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to subdued human activity in the past few months. Scientists the world over have been fervently working
on finding a cure for the viral infection. Chloroquine and hydroxychloroquine are amongst the most
popular medicines that are being considered as a counter to the SARS-CoV-2. However, the clinical trials
of the drug both as a preventive for frontline healthcare professionals and as a cure for the infected have

Is(zj}av;.o(’jﬁgf;-z yielded mixed results. This is mainly due to the cardiotoxicity induced by the drug via QT prolongation
COVID-19 when administered in high dosages. The prescription of the drug is further inadvisable if patients have
QTc Prolongation been prescribed other QT prolonging drugs like azithromycin or have a known cardiac history. The
Nanotechnology authors have extensively studied literature on chloroquine mechanism of action and the successful use
Drug Delivery of nanocarriers as drug delivery vehicles against different viruses, malarial infections and in cancer

therapy. The combination of nano-carrier and chloroquine/hydroxychloroquine is expected to
overcome the limitations of the use of free chloroquine/hydroxychloroquine via increased drug efficacy

and thus decreased chances of lethality arising from cardiotoxicity.

1. Introduction

An outbreak of a mysterious pneumonia emerged in a local seafood
market of Wuhan city, in the Hubei province of China on December 2019
have jeopardized the global healthcare infrastructure till date [1]. This
pneumonia like disease previously known as Novel coronavirus (2019-
nCoV), have been officially renamed “Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2)” by the International Committee on
Taxonomy of Viruses (ICTV) and as “COVID-19” by World Health
Organization (WHO) on 11th February 2020. Thereafter, due to the rapid
spread of the disease worldwide, the World Health Organization (WHO)
declared it a pandemic on 11th March, 2020 [2]. The pathogen causing the
infection was categorized into the Coronaviridae family using electron-
microscopical investigation of the isolated tissue cultures from the virion
infected samples [3]. The whole-genome sequencing and the genetic
analysis studies have revealed that SARS-CoV-2 is genetically related to
SARS-CoV of the 2003 outbreak [4]. This infection has progressed in a
highly destructive manner with uncontrolled proliferation amongst the
world populace irrespective of climate, race and age groups. In this
situation, it has become a challenge to produce effective and safe
therapeutic drug(s) with known pharmacokinetics and optimal dosage,
which can be used to treat or prevent SARS-CoV-2 infections. In this
context, an innovative way of treating COVID-19 can be by the possible
repositioning of drugs such as Interferon, Lopinavir/Ritonavir,
Chloroquine Phosphate, Ribavirin, and Arbidol [5]. We will discuss here
about the most frequently used drugs all over the world including
chloroquine (CQ) and hydroxychloroquine (HCQ).

Chloroquine was discovered in 1934 and has been used to treat malaria
since the late 1940s. Moreover, this antimalarial drug is shown to be
effective in-vitro in extensive use of virus disease therapy after many
clinical trials [6-8]. In March 30, 2020 the antimalarial drug, CQ
(C18H26CIN3) and its derivative HCQ (C1sHz6CIN30) have been identified as
an emergency treatment for COVID-19 by the US Food and Drug
Administration (FDA) [5] though, they have many associated side effects
arising from excessive doses and long-term use. CQ/HCQ has multiple
functions, including alkalinisation of phagolysosome which results in
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suppressing the low-pH-dependent stages of viral replication, including
fusion and un-coating [8].

The interaction of nanoparticles with microorganisms is fast-
revolutionizing the biomedical field by offering advantages in both
diagnostic and therapeutic applications including drug delivery [9,10].
This is because of the unique physico-chemical properties such as size,
large surface to volume ratio and improved surface reactivity of the
nanoparticles. The size of SARS-CoV-2 falls within the same size range
(60-140 nm) as well as shape (spherical) [11] as the commonly studied
synthetic nanoparticles. Therefore, research on nanoparticle conjugated
Chloroquine can give an illuminating idea on the cellular uptake of the
drug and its induced alterations in the SARS-CoV-2 [11].

