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Dengue virus (DENV 1–4) is a major 
emerging arthropod-borne pathogen, 
endemic to the tropical and subtropi-
cal regions of the world, and infecting 
390 million individuals annually. DENV 
infections can either proceed without 
symptoms, resulting in self-limited den-
gue fever, or, as increasingly reported, can 
develop more severe manifestations in 
patients, such as dengue hemorrhagic fever 
and dengue shock syndrome.

Considerable breakthroughs have been 
made in recent years in the understanding 
of the structure of DENV particles, life 
cycle and disease pathogenesis. However, 
despite the identification of many host and 
viral factors that either promote or protect 
the host from severe symptoms of the 
disease, both the complex nature of their 
mutual interactions during natural infec-
tion, along with the absence of a suitable 
animal model makes it difficult to fully 
understand the pathogenesis of severe and 
fatal cases.

A significant effort is being made by the 
scientific community to understand the 
role of each particular molecule within the 

complex network of interactions existing 
between host and viral factors. The most 
common experimental approaches to eluci-
date the function of a molecule are either to 
deplete it by blocking the expression of its 
gene or to alter its activity by introducing 
loss-of-function mutations. Due to their 
high efficiency and efficacy and low cost 
compared with other techniques, high-
throughput genome-wide RNAi screening 
approaches are the most powerful tools for 
the identification of host factors and path-
ways involved in any step of a viral replica-
tion cycle. Upon depletion of a particular 
host cell factor, virus multiplication can be 
either reduced or increased. Thus, accord-
ing to the loss-of-function phenotype, 
host factors are classified either as pro- or 
anti-viral host factors.

Well-established antiviral host factors 
have been shown to interfere with viral 
entry, early postentry steps, viral budding 
and even reduce the infectious quality of 
extracellular released particles. Most of 
these have been first identified in the con-
text of the HIV-1 life cycle [1]. However, 
in the last years these studies have been 

“It is very important to understand 
the functions of factors mediating 

intrinsic immunity which may lead to 
the development of new 

pharmacological agents that can 
increase its activity and hence lead to 

treatments...”
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expanded to other viruses of major public health 
impact such as influenza, human cytomegalovi-
rus and several flaviviruses, including West Nile, 
hepatitis C and dengue viruses [2–6].

These antiviral host proteins, often termed 
as ‘host restriction factors’, end up inhibiting 
the replication of viruses, which in return are 
naturally selected leaving only the most fit to 
evade and defend themselves against this form 
of host immunity.

Host restriction factors have certain particu-
larities that differentiate them from other gene 
products: they act in a dominant and autono-
mous manner to exert their antiviral activity, 
they can be either constitutively expressed or 
upregulated by interferons (IFNs), they can 
inhibit specific processes in viral replication, they 
have unusually diverse amino acid sequences as 
a result of cell–virus co-evolution and they are 
often antagonized by viral proteins.

In particular, DENV infected cells attempt 
to restrain virus replication through intrinsic 
defense mechanisms and the expression of hun-
dreds of IFN-stimulated genes (ISGs) [7]. Several 
groups have demonstrated that the expression 
of ISGs, such as viperin, the IFN-induced 
transmembrane proteins (IFITM2, IFITM3), 
double-stranded RNA-dependent protein 
kinase (PKR) and ISG-20 and BST2 inhibit 
DENV replication [8–10]. Most recently, ISG15 
was found to play an anti-DENV function via 
protein ISGylation. In addition, ISG12b2 was 
recognized as a novel inner mitochondrial mem-
brane ISG that regulates mitochondria-mediated 
apoptosis during DENV infection [11,12].

Flaviviruses are considered to be cytoplas-
mic, since the major part of the viral life cycle 
(i.e., translation, replication and virion mor-
phogenesis) occurs in the host cell cytoplasm. 
However, several positive-strand RNA viruses, 
including the flavivirus DENV, contain genes 
that code for factors that interact with the host 
nucleus and/or its components impairing the 
host cell response and ensuring a successful out-
come of viral infection. Strategy can be either to 
sequester nuclear factors and/or to alter host gene 
expression by means of virally encoded nuclear 
proteins counteracting cellular antiviral response. 
While the precise role of the nucleus in cytoplas-
mic flaviviruses infection has remained somewhat 
elusive, evidence now indicates that the viral pro-
tein nuclear targeting might have a critical role in 
the regulation of viral replication/assembly and 
in subversion of host immunity. Interestingly, 

extracellular DENV production can be reduced 
by inhibiting cytoplasmic-nuclear traffic [13].

The genome of DENV is a positive-sense 
single-stranded approximately 11-kb-sized RNA 
consisting of an open reading frame from which 
a polypeptide of roughly 3400 amino acids is 
generated. The polyprotein is edited proteo-
lytically via viral and host proteases into three 
structural proteins, capsid (C), pre-membrane 
(prM) and envelope (E), and seven nonstructural 
(NS) proteins: NS1, NS2A, NS2B, NS3, NS4A, 
NS4B and NS5.

