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ABSTRACT

Colonization of the erythrocytic stages of Plasmodium falciparum has become a challenging aspect in every drug delivery system because it is
responsible for each clinical manifestation and life-threatening complication in malaria. With the emergence of resistance in malarial parasites in
the recent past, developing a vaccine against malaria is still a long-drawn-out affair. However, recent reports of the recombinant protein-based
vaccine against malaria vaccine from Glaxo Smith Kline have initiated a new ray of hope. In such a scenario, the onus of developing a reliable drug
against the disease remains the mainstay in fighting against malaria. This review delves into the various attempts carried out by researchers in the
past to develop a drug against the erythrocytic stages of the malaria parasite and throws light on a very recent outcome that provides targeted
delivery of the drug to the infected erythrocyte using a nanotechnology-based approach. Considering the eventful journey in the beginning, it was
the discovery of chloroquine that created an epoch in the treatment of malaria. Due to its low cost and high efficacy, it became the most widely used
antimalarial. Until the 1960s, Chloroquine (CQ) was the best solution against malaria, but the scenario changed in the 1970s due to widespread
clinical resistance in Plasmodium falciparum and Plasmodium vivax in various parts of the world. This, in turn, led to the development of novel drug
delivery systems using liposomes and Solid Lipid Nanoparticles (SLN) for more effective and site-specific delivery of chloroquine to the infected
erythrocytes. Such attempts led to a later use of the nanotechnology-based approach which included the use of nanospheres and nanoparticulate

drug carriers.
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INTRODUCTION

Malaria is a serious and sometimes fatal disease caused by a parasite
that commonly infects a certain type of mosquito that feeds on
humans. People who get malaria are typically very sick with high
fevers, shaking chills, and flu-like illness [1]. Although a variety of
antimalarial drugs are available for treatment, public health
emergencies regarding malaria are increasing due to the spread of
specific types of malaria parasites that are resistant to these drugs.
In part because of the moderate to high costs of these drugs and the
often uncontrolled counterfeit antimalarial market, most people in
malaria-endemic countries have no immediate access to affordable,
effective antimalarial therapy [2]. Also, the prevention of malaria
with chemoprophylactic drugs is often not successful and is
accompanied by many problems. Lastly, large-scale efforts for
eradicating malaria through vector control strategies have met with
little success and are not feasible against the persistence of the
disease in many parts of the world today. Malaria is a disease that is
both preventable and curable. However, it remains a serious public
health problem in many countries. Malaria presents a risk for 3.2
billion people globally and caused 576,000 deaths in 2015 [3]. The
following malaria data for 2022 were highlighted in the World
Malaria Report 2023. In 2022, there were around 249 million
malaria cases worldwide, an increase of 5 million over 2021. An
anticipated 608,000 people will die from malaria worldwide in
2022, an almost 6% rise from 2019. In 2022, the African continent
bore the brunt of the malaria load, accounting for 94% of global
cases and 95% of malaria-related deaths, with children under the
age of five accounting for approximately 78% of these deaths [4].
Around 1.27 billion people on the African continent were
susceptible to malaria infection, with 186 cases and 47 fatalities per
100,000 people. Africa has seen a 7.6% decrease in malaria
incidence and mortality since 2015 [5]. The disease is caused by
parasites of the Plasmodium species and is transmitted to humans
through the bites of infected mosquitoes. Most deaths are caused by
Plasmodium Falciparum, which is the most prevalent and the most
fatal malaria parasite in Africa. 90% of all malaria deaths occur in
sub-Saharan Africa. Other high-risk groups include pregnant women
and children less than 5 years of age [6]. In non-endemic countries,

imported cases of malaria occur frequently due to human migration
and travel. Malaria can be fatal if not treated promptly with an
effective antimalarial medicine. However, an accurate diagnosis and
appropriate treatment of malaria, particularly Plasmodium
falciparum infection, is complex [7]. This is because the clinical
symptoms of malaria are nonspecific and can be mistaken for other
febrile illnesses and access to healthcare and effective antimalarial
treatment is poor in many endemic regions. This all leads to
increased drug pressure and resistance of the parasites to
antimalarial medicines, making malaria control significantly more
difficult and furthering the burden of the disease [8]. Due to these
factors, malaria is a continual threat to the developing world and can
have a significant impact on economic development. Malaria viruses
are spread by Anopheles mosquitoes. The mosquito bites are used as
host to mature the parasites in the mosquito's stomach [9]. These
parasites then travel to the salivary glands of mosquitoes, and the
cycle is repeated during the next mosquito bite. Various research
have been conducted previously that undoubtedly attests to
numerous therapeutics used in treating malaria. From 1990 to 2024
there have been more than 988 reviews and research articles in the
PubMed database indicating their significant significance. The
systemic review inclusion of 222 studies indicated the therapeutic
advantages in the treatment of malaria.

