocytes using confocal microscopy. 10uL of freshly
prepared C-6 nanospheres or C-6 nanorods dispersion were diluted 640 times in normal saline
followed by incubation with the erythrocytes. After incubation with erythrocytes, the samples
were fixed in 1 % w/v glutaraldehyde solution and spread on glass slide and dried at 4°C
followed by analysis laser scanning confocal microscope (ZEISS LSM 880, Axio Observer).

The images were processed and analyzed with ZEN 2.3 software.

3.2.2.9 Pharmacokinetic study

Pharmacokinetics of artemether nanospheres and artemether nanorods were studied in Sprague
Dawley rats (250 + 50 g) after intravenous administration. The animal study protocol was
approved by the Institutional Animal Ethics Committee of Birla Institute of Technology and
Science, Pilani campus, Pilani (Protocol no.: IAEC/RES/26/04/Rev-1/29/15). The animals
were fed with regular food and water ad /ibitum and were subjected to 12 h light-dark cycle
before the study. During the study, the animals were divided into two groups (n = 4).
Artemether-loaded nanospheres and artemether-loaded nanorods (dose: 1.2 mg/kg) were
administered to rats in group I and group II, respectively by intravenous route. Thereafter, 300
puL of blood was withdrawn through the retro-orbital plexus of the rat at 0, 0.08, 0.25, 0.5, 1,
2,4, 6,12 and 24 h in a microcentrifuge tube containing 20 puL of 10 % w/v EDTA. The blood
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was centrifuged at 10,000 rpm for 10 min, the plasma was separated and stored at -23 °C until
further analysis. 95uL of plasma was spiked with SuL of internal standard (1 pg/mL curcumin).
artemether and curcumin were separated from plasma by liquid-liquid extraction using
dichloromethane (1mL) as extracting solvent. The samples were vortexed and dichloromethane
was evaporated at room temperature. Then, the samples were reconstituted using 100uL of
mobile phase. artemether was analysed using the developed LC-MS-MS bioanalytical method.
3.2.2.10 Biodistribution study
DiR nanospheres and DiR nanorods were used as a surrogate to study in vivo biodistribution in
BALB/c mice after intravenous administration using PerkinElmer IVIS Lumina Series III
(Waltham, United States). The procedures and protocols for the study were approved by the
Institutional Animal Ethics Committee at National Institute for Research in Reproductive
Health, ICMR, Parel, Mumbai (Protocol no.: IAEC/14/19). DiR loaded nanospheres or
nanorods was administered intravenously through the tail vein of mice. Whole-body imaging
of mice was carried out at different time points including 0.5, 1, 2, 4, 8 and 24 h post
intravenous administration of nanospheres and nanorods. After 24 h, the animals were
sacrificed and the vital organs including brain, heart, kidneys, liver, lungs, female reproductive
organs (F.R.0O.) and spleen were isolated. The fluorescence intensity due to the presence of
DIR in different organs was determined and the % injected dose in each organ was calculated.
3.2.2.11 In vitro schizont maturation inhibition assay against Plasmodium berghei
(ANKA)
The in vitro anti-plasmodial activity of artemether, artemether-loaded nanospheres and
artemether-loaded nanorods was determined by the schizont maturation inhibition assay as
reported previously with modification (World Health Organization (WHO). Geneva. (2001)
CTD/MAL/ 97, 20.,n.d.).
The stock solution of artemether was prepared in DMSO and the formulations were prepared
in PBS. These stock solutions were further diluted in incomplete medium for in vitro studies.
Short-term in vitro culture of P. berghei ANKA blood stages was maintained using the method
as reported by Trager and Jensen with modification (1976) (Trager, W., & Jensen, J. B. (1976).
Human Malaria Parasites in Continuous Culture. Science (New York, N.Y.), 193(4254), 673—675.,
n.d.).
RPMI-1640 (GIBCO) supplemented with sodium bicarbonate, antibiotics [gentamicin (50
pg/ml), penicillin (100 pg/ml) and streptomycin (100 pg/ml)] and foetal bovine serum (20 %)

was used for the study. The parasite was treated with artemether, artemether-loaded
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nanospheres and artemether-loaded nanorods (artemether equivalent to 2, 4 and 8 ug/ml), blank
nanospheres and blank nanorods in a 24 well plate and incubated at 37 °C for 24 h. The %

inhibition of schizont maturation was calculated using the equation (1)

Number of schizonts in drug treated well

% inhibition = 100 — X100 .......... (1)

Number of schizonts in control well
3.2.2.12 Antimalarial efficacy of nanoformulations in P. berghei infected mice
The procedures and protocols for the study were approved by the Institutional Animal Ethics
Committee (Protocol no.: PU/45/99/CPCSEA/TIAEC/2021/580) at Panjab University,
Chandigarh. Female BALB/c mice (6 — 8 weeks) were used for the experiment. Animals were
housed at room temperature (24 °C + 1 °C) and were given food and water ad [libitum.
Erythrocyte stage of the parasite was maintained in donor (BALB/c) mice with high
parasitaemia (5 - 20 %). The mice were divided into 7 groups (n = 6). The animals were induced
parasitaemia by injecting 1.0 x 107 Plasmodium-infected erythrocytes ip. (5 - 20 %
parasitemia). The animals were divided into groups on the basis of treatment formulation, as
follows. Group I (negative control), Group II (vehicle control; 0.9 % normal saline), Group I1I
(artemether free drug), Group IV (blank nanospheres), Group V (artemether-loaded
nanospheres), Group VI (Blank nanorods) and Group VII (artemether-loaded nanorods). The
stock solutions of all the drugs were diluted in 0.9 % normal saline for dosing. After 24 h of
parasitaemia induction, blank and artemether-loaded nano formulations were administered
intravenously at the dose of 4.8 mg/kg while in the case of Group IlI, the free drug artemether
(4.8 mg/kg) was administered orally as suspension. The treatment was continued for 4
consecutive days. 20 uL of blood was collected from the tail vein on predetermined time points
(day 0, day 5, day 7, day 10, day 14 and day 21) and thin smears were prepared from it. The
smears were air-dried, fixed with methanol and finally stained with Giemsa stain. The average
parasitemia of each group of mice was used to calculate the percentage reduction of parasitemia
(% chemosuppression) using the following equation (2)

(A-B/A)x 100 .......... (2)

where A is the mean parasitemia in the negative control group and B is the parasitemia of each
treated group. The mean survival time [MST] was used to assess the efficacy of the
nanoformulations. Mortality was checked regularly and the number of days from the time of
inoculation of the parasite up to death was recorded for each mouse within the treatment and
control groups all through the follow-up period of 28 days. Results of parasitaemia and changes

in survival time were analyzed using GraphPad Prism software version 9.3.1. for each

105



treatment group. Two-way ANOVA and Tukey post hoc tests were used to analyze differences
between groups and subgroups, within groups, respectively. Differences were considered as
statistically significant in case the value is p < 0.05 (Knight, D. J., & Peters. W. (1980). The
Antimalarial Activity of N-Benzyloxydihydrotriazines. 1. The Activity of Clociguanil (BRL 50216)
against Rodent Malaria, and Studies on Its Mode of Action. Annals of Tropical Medicine and
Parasitology, 74(4):393—404, n.d.).

Statistical Analysis

The data was analyzed using a student t-test or ANOVA with p < 0.05 as a minimal level of
significance. All the results expressed in mean + standard deviation.

3.3 Results

3.3.1 Preparation of nanospheres

Artemether loaded PLGA nanospheres were prepared by the nanoprecipitation method.
Particle size, PDI, zeta potential, and % EE of nanospheres obtained after varying different
parameters are presented in table 3.1. Particle size, PDI, zeta potential, and % EE were found
to be affected by the ratio of organic to aqueous phase, surfactant concentration, and amount
of drug used during the preparation of nanospheres. There was an increase in particle size
observed when the ratio of aqueous to organic phase was increased from 1:2 to 1:3. Similarly,
when the drug amount was increased from 5Smg to 10mg, particle size was increased from
196nm to 214nm. Furthermore, the effect of surfactant concentration on particle size was found
to be dependent upon the amount of drug used in the study. Surprisingly, at lower drug
concentration (5mg), an increase in particle size was observed with an increase in surfactant
concentration, while, in the case of 10mg drug, particle size was decreased from 245nm to
196nm when surfactant concentration was increased. Moreover, an increase in organic phase
to aqueous phase ratio resulted in narrow particle size distribution with a PDI of 0.06 + 0.01.
The type of the polymer (50:50, MW 30,000- 60,000) and (75:25, MW 4000- 15,000) did not
seem to play a role on the size or surface charge of the nanoparticles. In all the cases, the zeta
potential was found between -1mV and -8mV and the % EE was found to be more than 70%.

3.3.2 Preparation of nanorods

PLGA nanospheres of diameter 129.33 + 3.64nm were used to obtain nanorods by mechanical
stretching after embedded into the PV A film. The film was kept in acetone for 15min, removed,
and stretched in air to obtain nanorods. The effect of various parameters including film

thickness (100pm vs 150um), the ratio of lactide to glycolide (50:50 vs 75:25), extent of
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stretching (2x vs 4x), and liquefaction method (acetone vs heat) on the dimensions of the
nanorods including major axis, minor axis, AR, Feret diameter and minor Feret diameter are
presented in table 3.2.

Size-frequency distribution curve of major and minor axis of nanorods obtained from stretching
of nanospheres after solvent treatment are presented in figure 3.3 (a-d) and figure 3.3 (e-h)
respectively. SEM images of nanospheres and nanorods obtained from mechanical stretching
of nanospheres after solvent treatment are presented in figure 3.3 (i-m). AR of nanorods was
found to be 3.82 + 0.82 when nanospheres were stretched in a thin film (100 um) 4x of its
initial length. While in the case of thick film (150um), nanorods with AR 5.13 £+ 0.85 were
produced. The particles were observed to be uniformly elongated in both the cases (Do major =
340nm and Dog minor = 75nm for 100 um film and Do major = 395nm and Dgg minor = 80nm for
150pum film). Moreover, it has been observed that as the film thickness was increased, the
major axes were found to be increased (1.26-fold) while the minor axis was decreased (1.05-
fold). Thick film produced nanorods with an aspect ratio higher than the nanorods obtained
from the thin film. In general, a solid body deforms when it is subjected an opposing force
(Terzopoulos & Fleischer, 1988). In this method, it was expected that deformation of the particles
could be the function of stress experienced by the nanospheres during stretching of the
polymeric film. Under stress conditions, the change in geometry of the particles was opposed
by the cohesive forces present in the PLGA. When the stress on the particles overcome the
cohesive forces, nanospheres transform into nanorods. Treatment of PLGA nanospheres
embedded PVA film with solvent or heat could have resulted in a decrease in the cohesive
forces of the PLGA, which could have ultimately resulted in the elongation of nanospheres. To
produce the same amount of strain, thick film required higher stress than the thin film which
could have led to the generation of nanorods with high AR from the thick film. However,
Champion et. al. reported that AR of the rod-shaped polystyrene particles was decreased with
an increase in the film thickness (Champion et al., 2007). The difference in the findings could
be due to the difference in the cohesive forces and applied stress during stretching. There was
an almost 2-fold increase in the AR and major axis observed with a 2-fold increase in extent of
stretching. However, the minor axis of nanorods was not changed with an increase in stretching
extent. During the deformation, the stress experienced by the nanospheres was directly
proportional to the strain produced in the PVA film by stretching. The increase in the major
axis with the preserving action of the minor axis could be due to the higher stress on the

nanospheres in one direction during 4x stretching.
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Table 3.1. Particle size, PDI, %EE, %DL and zeta potential of the artemether loaded nanospheres