So far, three DENV components are consid-
ered as interesting candidates for this virus cell 
nuclear interaction: C, NS5 and NS3. The C pro-
tein of many flaviviruses localizes to the nuclei 
of several infected cell lines (as early as 6 h after 
infection); the underlying basis and function of 
which still remains poorly understood and open to 
debate. Nucleolar accumulation of the C protein 
may result from its interaction with certain nucle-
olar proteins or RNAs, whose diverse functions 
include ribosome synthesis, mRNA processing 
and DNA replication, as well as cell cycle regula-
tion and stress responses. The C protein might 
modulate the functions of these nucleolar protein 
complexes so as to maintain the infected cells at a 
stage that allows optimal virus replication. Also, 
the C protein might help to control certain cel-
lular stress responses to the infection, including 
apoptosis, to minimize premature cell dysfunction 
and death [14]. NS5 is the largest and most con-
served protein encoded by the DENV genome. 
Recently, different mechanistic studies indicate 
that binding of NS5 to the spliceosome reduces 
the efficiency of pre-mRNA processing, indepen-
dently of NS5 enzymatic activities, and it was pro-
posed that NS5 binding to U5 snRNP proteins 
hijacks the splicing machinery resulting in a less 
restrictive environment for viral replication [15].

In addition, this protein is involved in viral 
RNA synthesis and counteracts the IFN defense 
system. NS5 localizes on membrane-associated 
replicase complexes in the cytoplasm and the 
nucleus of infected cells and was shown to shut-
tle between the nucleus and the cytoplasm [16]. 
Last, NS3 is also a flavivirus protein that has 
been observed to have a nuclear localization.

We have recently demonstrated that one 
mediator of the intrinsic antiviral defense against 
DENV is the promyelocytic leukemia protein 
(PML). PML is a nuclear regulatory protein that 
is constitutively expressed, but in addition the 
PML promoter contains elements that trigger 

“According to our current 
results, the disruption of 
promyelocytic leukemia 

protein-nuclear bodies during 
dengue virus 2 infection might 

be a consequence of the 
interaction between a viral 

component and a 
promyelocytic leukemia 
protein-nuclear bodies 

constituent...”
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its upregulation in response to the activation of 
the antiviral IFN pathway. It has been observed 
that PML interacts with itself and other pro-
teins, especially those that have been modified 
by small ubiquitin-like modifier (SUMO) pro-
teins, allowing PML to serve as the nucleating 
constituent of the so-called PML nuclear bodies 
(PML-NBs) [17]. PML plays a role in numerous 
cellular pathways and in most cases PML responds 
to stress conditions to slow or limit growth. Thus, 
PML could certainly be a host factor that interacts 
with C, NS5 and NS3 viral proteins. However, 
the mechanism of the cellular antiviral activity 
against DENV is not yet understood.

Initial evidence that PML-NBs might be 
involved in the infection signaling/pathway net-
work is based on the observation of PML body 
disassembly during DENV-2 infection [18]. 
According to our current results, the disruption 
of PML-NBs during DENV-2 infection might be 
a consequence of the interaction between a viral 
component and a PML-NB constituent, as part 
of the viral counter activity against antiviral cel-
lular defense. The alteration of PML-NBs might 
also be due to a competition for SUMOylation 
between the DENV proteins suspected of inter-
acting with a protein of the SUMOylation 
system [19,20], and PML, which is extensively 
post-translationally modified by SUMOylation, 
acetylation, ubiquitination and phosphorylation. 
These post-translational modifications are essen-
tial for the activity of PML, and its ability to 

form NBs and respond to cellular signals. Thus, 
DENV proteins might be competing with PML 
for this post-translational modification.

Altogether, these studies should provide a bet-
ter understanding of the cellular antiviral activ-
ity against DENV infection. It is very important 
to understand the functions of factors mediating 
intrinsic immunity which may lead to the devel-
opment of new pharmacological agents that can 
increase its activity and hence lead to treatments 
for this viral disease. Also, these studies should 
shed light upon the functional consequences of 
DENV proteins nuclear localization and how 
these processes could be part of DENV strategy 
to successfully infect and replicate in the cell.
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Chikungunya virus (CHIKV) is a mosquito-borne emerging pathogen that presents a major 
health impact in humans. The virus causes acute febrile illness accompanied by joint pains 
and, in many cases, persistent arthralgia lasting for weeks to years. There are currently no 
licensed antiviral agents available against CHIKV. A few lead compounds and natural products 
have recently shown promising results and could emerge as effective treatments for CHIKV. 
Further, with the emerging knowledge of the biology of CHIKV, RNAi-based gene silencing 
approaches also hold great promise for the treatment of CHIKV. This review summarizes 
the applicability of RNAi agents, siRNA, shRNA and miRNA central to RNAi as therapeutic 
approaches against CHIKV.

First draft submitted: 15 January 2016; Accepted for publication: 3 March 2016; 
Published online: 15 April 2016

Chikungunya virus (CHIKV) is a mosquito-transmitted alphavirus belonging to the family 
Togaviridae. The re-emergence of CHIKV in many parts of the world after a gap of nearly 32 years 
with the 2005–2006 CHIKV fever epidemic in the Indian Ocean island of La Reunion [1] is of a 
significant public health concern. Subsequently, the virus is reported to have infected millions of 
individuals in >40 countries, including Malaysia, India, Thailand, Indonesia, Singapore, the USA 
and some European countries [2,3].