Epidemiology

The epidemiology of malaria is tightly related to transmission
intensity, acquired immunity, and clinical symptoms. Malaria is
caused by Plasmodium parasites, which are spread through the bite
of infected female Anopheles mosquitoes [10]. Immunity is highest
in locations with intense transmission, with children under the age
of five being the most vulnerable group, particularly in Africa, where
the majority of malaria-related deaths occur. Displaced populations
from low-transmission areas are more vulnerable due to a lack of
acquired immunity, needing extensive intervention measures to
prevent morbidity and mortality. Plasmodium parasites, which are
spread by Anopheles mosquitoes carrying the infection, cause
malaria. Plasmodium falciparum is the deadliest of the four primary
species that infect people, along with Plasmodium vivax,
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Plasmodium ovale, and Plasmodium malaria [11]. Around the
equator, malaria is endemic throughout a large area, mostly in
tropical and subtropical parts of Africa, Asia, and Latin America.
Globally, there were predicted to be 247 million cases of malaria in
2021, with 619,000 fatalities from the disease; 94% of cases and
deaths were in the African region as per the reports from the World
Health Organization (WHO). Each region has a different level of
malaria transmission; some have high, moderate, or low
transmission [12]. The spleen rate, yearly parasite incidence, and
entomologic inoculation rate are examples of epidemiologic metrics.
Since malaria immunity is developed via repeated exposure, young
children under the age of five in high-transmission regions have the
greatest fatality rates. As the rate of transmission declines, more
people of all ages fall sick, and cerebral malaria becomes more
prevalent than severe anemia [13]. Due to a lack of immunity,
displaced persons migrating from low-to-high-transmission zones
are most vulnerable to serious illness. Chronic impacts of malaria
can include anemia and unfavorable pregnancy outcomes [14]. The
genetic variety of Plasmodium species, climatic change, and
interruptions to prevention and control efforts, as shown during the
coronavirus disease 2019 pandemic are the factors that affect the
epidemiology of malaria. To address the changing global malaria
load, ongoing surveillance, research into parasite resistance, and
coordinated control techniques are crucial.

Etiology

Malaria is caused by the complex lifecycle of Plasmodium parasites,
which results in typical cyclical fevers and varied incubation times
among species. Malaria can cause symptoms ranging from moderate
to severe, including paroxysmal fever, anemia, and potentially fatal
consequences such as cerebral malaria and multi-organ failure [15].
The female Anopheles mosquito, which requires a blood meal to
produce eggs, is the vector of human malaria, with distinct species
preferences and behaviors determining transmission dynamics. The
illness's etiology also includes aspects such as the genetic variety of
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Plasmodium species, the evolution of drug-resistant strains, and the
effects of climate change on disease distribution, emphasizing the
need for complete understanding and effective control techniques
[16]. Plasmodium is the genus of single-celled parasites that cause
malaria. Human infections are most frequently caused by
plasmodium falciparum, plasmodium vivax, plasmodium ovale, and
plasmodium malariae. The way these parasites infect people is by
biting by a female Anopheles mosquito carrying the infection. The
parasites enter the circulation from an infected mosquito bite and go
to the liver where they develop. The adult parasites re-enter the
systemic circulation and infect Red Blood Cells (RBC) after a few
days [17]. The parasites grow quickly inside the RBC, rupturing the
infected cells. Depending on the species, this cycle continues with
the parasites infecting new RBC every 48 to 72 h. Certain
Plasmodium species, including Plasmodium vivax and Plasmodium
ovale can lie dormant in the liver for months or even years before
springing back to life and inducing another illness relapse [18].
Additionally, organ transplants, blood transfusions, and mother-to-
child transmission during pregnancy and childbirth can all result in
malaria transmission. Depending on the variety of Plasmodium
involved, malaria can vary in severity. The deadliest strain
Plasmodium falciparum, can result in serious side effects such as
organ failure, respiratory distress, and brain malaria. Generally, the
sickness is caused by other species such as Plasmodium vivax and
Plasmodium ovale in lesser forms [19].

Life-cycle of malaria

Malaria's life cycle (fig. 1) begins when a female Anopheles mosquito
carrying Plasmodium parasites bites a human host. During its blood
meal, the mosquito injects sporozoites into the bloodstream. These
sporozoites travel to the liver, where they infect hepatocytes and
undergo replication, resulting in thousands of merozoites. Once
mature, the merozoites enter the bloodstream and begin the
symptomatic phase of malaria. Merozoites multiply rapidly within
RBC, causing the cells to rupture and release additional parasites [20].
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Fig. 1: Life cycle of malaria [20]

This cycle of invasion, replication, and rupture causes malaria's
characteristic symptoms, such as fever, chills, and anemia. Some
merozoites mature into sexual forms known as gametocytes, which
can be consumed by another mosquito during a blood meal,
completing the cycle [21].

Challenges in malaria treatment

Cluster and shady environments such as pools, lagoons, slow-
moving streams, or rice fields are the most common places where
mosquitoes live. These types of mosquitoes are very vicious because
they tend to bite humans during the night. Humans are attracted to
these places because they are looking for places to perform various
activities, like setting up a new village or moving to open a new
estate for their livelihood. During the opening activities of the new

village or estate, the shelter is a temporary wooden house that can
be used for a certain period before they decide to make it permanent
[22]. A lot of people's density is one of the reasons this layout phase
is too inviting for mosquitoes. Malaria itself is a disease that thrives
among the poor. The general pattern is that poor livelihood usually
means a conducive environment for malaria. This is because of the
development of the area where they live and the malaria parasites
share the same characteristic of temporary residence [23]. In today's
situation, the movement of humans and the rising increase of global
tourist employees, apart from the various levels of societies that live
or work in undeveloped areas, are potential vectors for malaria
transmission. The protective immunity to symptomatic malaria is
acquired slowly over several years and may be lost after leaving an
endemic area [24]. This also applies to people residing in
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undeveloped areas. Lack of immunity to malaria symptoms in
general non-immune persons may increase the chance of getting
severe disease and can lead to death. This is due to a mistaken
perception that malaria is a disease that only affects people at a
certain level of society and that protection from severe diseases and
death has never been a main priority of malaria control and
treatment, especially for the poor. Nowadays, antimalarial drugs are
not only taken for malaria treatment but also for prevention from
getting malaria during their journey, especially for global tourist
employees, and may be taken for a long time for people in the high-
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risk group to avoid severe diseases. This situation indicates that the
drug is not only used under malaria diagnosis and the cost may be
expensive for some prevention methods [25].