Composition Particle size Zeta potential
Artemether PLGA PVA Acetone Aqueous (nm) PDI (mV) %EE % DL
(mg)  (mg) (mg) (mL) phase (mL)
5 75 75 5 15 190.2 £ 18.0 0.06 £0.01 -8.0+£0.58 78.5+1.8 49+0.1
5 75 150 5 15 2143 +6.2 0.238 -1.8+0.22 80.0 + 0.1 5.0+0.0
10 75 300 10 30 196.8 £ 1.1 0.214 -2.2+0.16 78.3+0.0 9.2+0.0
10 75 150 10 30 245.5+44.5 0.183 -3.2+£0.24 80.6 + 0.4 9.5+0.0
10 75 150 15 30 129.3+3.6 0.06 +£0.01 -7.4+£0.69 86.9 +0.2 10.2+£0.0
Each value presented as mean + SD, n=3
Table 3.2. Physicochemical parameters of nanorods obtained by varying the process conditions
Process conditions Major Minor AR Feret’s Minor Drug
Film PLGA type Extentof Liquefaction Incubation axis (nm) axis (nm) diameter  Feret’s content
thickness (lactide: stretching method period (nm) diameter (ng/mg)
(um) glycolide) (min) (nm)
100 75:25 4x Acetone 15 2341+61.7 61.3+£8.7 38+0.8 2372+619 77.8+13.3 1.8
150 75:25 4x Acetone 15 2951+649 58.1+£12.0 5.1+0.8 2654+663 59.6+152 1.4
100 50:50 4x Acetone 15 21134441 61.1£11.6 35407 19814375 67.7+10.4 2.6
100 75:25 2x Acetone 15 128.1+23.1 61.5+103 2.1+03 12754229 61.3+10.4 1.6
100 75:25 4x Heat* 5 241.74£76.3 140.1£31.3 1.7+£03 2940+£858 157.6+32.8 0.9
100 75:25 2x Heat* 15 329.6+79.3 922+149 3.6+0.7 343.0+79.7 98.9+17.8 0.8
100 75:25 4x Heat* 15 5107+114.6 102.0+£23.7 51+0.9 5595+102.8 119.3+28.8 3.2

*In case of heat treatment, 65°C temperature was used;
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To study the impact of the extent of stretching on the nanorods, the film (100um) was stretched
to 2x and 4x to its initial length. It was observed that the film which was stretched to 2x
produced nanorods with an AR = 2.11 + 0.35, while nanorods with AR = 3.82 + (.82 were
obtained from the film which was stretched 4x of its initial length (D9o major = 170nm and Dy
minor = 75nm for 2x stretched film). Moreover, an almost 1.82-fold increase in the major axis
of nanorods was obtained when film was stretched 4x as compared to the stretching extent of
2x. However, there was no effect of stretching extent on the minor axis of nanorods observed.
Impact of lactide: glycolide ratio in the PLGA on the dimension of nanorods was also studied.
Nanospheres prepared using PLGA (lactide: glycolide 50:50 or lactide: glycolide 75:25) were
embedded in the film and stretched 4x to the initial length of the film. In both the cases, the
AR of nanoparticles was found to be 3.52 £ 0.71 and 3.82 + 0.82 respectively. (Do major =
300nm and Dgg minor = 80nm for PLGA 50:50). Here, the AR of nanorods was not affected by
an increase in the hydrophobicity of the polymer. However, there was an increase in the major
and minor axis of the nanorods observed. It was reported that PVA formed an interconnected
network with the PLGA polymer and hence adhered onto the surface of the nanoparticles
(Sahoo et al., 2002). Therefore, it was expected that the PVA interacted with the polymer and
led to the formation of nanorods. The viscosity of PLGA 50:50 was reported as 0.55 to 0.75
dL/g while that of PLGA 75:25 was 0.14 to 0.22 dL/g respectively. Since viscosity is
considered as the resistance in the deformation of the particles, the higher the viscosity, the
lower the deformation, and hence the lower the AR of the nanorods. The lower viscosity of the
polymer could have contributed to the higher elongation of the nanorods during stretching
(Makadia & Siegel, 2011).

Size-frequency distribution curve of major and minor axis of nanorods obtained from stretching
of nanospheres after heat treatment are presented in figure 3.4 (a-c) and figure 3.4 (d-f)
respectively SEM images of nanospheres and nanorods obtained from mechanical stretching
of nanospheres after heat treatment are presented in figure 3.4 (g-j). Replacing acetone with
heat to liquefy the particles also resulted in the formation of nanorods.

Moreover, the incubation time of the film in the oil exerted a significant impact on the shape
and dimensions of the particles. Oval-shaped particles with AR = 1.72 + 0.33 were obtained
when the film was incubated for Smin and stretched 4x of its initial length in the oil. While in
the case of incubation time of 15min, nanorods of AR = 5.07 + 0.92 were produced (D9o major =
355nm and Do minor = 195nm for film incubated for Smin and Doy major = 700nm and Dgo minor =

130nm for film incubated for 15 min). As the incubation time was increased from 5 min to 15
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min, particle shape was converted from oval to rods which could be due to the decrease in
viscosity of the polymer at a longer incubation time. Also, after 5 min of incubation period, the
viscosity of the nanoparticles might not be uniform thus leading to an oval shape. Similar
observations were reported by the other researchers (Champion et al., 2007; Yoo & Mitragotri,

2010).
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Fig. 3.3. Characterization of size and shape of the nanorods obtained from mechanical stretching of nanospheres
after solvent treatment. Size-frequency distribution curves of major axis (a-d), minor axis (e-h) and SEM images
(j-m) of nanorods, (i) of nanospheres; a) major axis, €) minor axis and j) SEM image of nanorods (film thickness
=100 pum, L/G ratio = 75: 25, stretching extent = 2x), b) major axis, f) minor axis and k) SEM image of nanorods
(film thickness = 100 um, L/G ratio = 75: 25, stretching extent = 4x), ¢) major axis, g) minor axis and 1) SEM
image of nanorods (film thickness = 150 um, L/G ratio = 75: 25, stretching extent = 4x), d) major axis, h) minor
axis and m) SEM image of nanorods (film thickness = 100 um, L/G ratio = 50: 50, stretching extent = 4x).
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Furthermore, AR of nanorods was found to be 3.60 + 0.75 and 5.07 = 0.92 when the film was
stretched 2x and 4x of its initial length, respectively (Doo major = 430nm and Doo minor = 116nm
for 2x stretched film). The method of liquefaction of the nanosphere during stretching exerted
a significant impact on the AR of nanorods. When acetone is replaced by heat as a method of
liquefaction, an almost 1.44-fold increase in the AR of nanorods was observed. The method of
liquefaction during stretching produced a significant impact on the dimension of nanorods
while the shape of the nanoparticle was not affected. Nanospheres to be stretched can be
liquefied at two instances, either before the stretching or after the stretching as reported by
Champion et. al. (Champion et al., 2007). Here, the nanospheres are liquefied before the
stretching. In case of heat treatment, a significant increase in the major axis, minor axis, and
AR of nanorods were observed. This could be due to the difference in the extent of reduction
in cohesive forces of nanospheres by solvent and heat during stretching. Heating the film at 65
°C which is larger than the Tg of PLGA resulted in the conversion of the glassy state to the
rubbery state of the polymer. The presence of polymer in the rubbery state at 65 °C could have
contributed significantly to the elongation of particles. In all the cases, the Feret diameter and
minor Feret diameter of nanorods were found to be similar to the major axis and minor axis
respectively, indicating that the particles obtained from the film stretching method were
symmetric in shape.

The drug content was less in the nanorods than nanospheres due to its solubility in acetone and
silicon oil. Hence, utilization of a solvent which exhibits affinity for the polymer instead of the
drug can lead to minimization of drug loss.

3.3.3 Release study

Fig. 3.5a. represents the in vitro release profile of artemether loaded nanospheres and nanorods.
A sustained release of artemether was observed from both nanospheres and nanorods. Till 24h,
the release of artemether from nanorods was found to be significantly slow (p < 0.05) as
compared to nanospheres. However, almost 85% drug was found to be released from both
nanosphere and nanorods at the end of 72h.

3.3.4 Cytotoxicity study

In vitro cytotoxicity of both artemether loaded nanosphere and nanorods were studied at
different concentrations of artemether using THP-1 monocyte cell line. There was no difference
observed in % cell viability of THP-1 cell lines treated with artemether, nanospheres, and
nanorods at all the concentrations of the drug (Fig. 3.5b.). Furthermore, almost 90% cell

viability was found when THP-1 cells were treated with artemether, nanospheres, and nanorods
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Fig. 3.4. Characterisation of size and shape of the nanorods obtained from mechanical stretching of nanospheres
after heat treatment. Size-frequency distribution curves of major axis (a-c), minor axis (d-f) and SEM images (h-
Jj) of nanorods, (g) of nanospheres; a) major axis, d) minor axis and h) SEM image of nanorods (film thickness =
100 um, L/G ratio = 75: 25, stretching extent = 4x, incubation time = 5 min), b) major axis, €) minor axis and 1)
SEM image of nanorods (film thickness = 100 pm, L/G ratio = 75: 25, stretching extent = 2x, incubation time =
15 min), ¢) major axis, f) minor axis and j) SEM image of nanorods (film thickness = 100 pm, L/G ratio = 75: 25,
stretching extent = 4x, incubation time = 15 min).

equivalent to 0.001 to 100 pg/mL of artemether. However, at higher artemether concentration
(200 pg/mL), a significant decrease in % cell viability was observed when cells were treated
with artemether, nanospheres, and nanorods. Furthermore, at a concentration equivalent to 200
pg/mL of artemether, nanorods showed significantly less % cell viability as compared to

nanospheres and free drug.
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3.3.5 Hemolysis study

In vitro hemolytic potential of nanospheres and nanorods were studied using erythrocytes
obtained from rat blood. At all the concentrations of artemether, nanorods showed less
hemolysis of red blood cells (RBCs) than the nanospheres (Fig. 3.5c.). However, both

nanospheres and nanorods showed less than 10% hemolysis at all concentrations.
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Fig. 3.5. In vitro evaluation of nanospheres and nanorods a) In vitro release profile of nanosphere and nanorods
in 50 ml of 10 mM phosphate buffer pH 7.4 with sodium lauryl sulphate (SLS) (1% w/v) for 72 h under stirring
(100 rpm) at 37 C b) % cell viability of artemether loaded nanospheres, artemether loaded nanorods and artemether
free drug at different artemether concentrations in THP-1 monocyte cell lines, ¢) % hemolysis of RBCs obtained
from rat blood after treatment with artemether loaded nanospheres, artemether loaded nanorods at different
artemether concentrations, Each data represents the mean = SD; n = 3; * represents p < 0.05.
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3.3.6 Interaction of nanoparticles with rat erythrocytes

Fig. 3.6. shows interaction of nanoparticles with rat erythrocytes. Supporting information files
SI1 and SI2 shows videos of confocal micrographs demonstrating interaction of nanospheres
and nanorods with rat erythrocytes taken from different z-positions respectively. In case of
malaria, the parasite resides and survives within the erythrocytes. Hence, it is desirable to
deliver the antimalarial drug within erythrocytes for complete eradication of the parasite.
Recently, we reported that nanorods showed low hemolysis of rat erythrocytes as compared to
nanospheres. However, both nanospheres and nanorods showed < 10 % hemolysis of rat
erythrocytes 2. In the present study, we attempted to understand the interaction of nanospheres
and nanorods with erythrocytes isolated from rat blood. The interaction of nanoparticles with
erythrocytes is not well understood. However, it is extremely important in case of intravenous
delivery of antimalarial formulations. SEM images revealed that both nanospheres and
nanorods were adsorbed onto the surface of erythrocytes. However, due to the higher surface
area of nanorods than nanospheres, the retention of nanorods on the cell surface could be more
than the nanospheres in blood flow. Moreover, the particle cell interaction depends upon the
energy released upon interaction and the energy required for bending the cell membrane.
Energy released upon interaction depends upon surface area while the energy required for
bending depends upon the size of the particles. It has been reported that the higher the surface
area, the higher the free energy released upon the interaction (Brenner et al., 2018). On the
other hand, the lower the size, higher the bending energy required for wrapping the particles.
We, therefore, assumed that both nanospheres and nanorods, although interacted with
erythrocytes, nanorods could retain and be wrapped by the erythrocytes more efficiently than
nanospheres, probably due to high surface area of nanorods (Brenner et al., 2018). It could lead
to maintenance of higher concentration within the erythrocytes than the nanospheres.
Nevertheless, interaction of the nanoparticles with erythrocytes needs to be studied after

intravenous administration of the formulation to establish an in vivo proof of concept.