CHIKV is responsible for an acute infection, characterized by high fever, arthralgia, myalgia, 
headache and rash. Like other alphaviruses, the CHIKV is an enveloped virus with a genome 
approximately 11.8 kb in size. It consists of a linear, positive sense ssRNA, which is capped and 
polyadenylated, and encodes two open reading frames (ORFs) (Figure 1). The 5′ ORF encodes four 
nonstructural proteins (nsP1–nsP4), while the 3′ ORF encodes the structural proteins (the capsid C, 
envelope glycoproteins E1 and E2, and two small cleavage products: E3, 6K). The nonstructural 
proteins of CHIKV have vital roles involving enzymatic activities and specific interactions with 
both viral and host components during different stages of viral pathogenesis, including modula-
tion of cellular antiviral responses [4]. Primarily, nsP1 is involved in viral mRNA capping, nsP2 
acts as a protease and helicase, nsP3 functions as an accessory protein involved in RNA synthesis, 
and nsP4 functions as the RNA-dependent RNA polymerase. An untranslated junction region (J) 
of 65 nt was observed between the two ORFs. Therefore, the 5′ and 3′ proximal sequences of the 
RNA genome also carry nontranslatable regions (NTR).

Similar to other alphaviruses, CHIKV starts its life cycle by entering the target host cells via 
a pH-dependent endocytosis and through a receptor-mediated interaction [5]. Although not fully 
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Figure 1. Organization of the chikungunya virus genome and gene products. 
NTR: Nontranslatable region; ORF: Open reading frame. 
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understood, PHB [6], HSP70 [7], phosphatidyl-
serine (PtdSer)-mediated virus entry- enhancing 
receptors (PVEERs) [8], glycosaminoglycans 
(GAGs) [9], ITGAV and ITGB1 dimer have been 
suggested as CHIKV receptor proteins [10]. The 
atomic structure of the complete E3–E2–E1 
glycoprotein complex of the CHIKV obtained 
using X-ray crystallography, provides a struc-
tural basis for explaining many biological prop-
erties of the virus [11]. E2 is largely responsi-
ble for interactions with the cellular receptors 
while E1 mediates virus host cell membrane 
fusion, releasing the nucleocapsid into the cyto-
plasm [12]. The nonstructural proteins precur-
sors (P1234 and P123) are translated from the 
viral mRNA and further cleaved successively by 
the nsP2 protease to produce fully mature nsPs 
and switching the RNA template for synthesis 
of positive sense genomic RNAs (Figure 1) [13]. 
Promoters present in the negative-stranded RNA 
intermediate, regulated by nsP4 and the p123 
precursor, initiate the transcription of 26S sub-
genomic positive-stranded RNA, which encodes 
the structural proteins precursors. The E2 pre-
cursor, p62, forms heterodimers in the endo-
plasmic reticulum with E1 that further transits 
to the plasma membrane and interacts with 

nucleocapsids to initiate budding of icosahedral 
virions [14]. Morphologically, CHIKV replica-
tion complexes, as with other alphaviruses, are 
seen as 65–70 nm spherical invaginations of the 
membrane, also called spherules.

The replication of CHIKV has been shown 
to occur in various cell types, such as epithelial, 
endothelial, fibroblasts and monocyte-derived 
macrophages [5]. Subsequent to intradermal 
inoculation by infected mosquitoes, CHIKV 
replication starts immediately as it enters the sub-
cutaneous capillaries of the skin. Furthermore, 
the virus disseminates quite rapidly into the cir-
culatory system, thus having access to various 
parts of the body, including the liver, muscle, 
joints and brain [15].

Thus far, due to the lack of licensed vaccines or 
effective antivirals against CHIKV, most of the 
treatment regimens are symptomatic and based 
on the clinical manifestations. Nonsalicylate 
analgesics and NSAIDs are most commonly 
used for symptomatic relief [16]. Immune-based 
control strategies have also been tested and have 
shown effectiveness to some extent [17–19]. Some 
of the commonly used NSAIDs (methotrex-
ate) and nonsalicylate analgesics have played 
a major role in symptomatic treatment of the 
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chikungunya disease [20,21]. In addition, some 
compounds that have been tested against the 
CHIKV infection include chloroquine [22], 
ribavirin [23], 6-azauridine [24], arbidol [25] and 
harringtonine [26]. Among these, few novel lead 
compounds and natural products were found 
to have shown promising results as reported in 
recent reviews [27,28].

RNAi is the process of sequence-specific, 
post-transcriptional gene silencing in a variety 
of species, for example, plants, fungi and ani-
mals. RNAi regulates gene expression in mam-
malian cells, as well as acts as a cellular defense 
mechanism against invaders, including viruses. 
RNAi, an accurate and potent gene silencing 
method, was first experimentally documented 
in Caenorhabditis elegans in 1998 [29]. It has been 
widely employed to manipulate gene expression, 
elucidate signal pathways and identify gene 
function at a whole-genome scale.

There are three RNA agents in the RNAi 
pathway: siRNAs, shRNA and miRNAs that 
are generated via processing of longer dsRNA 
and stem-loop precursors [30–32]. During 
RNAi, long transcripts of dsRNA are rapidly 
processed into siRNAs, which represent RNA 
duplexes of specific length and structure that 
finally guide sequence-specific degradation 
of mRNAs homologous in sequence to the 
siRNAs. Converse to siRNAs, the miRNAs 
and shRNAs are derived from the processing 
of endogenously encoded stem-loop precursor 
RNAs. These approximately 22-nt RNAs [33,34], 
can play important regulatory roles in animals 
and plants by targeting mRNAs for cleavage or 
translational repression. miRNAs, shRNAs and 
siRNAs have shared central biogenesis and can 
perform interchangeable biochemical functions. 
Thus, the three classes of silencing RNAs cannot 
be distinguished by either their chemical compo-
sition or mechanism of action. RNAi approaches 
have been attempted against viral infections 
including influenza [35], hepatitis B [36,37] and 
hepatitis C [38], dengue [39], HIV [40], etc. Here 
we will present the mechanism of RNAi in brief, 
discuss the three RNAi agents: siRNAs, shRNA 
and miRNAs in the context of CHIKV inhi-
bition and summarize RNAi as a therapeutic 
approach against CHIKV.