Traditional drug delivery methods for the treatment of malaria

The traditional methods for drug delivery include oral
administration, intramuscular injection, and intravenous injection
(table 1). For intramuscular injection, the surface area of the
injection and the state of the blood circulation are too varied to
provide a clear and predictable pathway for the drug to follow [26].

Table 1: Drugs traditionally available for the treatment of malaria

Drug Route of Type of Applications References
administration dosage form
Arteether/Lumefantrine Oral Tablet Uncomplicated plasmodium falciparum malaria [27-29]
Artesunate Parenteral Injection Severe malaria [30,31]
Atovaquone Oral Tablet Malaria prophylaxis [32,33]
Atovaquone/proguanil Oral Tablet Malaria prophylaxis, uncomplicated malaria [34]
Chloroquine Oral Tablet Plasmodium vivax, Plasmodium malaria, Plasmodium ovale [35]
malaria

Hydroxy chloroquine sulfate ~ Oral Tablet Malaria prophylaxis, treatment of malaria [36]
Primaquine Oral Tablet Radical cure of Plasmodium vivax, Plasmodium ovale malaria. [37]
Pyrimethamine sulfadoxine Oral Tablet Radical cure of Plasmodium vivax, Plasmodium ovale malaria [38]
Quinine Oral, parenteral Tablet Severe malaria, uncomplicated malaria [39,40]
Pyrimethamine Oral Tablet Malaria prophylaxis, treatment of malaria [41]
Tafenoquine Oral Tablet Radical cure of Plasmodium vivax. [42]

This results in inconsistent drug absorption and can lead to
ineffective treatment. Intravenous injection has a more reliable drug
administration mechanism. Despite increased access to blood
circulation, however, where the malaria parasite resides, the drugs
need to pass through numerous metabolic and physical barriers
which still leave the efficacy of treatment questionable. In both
cases, the traditional delivery methods offer no targeting of the drug
to the infected cells and as a result, show partially effective methods
of treatment. This often results in the need for large doses of drug,
which can lead to toxicity, especially in the case of intravenous
injection, where access to the bloodstream can result in high drug
levels in the blood. Oral administration is the simplest method of
drug delivery and is still the most commonly used today. Usually,
tablets or capsules are administered incorporating the drug into a
binding agent which will dissolve when it reaches the stomach [43].

Oral administration

Oral administration is the most used route for the delivery of drugs.
Its popularity stems from its ease, convenience, and patient
compliance, and its capacity for controlled dosing and good
distribution characteristics make it an attractive route for drug
administration. The digestive system and liver can act as a site for
drug metabolism [44]. Though this may render some drugs inactive,
others are altered into more therapeutically active forms. Thus, oral
administration is a favorable option for drug delivery to the liver
using antimalarial agents to treat liver-stage malaria. Oral drug
delivery aims to release the drug at a specific site in the body and
release the drug in a controlled manner to ensure maximum efficacy
in treatment with minimum dosage. This can be accomplished using
specific targeting and timed release of drugs. Based on drug
properties and form, drugs can be targeted to release in the stomach,
lymph, or liver. The high biological availability of drugs in the
stomach may be ideal for toxic drugs to Kkill parasites in
erythrocytes; however, it may cause stomach irritation and
inflammation. Drugs targeted to release in Kupffer cells can target
parasites in Kupffer cells and prevent hepatic schizogony [45].
Malaria infection is caused by the inoculation of sporozoites into the
dermis, while female Anopheles mosquitoes ingest blood from
human beings. The sporozoites are carried by the blood to the liver,
where they invade hepatocytes. After undergoing one or more
multiplication cycles, each resulting in the release of hundreds or
thousands of merozoites, the infected hepatocytes rupture and
release the merozoites into the blood. The merozoites then invade
RBC where they develop and eventually multiply, resulting in

generating more merozoites, which cause malaria-associated
morbidity. The blood-stage parasites are responsible for the clinical
manifestations of the disease. The objective of treatment is to
prevent and cure the disease and stop transmission. Current
shortcomings of drugs include drug resistance, limited effectiveness
in gametocyte and liver stages, high toxicity, low patient compliance,
and prevention of post-treatment mosquitoes. Many antimalarial
drugs have been developed; however, only a minority have been
developed specifically for treating malaria. This minority of drugs,
specifically antimalarial agents, can be delivered using targeted drug
delivery systems, unwrapping the potential of these drugs [46].

Intravenous injection

Traditional methods of drug delivery are currently the most
prevalent form of treatment for malaria. These methods are
dangerous and difficult to use but can also carry substantial risks to
the patient's health and recovery. In severe cases of malaria,
intravenous administration has been the preferred option for
treatment [47]. This method increases the bioavailability of the drug
and is effective when treating severe cases. It can be difficult to use
in field situations or for widespread treatment. Intravenous
treatment requires healthcare personnel to be available for multiple
doses over 24-48 h, making it difficult for patients in remote or rural
areas to access treatment. This form of treatment is also risky as the
wrong administration of a drug can cause severe systemic toxicity or
even death to the patient. These risks and difficulties associated with
traditional drug delivery for malaria are the driving factors behind
the development of novel drug delivery systems [48].