3.3.7 Pharmacokinetic study

Pharmacokinetic profiles of artemether-loaded nanospheres and artemether-loaded nanorods
are presented in fig. 3.7. It was observed that in case of artemether-loaded nanorods, plasma
drug concentration was higher when compared with nanospheres. Interestingly, during the

initial 15 mins, a rapid decrease in plasma drug concentration was observed in case of
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Fig. 3.6. Erythrocyte nanoparticle interaction study. SEM image of a) nanospheres adsorbed on erythrocyte & b)
nanorods adsorbed on erythrocytes; Confocal image of ¢) nanospheres and nanorods, adsorbed on erythrocyte

nanospheres when compared with nanorods. The pharmacokinetic parameters of artemether
nanospheres and artemether nanorods are presented in table 3.3. In case of nanospheres, Cmax
was found to be 1.64 - fold higher than nanorods. A lower Cnax in case of artemether nanorods
could result in a decrease in concentration-dependent side effects of artemether. Moreover, ti2
was found to be 3.09 - fold higher in case of nanorods than nanospheres. The difference in the
pharmacokinetic parameters of nanorods and nanospheres after intravenous administration can
be explained based upon the particle shape. Higher surface area and contact angle of nanorods
than nanospheres could have led to an enhanced interaction of nanoparticles with endothelial

cells and erythrocytes present in the circulatory system. The enhanced interaction of the

115



nanorods with blood components could have contributed to the higher ti» of the drug in case
of nanorods. Moreover, nanorods have an ability to marginate towards the blood vessel walls
which would result in the retention of particles in the circulatory system for longer duration
and creation of a depot in the blood vessel for the sustained release of drug (da Silva-Candal et
al., 2019). The malaria parasite resides and survives within the erythrocyte which emerges out
from the erythrocyte into the blood after 48 h. Hence, it is desirable to maintain the plasma
concentration of antimalarial drugs for an extended duration for the complete elimination of
parasites from blood. Furthermore, in case of nanorods, AUC was also found to be 1.8 - fold
higher than nanospheres which indicated higher exposure of the parasite to the drug after
treatment with artemether nanorods when compared with the artemether nanospheres. The
longer circulation time of nanorods in combination with sustained drug release could be the
possible reason of higher AUC in case of nanorods as compared to nanospheres. In case of
nanorods, their low clearance (2 - fold) and high volume of distribution when compared with
nanospheres indicated the presence of drug for an extended period in plasma. Comparative
pharmacokinetics of nanorods and nanospheres in Sprague Dawley rats revealed that nanorods
could maintain the plasma concentration of the drug for an extended duration which could lead

to reduced dosing frequency.

Fig. 3.7. Pharmacokinetic profile of nanospheres (blue) and nanorods (black) after intravenous administration of
artemether-loaded nanospheres and artemether-loaded nanorods
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Table 3.3: Pharmacokinetic parameters of artemether-loaded nanospheres and
artemether-loaded nanorods after intravenous administration to rats

Pharmacokinetic parameter Nanospheres Nanorods
Cmax (ng/ml) 29.33 £19.98 26.44 +10.89
tmax (h) 0.10+0.11 0.12+0.09

ti2 (h) 0.43 +0.08 1.17+0.85
AUC (ng*h/L) 12.54 +£4.71 62.18 £47.03
Volume of distribution (ml/kg) 17079.45 + 8398.52 8305.41 +2477.34
Clearance (ml/h/kg) 26796.44 + 8697.65 7783.66 £ 6369.11
Mean Residence Time (h) 0.67+£0.19 5.20+4.95

Each value represents mean + SD; (n = 4)

3.3.8 Biodistribution study

A comparative biodistribution profile of DIR loaded nanospheres and nanorods after
intravenous administration is presented in fig. 3.8. Both nanospheres and nanorods showed
significantly higher fluorescent intensity in liver and spleen as compared to other organs. At
30 min, the liver concentration of nanorods was found to be significantly less as compared to
nanospheres. This observation indicated that the nanorods were present in the bloodstream for
the longer duration and were not phagocytosed when compared to the nanospheres. It could
provide a better opportunity for nanorods to interact with erythrocytes. Moreover, an increase
in the fluorescence intensity at 24h indicates the sustained release of the dye from the
nanoparticles.

3.3.9 Invitro schizont maturation inhibition assay against Plasmodium berghei (ANKA)
Artemether, blank nanospheres, blank nanorods, artemether-loaded nanospheres and
artemether-loaded nanorods were evaluated for inhibition of Plasmodium berghei schizont
maturation. All the drug loaded nanoformulations showed concentration-dependent inhibition
of P. berghei schizont maturation. In the case of artemether, almost 70 % parasite inhibition
was observed at all three concentrations. While in the case of artemether-loaded nanospheres
and artemether-loaded nanorods, an increase in % parasite inhibition was observed with an
increase in artemether concentration from 2 to 8 ppm. Moreover, at a lower artemether
concentration, (2 ppm), nanorods showed higher % inhibition than nanospheres. While at a
higher concentration (8 ppm), % inhibition of P. berghei schizont maturation was found to be
more after incubation in nanospheres than in nanorods. Nanorods, due to their sustained drug

release characteristic phenomenon, presented a slower release of artemether which could be
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Fig. 3.8. Biodistribution study of DiR loaded nanoformulations. a) Whole-body images of BALB/c mice after
intravenous administration of nanospheres and nanorods; b) comparative biodistribution profile of nanospheres
and nanorods. The data was analysed using a Two-way analysis of variance. The distribution of nanospheres and
nanorods was significantly different amongst different organs (p < 0.0001).

the possible reason for the lower % parasite inhibition of nanospheres than nanorods. The %
parasite inhibition with respect to different concentrations of formulations is presented in fig.
3.9a.

3.3.10 Antimalarial efficacy of nanoformulations in P. berghei-infected mice

A. Suppressive activity

The infected group (no treatment) showed the highest parasitaemia, 16.75 = 3.50 % on D7,
after which all the mice died. The vehicle control-treated group (Group II) showed a growth
rate similar to the infected control group with maximum parasitaemia (18.02 + 0.76 %) on day
10 after which all mice died. The in vivo antimalarial efficacy of artemether-loaded
nanospheres and artemether-loaded nanorods showed enhanced survival and reduction in
parasitaemia as compared to infected control. The artemether-loaded nanospheres showed
parasite suppression of around 78.46 % on the 5th day while 51.40 % on the 7th day thus

indicating efficient chemo-suppression when compared to the infected control. On the other
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hand, artemether-loaded nanorods showed increased chemo-suppression of 79.80 % and 65.01
% on day 5 and day 7 respectively. The higher chemo-suppression in case of nanorods could
be a result of a sustained drug release and longer residence time of the nanorods in the
circulation. However, in both cases of nanospheres and nanorods, the parasitaemia was found
to be increased on 21st day which indicated the requirement for higher doses of artemether for
the complete eradication of the parasite. On the other hand, artemether (free drug), showed
5.44 £ 1.46 % parasitaemia, on day 5 which increased to 27.49 + 10.93% on day 21, which led
to the death of animals due to high parasitaemia. Only one mouse survived till day 30 which
also died later due to high parasitaemia. Both blank nanospheres and blank nanorods showed
an increase in parasitaemia as compared to artemether-loaded nanospheres and artemether-
loaded nanorods (Fig. 3.9b). The % parasitaemia at determined time points and mean survival
time of the treated animals are provided in Fig. 3.9b, 3.9c.

B. Survival Analysis

Rise in parasitaemia was evident in the infected control on day 7, after which all mice died
recording an MST of 7.50 + 1.38 days. All the mice administered with the vehicle control died
by day 10 highlighting no effect of the vehicle itself in clearing the rodent malaria parasite. In
the Blank treated group (Nanospheres and nanorods) mortality was seen by day 21, which was
statistically non-significant (p > 0.005) in comparison to infected control. The groups treated
with Artemether alone and with the formulations (Nanospheres and nanorods) showed

significant difference in survival rates when compared with infected control (Fig. 3.9c.)

3.4 Conclusion

In the present study, we reported that artemether loaded nanorods of uniform shape and narrow
size distribution could be obtained using film stretching method. It was found that aspect ratio
of nanorods was dictated by the film thickness, stretching extent and method of liquefaction of
the particles during stretching. Drug loaded nanorods were also found to be biocompatible with
THP-1 monocyte cells and RBCs. It suggested that PLGA nanorods could be used for the
intravenous delivery of artemether for the treatment of cerebral malaria. Both nanospheres and
nanorods were adsorbed on the surface of the rat erythrocytes, indicating the enhanced potential
of artemether delivery within erythrocytes. In the case of nanorods, the higher plasma
concentration and lower elimination rate of artemether as compared to nanospheres suggested
the possibility of reduced dosing frequency of artemether. Nanorods also showed enhanced

antimalarial efficacy in the P. berghei mouse model, which showed the potential to improve
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Fig. 3.9. In vitro and in vivo antimalarial efficacy studies of artemether nanospheres and artemether nanorods a)
In vitro schizont maturation inhibition by artemether, artemether nanospheres and artemether nanorods. Results
are expressed as mean + standard deviation (S.D.) and statistically checked by a two-way analysis of variance.
The p-value in comparison to artemether with other treatment groups, Blank nanospheres with artemether-loaded
nanospheres and Blank nanorods with artemether-loaded rods are shown as ****p < 0.0001 to *p< 0.01 to 0.05
(significant), ns (non-significant). b) Percent parasitaemia observed in different treatment groups on different days
(n = 6). c¢) Kaplan-Meier analysis of mice in various experimental groups in suppressive test.

the current malaria therapies. Hence, polymeric nanorods could be a promising next-generation

delivery system for the treatment of malaria.
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Chapter 4: Development and evaluation of long-acting
primaquine prodrug loaded nanorods for prolong plasma
drug concentrations

4.1 Introduction

Unlike Plasmodium falciparum discussed in the previous chapters, Plasmodium vivax is the
predominant species of malaria in many regions such as South and Southeast Asia, accounting
for a considerable fraction of malaria infections (80% of all the malaria infections). The parasite
Plasmodium vivax has a latent liver stage, in contrast to Plasmodium falciparum (Burgoine et
al., 2010). Plasmodium vivax exhibits a stage commonly referred to as hypnozoites (or the liver
stage), during which the parasite can persist in a dormant state, often undetectable, for several
months (Zanghi & Vaughan, 2021). However, it still has the ability to activate further leading
to relapse of the disease. This phenomenon often leads to hindrance in the therapy (Commons
et al., 2020; Milligan et al., 2019). A complete therapy involves the complete eradication of the
P. vivax parasite from the body eliminating the chances of the disease relapse (Flannery et al.,
2022).