2. Action of Chloroquine (CQ)/Hydroxychloroquine (HCQ)

Because of the various interesting biochemical effects of CQ and its
derivative HCQ, they are potentially used as an antiviral drug apart from
being used as an antimalarial agent. However, to reduce the effect of the
novel SARS-CoV-2, it is very important to know the chemical behavior of
CQ and HCQ and their precise mechanism of action at the cellular level.

Inhibition of biosynthesis of sialic acid is an important biochemical
action shown by CQ which interferes with the pre entry step of the virion
particle in to the host cell. The sialic acids are acidic monosaccharides
found at the terminal position of the of sugar chains attached to the cell
surface and cell transmembrane proteins. They play critical roles in
cellular and molecular recognition [12]. However, the biosynthesis of sialic
acid is a complex process. A nucleotide sugar, UDP-N-acetylglucosamine
(UDP-GIcNAc), in particular UDP-GIcNAc 2-epimerase enzyme is the
starting compound involved in the initial biosynthesis process of the sialic
acid [13].

In case of SARS-CoV-2, sialic acid is attached at the end of the structural
protein, spike (S) protein. S protein is one the most important structural
proteins of SARS-CoV-2. Other important structural proteins of the virus
include membrane (M) protein, envelope (E) protein, and the
nucleocapsid (N) protein. S protein plays an important role in the entry of
the virion into the host cell and participates in the cell attachment and host
(cell) membrane fusion process [14]. The S protein of (SARS-CoV-2) uses
angiotensin-converting enzyme 2 (ACE2) found in the cell membranes of
the lungs, arteries, heart, kidneys and intestines, as the cellular receptor
for the attachment of the virus [14-16]. CQ acts by inhibiting the enzyme
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quinone reductase 2 (a structural neighbour of UDP-N-acetylglucosamine
2-epimerase) and prevents recognition with the compatible sialic acid on
the host cell. Thus, CQ can efficiently reduce the possibility of infection and
spread of the virus [17,18].

Both CQ and HCQ are amphiphilic diprotic weak bases and have
protonated and unprotonated parts [19]. However, only the unprotonated
part is capable of crossing the plasma membrane. Acid organelles like
endosomes, Golgi vesicles and lysosomes are the sites of cellular action of
CQ. CQ can diffuse freely and quickly across the membranes of cells and to
these organelles [20]. Diffusion of CQ into the organelles is driven by their
low pH due to the inverse proportionality between CQ diffusion and the
pH value of the organelle environment. Utilization of H* ions of the
lysosome towards protonation of the CQ causes a resultant increase in the
pH of the vesicular environment. The protonated CQ is bound to the inside
of the lysosome and is unable to diffuse out [21]. The lysosomal H*-ATPase
act as proton pumps and helps in maintaining the acidic pH (~5) in the
lysosomal environment. These proton pumps function to replenish the
supply of H* ions exhausted due to protonation of the CQ. Diffusion of CQ
into the lysosome is driven by the continuous availability of protons by the
H*-ATPase, thus irreversibly increasing the CQ concentration of the cell.
This leads to elevation of the cell pH levels. Thus, the alteration of pH due
to the influence of CQ/HCQ leads to dysfunction of enzymatic activity
supporting post translational modification of the newly synthesized
proteins of the virus. This inhibits the entry of the virus into the lysosome
and also exosome release of virus particle from the infected host cell [22].
Moreover, CQ shows immunomodulatory effects by suppressing the
secretion of cytokines, such as IL-6. These two factors mediate
deregulation of the local inflammatory responses of human body and is
primarily responsible for the SARS-CoV-2 associated mortality [23,24].