Intramuscular injection

The second most common mode of drug administration is via
intramuscular injection. It is often used for drugs that cannot be
digested as in oral administration or when a more localized effect is
desired that cannot be obtained through intravenous administration.
The injection is a bolus dose that slowly gets absorbed at the
injection site. Since blood flow in muscle tissue is lower than that in
veins, absorption of the drug may be delayed. However, the
bioavailability of intramuscular administration is complete and
there is no risk of immediate alteration of the drug by the body [49].
The slow absorption and sustained release of the drug from muscle
tissue can be useful in treating malaria. Drugs like quinacrine, which
is no longer used in the Western world, have a high solubility in
lipids and would remain in fatty tissue for several weeks. Other
drugs that can crystallize and cause irritation at the injection site are
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less suited for this method of delivery. High levels of blood flow are
also required as in the case of artesunate and artemether which are
less suited for intramuscular injection. Overall, this mode of delivery
is not specially tailored for treating malaria and has not been studied
extensively for this disease [50].

Combination therapies and drug delivery

Antimalarial combination therapy has a potential role in fulfilling the
postulated requirement. Its successful application and subsequent
resistance management can provide a superior solution to the
current situation and change the expected course of antimalarial
drug resistance. In theory, antimalarial drug resistance can be
managed by changing the drug pressure equation in favor of host
immunity. Resistance is an inevitable outcome of the repeated use of
any antimalarial monotherapy. Its emergence and rate of
subsequent spread are determined by the duration of post-
treatment prophylaxis and the force of infection [51]. It has a
devastating impact on malaria morbidity and mortality, increasing
both outcomes more than the original disease burden. The last half-
century has seen the rapid spread of antimalarial drug resistance.
This process was initiated with CQ resistance on the Thailand-
Cambodia border in the late 1950s. CQ use had a massive impact on
reducing malaria burdens in many parts of the world, but resistance
substantially increased disease burdens compared to pre-CQ levels.
Subsequent uses of antifolate drugs (sulphadoxine-pyrimethamine),
4-aminoquinolines (amodiaquine, chloroquine, and mefloquine),
and more latterly atovaquone have seen similar substantial
increases in malaria morbidity and mortality in areas of their use.

Targeted Drug Delivery
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Between 1989 and 2003, resistance to insider reduced child survival
in sub-Saharan Africa by 1-6% in areas of drug use. The overall
multiplicative effect of antimalarial drug resistance is an increase in
all-cause childhood mortality [52].

Novel drug delivery approaches

Targeted drug delivery (fig. 2) of the anti-malarial drugs using site-
specific drug delivery systems is one of the major advantages of the
drug delivery system-based approaches to improving the efficacy of
prophylaxis and the treatment of malaria. The most ambitious aim of
treatment or prevention of the disease is complete eradication of the
parasite in the body and prevention of re-infection. To achieve this
goal, effective killing of the parasite without damage to the host should
be carried out [53]. Antimalarial drugs act mainly on the infected RBC;
free or hemozoin-bound drugs are at best only partially effective and
at worst, toxic to the host. Thus, the drug must be actively or passively
targeted to infect RBC. Christoph and his colleagues developed a novel
in vivo targeting system based on the high affinity of infected RBC for
endothelial receptors. This was achieved by administration of drug-
loaded carrier erythrocytes which bound to the site of infection and
released the drug, resulting in specific and highly effective therapy in
animal models. Advance in this type of strategy was the development
of carrier RBC which were infected in vitro with Plasmodium and thus
acquired high affinity for infected RBC. Although this approach had
outstanding potential it was not pursued, presumably due to safety
concerns and the fact that it would not be relevant to human
infections. An alternative method of RBC drug targeting is binding of
the drug to RBC ghosts, which are then re-infused into the patient.

Liposomes As Drug
Carriers

Novel Drug Delivery Approaches

Nanoparticles in Malaria
Treatment

Microneedles for
Transdermal Delivery

Fig. 2: Novel drug delivery approaches in malaria [54, 55]

This would also be an effective system albeit costly. A summary and
appraisal of the various methods of RBC drug targeting are available,
including an exhaustive review of the first-generation targeted
antimalarial drugs. Carriers for targeted drug delivery for treating
severe disease are another attractive option, although the potential
for adverse effects on the parasite and not the host in this case, will
necessitate special precautions [56].

Targeted drug delivery

Targeted drug delivery is a cutting-edge strategy in innovative
medication delivery that seeks to deliver pharmacologically active
substances to a particular target place within the body. Reducing
medications adverse effects and improving treatment are the main
goals of targeted delivery systems. Passive targeting and active
targeting are the two basic approaches for targeted medication
delivery. Drug-loaded nanoparticles are passively accumulated in
the tumor via increased permeability, retention, and other special
physiological properties of the drug delivery system. As a result,
concentration of the medicine at the tumor location is better than in
healthy tissues. Targeting ligands, such as antibodies, peptides, or
small molecules can attach to over-expressed receptors on target
and are used to functionalize the drug carrier in active targeting.
This makes it possible for the medication payload to be delivered to
the targeted target more precisely. The medication's effectiveness
and selectivity may be further improved by active targeting. The
creation of several nano-carrier systems, such as liposomes,
polymeric nanoparticles, and inorganic nanoparticles for targeted
medication administration, has been made possible by
advancements in nanotechnology. It is possible to design these

nanocarriers to enhance the pharmacokinetics, biodistribution, and
intracellular absorption of medications [57]. By carefully delivering
lethal medications to cancerous growths with the least amount of
damage to healthy tissues targeted drug delivery has demonstrated
the potential to enhance therapy. Overcoming biological obstacles,
increasing penetration, and optimizing carrier design are ongoing
difficulties. The combined use of passive and active targeting
techniques can improve treatment efficacy in a complementary
manner. Tailored drug delivery is an effective strategy for new
medication delivery, which makes use of the distinct biology of
disease and nanotechnology to enhance the efficacy and selectivity
of pharmacotherapy [58].