Primaquine is an antimalarial drug belonging to the class 8-aminoquinolones used widely for
the treatment of malaria. It is amongst the specific drugs which have an activity against the
hepatic stage of the parasite (hypnozoite) as well as the erythrocytic stage of the parasite.
Additionally, it is active against the gametocytes of the Plasmodium falciparum in the blood
(Baird, 2019; Carmo et al., 2017; Popovici et al., 2021). Hence it is primarily, the first choice
for the radical cure of P. vivax. However, the drug is associated with several limitations. Due
to strong dose-related hemolytic side effects in to patients with glucose-6-phosphate
dehydrogenase (G6PD) deficiency, PQ's clinical applicability is limited (Wu et al., 2021). In
addition, the drug (in its diphosphate salt form) needs a strict daily dose regimen in order to
achieve its protective effects because of its relatively short half-life of about 4h (Andrade et
al., 2023). The fluctuating plasma drug concentrations due to daily drug administration also
imparts to the toxic effects of the drug (Fletcher et al., 1981; Jittamala et al., 2015). Hence, a
controlled release primaquine formulation capable of reducing the systemic toxicity and
increasing the drug residence time in the body is essential and the need of the hour.
Controlled release drug delivery systems are known to reduce the drug toxicity by preventing
the burst release of the drug and releasing it in small amounts for extended periods thus

maintaining the plasma drug concentrations for prolong durations (Weiser & Saltzman, 2014).
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This improves patient compliance by reducing the dosing frequency of the treatment.
Nanoformulations when administered parenterally (subcutaneously and intramuscularly) are
known to form primary drug depots releasing drugs for long durations (Adepu & Ramakrishna,
2021; Jindal et al., 2023; Surve & Jindal, 2020). Additionally, non-spherical nanorods are also
known to bypass macrophage uptake and form a cohesive depot due to their lower contact
angle and higher surface area as compared to the nanospheres (Bhide et al., 2022; Bhide & Jindal,
2021; Champion & Mitragotri, 2009). Hence, the objective of the of the present study is
development and evaluation of primaquine prodrug loaded PLGA nanorods for extended
plasma drug concentration in rats after subcutaneous administration.

4.2 Materials and methods
4.2.1 Materials

N-(4-((6-methoxyquinolin-8-yl)amino)pentyl)palmitamide was synthesized using primaquine
and palmitic acid. Primaquine was a gift sample from [IPCA laboratories. Lumefantrine was
purchased from Yarrow Chem Products (Mumbai, Maharashtra). Palmitic acid was purchased
from Loba Chemie Pvt Ltd. Ethyl acetate, hexane, chloroform, dichloromethane (DCM) and
ammonia solution were procured from Merck Life Science Pvt. Ltd. (Mumbai, India). Sodium
sulfate (Na2SO4) was obtained from CDH (New Delhi, India). Silica gel 60-120, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDCI), 1-Hydroxybenzotriazole (HOBt), was purchased
from SRL Pvt. Ltd.- India. Poly(lactic-co-glycolic) acid (PLGA) (75:25, MW 66,000-107,000),
polyvinyl alcohol (PVA, MW 9000-10,000), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) were purchased from Sigma-Aldrich Chemicals Company
(Missouri, United States). Glycerol, tween 80 was obtained from S D Fine-Chem Ltd (Mumbai,
India). Silicon oil was procured from Rankem™ (Bangalore, India). Trehalose was acquired
from Spectrochem (Mumbai, India). Water was obtained from Milli-Q system (Millipore
GmbH, Germany). All other chemicals, solvents, and reagents utilized were either HPLC or
analytical grade.

4.2.2 Methods

4.2.2.1 Synthesis of N-(4-((6-methoxyquinolin-8-yl)amino)pentyl)palmitamide

(primaquine prodrug)

Primaquine diphosphate was converted to primaquine base as described previously with slight
modifications (K. K. Singh & Vingkar, 2008). Briefly, primaquine diphosphate (200mg) was
treated with ammonium hydroxide (2ml) at pH 12.0, leading to its alkalanization to form free

primaquine base. The formed primaquine free base was extracted twice using chloroform
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which was further washed using water followed by saturated solution of sodium chloride.
Traces of water in the chloroform were removed using anhydrous sodium sulphate.

The  N-(4-((6-methoxyquinolin-8-yl)amino)pentyl)palmitamide =~ was  prepared using
primaquine base as previously described with slight modifications (Sloat et al., 2011).
Primaquine (50 mg, 0.39 mmol), palmitic acid (121 mg, 0.42 mmol), and HOBt (57 mg, 0.42
mmol) were dissolved in 4mL of CH>Cl. The solution was kept in ice bath and EDCI (89 mg,
0.46 mmol) was added into it. The reaction mixture was stirred in presence of nitrogen for a
period of 12h. thereafter the reaction mixture was washed using saturated solution of sodium
chloride followed by purification using by silica chromatography (3:7 EtOAc/hexane). The
desired product was confirmed using 'H NMR, '*C NMR and mass spectrometry.

4.2.2.2 Preparation of primaquine prodrug loaded PLGA nanospheres

Primaquine prodrug nanospheres were prepared by emulsion solvent evaporation technique as
reported previously with slight modifications (Prayag et al., 2021; Surve & Jindal, 2021). The
primaquine prodrug (10mg) and PLGA (100mg) were initially dissolved in DCM (0.5ml) to
obtain the organic phase. PVA (200mg) was dissolved in 4ml of Milli-Q water to form the
aqueous phase. The aqueous phase was continuously stirred at 700rpm using a magnetic stirrer
while the organic phase was added into the aqueous phase drop by drop to get a crude emulsion.
The crude emulsion was then further subjected to probe sonication (Sonics & Materials, Inc.,
USA) at 500 watts, 25% amplitude for 3min (30 sec: ON and 10 sec: OFF). The formed
nanoemulsion was further processed at reduced pressure under rotary vacuum evaporator
(Heidolph, Schwabach, Germany) leading to the evaporation of DCM leaving behind the
primaquine prodrug loaded polymeric nanospheres. The nanospheres were separated by
centrifugation at 20,000rpm for 40min (Sorvall 150 + Micro Ultracentrifuge, Thermo Fisher
Scientific, USA). The pellet obtained after centrifugation was redispersed in Milli-Q water.
Further, the nanospheres obtained were characterized for particle size, polydispersity index
(PDI), %entrapment efficiency, %drug loading and particle shape. The nanospheres were
freeze-dried by using trehalose (10% w/v) as a cryoprotectant. Lyophilization was carried out
over the course of three sequential phases, which involved freezing, primary drying, and
secondary drying, lasting a combined duration of 48 hours.

4.2.2.3 Preparation of primaquine prodrug loaded PLGA nanorods

Primaquine prodrug loaded PLGA nanorods were prepared by film stretching technique as
reported by our group with a few modifications (Bhide & Jindal, 2021). Primaquine prodrug

loaded PLGA nanospheres were dispersed in Milli-Q water and mixed with film forming
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solution. The solution was poured in a glass mould (12cm % 12c¢m) and left at room temperature
for drying, ultimately forming a nanosphere embedded polymeric film. The film was then
loaded in an in-house prepared film stretching instrument and immersed in preheated silicon
o0il (65°C) and incubated for 15min. Post incubation, the film was stretched 4-times of its initial
length at a rate of 10mm/min in one dimension. Post stretching, the film while being in
stretched position, was left in the heated silicon oil for Smin for incubation. The stretched film
was then removed from the assembly, dissolved in Milli-Q water and the nanorods formed in
it were separated and washed by ultracentrifugation and characterized further.

4.2.2.4 Characterization of nanospheres and nanorods

A) Particle size and polydispersity index (PDI) and zeta potential

Primaquine prodrug loaded nanospheres were characterized by dynamic light scattering.
Briefly, weighed quantity of primaquine prodrug loaded nanospheres were resuspended in 2mL
Milli-Q water. The sample dispersion was analyzed for particle size, PDI and zeta potential
using Malvern Nano ZS (Malvern Instruments Ltd. UK).

B) % Entrapment efficiency (% EE)

The primaquine prodrug loaded nanospheres were ultracentrifuged and the supernatant
obtained after the process was used to analyze the %EE by the develop RP-HPLC method.

%EE was calculated using the equation (1)

Total quatity of drug used — Drug content in the supernatant

%EE = x 100

Total quantity of drug used
C) % Drug loading (%DL)
Drug loading is the ratio of the mass of the drug with the mass of drug loaded nanospheres.

The %DL was calculated using the equation

Total quatity of drug entrapped

%DL = x 100

Total quantity of drug used+Total quantity of polymer used
D) Drug content (%DC)
10mg of the primaquine prodrug loaded freeze dried formulation (nanospheres/nanorods) was
dispersed in ImL of methanol. The dispersion was sequentially exposed to vortexing (5min),
sonication (30min) and centrifugation (10,000rpm; 40min). The supernatant was diluted in the
mobile phase and was further analysed by the developed RP-HPLC method.
E) Field emission scanning electron microscopy
An aliquot of the aqueous dispersion of nanorods or nanospheres was spread on a coverslip,
which was then allowed to dry at room temperature. The dried coverslip was attached on a

metal stub using a carbon tape and the sputter coater (Quorum Technologies Q150TES, East
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Sussex, England) was used to coat the sample with gold coated for 45 seconds. Following the
coating, the nanoparticles were examined using an FEI scanning electron microscope
(Hillsboro, Washington) operating at 20 kV high vacuum. The scale was set to 300—1000 nm,
and the spot size was set at 9.0.

F) Calculation of shape descriptors of nanorods

As described in the previous chapter, shape descriptors such as Feret diameter, minor Feret
diameter, AR, major axis, and minor axis were used to characterize the nanorods. Briefly the
Feret diameter measures the widest span of a particle between two tangents drawn
perpendicular to its two farthest ends. Minor Feret diameter, conversely, measures the closest
span between two endpoints. Whereas, major axis represents the longest segment connecting
the farthest points of a particle, while the minor axis indicates the shortest segment connecting
the closest points. Aspect ratio is the ratio of the major axis to the minor axis of the particle. A
size-frequency distribution curve was plotted using these shape descriptors by plotting
percentage frequencies of various particles against particle size. The shape descriptors were
determined from the SEM images of the nanorods using Fiji ImageJ software (Version 1.52p).
4.2.2.5 Release study

We used the sample and separate method to conduct the in vitro drug release profile of PQ-
PAL from the formulation. Microcentrifuge tubes containing nanospheres and nanorods
(equivalent to 100pug of PQ-PAL) dispersed in release media (ImL of 2%v/v tween-80 and
0.05%w/v sodium azide in phosphate-buffered saline pH 7.4) were prepared for each time
point. The samples were kept in a water bath shaker assembly with continuous agitation at 100
rpm and at 37°C. At every time point, respective microcentrifuge tubes were taken out and
centrifuged at 14000 rpm for 40min and the supernatant was withdrawn. For determining the
PQ-PAL concentration, the samples were suitably diluted in acetonitrile: water (6:4),
centrifuged and analysed using the developed RP-HPLC-based analytical method.

4.2.2.6 Hemolysis study

In vitro hemolysis study was carried out as reported previously by our group (Jindal et al., 2020).
Fresh blood of Wistar rats was collected in microcentrifuge tubes containing Ethylenediamine
tetraacetic acid (EDTA) (10% w/v). Red blood cells (RBCs) were collected after centrifugation
of blood at 1000 rpm for 5 min and washed thrice with normal saline (0.9 % w/v sodium
chloride). SuL of the packed erythrocytes were treated with 95 uL of the nanospheres (PQ-
PAL equivalent to 0.001, 0.01, 0.1, 1, 10, 100, and 200ug/mL) or nanorods (PQ-PAL
equivalent to 0.001, 0.01, 0.1, 1, 10, 100, and 200 pg/mL). Thereafter, the samples were
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centrifuged at 1000 rpm for 5 min and the supernatant was analyzed at 540 nm using an Epoch
ELISA plate reader (BioTek, Winooski, United States). Normal saline and Milli-Q water were
used as a negative control and positive control respectively during the study. % hemolysis was
calculated using the equation

) absorbance of the sample
% hemolysis = — x 100
absorbance of the positive control

4.2.2.7 Cytotoxicity study

In a T-25 culture flask, the RAW 264.7 cell line was cultured in DMEM medium with 10%
foetal bovine serum (FBS) and gentamycin (0.005%). Once the flask was confluent, the cells
were trypsinized and counted, which was followed by seeding of 10,000 cells per well in a 96-
well plate. For twenty-four hours, the cells were treated with PQ and PQ-PAL loaded
nanospheres and PQ-PAL loaded nanorods (PQ and PQ-PAL concentrations equivalent to
0.001, 0.01, 0.1, 1, 10, 100, and 200 pg/mL). Post 24h, each well received 100 pL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) solution (0.5 pg/mL) and was
allowed to incubate for 4h. After 4h, the MTT solution was replaced with DMSO and the
absorbance was recorded at 540nm using an Epoch ELISA plate reader (BioTek, Winooski,
United States). % cell viability was calculated by using the following equation

% cell viability — (absorbance of sample — absorbance of blank) 100
o cell viabtlity = (absorbance of control — absorbance of blank) *

4.2.2.8 Pharmacokinetic studies

The formulation's ability to sustain the drug release was assessed in vivo using 250 + 50g
female Sprague Dawley rats. The Institutional Animal Ethics Committee of Birla Institute of
Technology and Science, Pilani Campus, Pilani, accepted the protocol for the animal study
(Protocol no.: TAEC/RES/33/01). There were two groups of animals (n = 4). PQ-PAL loaded
polymeric nanospheres (PQ-PAL equivalent to 50mg/kg) were administered subcutaneously to
animals in group I, while animals in group II received primaquine prodrug loaded polymeric
nanorods (PQ-PAL equivalent to 50mg/kg). The animals were provided with normal food and
water ad libitum prior to the commencement of the study.