3. Nanotechnology in Viral Infection Treatment

Till now nanotechnology has been used in detection and drug delivery
applications for the treatment of various diseases caused by human
immunodeficiency virus (HIV), herpes simplex viruses (HSV), hepatitis B
virus (HBV), influenza A virus (H1N1), cytomegalovirus (CMV), NIPAH
virus etc. Different nano- platforms such as, nanoparticles [25], nanorods
[26], lyposomes [27], dendrimers [28], micelles [29], nanosuspensions
[30], lipid nanoparticles [31] etc. have been used as carriers of drugs used
to treat viral infections. Nanoparticles can improve the activity of antiviral
drugs by facilitating controlled release kinetics, enhancing bioavailability,
modifying pharmacokinetics, reducing side effects and specially enabling
the capacity of the drug to target specific sites [32-34].

4. Prospect of CQ and Nanoparticle Composite on SARS-CoV-2
Treatment

4.1 Increased Drug Efficiency of CQ in Treatment

Chloroquine (CQ) and its derivatives, commonly used as the first line of
treatment of malarial infections are hydrophilic in nature. In addition to
the extensive use of CQ against malarial infections, this drug and its
derivatives have also been used against other diseases such as cancer,
rheumatoid arthritis etc. [35,36]. Due to the recent outbreak of the SARS-
CoV-2, CQ is being widely investigated and in some cases prescribed as a
potential drug against the viral infection [37].

Programmed release of the anti-viral drugs can provide a quantum leap
towards controlling the spread of the SARS-CoV-2 in the host cell
environments. It has been noticed that several anti-malarial drugs
including CQ have been used with novel drug carriers based mostly on
polymeric micro and nano drug delivery systems with sub-micron size
range of 20-250 nm [38]. Embedding of CQ and other drugs for treatment
of SARS-CoV-2 infections within nano-carriers provide benefits of
sustained stability of the drug-delivery system against biological fluids up
to availability of the drug at infected intracellular locations. These nano-
carriers can be either inorganic or organic in nature. The inorganic
nanoparticles frequently used are mainly those of noble metals, quantum
dots, mesoporous silica and other silicon-based materials [39]. Organic
nano-carriers for drugs are mostly based on biodegradable polymers,
proteins, liposomes etc. Characteristics of the nano-carrier to be selected
as a drug delivery vehicle include biological compatibility, non-toxic
nature, affinity for the selected drug, facilitation of controlled diffusion of
the drug at the infected area sometimes through a selectively permeable
membrane or hydrophilic/ hydrophobic layer, adequate levels of elasticity
and surface tension properties, easy metabolism in human body,
optimized rate of degradation of the nano-carriers, selectively responsive
to external stimuli like pH and temperature etc. Most polymer-based nano-
carriers used for drug delivery systems are completely eliminated from
the human body after fulfillment of the drug delivery objectives [40].
https://doi.org/10.30799 /jnst.304.20060205

The mode of drug delivery by nano-carriers can be based on either
passive or self-delivery models. The passive model of drug delivery is
based on the use of hydrophobic nanoscale carrier, while, the self-delivery
mechanism depends upon the direct conjugation of the drug such as CQ
onto the nanostructured material [41]. The self-delivery model can be
designed by incorporating nanostructures onto the drug. These
nanostructures are stimulated by pH, temperature, redox, magnetic and
other types of environments at the intended intracellular locations
affected by viral infection [38].