Mechanisms of RNAi
The RNAi response is activated when the exo-
genous dsRNA incorporated into the cytoplasm 
of the viral cell is recognized by RNase type III, 

Dicer, resulting in the formation of a siRNA. 
Synthetically engineered siRNAs can also be 
administered directly to the cytoplasm through 
a suitable delivery system. The siRNA is bound 
to a protein complex called RNA-induced silenc-
ing complex (RISC), where a helicase unwinds 
the duplex siRNA. The resulting antisense 
strand guides the RISC to its complementary 
target mRNA, which will be cleaved, thereby 
preventing translation [34,41–42].

On the other hand, a shRNA is created endo-
genously in the cell nucleus using a plasmid or 
viral vector. shRNAs can be transcribed through 
either RNA polymerase II or III. The first tran-
script generates a hairpin like stem–loop struc-
ture that is processed by a complex containing 
the RNase type II enzyme, Drosha. The indi-
vidual pre-shRNAs generated are finally trans-
ported to the cytoplasm by exportin-5 where 
they are cleaved by the cellular machinery into 
siRNA. miRNA is transcribed from DNA as pri-
mary miRNA, which is frequently synthesized 
from intronic regions of protein-coding RNA 
polymerase II transcripts [43,44]. The primary 
miRNA is processed into dsRNAs or precur-
sor miRNA, a hairpin intermediate of 70 nt [45], 
by two proteins: Drosha and Pasha. Precursor 
miRNA are then transported to the cytoplasm, 
and after cleavage and processing by Dicer to 
yield RNA duplexes and unwinding to obtain 
the miRNA, the subsequent steps are identical 
to those that occur with siRNA and shRNA as 
illustrated in Figure 2.

Among the diverse RNAi-based mechanisms, 
miRNAs are highly conserved in mammals and 
hence it is believed that miRNA-based silenc-
ing may contribute to the post-transcriptional 
regulation of at least a third of the mammalian 
mRNAs [46].

The miRNA-like mechanism is further 
believed to be faster than the siRNA-like mecha-
nism, since the latter acts via perfect complemen-
tarity for a target message [47]. It has been dem-
onstrated that both miRNAs and siRNAs can 
suppress translation of mRNAs (in the case of an 
imperfect match) and can cleave targeted RNAs 
(in the case of a perfect match). It has also been 
observed that shRNA can act via miRNA- or 
siRNA-like mechanism [48].

RNAi agents (siRNA, shRNA & miRNA) 
against CHIKV
RNAi offers a promising approach toward inhib-
iting viral protein expression through selectively 
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Figure 2. RNAi mechanism: differences between siRNA, shRNA and miRNA as therapeutic tools. 
RISC: RNA-induced silencing complex.
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targeting the viral genome template. Like most 
RNA viruses, translation of the CHIKV genome is 
carried out by the host-cell translation machinery.

The CHIKV RNA can be predicted to be 
highly susceptible to RNAi agents as replication 
occurs in the cytoplasm, its genome resembles 
eukaryotic mRNAs and thus most regions of 
CHIKV RNA are accessible to RNAi machinery 
that would lead to a decrease in protein expression 
and decline in genomic RNA.

●● siRNA
The therapeutic application of siRNA against nsP3 
and E1 genes for the inhibition of CHIKV replica-
tion has been examined in Vero cells (Figure 3) [49]. 

The results indicated a reduction of virus titer up 
to 99.6% in siRNA-transfected cells compared to 
control. The viral inhibition was most significant 
at 24 h (99%). However, the success of this study 
is limited as siRNAs used were demonstrated to 
reduce replication by 65% by 48 h postinfection 
and not evaluated in vivo.

Another study conducted by our group designed 
eight siRNAs targeting the E2 or the nsP1 genes 
of CHIKV (Figure 3). Results showed two of the 
siRNAs efficiently inhibited CHIKV replica-
tion in virus-infected Vero-E6 cells and mice. 
CHIKV replication was completely inhibited 
in virus-infected mice when administered 72 h 
postinfection. A combination of the two siRNAs 
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Figure 3. Sites of the siRNA target sequences within the chikungunya virus genome. Dark-filled 
dumbbells represent the locations of the siRNAs target sequences as implemented by Dash et al. [49], 
and triangles represent locations of target sequences implemented by Parashar et al. [50]. The 
numbers in bracket denote the start and end nucleotide position in the chikungunya virus genomic 
sequence. 
NTR: Nontranslatable region.
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exhibited additive effect leading to early and potent 
inhibition of virus replication. Our findings sug-
gested the promising efficacy of RNAi in silencing 
sequence-specific genes of CHIKV that can consti-
tute a new therapeutic strategy for controlling the 
CHIKV infection and transmission [28,50].