Following the administration, 300uL of blood was withdrawn from the retroorbital plexus of
rat at predetermined time points (1h, 3h, 6h, 12h, day 1, day 2, day 5, day 7, day 10, day 14,
day 21 and day 28) and placed in a microcentrifuge tube with 20uL of 10% EDTA. The
microcentrifuge tubes were centrifuged (8000 rpm; 10min) and the plasma was separated and

stored (-23°C) until further used. During analysis, initially the thawed plasma (95uL) was taken
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and spiked with internal standard (10uL of 250ng/ml lumefantrine). The samples were vortex
mixed for 1min. Further, the extraction of the drug and the internal standard was performed by
protein precipitation by adding acetonitrile (1ml) in the samples which were vortex mixed
(15min) and centrifuged (10,000rpm; 15min). The supernatant obtained after centrifugation
was collected in a microcentrifuge tube, evaporated at 37°C, reconstituted in mobile phase
(100uL) and analyzed using the developed bioanalytical method on LC-MS-MS.
4.2.3 Results and discussion
4.2.3.1 Synthesis of N-(4-((6-methoxyquinolin-8-yl)amino)pentyl)palmitamide
(primaquine prodrug/ PQ-PAL)
Azure-coloured solid product synthesized, 126mg, 74% yield, UV-Vis (CH2Clz): Amax (nm)
266; 8'H NMR (400 MHz, Chloroform-d) & 8.55 (dd, J = 4.2, 1.6 Hz, 1H), 7.94 (dd, J = 8.3,
1.6 Hz, 1H), 7.33 (dd, /= 8.2, 4.2 Hz, 1H), 6.36 (d, J=2.5 Hz, 1H), 6.30 (d, /= 2.4 Hz, 1H),
6.01 (s, 1H), 5.55 (t,J=5.7 Hz, 1H), 3.91 (s, 3H), 3.65 (s, 1H), 3.29 (dq, /= 11.5, 6.8 Hz, 2H),
2.14-2.08 (m, 2H), 1.74-1.64 (m, 5H), 1.59 (t,J = 7.4 Hz, 2H), 1.32-1.26 (m, 26H), 0.90 (t, J
=6.7 Hz, 3H), 8"*C NMR (101 MHz, CDCl3) § 173.17, 159.43, 144.90, 144.33, 135.34, 134.83,
129.92, 121.89, 96.83, 91.72, 55.22, 47.84, 39.40, 36.89, 33.99, 31.94, 29.71, 29.67, 29.64,
29.52, 29.38, 29.35, 26.34, 25.81, 22.71, 20.63, 14.15, HRMS (ESI): calculated for
C31HS5IN302 [M+H]" 498.4054; found 498.4095. Fig. 4.1., 4.2., and 4.3 represents the 'H
NMR, 3C NMR and HRMS spectrum respectively of the synthesized primaquine prodrug.
4.2.3.2 Preparation and characterization of artemether-loaded polymeric nanospheres
and nanorods
PQ-PAL loaded PLGA nanospheres were prepared by the emulsion solvent evaporation.
Particle size, PDI, zeta potential and % EE of nanospheres obtained after varying different
parameters are presented in table 4.1. Particle size, PDI, zeta potential, and % EE were found
to be affected by the ratio of organic to aqueous phase and the sonication time. There was a
decrease in particle size observed when the ratio of organic to aqueous phase was increased
from 1:8 to 3:8. Similarly, when the sonication time was increased from Imin to 3min, the
particle size decreased from 407.10+105.68nm to 234.77+8.46nm. Moreover, an increase in
the sonication time resulted in a narrow particle size distribution of with a PDI of 0.24 + 0.03
whereas, when the ratio of organic to aqueous phase was increased alongside the sonication
time, the PDI further decreased to 0.11£0.01. Of all the trials conducted, formulation PQ-E-2
was selected for subsequent studies. Fig. 4.4. Represents the particle size and zeta potential

distribution curves of PQ-E-2 trial.
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Fig. 4.1. '"H NMR spectrum of the synthesized primaquine prodrug

Fig. 4.2 3C NMR spectrum of the synthesized primaquine prodrug
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Fig. 4.3 HRMS spectrum of the synthesized primaquine prodrug

PLGA nanorods loaded with PQ-PAL were prepared by mechanically stretching PQ-PAL
loaded PLGA nanospheres using an in-house fabricated film stretching apparatus. During
stretching, the nanospheres experienced stress, potentially surpassing the cohesive forces
within the polymer, thus resulting in the stretching of spherical nanoparticles into elongated
nanorods (Bhide & Jindal, 2021). The nanorods were characterized for drug content, major
axis, minor axis, major Feret’s diameter, minor Feret’s diameter, and aspect ratio which are
presented in table 4.2. The formulated nanorods did not have significant difference between
their major and minor axes and their respective Feret’s diameters thus indicating symmetry of
the shape of the formulated nanorods. (D90 major = 2300nm and D90 minor = 280 nm, D50
major = 1400 nm and D50 minor = 220 nm, and D10 major = 1100 nm and D10 minor = 130
nm). D90, D50, and D10 of the nanorods suggested uniformity in size, affirming that the
nanorods produced from stretching nanospheres were consistent in dimensions. Fig. 4.5.
presents the size frequency distribution curves of major and minor axis of nanorods and SEM

images of nanospheres and nanorods.

Fig. 4.4. Characterization of PQ-PAL loaded PLGA nanospheres a) Particle size distribution b) zeta
potential
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Fig. 4.5. Size-frequency distribution
curves of major axis (a), minor axis (b) of nanorods; SEM images of nanospheres (c) and nanorods (d)

4.2.3.3 Release study

Fig. 4.6. represents the in vitro release profile of PQ-PAL-loaded nanospheres and nanorods.
Both nanospheres and nanorods showed a sustained PQ-PAL release. At all time points,
nanorods exhibited significantly slower PQ-PAL release (p < 0.0001) compared to
nanospheres. By the end of the 7™ day, almost 45% and 23% of PQ-PAL was released from
the nanospheres and nanorods respectively. Nanorods are reported to exhibit cohesive nature
and tendency to align under flow conditions (margination) due to their distinct shape and
surface area. Furthermore, the particle orientation within the dissolution medium might have
influenced the available surface area for drug release. The sustained PQ-PAL release from
nanorods, as compared to nanospheres, can be attributed to their specific orientation hindering
efficient drug release under turbulent conditions and leading to the formation of a stagnant

layer around the particles.
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Fig. 4.6. In vitro drug release profile of PQ-PAL loaded nanospheres and nanorods

4.2.3.4 Hemolysis study

The haemolytic potential of nanospheres and nanorods was evaluated in vitro using rat blood-
derived erythrocytes. Across all PQ-PAL concentrations, nanorods and nanospheres exhibited
lower red blood cell (RBC) haemolysis compared to free PQ-PAL (Fig. 4.7.). Primaquine
diphosphate also found to be non-haemolytic at all the evaluated concentrations. Nonetheless,
both nanospheres and nanorods displayed less than 10% haemolysis across all concentrations

thus rendering their safety towards the erythrocytes.

Fig. 4.7. %Haemolysis of rat blood derived RBC by PQ, PQ-PAL, & PQ-PAL loaded nanospheres and nanorods
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Table 4.1. Formulation and characterization of PQ-PAL loaded PLGA nanospheres

Composition Parameters
Formulation | Drug | PLGA | PVA | DCM | Water S.omcatl.on l.’artlcle PDI Zeta. %EE | %DL DC
code. (mg) (mg) (mg) (ml) (ml) time (min) | size (nm) potential (ng/mg)
0.55
PQ-E-1 10 | 100 | 200 | 05 4 I 407.10& | 0 1 786 | gy | ND. | ND.
105.68 0.38
0.03
16247+ | O L1783+
PQ-E-2 10 100 200 1.5 4 3 ’ + o N.D. N.D. N.D.
2.40 0.55
0.01
PO-E-3 o | 100 | 200 | os A ; 23477 | V2| 2503+ | 8899 | 809+ | o
- ’ 8.46 0.03 1.29 +1.56 | 0.14 '

Each value presented as mean + SD, n = 3; N.D. — Not determined

Table 4.2. Characterization of PQ-PAL loaded PLGA nanorods

. . . . . Major Feret’s Minor Feret’s .
Nanoformulation DC (ng/mg) Major axis (nm) | Minor axis (nm) diameter (nm) diameter (nm) Aspect ratio
Nanorods 12.95 1380.69 +£545.32 | 203.65+62.37 1348.48 £544.16 | 237.77+67.41 6.73 + 1.46

Each value presented as mean + SD, n = 50
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4.2.3.5 Cytotoxicity study

In vitro cytotoxicity of PQ free drug and PQ-PAL loaded nanospheres and nanorods were
studied at different concentrations of PQ-PAL using RAW 264.7cell line. Almost 90% cell
viability was found when RAW 264.7cells were treated with PQ (0.001 to 0.1ug/mL) and
nanospheres, and nanorods equivalent to 0.001 to 0.1ug/mL of PQ-PAL (Fig. 4.8). There was
no significant difference with % cell viability when cells when treated with PQ-PAL loaded
nanospheres, PQ-PAL loaded nanorods and PQ at a concentration range of 0.001 to 10ug/mL.
Furthermore, at higher PQ and PQ-PAL concentrations (100 and 200pg/mL), a significant
decrease in % cell viability was observed in case of free PQ. However, at those concentrations,
PQ-PAL loaded nanospheres and nanorods showed significantly higher % cell viability as
compared to PQ free drug. Thus, the prepared nanospheres and nanorods showed a better safety

profile against PQ free drug in RAW 264.7cells.
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Fig. 4.8 In vitro cytotoxicity of PQ free drug, nanospheres and nanorods

4.2.3.6 Pharmacokinetic study

The pharmacokinetic parameters that were determined by non-compartmental analysis of the
data are presented in table 4.3. In addition, the plasma conc. vs. time profile of the formulation
and the free drug following subcutaneous delivery is shown in Fig. 4.9.

In case of PQ-PAL loaded PLGA nanospheres, the Cmax value reached 115.28ng/ml at 9.12
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hours. Furthermore, PQ-PAL was detected in the plasma upto 28 days (MRTo. - 7.2 days;
half-life — 5.12 days) thus demonstrating the long-acting potential of nanospheres. The AUC.

o for the nanospheres was found to be 2.16-folds that of the nanorods.

Whereas in case of PQ-PAL loaded PLGA nanorods, the Cmax value reached 84.06ng/ml at
12.48 hours. In this case, the plasma PQ-PAL concentrations were also observed upto 28 days
(MRTo- - 8.9 days; half-life — 5.6 days). Unlike nanospheres, nanorods have a unique shape
and hence are expected to behave in a different manner in vitro and in vivo.