Hydrophilic behavior of CQ may interfere in its effective delivery to the
infected areas if used in the free form i.e. without nano-carriers. It is
reported that CQ have been used with a nano-carrier based on a
hydrophobic and biodegradable polymer, PLA (poly-lactic acid) for the
treatment of herpes simplex virus type 1 (HSV-1). The use of PLA based
nano-drug delivery system in combination with CQ has helped overcome
the limitation of the drug towards efficient intracellular delivery at the
infected tissues thus avoiding multiple administration of the drug. This
prevents the drug associated toxicity in the human body. The antiviral
activity of the Chloroquine-nanoparticle (CQ-NP) conjugates significantly
improved compared to free CQ. Greater uptake of the CQ by the virus cells
have been observed when it was encapsulated with the nanoparticle (NP),
providing slower release rate of the drug and higher cytotoxicity into the
virus cells. For killing 50% virus cells the average concentration of free CQ
(222.6 pgmL-1) was found to be much higher than the CQ (67.9 ugmL-1) in
CQ-NP conjugates. The concentration that inhibited viral replication by
50% was found to be 6.7 pgmL?! and 4.3 pgmL? for CQ and CQ-NP
respectively. The values for the 100% inhibition of viral replication were
30 pgmL1! and 10 pgmL-1. Though, with PLA encapsulation, the efficiency
of CQ drug against HSV-1 improved in terms of reduced dosage of drug and
controlled drug release, it was a challenging task for the encapsulation of
the hydrophilic CQ with hydrophobic PLA NP [42]. Thus, encapsulating CQ
with polymeric NP can be a promising approach for increasing the
efficiency of CQ in SARS-CoV-2 treatment.

With the conjugation of bio-derived Chitosan nanoparticle with CQ (i.e.,
CQ-NP) the efficiency of CQ was effectively increased in killing malarial
parasites like Plasmodium berghei, in mice as compared to the treatment
using free CQ. The parasite loading in the Plasmodium berghei infected
mice reduced to ~31% and ~3% of the original value on administration of
CQ and CQ-NP respectively. This indicates the 10-fold efficacy of CQ-NP as
compared to free CQ in killing the malarial parasite. CQ-NP was found to
act against the severity of the malarial infection by promoting the
production of antioxidant enzymes which helps in mitigating the adverse
effects of reactive oxygen species (ROS) enzymes secreted by the malarial
parasite. Thus, the action of CQ-NP helps in protecting the host cell from
DNA damage [43].

Respiratory viruses like SARS-CoV-2 generate certain enzymes that
enhance the ROS enzymes in the infected/morbid regions of the host.
Severities of infection by such viruses have been attributed to oxidative
stress in the host cells as a result of redox pathway triggered by the action
of ROS enzymes secreted by the virus cells [44]. Thus, SARS-CoV-2 viral
infection treatment can be potentially improved with CQ while
conjugating with chitosan nanoparticle.

4.2 Reduced Cardiotoxicity Induced by CQ

Both CQ and HCQ along with quinidine and quinine are derivatives of
quinoline and have been used against malarial infections caused by the
Plasmodium parasites since a long time. However, an older use of quinidine
and quinidine-based drugs has been for the treatment of abnormalities in
heart rhythm as a Class 1A antiarrythmic agent [45]. Quinidine controls
the electrical impulses in the heart by blocking sodium and potassium ion
channels thus regulating the cardiac electrical activity. This helps in
regularizing or slowing the erratic beating of the heart. The adverse effects
from the administration of quinidine resulting in prolonged QTc interval
have shown development of torsade de pointes which is a life-threatening
arrhythmia. Further, co-medication of certain drugs, notably azithromycin
has been reported to aggravate the risk of QTc prolongation, thus
requiring patients to be closely monitored for cardiac activity in such cases
[44]. The action of CQ/HCQ in blocking of potassium ion channels in the
cardiac tissue can be considered similar to that of quinine and its
stereoisomer quinidine. Thus, this family of drugs can be a cause of
potentially lethal arrhythmia if administered without proper medical
supervision [46].