●● shRNA
The efficacy of plasmid-based shRNA against 
CHIKV replication in three CHIKV-permissive 
cell lines, namely, HeLa, human muscle rhabdo-
myosarcoma RD cells and Baby Hamster Kidney 
BHK-21 cells has been investigated [51]. The 
study demonstrated that a plasmid-based shRNA 
expression system directed against CHIKV E1 and 
nsP1 genes was effective in producing sustained 
inhibition against CHIKV replication in stable 
shRNA-expressing cell clones. Both shRNA E1 
and nsP1 cell clones showed complete suppression 
of CHIKV E2 protein expression while shRNA 
against the capsid demonstrated a modest inhibi-
tory effect as compared to scrambled shRNA cell 
clones and nontransfected cell controls. On the 
other hand, a noninhibitory trend of shRNA E1 
was observed against dengue and Sindbis virus, 
indicating the high specificity of the shRNA 
against CHIKV replication. Thus, even after 50 
passages of CHIKV in the stable cell clones, no 
shRNA-resistant CHIKV mutant was generated. 
Evaluation of the efficacy of the antiviral activity of 
the shRNA in C57BL/6 mice demonstrated strong 
and sustained anti-CHIKV protection in suckling 
mice pretreated with different concentrations (3.1, 
9.5 and 19 pmol) of shRNA E1. Survival of the 
pretreated mice was observed up to day 15 postin-
fection as compared with the manifestation of 
CHIKV symptoms and CHIKV-induced lethal-
ity in nontreated and scrambled shRNA-treated 

mice. Overall, the data provide strong evidence of 
the anti-CHIKV efficacy of shRNA in vivo and 
reinforces the potential usefulness of shRNA in 
clinical settings of CHIKV infection [51].

●● miRNA
Research on miRNAs is providing vast opportuni-
ties for developing therapeutic approaches to treat-
ment of infectious diseases, and especially viral 
infections [52]. Recent animal and even human 
efficacy data have shown that oligonucleotides to 
target miRNAs known as anti-miR compounds 
have the prospective to become an entirely new 
class of drugs [53].

In a study by Saxena et al. [54], microarray tech-
nology and quantitative PCR method was used to 
establish the complete miRNA signature of host 
response upon CHIKV infection in a human cell 
line infection model, human embryonic kidney 
cell line (HEK293T). The results of miRNA 
expression profiling revealed regulation of a total 
of 152 miRNAs of which 65 were up and 33 were 
down, 12 hr post-CHIKV infection. Among 
the top upregulated miRNAs, the induction of 
miR-744, miR-638 and miR-503 was noted. The 
miRNA signature established in this study could 
point toward potential miRNA targets, which may 
be used for therapeutic purpose.

In another study, the role of miR-146a in 
modulation of inflammatory responses of human 
synovial fibroblasts by CHIKV was studied. It was 
shown that CHIKV induces expression levels of 
miR-146a in primary human synovial fibroblasts. 
This in turn suppresses TRAF6, IRAK1, IRAK2 
expression levels and downstream NF-κB activity 
through a negative feedback loop. CHIKV uti-
lizes miR-146a, as a negative regulator of general 
antiviral response [55].
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Shrinet et al. [56] have identified and analyzed 
the distribution and abundance of known and 
novel miRNAs in Aedes albopictus, and evaluated 
their modulation upon CHIKV infection. Their 
investigations provide an insight about cellular 
modification by miRNAs during CHIKV infec-
tion and the results provide leads for identifying 
potential candidates for vector-based antiviral 
strategies.

Recent studies in our laboratory have helped 
identify the analogous miRNA expression pro-
file following CHIKV infection and target genes 
in mice and human skin fibroblast cells. Results 
are suggestive that the putative target genes of the 
differentially expressed miRNAs are involved in 
RIG-I pathway, TGF-β signaling pathway, JAK-
STAT signaling pathway, MAPK signaling path-
way, cytokine–cytokine receptor interactions and 
Fcγ R-mediated phagocytosis. The results further 
indicate the potential use of miR15, miR-16, 
miR-17, let-7e, miR-125, miR-99 and miR-23a as 
biomarkers of CHIKV infection. MiRNAs, such 
as miR-15a, miR-16, miR-140, miR-146a, miR-
155, miR203, miR223, miR-499 and miR-363, 
known to be implicated in rheumatoid arthri-
tis [57–63], notably showed differential regulation 
in CHIKV infection. Given that the mouse has 
been used as a model organism for CHIKV bio-
medical research and antiviral screening, miRNA 
expression profiles of mice can potentially serve as 
useful biomarkers in understanding the CHIKV 
biology [Parashar et al., Unpublished Data].

Advantages & limitations of RNAi 
therapeutics
When compared with other therapies, RNAi-
based antiviral strategies have a number of advan-
tages. Unlike small molecule inhibitors, the design 
of siRNAs is straight forward and simple, due to 
the availability of number algorithms implement-
ing rules for their design [64,65]. Moreover, with the 
existence of genome sequence libraries, highly spe-
cific siRNAs can be designed, with reduced poten-
tial for off-targeting or undesired effects [66,67], 
enabling specificity of the gene silencing and thus 
increased siRNA efficacy [68]. Furthermore, com-
pared with small molecule inhibitors, the synthesis 
of siRNAs is also relatively easy.

In comparison to other antisense strategies, 
for example, antisense DNA oligonucleotides 
and ribozymes, RNAi is much more potent [69]. 
Single-stranded small antisense RNAs may also be 
loaded into RISC and guide target mRNA cleav-
age, although with a much reduced efficiency [70]. 

The high potency of RNAi implies that the 
effector molecules may function at much lower 
concentrations, which is an important factor for 
therapeutics.