Nanospheres have been known to form a primary depot at the site of injection, whereas create
a secondary depot in the macrophages and the T cells (Surve & Jindal, 2020). These primary
and secondary depots could be responsible for the sustained drug release from the PQ-PAL
loaded nanospheres. Whereas the greater residence time of the nanorods in the animals could
be due to a stronger cohesive primary depot formed at the site of injection. It is well known
that the nanorods have a higher surface area and contact angle as compared to the spheres,
thereby has an ability to form as cohesive depot which could contribute significantly prolong
plasma drug concentration. Furthermore, it has been reported that the macrophage uptake of
the nanorods is limited due to its shape which further reduces the chance of they getting cleared
off, eventually resulting in a sustained drug release. As observed from the pharmacokinetic
parameters, the AUCo.o for the nanospheres was found to be 2.16-folds that of the nanorods.
However, the MRTo.o and tmax in case of nanorods was 1.25-folds and 1.4-folds greater than
that of nanorods. Whereas the Cmax for nanospheres was 1.4-folds that of nanorods which could
have been probably due to the initial burst drug release from the nanospheres.

This study highlighted the significance of the nanoparticle shape, which could enhance its
retention at the injection site, thereby facilitating the development of a more robust depot
capable of prolonged drug release.

Table 4.3. The plasma non-compartmental PK parameters obtained after SC
administration of PQ-PAL loaded PLGA nanospheres and nanorods in Sprague Dawley
rats using Phoenix WiNonlin software (version 6.3)

Parameter Result
Nanospheres Nanorods
ti2 (days) 5.12+0.8 5.64 £0.48
Cmax (ng/ml) 115.28 +£ 57.03 84.06 + 25.43
AUCo-0 386.39 + 109.35 178.79 +33.24
Vz/F (L/Kg) 259842.25 + 104890.40 585099 £ 129029 .4
CI/F 34434.44 +£ 9987.73 71649.4 + 12557.17
MRT).o (days) 7.20 = 1.60 8.99 + 1.46
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Fig. 4.9. Pharmacokinetic profile of nanospheres (green) and nanorods (red) after subcutaneous administration
of PQ-PAL-loaded nanospheres and PQ-PAL-loaded nanorods

4.3 Conclusion

In the current chapter, hydrophilic primaquine was converted to a hydrophobic prodrug which
could be efficiently loaded on the nanocarriers. Further, it was demonstrated that the prodrug
loaded nanospheres can be fabricated into nanorods of uniform shape, narrow size distribution
and high aspect ratio. The nanorods were also found to be non-toxic towards the RAW 264.7
cells and rat erythrocytes thus demonstrating their safety for the in vivo administration.
Furthermore, these nanorods in the in vitro as well as in vivo study demonstrated their ability
to sustain the drug release which is highly desirable for the treatment of P. vivax infection
where the treatment regimen continues for a long duration. Thus, it can be concluded that the
polymeric nanorods could be a promising next-generation delivery system for the treatment of

malaria.
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Chapter 5: Development and evaluation of long-acting
polymeric nanoparticles loaded biodegradable implant for
prolong plasma drug concentration of primaquine prodrug

5.1 Introduction

Malaria, an infectious disease resulting from Plasmodium species transmitted through the bite
of female Anopheles mosquitoes, requires preventive measures encompassing anti-vectorial
measures as well as chemoprophylaxis (Sato, 2021; Schlagenhauf & Petersen, 2008). Plasmodium
vivax relapse is a major challenge in the complete eradication of malaria. After the treatment
of P. vivax infection, hypnozoites remains in the body for several months with no symptoms
of malaria which can transport the parasite to new areas. Primaquine phosphate is indicated for
the radical cure (prevention of relapse) of vivax malaria. A 14-day course is found to be
effective for the prevention of vivax malaria relapse (Castelli et al., 2010; Rodrigues et al.,
2012). Patients suffering from an attack of vivax malaria or having parasitized red blood cells
should receive a course of chloroquine phosphate, which quickly destroys the erythrocytic
parasites and terminates the paroxysm. Primaquine phosphate should be administered
concurrently in order to eradicate the exoerythrocytic parasites in a dosage of 1 tablet
(equivalent to 15 mg base) daily for 14 days (Kevin Baird et al., 2003).

Adherence to the 14-day regimen of primaquine is a major challenge for the prevention of
relapse which was varied from 25-85% (Brown, 1993; Mazier et al., 2009). Although direct
observation of dosing intake has improved the adherence to the therapys, it is practically difficult
and time-consuming. To meet the WHO mission of 90% reduction of malaria cases by 2030,
there is an urgent need for either a new antimalarial drug that can remain in the blood in the
therapeutic range for weeks after single-dose administration or an innovative drug delivery
strategy that could enable long-acting release of antimalarial drugs for few days and plasma
concentration of the drug can be maintained within the therapeutic range. The discovery of the
new antimalarial drug is a time-consuming process and demands huge investments. On the
other hand, exploration of new drug delivery technology which could meet the requirements of
maintenance of plasma concentration of the drug for a few days after single-dose administration
is a significantly fast process and can be completed by low investment than the amount required
for the discovery of a new drug.

The peak plasma concentrations of primaquine are achieved after 2-3h after its administration,

whereas, the drug has a short half-life of about 4h thus requiring its repetitive administration
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(Fletcher et al., 1981; Jittamala et al., 2015). Additionally, the drug possesses dose dependent
adverse effects thus often leading to poor adherence to the therapy (Ashley et al., 2014;
Fernando et al., 2011). Therefore, there is a significant need for a formulation that can
effectively sustain the plasma drug concentration of primaquine within the therapeutic range
for extended periods. This sustained presence within the optimal therapeutic window is
essential for ensuring the drug's effectiveness over time, thus enhancing its therapeutic impact.
Solid implants have been extensively investigated for their potential in drug delivery,
functioning as sustained-release depots over prolonged periods (Maturavongsadit, Paravyan,
et al., 2021; Maturavongsadit, Shrivastava, et al., 2021). However, their size necessitates
surgical procedures for implantation (Santos et al., 2014). In contrast, technologies such as
AtrigelTM offer a different approach, as they are administered parenterally and solidify into
implants, gradually releasing the drug over weeks or months (Ivaturi et al., 2017; Southard et
al., 1998). Nevertheless, Atrigel TM is not without its limitations. It relies on synthetic polymers
as the structural matrix for implant formation, presenting challenges in handling, particularly
when compared to standard aqueous solutions, due to the high viscosity of the formulations.
Additionally, the viscosity impedes the filtration of the formulation, necessitating sterilization
through gamma irradiation (Southard et al., 1998).

We utilized albumin in the preparation of a long-acting injectable implant. Albumin, being the
most abundant circulating protein, is considered highly biocompatible for drug delivery
purposes (Moman et al., 2023). Moreover, it already serves as a natural drug transporter within
the body. The structure of albumin consists of amino acids arranged into three recurring
homologous domains, each comprising two distinct sub-domains labeled A and B,
interconnected by interchain disulfide bridges (Mohan et al., 2018). When in a dissolved state,
these disulfide bridges are enclosed within the protein structure and remain shielded from the
surrounding solvent (Borzova et al., 2016). However, it is noteworthy that albumin can undergo
conformational isomerization when exposed to specific chemicals and physiological stress.
Upon exposure to stress agents, albumin undergoes conformational isomerization, leading to
the exposure of hydrophobic regions to the solvent (McClellan & Franses, 2003). This exposure
of hydrophobic regions results in the formation of insoluble aggregates, giving the albumin
solution a gel-like nature.

In our process, we have developed a long-acting injectable implant using albumin. The initial
step involves exposing the albumin solution to an ethanol solution, triggering the formation of

insoluble aggregates within a specified timeframe, dependent on the quantity of ethanol used.
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These insoluble aggregates contribute to the viscosity of the solution mixture. The addition of
ethanol to the albumin solution induces conformational changes in the native a-helices of the
protein to B-sheets which have the capacity to trap water molecules thus attributing gel like
structure to the formulation. Consequently, when administered parenterally, this solution
serves as a depot for sustained drug release. Unlike in situ forming depots, the formation of
this depot is not contingent on the physiological conditions of the injection site but is solely
determined by the quantity of ethanol employed to induce albumin denaturation. Therefore, the
objective of the present study was the development of a long-acting drug-loaded implant that
is both biodegradable and undergoes formation within a specific timeframe, independent of the

physiological environment at the injection site.

Fig 5.1. Pictorial depiction of in situ gel formation and albumin biodegradable long-acting gel

5.2 Materials and methods

5.2.1 Materials

N-(4-((6-methoxyquinolin-8-yl)amino)pentyl)palmitamide was synthesized using primaquine
and palmitic acid. Primaquine was a gift sample from IPCA laboratories. Lumefantrine was

purchased from Yarrow Chem Products (Mumbai, Maharashtra). Palmitic acid was purchased
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from Loba Chemie Pvt Ltd. The organic solvent, ethyl acetate, hexane, chloroform,
dichloromethane (DCM) and ammonia solution were procured from Merck Life Science Pvt.
Ltd. (Mumbai, India). Sodium sulfate (Na>xSO4) was obtained from CDH (New Delhi, India).
Silica gel 60-120, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI), 1-
Hydroxybenzotriazole (HOBt), albumin was purchased from SRL Pvt. Ltd.- India. Poly(lactic-
co-glycolic) acid (PLGA) (75:25, MW 66,000-107,000), polyvinyl alcohol (PVA, MW 9000—
10,000) were purchased from Sigma-Aldrich Chemicals Company (Missouri, United States).
Glycerol, tween 80 was obtained from S D Fine-Chem Ltd (Mumbai, India). Silicon oil was
procured from Rankem™ (Bangalore, India). Trehalose was acquired from Spectrochem
(Mumbai, India). Water was obtained from Milli-Q system (Millipore GmbH, Germany). All
other chemicals, solvents, and reagents utilized were either HPLC or analytical grade.

5.2.2 Methods

5.2.2.1 Preparation of primaquine prodrug loaded PLGA nanospheres

Primaquine prodrug nanospheres were prepared by emulsion solvent evaporation technique as
reported previously with slight modifications (Prayag et al., 2021; Surve & Jindal, 2021). The
primaquine prodrug (10mg) and PLGA (100mg) were initially dissolved in DCM (0.5ml) to
obtain the organic phase. PVA (200mg) was dissolved in 4ml of Milli-Q water to form the
aqueous phase. The aqueous phase was continuously stirred at 700rpm using a magnetic stirrer
while the organic phase was added into the aqueous phase drop by drop to get a crude emulsion.
The crude emulsion was then further subjected to probe sonication (Sonics & Materials, Inc.,
USA) at 500 watts, 25% amplitude for 3min (30 sec: ON and 10 sec: OFF). The formed
nanoemulsion was further processed at reduced pressure under rotary vacuum evaporator
(Heidolph, Schwabach, Germany) leading to the evaporation of DCM leaving behind the
primaquine prodrug loaded polymeric nanospheres. The nanospheres were separated by
centrifugation at 20,000rpm for 40min (Sorvall 150 + Micro Ultracentrifuge, Thermo Fisher
Scientific, USA). The pellet obtained after centrifugation was redispersed in Milli-Q water.
Further, the nanospheres obtained were characterized for particle size, polydispersity index
(PDI), %entrapment efficiency, %drug loading and particle shape. The nanospheres were
freeze-dried by using trehalose (10% w/v) as a cryoprotectant. Lyophilization was carried out
over the course of three sequential phases, which involved freezing, primary drying, and
secondary drying, lasting a combined duration of 48 hours.

5.2.2.2 Characterization of prodrug loaded PLGA nanospheres
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A. Particle size and polydispersity index (PDI) and zeta potential

2.2.2.1 Particle size and polydispersity index (PDI) and zeta potential of primaquine prodrug
loaded nanospheres were characterized by dynamic light scattering. Briefly, weighed quantity
of primaquine prodrug loaded nanospheres were resuspended in 2mL Milli-Q water and
analyzed using Malvern Nano ZS (Malvern Instruments Ltd. UK).

B. % Entrapment efficiency (%EE)

The primaquine prodrug loaded nanospheres were ultracentrifuged and the supernatant
obtained after centrifugation and aliquot was withdrawn from supernatant obtained from
centrifugation. %EE was determined after using RP-HPLC based analytical method after

appropriate dilution. %EE was calculated using the equation (4.1)

Total quatity of drug used — Drug content in the supernatant

%EE = X 100.........(4.1)

Total quantity of drug used
C. % Drug loading (%DL)
Drug loading is the ratio of the mass of the drug with the mass of drug loaded nanospheres.