Nanoparticles in malaria treatment

The nanoparticles have become a viable new medication delivery
method in the treatment of malaria. Plasmodium parasites produce
malaria a difficult illness with limited treatment options due to
issues with medication resistance, low bioavailability, short half-
lives, and non-specific targeting. By strengthening targeted delivery,
lowering side effects, and boosting pharmacokinetic profile,
nanostructured drug delivery devices can assist in overcoming these
constraints [59]. Using both passive and active targeting techniques,
nanoparticles may be designed to specifically target the malaria
parasite's home, the infected RBC. The increased permeability and
retention effect allows nanoparticles to collect preferentially in the
tumor-like vasculature of infected tissues and provides the basis for
passive targeting. To facilitate more targeted distribution of the
antimalarial drug payload, active targeting entails functionalizing
the nanoparticle surface with ligands that can bind to receptors
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over-expressed on infected RBC. Many nano-carrier systems have
been studied for the treatment of malaria, including liposomes,
polymeric nanoparticles, and inorganic nanoparticles. By
encapsulating antimalarial medications, these nanocarriers can
increase the medicine’s solubility, stability, and control in improving
therapeutic efficacy and lowering toxicity. The promise of
nanotechnology to overcome the drawbacks of traditional malaria
treatments has been shown by ongoing research in this area. To
reach their full potential in treating this worldwide health burden,
these nano-based drug delivery technologies still require research
and clinical translation [60].

Microneedles for transdermal delivery

A potential method for new medication delivery intended for
transdermal administration is use of microneedles. Microneedles are
tiny needles that can pierce the stratum corneum, the skin's
outermost layer, to allow for less invasive transdermal medication
administration. The transdermal medication delivery method with
microneedles has several significant benefits. First off, in contrast to
conventional transdermal patches, microneedles can temporarily
generate microchannels in the skin, which facilitates medication
penetration through the skin barrier. Because microneedles may
penetrate via the stratum corneum, the primary barrier to skin
penetration results in better medication administration and
increased bioavailability. Furthermore, compared to hypodermic
needles, microneedles are tiny enough to be inserted into the skin
without generating a great deal of discomfort, which improves
patient compliance. Additionally, microneedles are a versatile
platform for innovative drug delivery techniques because they may
be constructed in various shapes, such as solid, coated, dissolving,
and hollow to fit diverse drug compositions and delivery needs.
Transdermal administration using microneedles has been
investigated for a variety of medications, including vaccines, small
compounds, peptides, proteins, and even nanoparticles. The goal of
ongoing research is to further improve drug delivery efficiency,
stability, and patient acceptance by refining microneedles design,
materials, and production. Research on microneedles-based
transdermal drug delivery systems is ongoing and several
candidates have advanced through clinical trials. Microneedles are a
clever and extremely promising new drug delivery method that
might enhance transdermal administration [61].

Nanocarriers for the treatment of malaria

The pharmacokinetic profile of beneficial medications that have not
been widely used in pharmacotherapy because of their high toxicity,
low bioavailability, and poor water solubility can be improved using
nanocarriers. Nanocarriers have been suggested for the diagnosis
and treatment of malaria as well as the creation of vaccines. It's also
possible that using inefficient pharmaceutical doses of antimalarials
drug could contributes resistance in malaria parasites. Because
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nanotechnology systems can precisely target medications to their
site of action, they may provide a better therapeutic effect. Due to
the administration of low medication concentrations in the presence
of a high parasitic load, malaria parasites frequently acquire
treatment resistance. Furthermore, by altering their biodistribution
and lowering toxicity, nanotechnology may revive the usage of
outdated and harmful medications. This benefit is especially
significant for the treatment of malaria because, especially for the
antimalarial used in clinical settings, there is a need to find novel
dosage forms that can effectively deliver medications to parasite-
infected cells [62]. In addition to enabling the use of harmful
antimalarial drugs, nanocarriers may improve vaccine formulation
ability to elicit an immunological response. The goal of this review is
to clarify some biological elements of malaria and connect them to
nanotechnology as a potentially effective therapy approach. Taking
into consideration the unique characteristics of malaria parasites,
several methods for delivering antimalarial drugs as well as the
processes that enable their targeted administration to Plasmodium-
infected cells will be highlighted. In particular, the focus will be on
polymeric-based nanosystems (fig. 3), like nanocapsules and
nanospheres for the treatment of malaria, as well as lipid-based
nanocarriers, like liposomes, SLN, nanoemulsions, and
microemulsions. These nanocarriers are spherical vesicles made of
phospholipid bilayers and are viable carriers for innovative drug
delivery strategies since they can successfully encapsulate
hydrophilic and hydrophobic medicines. This nanocarrier shape
enables them to dissolve in water in their aqueous core and dissolve
in fat in their phospholipid bilayer. As medication delivery systems,
nanocarriers have several benefits. By altering drug absorption,
lowering metabolism, and directing the medication to the site of
action, they can raise the therapeutic index of pharmaceuticals.
Because of their different biodistribution, liposomal formulations of
pharmaceuticals are more effective in treating patients in preclinical
models and people than traditional formulations [63]. These
nanocarriers have less toxicity and adverse consequences since their
composition is made up of lipids that are non-immunogenic,
biodegradable, and inert to biology. Targeting ligands may be easily
included on the liposome surface to enable active targeting to
certain locations. Nanocarriers have less toxicity and adverse
consequences since their composition is made up of lipids that are
non-immunogenic, biodegradable, and inert to biology. Targeting
ligands may be easily included on the carrier’s surface to enable
active targeting to certain locations. The preparation process affects
the entrapment efficiency of medicines in nanocarriers. For the
transport of a broad variety of physiologically active substances,
including tiny molecules, proteins, peptides, and nucleic acids,
liposomes have been thoroughly studied. Their potential has been
demonstrated in several therapeutic applications, including
administration of antibiotics and antifungal drugs, gene therapy, and
cancer treatment.