Moreover, as siRNA is able to affect multiple 
steps in the viral life cycle, it is able to reduce the 
levels of viral transcripts and proteins even in the 
absence of active viral replication, such as in the 
liver cell of chronically infected patients. The 
gene silencing effect of siRNA is a short transi-
tional effect usually lasting for 3–7 days before 
naturally disappearing [71]. This lowers the chance 
of side effects as observed with other therapeutic 
methods, such as IFN-α and ribavirin.

Furthermore, the cytoplasmic location of the 
RNAi machinery, such as Dicer, RISC, etc., makes 
the RNAi approach technically easier than other 
methods in which the silencer needs to be taken 
up by the nucleus to exert an effect [72]. RNAi-
based therapies also do not cause any toxicity that 
can result from introducing a foreign compound 
into the body as they mimic a natural process and 
effect existing protein complexes [73].

Despite these advantages, a major issue regard-
ing the use of RNAi-based therapies against virus 
infections, particularly RNA viruses, is the emer-
gence of escape mutants during the process of viral 
replication and evolution [74]. Appropriate choice 
of the target site and use of a pool of siRNAs to 
simultaneously target multiple sites in the viral 
genome may help overcome this concern to some 
extent [75].

Theoretically, the siRNA is able to specifically 
block the synthesis of any protein responsible for 
any disease; however, the actual translation of 
siRNA into clinical use has been hampered by sev-
eral difficulties. These include the need to protect 
siRNA from degradation by nucleases in biologi-
cal fluids, the delivery of siRNA to target tissues 
and the intracellular delivery of siRNA to the 
cytoplasm of target cells where RNAi takes place. 
The efficient delivery of RNAi effectors is one of 
the greatest hurdles for clinical translation. Direct 
administration of dsRNA in the form of siRNAs 
complexed to lipids has been shown to activate 
innate inflammatory pathways [76]. The use of 
recombinant adeno- associated vectors provides 
the potential of lifelong persistence of RNAi, and 
also the ability to achieve systemic delivery, though 
the combined toxicity imparted by the viral vector 
itself, is of concern [77]. However, preclinical and 
clinical trials with recombinant adeno- associated 
vectors are extensive and showing promising 
results [77].
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Conclusion & future perspective
Chikungunya illness in humans is often char-
acterized by abrupt onset of fever, headache, 
fatigue, nausea, vomiting, rash, myalgia and 
severe arthralgia. Painful polyarthralgia is a 
common symptom and persists in a small pro-
portion of cases for several months. However, 
there currently is no licensed vaccine or thera-
peutic measure available to combat chikungu-
nya infection. Understanding the fundamen-
tal biology of RNAi has led to its widespread 
application in basic research and subsequently 
in applications for the treatment of disease. It is 
expected in the coming years that we will under-
stand more about RNAi-mediated regulation of 
gene expression and, thus, see RNAi-based drugs 
approved for use in disease therapy. RNAi has 
also proven to be a powerful tool for the study 
of gene function and has revealed new avenues 
for basic investigation. siRNAs form attrac-
tive drug candidates because of their potency, 
selectivity and versatility. The development of 
siRNA therapies, however, has been hampered 
by the difficulty in their delivery to the target 
cell type, tissue or organ, as they do not readily 
cross the cellular membrane owing to their nega-
tive charge and size. Several groups have studied 
the use of viral vectors to introduce shRNAs into 
organisms, although the safety of viral vectors 
for therapeutic use is still questioned. Recent 
improvements in lipid chemistries, chemical 
modifications and advances in eliminating spe-
cific motifs have reduced, but not eliminated, 
the potential serious side effects of lipid-based 
delivery systems. Issues concerning the cellular 

delivery of siRNA agents and their stability, 
etc., are further being addressed via a range of 
delivery vectors (e.g., polymers, liposomes and 
nanoparticles).

These nonviral delivery vectors address the 
safety risk and manufacturing cost though they 
are less effective than viral vectors. Nanoparticles 
have also been recognized as a principal delivery 
vehicle for gene therapy. Nanotechnology holds 
great promise for medicines for various reasons, 
for example, multiple selectivity, desirable solu-
bility and permeability, a favorable pharmacoki-
netic profile, tunable tissue specificity, higher 
stability under physiological conditions and the 
ability to scale-up during manufacture.

In spite of the disadvantages, several RNAi-
based therapies have been used in clinical trials, 
and are in the process of evaluation in stand-
ard pharmacokinetic and Phase I safety stud-
ies. Hopefully, in the near future, the siRNA 
approach may provide a better and effective 
treatment that will lead to the control and 
management of the chikungunya infection.
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EXEcUtiVE SUMMaRY
RNAi agents as chikungunya virus therapeutics

 ●  RNAi is a sequence-specific, post-transcriptional gene-silencing mechanism of most eukaryotic cells that uses small 
dsRNA molecules.

 ●  Three basic RNAi strategies: siRNA, shRNA and miRNA have been applied as therapeutics against the chikungunya 
virus, an alphavirus that has emerged as a major public health problem in several countries recently.

Advantages of RNAi-based approaches

 ●  A major advantage of RNAi versus other antisense-based approaches for therapeutic applications is that it utilizes 
cellular machinery that allows efficient targeting of complementary transcripts, often resulting in highly potent target 
gene silencing.

Conclusion & future perspective

 ●  Though the results are promising, the agents need to be evaluated for pharmacokinetic, as well as safety studies in 
clinical trials.