The %DL was calculated using the equation

Total quatity of drug entrapped
Total quantity of drug used+Total quantity of polymer used

%DL =

X 100.........(4.2)

D. Drug content

A quantity of 10mg of the primaquine prodrug-loaded freeze-dried nanospheres was added into
ImL of methanol. The resulting mixture underwent vortex mixing for 5 minutes and
subsequent sonication to facilitate the dissolution of the drug. Following this, centrifugation
was used at 10000rpm for a duration of 40 minutes to separate insoluble materials, and an
aliquot derived from the supernatant was subjected to analysis using the RP-HPLC method.
E. Field emission scanning electron microscopy

On a coverslip, an aliquot of the aqueous dispersion of nanords or nanospheres was spread, and
it was left to dry at room temperature. Using carbon tape, the dried coverslip was attached to a
metal stub. The sample was then coated with gold for 45 seconds using a sputter coater
(Quorum Technologies QI50TES, East Sussex, England). After coating, the nanoparticles
were amalysed in a 20 kV high vacuum using an FEI scanning electron microscope (Hillsboro,
Washington). The spot size was set at 9.0 and the scale was set between 300 and 1000 nm
(Bhide et al., 2022; Bhide & Jindal, 2021).

5.2.2.3 Preparation and optimization of long-acting formulation composition

The long-acting formulation comprised two distinct compositions, denoted as composition 1

and composition 2. Composition 1 was prepared by dissolving varying amounts of albumin in
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water through sonication. In parallel, composition 2 consisted of different quantities of ethanol,
serving as a pharmaceutically acceptable organic solvent. Subsequently, composition 2 was
introduced to composition 1, and the resulting mixture was vigorously shaken. Following the
mixing phase, the mixture underwent incubation at 37°C for a specified period, leading to the
formation of a viscous gel or solid implant. The diverse amounts of albumin or ethanol utilized
in the preparation of the long-acting formulation are detailed in Table 5.1.

For the preparation of a long-acting formulation containing free drug, the drug was initially
dissolved in ethanol and subjected to the aforementioned process. On the other hand, in the
preparation of a long-acting formulation loaded with polymeric nanoparticles, the
nanoparticles were dispersed in the albumin solution and processed as described above.
Subsequently, the long-acting formulation underwent characterization for viscosity and in vitro
drug release.

5.2.2.4 Characterization of long-acting formulation

A. Time of gel formation

The impact of the concentration of composition 1 and the volume of composition 2 on the time
required for the formation of a viscous gel was assessed. In glass vials, distinct quantities of
albumin were dissolved in water and combined with varying volumes of ethanol, as outlined
in Table 5.1. The resulting mixture was then subjected to incubation at 37°C in a water bath.
At I-minute intervals, the solution was examined to ascertain the time required for gel
formation.

B. Rheology studies

Determining viscosity was an important aspect as it indicated the strength of the gel as well as
correlated with the conformational change of albumin. Viscosity of different gel compositions
were calculated using MCR 92, Modular Compact Rheometer (Anton Paar GmbH). Briefly,
the sample gel was placed between the Parallel plate (PP25) and the Peltier temperature device
(P-PTD 200). The samples were equilibrated before and during the experiment at 37°C. The
measurements of viscosity and shear strength were carried out as a function of shear rate
ranging from 0.1 to 100sec’! with a total of 21 measurements. Three different formulations
with low (100mg), intermediate (200mg) and high (250mg) concentration of albumin were
selected to compare the rheological parameters of the formulations. Viscosity and shear
strength values were the primary parameters used for the comparison.

5.2.2.5 Release studies

In vitro release of PQ loaded gel implant, PQ-PAL loaded gel implant and PQ-PAL
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nanoparticle loaded gel implant (PQ-PAL — 4mg, albumin — 200mg, water - 400uL, organic
solvent - 350uL) was carried out by suspending the solid implant (obtained after mixing
composition 1 and composition 2) in the release media. Briefly, the optimized long-acting gel
formulation was immersed in 20ml release media (10mM phosphate buffer pH 7.4 with 2%w/v
polysorbate 80 along with 0.05% w/v sodium azide under constant agitation (200rpm) at 37°C
in a bath shaker. At predetermined time points (2h, 6h, 12h, day 1, day 2, day 3, day 5 and day
7), 1ml of the release media was withdrawn and replaced with equal amount of fresh release
media. The release samples were analyzed for PQ and PQ-PAL with the developed RP-HPLC
method. PQ was quantified using Shimadzu HPLC system (Kyoto, Japan) equipped with a
binary pump (LC-20AD), autosampler (SIL-20AC HT) and UV-visible detector (SPD-20A).
The column utilized for the analysis was Zodiac (C18 column, 250 mm x 4.6 mm, 5 um).
Mobile phase system consisted of reservoir A (acetonitrile) and reservoir B [Phosphate buffer
solution (PBS), 10mM; pH 3.5] with a ratio of 30:70 (%A: %B) with a flow rate of Iml/min.
The injection volume was set to 20uL with a column temperature of 30°C with a total run time
of 7min at a wavelength of 259nm. The study was performed in triplicate (n = 3).

5.2.2.6 Pharmacokinetic studies

The ability of long-acting gel formulation of sustaining the drug release was evaluated in vivo
in the female Sprague Dawley rats (250 £ 50g). The protocol for the animal study was approved
by the Institutional Animal Ethics Committee of Birla Institute of Technology and Science,
Pilani Campus, Pilani (Protocol no.: IAEC/RES/33/01). Animals were divided into two groups
(n = 4). Animals from group I were subcutaneously administered with primaquine prodrug
(50mg/kg) loaded long-acting gel formulation while animals in group II were subcutaneously
administered with primaquine prodrug loaded polymeric nanospheres (primaquine prodrug
equivalent to 50mg/kg) loaded in long-acting gel formulation. Before starting the study, the
animals were fed with regular food and water ad libitum. Post administration, 300uL of blood
was withdrawn from the retro-orbital plexus of the rat at 1h, 3h, 6h, 12h, day 1, day 2, day 5,
day 7, day 10, day 14, day 21, day 28, day 35, day 42, day 49 and day 56 in a microcentrifuge
tube containing 20uL of 10% EDTA. The microcentrifuge tubes were centrifuged at 8000rpm
for 10min and the obtained plasma was separated and stored at -23°C till further analysis. For
the analysis of primaquine prodrug in plasma, plasma (95uL) was taken in a microcentrifuge
tube and spiked with internal standard (10uL of 250ng/ml lumefantrine). The drug and the
internal standard were extracted by protein precipitation method using acetonitrile (1mL). After

addition of acetonitrile, the samples were vortex mixed (15min), centrifuged (10,000rpm;
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15min) and the supernatant was evaporated at 37°C. Finally, the samples were reconstituted in

acetonitrile: water (80:20) and analyzed using the developed LC-MS-MS method.

5.3 Results and discussion

5.3.1 Preparation and characterization of PQ-PAL loaded polymeric nanospheres

The particle size distribution and zeta potential of nanospheres are shown in Fig. 5.3a. and Fig.
5.3b. respectively. Fig. 5.3c. represents the SEM images of the nanospheres. The preparation
of PQ-PAL nanospheres was carried out using the standard emulsion solvent evaporation
process. Table 5.2. reports the particle size, PDI, zeta potential, % entrapment efficiency, %
drug loading and drug content of the PQ-PAL loaded nanospheres.

5.3.2 Preparation of long-acting gel formulation

The long-acting gel formulation loaded with PQ-PAL was formed through the mixing and
subsequent incubation of composition 1 and composition 2. A schematic depiction of the
preparation process for the long-acting gel formulation is illustrated in Fig. 5.2. Table 5.1
provides detailed information on the influence of albumin concentration and ethanol volume

on the time necessary for gel formation.

Fig. 5.2 Long-acting gel formulation

The observed time for gel formation exhibited dependency on two key factors: 1) the
concentration of albumin in water, and 2) the amount of ethanol. Elevating the concentration
of albumin in the aqueous phase corresponded to a reduction in the time required for the gel
formation. Conversely, an increase in the volume of the organic solvent in the formulation also

contributed to a decrease in the time needed for gel formation.
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The introduction of ethanol induced the denaturation of albumin, prompting conformational
changes and imparting a gel-like structure to the formulation.

It is evident that augmenting the volume of organic solvent volume expedites the process,
thereby reducing the time required for gel formation. Conversely, an increase in the
concentration of albumin in the formulation results in a higher quantity of denatured proteins,
subsequently enhancing the viscosity of the formulation. Fig. 5.4 represents the relationship
between the organic solvent, water, and the quantity of albumin concerning the time required

for gel formation.
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Fig. 5.3 Characterization of PQ-PAL loaded PLGA nanospheres a) Particle size distribution b) zeta potential; and ¢) SEM image
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Table 5.1. Trials for the determining the effect of albumin concentration and organic solvent volume on time required for the formation

of albumin gel
Time Time
Trial. . Water Organic | for gel. Sr. . Water Organic | for gel.

No. Albumin (mg) (uL) solvent | formati No. Albumin (mg) (uL) solvent | formati

(nL) on (nL) on

(min) (min)

Gl 100 200 100 4 G25 150 500 370 4
G2 100 200 150 3 G26 150 500 400 2
G3 100 200 200 1 G27 150 500 350 5
G4 100 300 100 32 G28 150 600 450 7
G5 100 300 200 5 G29 200 500 300 15
Go6 100 300 300 G30 200 500 350 6
G7 100 400 200 32 G31 200 500 400 3
G8 100 400 250 13 G32 200 600 380 9
G9 100 400 300 5 G33 200 600 400 7
G10 100 500 300 32 G34 200 700 450 20
GIl1 100 500 400 5 G35 200 700 500 8
Gl12 100 600 450 13 G36 200 800 550 10
G13 100 600 500 4 G37 200 800 520 15
Gl14 100 500 350 7 G38 200 800 600 1
GI15 100 500 370 4 G39 250 600 400 8
Gl6 100 600 470 4 G40 250 700 400 15
G17 100 600 460 16 G41 250 700 500 5
GI8 150 300 100 32 G42 250 600 450 4
GI19 150 300 200 1 G43 250 700 450 9
G20 150 300 300 1 G44 250 600 420 3
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G21 150 400 100 32 G45 250 700 470 8
G22 150 400 200 20 G46 250 800 500 14
G23 150 400 300 1 G47 250 800 550 3
G24 150 500 300 17 G48 250 800 530 10

Table 5.2. Characterization of PQ-PAL loaded PLGA nanospheres

Composition Parameters
. .. . Zeta
Formulation | Drug | PLGA | PVA | DCM | Water S‘onlcatl.on l"artlcle PDI | potential | %EE | %DL DC
code. (mg) (mg) (mg) (ml) (ml) time (min) | size (nm) (V) (ng/mg)
407.10+ | 2% | 786+
PQ-E-1 10 100 200 0.5 4 1 . + : N.D. N.D. N.D.
105.68 0.38
0.03
16247+ | O1U 1 7834
PQ-E-2 10 100 200 1.5 4 3 ' + e N.D. N.D. N.D.
2.40 0.55
0.01
O.EA O e e . \ 23477+ | 2| 2503+ | 8899 | 8.09+ "
Q-E- : 846 | g0y | 129|156 | 0.14 :

N.D. — Not determined
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Fig. 5.4 Relation between the organic solvent, water and quantity of albumin on time required for gel formation

Fig. 5.5 Correlation between albumin concentration and organic solvent volume for the albumin gel formation
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The formulations that exhibited gel formation within the time range of 5 to 15 minutes were
selected out for further analysis. In case of selected composition, correlation between albumin
concentration and the volume of the organic phase, as depicted in Fig. 5.5.

Analysis of rheological parameters for the formulations indicated a notable increase in both
viscosity and shear stress with the increase of albumin concentration.