Solid Lipid Nanoparticles

Fig. 3: Nanocarriers for the treatment of malaria [64, 65]
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Despite the benefits, there are still some obstacles to be overcome in
the development of nano-carrier drug delivery systems, including
enhancing stability, raising drug loading, and getting through
biological barriers to enable targeted delivery. Research is still being
done to overcome these obstacles and maximize liposomes'
potential as sophisticated and adaptable nanocarriers for cutting-
edge drug delivery strategies. Recent studies on nanotechnology in
malaria treatment. Over time, there have been more and more
papers on nanoparticles to cure malaria. One search on the National
Library of Medicine databases is only one article between 1990 and
2000 and eight between 2001 and 2010. This article analyzes 103
papers in total that discuss the use of nanoparticles in the treatment
of malaria. Each year, they are broken into the following numbers: 5
articles in 2017, 9 articles in 2018, 13 articles in 2019, 24 articles in
2020, and 21 articles in 2021. There will be a substantial increase in
the number of papers in 2022 that discuss research on the use of
nanoparticles to treat malaria. 31 publications on this topic may be
consulted in 2022. Numerous researches focused on the use of
nanotechnology in treating malaria from 2019 to 2022 confirmed
encouraging findings indicating the potential of nanosystems. On the
other hand, there are surprisingly few documented active
medication delivery-based clinical studies for the treatment of
malaria. Over the past ten years, dendrimers have attracted
attention for a variety of biological uses including the transport of
drugs, genes as well as agents for diagnostic imaging [66]. Preclinical
research in treating malaria with nanotechnology in the intra-
erythrocytic stage of Plasmodium falciparum in both phases of
parasite growth (asexual and sexual) for example, small gold
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nanoparticles based on glucose or nano gold clusters were produced
without nonspecific connections or destruction of RBC. The
antibacterial impact of ciprofloxacin loaded into glucose or nano
gold clusters were 50% more than that of the drug alone, indicating
its potential for use in medicine. In Plasmodium falciparum cultures,
silver nanoparticles formed from Artemisia leaf extract showed
strong antimalarial efficacy. In an experimental malaria model, silver
nanoparticles from salvia officinalis leaf extract showed
hepatoprotective and antiplasma actions, lowering parasitemia and
liver oxidative stress indicators. To overcome issues in the
treatment of malaria, such as the severity of the disease, the critical
studies based on nanotechnology are being conducted. These studies
are primarily concerned with reducing drug toxicity, stopping
Plasmodium sp. transmission, increasing drug efficacy, and
preventing multidrug resistance [67].

New drugs in clinical and preclinical development

Antimalarial medicines in clinical and preclinical development
under development globally are analyzed in the WHO study from
2021. For the first time, antimalarial medication candidates in
clinical development including biological agents and unconventional
therapies-are evaluated in the clinical pipeline review. The
preclinical development of vaccines, biological agents, direct-acting
small compounds, and non-traditional medications is the main
emphasis of the preclinical pipeline section. However, the preclinical
pipeline reveals an unstable environment with significant turnover,
protracted timelines, and difficult benchmarks before possibly
entering the market [68, 69].