The cardiotoxicity arising from chloroquine or quinine family of drugs
can be safely bypassed by the use of nano-carriers to deliver the drug at
the affected regions of the human body. Size of the nanoparticles is an
important advantage and helps in targeted administration to the virus
infected cells. There are a wide range of options available amongst nano-
carriers ranging from liposomic, micellar to hydrophobic synthetically
produced polymers such as PLA, PCL, PEG etc., [42]. The advantage of
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liposomic nano-carriers are their inherent biocompatibility with the
human cellular environments, while hydrophobic nature of synthetic
polymers such as PLA and PCL help in controlled release of the drugs.
Many nano-carriers also have the advantages of being responsive to
certain stimuli like temperature, pH, redox environment and thus can be
selectively used to release the drug at the intended place of virus infection
[38]. Comparative studies on the use of chloroquine phosphate for the
treatment of herpes simplex virus type 1 have clearly shown the capability
of nanocapsulated CQ in successfully inhibiting 100% replication of the
virus at one-third the concentration of CQ when administered without
nano-carriers. Thus, the use of nano-carriers for chloroquine or quinidine
family of drugs if used for the treatment of SARS-CoV-2 infections can be
successful in preventing cardiotoxicity mainly due to reduction of overall
dosage administered to the patient due to the ability of precision and
sustained release of the drug at the site of virus infected cells.

Nanoparticles can also help in reducing drug induced cardiotoxicity for
molecules other than quinidine, CQ or HCQ. Halofantrine is an antimalarial
drug prescribed to malarial infections resistant to CQ. Halofantrine, like
CQ, leads to QTc prolongation and acute cardiotoxicity via potassium
channel inhibition. Studies on encapsulation of halofantrine using PLA,
PCL and PEG nanocapsules have shown positive response in cardiotoxicity
reduction via modification of the drug distribution in the human body.
Cardiological alterations were found to be greatly reduced on
administration of halofantrine using nanocapsules as compared to that of
drug as a solution due to the lower availability of the drug for interaction
with the cardiac tissues [47,48].

Quinidine, quinine and CQ are also well known to cause hypotension
due to alpha-blocking activity. A high plasma concentration of these drugs
after administration, usually through the intravenous or intra-muscular
routes is the cause of hypotension during the distribution phase of the
drug [49]. Making these drugs available in enclosed or encapsulated form
within nano-carriers can safely reduce the plasma concentration of the
drug in the distribution phase, thus reducing the risk of hypotension.

4.3 Reduction of Virus Induced Apoptosis

Autophagy plays an important role in humans in the regulation of
physiological and pathological processes. It is activated for the survival of
the cell in some stress environments like starvation, mitochondrial
damage, pathological infection etc., [50,51]. Autophagy is a basic
mechanism in cells where, damaged unused cellular components are
transported via an intermediate organelle, autophagosome to lysosomes
for degradation. In the autophagic (Macroautophagy) process,
autophagosome and lysosome fuse together and forms autophagic
lysosome. This is followed by the degradation of the transported
unwanted cellular parts contained in it by lyososomal acid hydrolases
[52]. However, cytoplasmic constituents after degradation are again
recycled to nutrients for the normal survival of the cells. Though
autophagy is of utmost importance for the normal survival of the cells, it
supports in the development of some diseases including
neurodegeneration, aging, cancer etc.

In cancer, in the initial stage of tumor cell growth, autophagic
mechanism is upregulated and prevents the initiation of the tumor
formation. While after tumor formation, autophagy supports its growth,
metabolism and progression, and helps the cancer cells to overcome the
intracellular environmental stress [53]. It is believed that autophagy
inhibits apoptosis (programmed cell death) of the cancer cells thus
protecting the tumor cells [54]. Anticancer drugs such as CQ kills the
cancer cells by inhibiting autophagy and promoting apoptosis of the
cancer infected cells. However, in the procedure of drug application,
autophagy develops acquired resistance by preventing any anticancer
drug from killing/terminating the cancer cells. Some patients may show a
declined response to CQ due to acquired resistance to the drug when used
for cancer therapy after some time of application. Nanoparticle was
effectively used to overcome this acquired resistance shown by cancer
cells. The apoptosis of the QGY cancer cell has been significantly enhanced
by the use of chitosan-nanoparticle-encapsulated CQ as compared to the
free-CQ used for treatment [55]. This results in the inhibition of autophagy
by blocking autophagosome fusion and degradation. This is how the
nanoparticle encapsulated CQ helps in overcoming the acquired resistance
shown by the cells. Similarly, drug resistance shown by H1N1 virus to the
drug Amantadine (AM) is overcome by the conjugation of Amantadine
with silver nanoparticle (Ag NPs) [56]. It was observed that with the
conjugation of Ag NPs, there was an enhancement of cellular uptake of the
drug which blocked the H1N1 viral infection by inhibiting viral proteins
Hemagglutinin (HA) and Neuraminidase (NA). The virus induced
apoptosis was significantly reversed with the co-delivery of Ag NPs and
thereby overcoming against the virus induced drug resistance. Similar
study was carried out by using Selenium nanoparticles against HIN1 virus
treatment with Ribavirin drug [57].
https://doi.org/10.30799 /jnst.304.20060205