The concentration of albumin demonstrated a direct correlation with both shear rate and
viscosity in the formulated long-acting gel. Following exposure to ethanol, the denaturation of
albumin occurred, attributed to the unfolding of its hydrophobic regions (Nikolaidis et al.,
2017). The conformational changes in denatured proteins have the potential to generate cage-
like structures that effectively trap water molecules. These alterations lead to the formation of
viscous gels, significantly augmenting the viscosity of the solution (Arabi et al., 2018). In
formulations featuring higher concentrations of albumin, it is plausible that the denaturation of
a larger albumin quantity resulted in a more restricted entrapment of water molecules,
consequently amplifying viscosity and shear stress. The viscosity of injectable depots is
typically fine-tuned to facilitate prolonged drug delivery. A higher viscosity in depots is
generally associated with a longer duration of action (Southard et al., 1998). Therefore, in this
case, gels prepared with the higher albumin concentrations could be explored for the sustained
delivery of drugs over extended periods. Fig. 5.6 presents relationship between shear rate, shear
stress, and viscosity across three distinct albumin concentrations.

5.3.3 Release studies

The PQ-PAL loaded long-acting gel formulation was immersed in a release medium to assess
the drug release behavior of the gel. Fig 5.7 represents the release profile of the PQ-PAL loaded
long-acting gel formulation.

In case of primaquine diphosphate 8% of the drug was found to be released by the end of day
1 while only 9.41% drug was found to be released by the end of 7™ day. Whereas both the
prodrug loaded gel formulation and prodrug nanoparticles loaded gel formulation showed a
drug release of less than 2% by the end of 7 days. Remarkably, the gel structure remained intact
during entire 7 days. The gradual release of the drug can be attributed to the rigid and intact
structure of the gel, wherein the drug is embedded in its matrix. Additionally, it has been
reported that the fatty acid chains are known to interact with the amino acid side chains of
albumin. This interaction may also have contributed to the retarded release of the prodrug from
the gel. The study clearly indicates that the albumin based long-acting gel formulation has an

ability to sustain the drug release.
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Fig. 5.6 Rheological behavior of different compositions of long-acting gel formulation

Fig. 5.7. In vitro drug release profile of long-acting gel formulation

5.3.4 Pharmacokinetic study

The pharmacokinetic parameters, derived through non-compartmental analysis of the data, are
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presented in Table 5.3. In addition, the plasma concentration vs. time profile of the formulation
and the free drug subsequent to subcutaneous administration is presented in Fig. 5.8.

Table 5.3. Plasma non-compartmental PK parameters obtained after SC administration
of Long-acting drug loaded gel formulation and Long-acting nanoparticles loaded gel
formulation in Sprague Dawley rats using Phoenix WiNonlin software (version 6.3)

Result
Parameter Long-acting drug loaded gel Long-acting nanoparticles loaded gel
formulation formulation
ti2 (h) 11.31 £2.58 12.29 £2.05
Cmax 176.55 + 140.94 20.19 +8.18
(ng/ml)
AUCo-0 540.08 + 363.41 162.25 + 34.18
vk 530662.29 + 404501.70 1376661.91 £ 109351.53
(L/Kg)
CIF 33713.01 +24743.42 79780.50 + 17571.63
MRTo- (h) 1634 +£2.11 19.52 + 1.68

In the case of the free PQ-PAL loaded long-acting gel formulation, the Cmax value reached
176.54 ng/ml at 17.28 hours. In contrast, for the PQ-PAL nanoparticle loaded long-acting gel
formulation, the Cmax was 20.9 ng/ml at 31.92 hours. The higher Cnax observed in the free
prodrug formulation may be attributed to the faster drug release from the depot, leading to
increased plasma drug concentrations. However, the subsequent steady decline followed by
sustained drug release over 56 days could be attributed to the slower diffusion of the drug from
the gel formed at the injection site. The drug release kinetics may be influenced by inherent
dual barriers of the formulation. The primary barrier to drug release could be the nanoparticle
matrix where the drug release could be dependent on the time required for the diffusion of the
drug from the nanoparticle matrix and/or the time required for the degradation of the polymer
from the nanoparticles. Meanwhile, the secondary barrier could be the drug's diffusion through
the gel matrix. Thus, the nanoparticles may have retarded the drug release, resulting in a flat
curve with a lower Cmax concentration. The mean residence time (MRTo.) and half-life for the
free drug-loaded formulation were 16.34 days and 11.30 days, respectively. For the
nanoparticle-loaded gel, MRTo.o and half-life were 19.52 days and 12.29 days, respectively.
The longer mean residence time and half-life of the nanoparticle-loaded gel suggested a steady
release of the drug from the depot. This prolonged release could be attributed to the dual
retardation mechanism of the formulation, where the matrix of the nanospheres acts as the
primary barrier for protracted drug release. Additionally, the gel matrix of the formulation

serves as a secondary barrier, further slowing down the release of the drug. This results in a
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non-fluctuated plasma drug concentration, leading to an extended drug residence time in the

body.

Fig. 5.8 Plasma concentration vs. time profile of the L.A. drug loaded implant and the L.A. nanoparticles loaded
implant following their subcutaneous delivery in S.D. rats

5.4 Conclusion

The long-acting gel formulation presents a promising strategy to enhance the in vivo residence
time of the drug. Our approach involves a formulation that avoids complex preparation steps,
making it more straightforward. Additionally, the components utilized in its preparation are
biodegradable and known to be safe. The viscosity of the formulation is adaptable, allowing
customization by adjusting the concentration of the hydrophilic excipient, albumin.
Importantly, the pharmacokinetic study demonstrated the capability of the formulation for
sustained drug release, and the nanoformulation-loaded gel further enhanced the release
kinetics. Our findings underscore the potential of a cost-effective preparation method with a
simple process, making it a viable technology for a long-acting injectable formulation. This

approach holds promise for improving patient compliance and therapeutic outcome.
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Chapter 6: Summary and conclusion

Malaria is an infectious disease caused by the parasite Plasmodium and is transmitted by the
bite of female Anopheles mosquito vector. The disease is prevalent in Africa and Asia where
in 2018, 93% of the total cases of malaria were from Africa whereas, 3.4% of the cases were
from WHO South-East Asia Region. Due to the absence of any anti-malarial vaccine, the
treatment burden lies on the available chemotherapeutic agents. The treatment regimen for
malaria relies on the type of infection. For instance, in case of P. falciparum infection, the
treatment is focused on the elimination of the erythrocytic stage of the parasite. In such case,
chloroquine is generally preferred. However, nowadays, various strains of Plasmodium have
reportedly been resistant to chloroquine. In such instances Coartem® oral therapy (artemether
ad lumefantrine) is recommended and is the primary choice for the treatment of P. falciparum.
In case of severe infections, intravenous artesunate is often administered until the patient is
conscious to continue with the for oral therapy. On the other hand, in case of P. vivax infection,
for the elimination of the erythrocytic stage of the parasite, chloroquine is recommended.
However, in order to treat the hepatic stage of the parasite, primaquine therapy is
recommended. Primaquine is amongst the only available drug which is able to treat the
hypnozoite stage of the parasite. However, these available drugs have their own limitations. In
case of Coartem®, for adult patients weighing 35 kg or more are advised a 3-day treatment plan
comprising 6 doses: Four tablets initially, followed by another 4 tablets after 8 hours, and then
4 tablets twice daily (morning and evening) over the subsequent 2 days, totaling 24 tablets for
the entire course. Whereas, primaquine should be taken preemptively, starting one or two days
before visiting a region prone to the disease, continued daily during the stay, and extended for
seven days upon returning to the home country. For preventive measures against relapse,
primaquine is administered for 14-day following departure from an endemic area. In both the
cases, the therapy involves a long duration and high pill burden which often leads to poor
adherence to the therapy. Additionally, primaquine is also associated with dose dependent side
effects. Therefore, the therapy unequivocally necessitates interventions involving formulations
that require less frequent dosing and exhibit reduced toxicity.

In this dissertation, we initially studied about effect of particle shape on the efficacy of the
formulation. We prepared artemether loaded PLGA nanospheres using nanoprecitation. These
nanospheres were immobilized in a hydrophilic film and stretched to alter their shape using an
in-house prepared film stretching assembly. The stretched particles were retrieved and

characterized for their shape using scanning electron microscopy on the basis of shape
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descriptors like major and minor axis of the nanorods, major and minor Feret’s diameter of the
nanorods and the aspect ratio. The effect of film thickness, hydrophobicity of polymer, extent
of stretching, method of liquification on the final shape of nanorods were studied.
Subsequently, an analytical and a bioanalytical method for the quantification of artemether was
developed using RP-HPLC and LC-MS-MS. In the release study, the nanorods were fond to
release the drug in more sustained manner as compared to the nanospheres. The nanospheres
and the nanorods both were found to be hemocompatible and non-cytotoxic. The erythrocyte
interaction study showed that the nanorods are capable to interact with the erythrocytes due to
their greater contact angle and surface area. Following intravenous administration in rats,
artemether nanorods demonstrated increased plasma concentration and reduced elimination
rate compared to nanospheres. Biodistribution studies in BALB/c mice revealed higher liver
concentration of DiR-loaded nanospheres than DiR-loaded nanorods at 30 minutes post
intravenous administration. /n vifro schizont inhibition studies indicated concentration-
dependent parasitic inhibition by both nanorods and nanospheres. Nanorods displayed superior
effectiveness at lower concentrations (2ppm), whereas nanospheres showed higher
effectiveness at higher concentrations. Additionally, nanorods exhibited heightened
chemosuppression on day 5 and day 7 compared to nanospheres and free artemether using the
Plasmodium berghei mouse model. Treatment with artemether nanoformulations also
increased the survival rate of P. berghei infected mice compared to free artemether.
Primaquine diphosphate being a hydrophilic drug was difficult to load on a nanocarrier. Hence,
a hydrophobic prodrug of primaquine (PQ-PAL) was prepared using palmitic acid. The
synthesized prodrug was confirmed using 'H NMR, '*C NMR and HRMS. PQ-PAL loaded
PLGA nanospheres were prepared and characterized using emulsion solvent evaporation
technique. PQ-PAL loaded nanospheres were immobilized in a PVA film and stretched in
warm oil. The obtained nanorods were characterized using SEM. The in vitro release study
revealed that the nanorods had significantly sustained release of the drug than the nanospheres.
Whereas, both the nanoformulation were found to be non-hemolytic. Finally, in the
pharmacokinetic study, it was observed that the nanorods released drug slowly as compared to
the nanospheres whereas, they had a higher residence time and half-life as compared to the
nanospheres.

PQ-PAL loaded long-acting biodegradable gel formulation was prepared with an intent to serve
as a prophylactic parenteral formulation. It involved preparation of 2 compositions, one

consisting of albumin dissolved in water whereas another consisting of ethanol. The mixing of
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the compositions would result into formation of the gel. In case of preparation of drug loaded
gel, the drug had to be dissolved in the organic phase and mixed further. Whereas, in case for
the preparation of nanoparticle loaded gel, the nanoparticles were dispersed in the aqueous
phase before mixing of the compositions. Various trials were conducted in order to optimize
the quantities of formulation components which led to the formation of gel in desired time.
Further, the effect of gel composition on its viscosity and shear stress was monitored. It was
followed by an in vitro release study in which the gel presented a sustained drug release. Finally
in the pharmacokinetic study, the drug loaded long-acting gel formulation showed an initial
burst release followed by sustained drug release upto 56days, whereas in case of nanoparticles
loaded long-acting gel formulation, the formulation showed a protracted drug release with
lower Cmax and higher mean residence time than the free drug loaded long-acting formulation.
Hence, the ability of the biodegradable gel of being a long-acting implant capable of sustaining
the drug release was evaluated.

This research primarily addresses the key challenges posed by existing antimalarial treatments.
Polymeric nanoformulations, in particular, have exhibited heightened drug concentrations over
an extended duration, possibly reducing the necessary dosing frequency for complete parasite
elimination and mitigating dose-related adverse effects. The three formulations developed were
identified as non-toxic and proficient in maintaining drug release within the body, highlighting

their potential as promising antimalarial formulations.
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