Table 2: Drugs in clinical and pre-clinical development

Name of drug Mechanism of action Safety Efficacy Development References
stage
Artemisinin and Inhibition of parasite calcium Generally well-tolerated; Highly effective against Approved [70,71]
derivatives ATPase concerns about resistance Plasmodium falciparum;
rapid reduction in
parasitemia
Lumefantrine Inhibition of beta-haematin Generally safe; common side  Highly effective when Approved [72]
formation effects include headache combined with
Artemether
Atovaquone/ Disruption of mitochondrial Mild side effects like nausea; High efficacy against Approved [73]
Proguanil electron transport (Atovaquone) liver toxicity rare Plasmodium falciparum
and folate synthesis (Proguanil)
Fosmidomycin Inhibits isoprenoid biosynthesis Generally well tolerated; few  Shows promise in multi- Clinical Phase II [74]
side effects drug resistant malaria
KAF156 Acts on the apicoplast, inhibiting Not fully established; Promising efficacy in Clinical Phase II [75]
(Lumefantrine protein synthesis ongoing studies on safety early trials
analog)
P218 Targets the Plasmodium Safety profile under Promising early results Preclinical [76]
falciparum 4-quinolones resistance  investigation against resistant strains
transporter
Tafenoquine Inhibition of parasite development Risk of hemolysis in G6PD- Effective in preventing Approved [77]
and replication deficient patients relapse of Plasmodium
vivax
Dihydroartemisinin-  Similar to Artemisinin, with Generally well tolerated; High cure rates; effective ~ Approved [78]
Piperaquine (DHP) prolonged action of Piperaquine some GI disturbances against multi-drug
resistant strains
NITD609 Inhibits Plasmodium falciparum Safety data pending from Effective against asexual Preclinical [79]
Plasmepsin IV ongoing trials stages of Plasmodium.
falciparum
Nioxin Inhibits various stages of the Safety profile under Preliminary efficacy Preclinical [80]
Plasmodium life cycle investigation observed
Pyramax Combination therapy enhancing Generally well tolerated; Effective against Approved [81]
(artesunate/ efficacy some side effects noted uncomplicated malaria
amodiaquine)
Methylene blue Inhibition of the heme Concerns regarding Potential activity against Preclinical [82]

detoxification pathway e

potential toxicity

malaria

Challenges in treatment of malaria

Finally, it is difficult to predict the long-term safety and effectiveness
of a new drug formulation. New adverse effects could emerge and in
some cases, the newer drugs might not be as well tolerated as the
older drugs. All these issues are relevant to the global public sector
and malaria control programs but are especially pertinent to

developing private-sector aims to develop new antimalarial drugs.
An understanding of how the characteristics of new drugs will
impact their use and how the drugs will fit into the larger global
antimalarial landscape is critical to the private sector's success in
bringing new therapies to market. High rates of compliance and
proper use of the antimalarial drugs are critical. The best drug in the
world will not have a large impact on public health if it is not used
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correctly. Malaria patients in many contexts are difficult to reach
and difficult to treat. This makes drug administration and patient
monitoring quite difficult [83]. Another issue from the standpoint of
the communities being treated is the perception of new drug
formulations as compared to the traditional drugs that they are
accustomed to using. The newer drugs may not be accepted
immediately, and in some cases, the new drugs may not be as
effective in all of the same contexts as the traditional drugs. This
might create a temptation to continue using the older drugs in some
situations, especially if the newer drugs are not cost-prohibitive.
Although major advances have been made in the realm of
antimalarial drug delivery systems but not all facts of these systems
have been fully explored. The caveat to new drug formulations is
perhaps their implementation. Even if a new effective and
inexpensive drug therapy becomes available, it may be of limited
value if it cannot be deployed easily and inexpensively. It is
important that these new therapies reach the target populations and
in many cases, this has not yet been accomplished with existing
therapies [84].

Regulatory considerations

The main objective of regulatory authorities is to ensure the drugs
that are available to patients are safe, effective, and of good quality.
In general, pre-clinical studies (toxicology,
pharmacokinetics/pharmacodynamics, and efficacy studies)
including clinical trials in humans are required to show that the drug
is safe and effective. Data from the clinical studies are used as a basis
for the regulatory authority to decide whether the drug should be
approved and granted marketing authorization/distribution in the
specific country. Comprehensive studies to show that the drug is
effective and safe in a field setting are not required, but it is often
difficult for a new antimalarial drug to be accepted based on results
from studies conducted outside of areas where malaria is endemic.
Clinical trials provide evidence that the drug benefits outweigh the
risks. There is a consensus that drugs should not be harmful, but for
the treatment of malaria, a drug should have a high benefit-to-risk
ratio because the disease is potentially fatal. High standards for
quality and manufacture are also set by regulatory authorities to
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ensure that drugs are consistently and properly made. The drug
regulatory authorities, such as the Food and Drug Administration in
the United States of America the medicines and Healthcare Products
Regulatory Agency in the United Kingdom, and similar agencies in
other countries have set requirements for approving a drug that is
intended to be used in humans to diagnose, prevent, or treat a
disease. The requirements for regulatory approval of antimalarial
drugs are not different from other drugs. However, there could be
some variations in the requirements depending on the endemicity of
malaria in the region and the perceived public health value of the
drug in that specific region [85].

Drug resistance

Anti-malarial drugs have been the basis for treatment and control of
the disease for over 50 years. The increase of drug resistance by the
parasite species to the available drugs has results in increased
morbidity and mortality of the disease. The main thrust of drug
research up to this period was the identification of cheap, safe, and
effective treatment that would alleviate symptoms and cure the
infection in a single dose. This would be of most benefit to the
patient and negate the need for complicated and costly drug
administration involving a cocktail of different drugs to circumvent
resistance and achieve a radical cure for the different parasite
species. A single-dose cure would also be the ideal tool for the large-
scale elimination of malaria from a region. Currently, the most
advanced anti-malarial drug in trials is the novel arteether-
mefloquine combination (artemisone) developed with the specific
goal of reducing the time for resistance to develop compared to
existing drugs in the artemisinin group [86].

List of recent antimalarial drugs with patent granted

Antimalarial drugs with patent granted are highlighting those
medications in the table that are currently protected by patents
indicating that their developers or manufacturers have secured legal
monopolies on their production and distribution. This distinction is
important in understanding the landscape of antimalarial
medications as it reflects the ongoing commercial and legal status of
these drugs in the market [87].