As scientists carry out across the age-group clinical trials of CQ/HCQ to
counter the spread of SARS-CoV-2, it has become evident that the virus has
undergone rapid transformations with over 200 natural mutations
recorded worldwide [58]. The new strains of virus may induce drug
resistance to CQ and HCQ [59]. Nanotechnology can be the answer to the
possible drug resistance offered by the mutant strains of the virus.
Nanoparticle conjugated drugs are also expected to successfully deliver
the drug to the virus infected cells.

5. CQ Inhibits Nanoparticles

Though different nano-platforms are found to enhance drug efficiency
in the treatment of different diseases including cancer and viral
treatments, it is reported that above 90% of the therapeutic nanoparticles
used, gets deposited in the liver and spleen via endocytosis by the action
of resident macrophages in liver [60]. Macrophages in the liver engulf
foreign objects that do not have the type of proteins specific to healthy
body cells on its surface. CQ works as an efficient inhibitor of nanoparticle
deposition in the liver and spleen cells of mice by suppressing endocytosis
[61]. In the early stages of endocytosis, CQ changes the level of proteins
specially, phosphatidylinositol binding clathrin assembly protein
(PICALM) which are involved in the endocytosis process of the liver cells.
As PICALM plays an important role in clathrin-dependent endocytosis,
suppression of PICALM results in the inhibition of clathrin-dependent
endocytosis process of the NPs [62]. As the final step of the inhibition of
nanoparticle deposition in the liver, CQ induces dysfunction of the
lysosomes by increasing its pH. These lysosomes would have otherwise
acted as the end compartment for internalisation of the nanoparticles in
the endocytosis process [63]. Thus, CQ in combination with nanoparticles
can be used as a therapeutic medicine against SARS-CoV-2 and at the same
time suppress the deposition of nanoparticles by acting as macrophage-
modulator with respect to the endocytosis of nanoparticles in the liver and
spleen.

6. Conclusions

CQ and HCQ are the key drugs being investigated for the fight against
the SARS-CoV-2. CQ acts by preventing the attachment of the virion
particle onto the host cell through sialic acid present in the virus. The
challenges of using CQ is mostly due to the administration of high dosage
such as cardiotoxicity via QTc prolongation, decreased drug efficiency and
development of acquired drug resistance by the virus and can be
potentially overcome by the use of nano-carriers as a drug delivery
vehicle. Nano-carriers have the unique advantages of keeping the CQ
dosage intact and delivering the medicine at a programmed rate of
controlled diffusion at the sites of virus infection. There have been
examples of successful use of nanotechnology for drug delivery such as CQ
encapsulated with PLA nanoparticles against herpes simplex virus, silver
nanoparticle-Amantadine conjugated systems against H1N1 virus
infection, and chitosan nanoparticle encapsulated CQ against Plasmodium
berghei parasite. The authors would strongly recommend further
experimental investigation on the use of CQ/HCQ with nano-carriers so
that the disadvantages of using CQ arising out of possible high dosage due
to acquired drug resistance can be offset by the benefits of using
nanocarriers for the drug. The ability of CQ in inhibiting the deposition of
nanoparticles by mechanisms such as suppression of endocytosis and
internalization in the liver and spleen further makes for a strong
proposition for the CQ-NP combination in the fight against SARS-CoV-2.
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