 ●  Cellular delivery of these macromolecules also needs to be fully addressed.
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Aim: Our goal was to improve treatment outcomes for visceral leishmaniasis by 
designing nanocarriers that improve drug biodistribution and half-life. Thus, long-
acting mannose-anchored thiolated chitosan amphotericin B nanocarrier complexes 
(MTC AmB) were developed and characterized. Materials & methods: A mannose-
anchored thiolated chitosan nanocarrier was manufactured and characterized. MTC 
AmB was examined for cytotoxicity, biocompatibility, uptake and antimicrobial 
activities. Results: MTC AmB was rod shaped with a size of 362 nm. MTC AmB elicited 
90% macrophage viability and 71-fold enhancement in drug uptake compared with 
native drug. The antileishmanial IC50 for MTC AmB was 0.02 μg/ml compared with 
0.26 μg/ml for native drug. Conclusion: These studies show that MTC can serve as a 
platform for clearance of Leishmania in macrophages.
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Visceral leishmaniasis (VL; kala-azar) 
remains a common tropical infectious dis-
ease. Leishmania amastigotes and promasti-
gotes target mononuclear phagocytes (MP; 
monocytes and tissue macrophages), and 
parasite growth is sustained by the cell’s 
microenvironment. Infection remains high 
in prevalence, morbidity and mortality in the 
developing world [1]. The obligate intracellu-
lar Leishmania donovani amastigotes replicate 
within membrane-bound MP subcellular 
organelles. Current medical management is 
not effective for eliciting microbial clearance 
due to drug resistance, toxicity, bioavail-
ability and cost [2]. Chemotherapy for VL 
is based on the use of antimony. However, 
the emergence of resistance has transformed 
medical management to the use of amphoter-
icin B (AmB) for VL treatment [2,3]. Notably, 
targeted intracellular delivery of AmB has 
now emerged as a first-line medical strategy 
to facilitate pathogen clearance. The develop-

ment of improved drug delivery formulations 
that include nanotechnology-based targeted 
therapeutics that target infected cells and tis-
sues could improve treatment outcomes [3,4].

It is well accepted that mannose-based 
carriers can be harnessed to improve anti-
leishmanial drug delivery. This idea is based 
on the target macrophage surface receptor 
distribution [2–4]. Proof of concept for such 
an approach includes, but is not limited to, 
drugs such as muramyl dipeptide, efavirenz 
and rifampin [5–7]. Each has yielded encour-
aging results. Mannose receptors recognize 
corresponding sugars and facilitate cellular 
uptake of drug-encased particles [8,9]. Con-
sequent internalization of the therapeutic 
carrier facilitates drug accumulation at sites 
of active parasitic infection [8]. Such receptor-
mediated MP drug nanoparticle targeting 
is linked to the effectiveness of the ligand-
anchored therapeutic carrier. This serves to 
improve drug cell entry, retention and cargo 
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release in an infected or bystander cell [9]. However, the 
question of finding the optimal vehicle for drug-based 
macrophage carriages has not yet been addressed. One 
answer is chitosan-based nanocarriers. These carriers 
have gained considerable interest due to their tunable 
functional groups, biocompatibility and biodegrad-
ability [10]. Thiolated chitosan (TC) such as chito-
san–thioglycolic acid conjugates can be generated by 
immobilization of thiol groups on the chitosan poly-
mer backbone [11]. Formation of inter- and intramo-
lecular disulfide bonds within the thiolated polymer 
matrix results in improved properties, such as in situ 
gelling/cohesion that facilitates the drug delivery sys-
tem stability [12,13]. Specifically, mannosylation of TC 
polymer (MTC) is believed to be an appealing strat-
egy for targeted intracellular MP delivery of AmB as 
it would not only aid in parasite clearance but also 
help reduce the dosing volume and frequency. To date, 
there is only limited research that has been conducted 
to investigate the potential of mannose-anchored thio-
lated nanocarriers for VL and linked parasitic disease 
therapy [2,3,14]. In this study, improved mannose-
anchored TC (MTC) nanocarriers were developed to 
facilitate stability, biocompatibility, controlled release 
and cell uptake by macrophages for antileishmanial 
therapy.

Materials & methods
Materials
Low MW chitosan, cysteine, hydrogen peroxide, Ell-
man’s reagent (5,5-dithiobis[2-nitrobenzoic acid]), 
AmB, acetonitrile, methanol, mannose and DMSO 
were purchased from Sigma-Aldrich (MO, USA). 
Pooled human serum was obtained from Innovative 
Biologics (VA, USA). Solvents used were HPLC-grade 
materials.

TC polymer synthesis
The synthesis of the thiolated polymer was made 
through covalent linkage of thioglycolic acid (TGA) 
to chitosan by amide bond formation between the 
polymer amino groups and carboxylate groups of the 
sulfhydryl moiety [12]. Briefly, chitosan 1% (w/v) was 
hydrated with 1% (v/v) acetic acid solution. This was 
by followed the addition of 500 mg of TGA after which 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydro  chloride-coupling reagent at a final concentra-
tion of 100 mM was added to activate the carboxylic 
acid moieties of TGA. The pH of the reaction mixture 
was adjusted to 5.5 with 10 M NaOH, and mixtures 
were incubated for 3.5 h under continuous stirring. The 
solution was dialyzed five-times in a membrane tubing 
(MW cut-off 12–14 kDa) for 3 days under protection 
from light at 10°C in order to separate unbound sulf-

hydryl moieties from the thiolated polymer. Briefly, the 
crude thiolated polymer was dialyzed once against 5 
mM HCl (5 l), then twice against the same media of 
1% (w/v) NaCl to break ionic interactions between the 
positively charged polymer and the negatively charged 
sulfhydryl moieties. Finally, the samples were dia-
lyzed thoroughly twice against 1 mM HCl to adjust 
the pH of the TC solution. The dialyzed product was 
 lyophilized and stored at 4°C for subsequent use.