Table 3: Patent on antimalarial drugs

S. No. Patent number  Application number  Title of Invention Patent grant date  References

1 281417 1507/KOLNP/2010 Antimalarial compounds with flexible side chains 17/03/2017 88

2 288805 131/KOLNP/2009 Vaccines for malaria 27/10/2017 89

3 289775 2074/DEL/2004 The antimalarial compound from ghomphostema given 21/11/2017 90

4 289823 1181/MUM/2009 Combined measles malaria vaccine 22/11/2017 91

5 293596 32/MUM /2013 Intranasal microemulsion of an antimalarial drug 28/02/2018 92
artemether

6 298988 2798/MUM/2011 Bioactive composition for the prophylaxis and treatment 19/07/2018 93
of malaria, method of manufacturing and using the same

7 310142 1773/MUM/2011 Novel plasmodium protein as malarial vaccine and 27/03/2019 94
drug target

8 310371 7489/CHENP/2014 Green chemistry synthesis of the malarial drug 29/03/2019 95

amodiaquine and analogs thereof

Integration of technology and drug delivery

An entirely different technology with the potential to revolutionize
malaria vaccine delivery is the use of particle-based delivery
systems. These systems can be designed to deliver the vaccine to
specific cells such as macrophages or dendritic cells by selection of
optimal particle and surface properties. For example, a recent study
using virus-like particles showed that a vaccine targeting liver stages
of malaria can provide unprecedented protection (>95%) using only
a single dose. Additional benefits of particle-based vaccines are
needle-free administration and the potential for thermal stability
removing the need for cold storage and distribution, a major issue
for vaccines in the developing world [96]. A multidisciplinary
approach to drug and vaccine delivery technologies for malaria
spanning the fields of material science, protein engineering, and
biomechanics is essential for optimal prophylaxis and treatment. For
example, targeting anti-malarial drugs to infected erythrocytes, the

disease-causing cell, is a promising strategy being explored by
several research labs. Successful targeting would increase drug
localized drug concentration several-fold while avoiding healthy
erythrocytes and reducing drug concentrations and side effects.
Profiling the mechanical and shape-changing properties of these
infected erythrocytes promises new methods for targeting drugs and
vaccines. Simulation and measurement of the forces exerted by
infected cells as they attempt to pass through inter endothelial slits
in the spleen, as well as the altered cell and membrane stiffness, are
providing valuable information for the design of effective drug
targeting strategies prohibitive [97].

Role of artificial intelligence (AI) and machine learning (ML) in
malaria

Al and ML are playing a significant role in improving malaria
diagnosis and treatment in several ways. Al-powered microscopes
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can accurately detect malaria parasites in blood samples, meeting
WHO standards. These systems can scan blood films and use
detection algorithms to identify parasites, reducing the burden on

Role of Alin

Malaria

Artificial
intelligence
(A1)
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microscopists and increasing patient capacity. Studies show the Al
system can identify malaria parasites with 88% accuracy compared
to expert microscopists [98, 99].

Al powered
Microscope

Deep learning
Models

Machine
Learning

d Ai Based

Approaches

Fig. 4: AI-ML in treatment of malaria [100, 101]

Deep learning models are being used to analyze microscope images
and determine the type and stage of malaria infection. This is
particularly useful in remote areas with limited resources as the Al
can interpret results even if a trained provider is not available. The
models identify key characteristics in the images that indicate
malaria. Machine learning algorithms are being developed to predict
malaria outbreaks by analyzing atmospheric, epidemiological,
geographic, and other data from remote sensors. This allows health
officials to proactively notify at-risk populations, implement
mosquito control measures, and allocate resources to areas likely to
see outbreaks. Factors like temperature, humidity, and rainfall
patterns are used to predict hotspots [102, 103]. Al-based
approaches are being integrated with current malaria microscopy
methods to strengthen surveillance and diagnostic capabilities,
which is crucial for malaria elimination efforts. Investing in Al
microscopy can improve sensitivity and accuracy, which are
prerequisites for elimination. In summary, Al is bridging gaps in
malaria diagnosis, treatment, and prevention by automating
microscopy, predicting outbreaks and enhancing current methods.
As Al continues to advance, it will play an increasingly important
role in reducing the global malaria burden [104, 105].

CONCLUSION

In conclusion, the emergence of novel drug delivery mechanisms for
the treatment of malaria has presented a promising prospect for
resource-poor countries by improving patient compliance and
reducing the likelihood of developing drug-resistant malarial
parasites. The newer drug delivery systems provide a potentially
useful means to addressing the problem of under-treatment of the
most vulnerable malaria patient populations-pregnant women and
young children. The advent of microfabrication technologies and the
understanding of malarial pathogenesis have enabled researchers to
engineer highly sophisticated and more targeted drug delivery
systems to combat the disease. However, most of the technologies
are still in the developmental phase and it's estimated that it will
take 10-15 years before putting them into practical use. Thus,
implementation of these new drugs and technologies will require a
long-term sustained commitment from governments and private
sectors to ensure that people afflicted with malaria will benefit from
these new drugs shortly. It is also important for the current and
future generations of scientists and researchers in this field to
maintain a high level of enthusiasm in hopes of eventually
eradicating the disease that has plagued the world for centuries.
Considering the unrelenting pressures of poverty, the return on
investment for the effort to cure malaria is arguably higher than for

virtually any other disease. For these reasons, new tools and drugs
must continue to be developed to combat malaria.
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