MTC synthesis & characterization
Mannose was linked onto TC as described with modi-
fications [15]. Mannose immobilization was carried out 
by reductive amination of TC. Two percent TC was 
dissolved in 1% v/v aqueous acetic acid by stirring 
at room temperature. Sodium 0.12 M cyanoborohy-
dride and 0.33 M D-mannose were then added to the 
resulting viscous polymer solution with vigorous stir-
ring. The resulting reaction mixture was continuously 
stirred until a white foamy gel was formed. The gel was 
smashed up then rinsed four-times with 150 ml metha-
nol and once with diethyl ether (150 ml). The light 
pink solid product was then dried for several hours.

Quantitation of primary amine functional groups at 
each level of modification was determined by a colo-
rimetric 2,4,6-trinitrobenzenesulfonic acid (TNBS) 
assay. In this assay, the polymer (0.5 mg) was dissolved 
in 500 μl NaCl (0.5%, w/v) solution. After incuba-
tion at 25°C for 30 min, 500 μl of TNBS (0.1%, w/v) 
comprising NaHCO

3
 (4%, w/v) was incorporated into 

each hydrated aliquot. After 3 h of incubation at 37°C 
and centrifugation (33,527 × g; 5 min; 4°C), absor-
bance was recorded at 410 nm on a microtiter plate 
reader (Molecular Devices, CA, USA). L-cysteine HCl 
standards were used for the calculations.

The degree of conjugation as assessed by the amount 
of thiol groups anchored to TC and MTC was deter-
mined by Ellman’s reagent. First, conjugates (0.5 mg) 
were hydrated in 500 μl of phosphate buffer (0.5 M; 
pH 8.0). Then 500 μl of Ellman’s reagent (3 mg in 
10 ml of 0.5 M phosphate buffer) was added into each 
aliquot. The mixtures were incubated for 3 h at room 
temperature. The thiol content on TC and MTC 
was then determined by measuring the absorbance of 
300 μl of the mixture at 410 nm on a microtiter plate 
reader (Molecular Devices). L-cysteine HCl was used 
as a standard to quantify the sulfhydryl on the MTC.

The extent of disulfide bond formation due to air 
oxidation during polymer modifications was measured 
as previously reported [12]. TC and MTC (0.5 mg) were 
swelled in Falcon tubes (15 ml) containing 1 ml of 0.05 
M Tris buffer, pH 6.8. After 30 min of incubation at 
room temperature, 1 ml of a 4% (w/v) sodium-borohy-
dride solution was added to the reaction mixtures. The 
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samples were then oscillated for 3 h in a shaking water 
bath at 37°C. The mixture was quenched by the addi-
tion of 200 μl of 5 M HCl. Ellman’s reagent (500 μl 
of 0.4% [w/v]) was added to determine the remaining 
thiol content as described above.

Fourier transform IR & proton NMR spectroscopy
Immobilization of mannose on TC was elucidated 
further by Fourier transform IR (FTIR; Schimadzu, 
Model 8400, Japan) and proton NMR (1H NMR; 
500 MHz; Varian Medical Systems, Inc., CA, USA) 
spectroscopy. FTIR spectroscopy was acquired by the 
KBr disk method over the range of 4000–400 cm-1. 
1H NMR spectroscopy was conducted in deuterated 
DMSO.

Preparation of the nanocarriers
Nanocarriers of unmodified chitosan (UC), TC and 
MTC were synthesized using in situ gellation. Specifi-
cally, AmB was dissolved in 2.5% (v/v) aqueous ace-
tic acid solution and Tween 80 to a final concentra-
tion shown in Table 1. The polymer (0.33%, w/v) was 
then added to the mixture and the reaction allowed to 
proceed for 2 h. Afterward the product was mechani-
cally mixed using high-pressure homogenization. The 
purified nanocarriers were then stabilized by adding 
an aqueous solution of sodium tripolyphosphate cross-
linker at the final concentrations shown in Table 1. The 
synthesized particles were categorized as either clear, 
opalescent or agglomerates based on qualitative visual 

evaluation. The nanocarriers were then partially oxi-
dized with 0.5% (v/v) H

2
O

2
 solution after incubation 

for 1 h under continuous stirring at room temperature. 
The resultant opalescent product of desired physico-
chemical parameters was selected for further charac-
terization and investigations as shown in Table 2. To 
prevent particle aggregation during differential cen-
trifugation (33,527 × g; 10 min; 4°C), 5% (w/v) treha-
lose was added to the nanoformulation before this step. 
After centrifugation, the supernatant was removed and 
the pellet washed twice with water before resuspending 
in 0.1% (v/v) aqueous acetic acid solution (2 ml) and 
stored at 4°C for subsequent use.

Particle size, surface charge and polydispersity index 
(PDI) of the nanocarriers were determined by dynamic 
light scattering using a Malvern Zetasizer Nano Series 
Nano-ZS (Malvern Instruments, Inc., MA, USA). 
Encapsulation efficiency of AmB in UC, TC and MTC 
was determined after centrifugation (14,000 × g, 60 
min, 4°C) of nanoparticle suspensions to remove unen-
trapped insoluble drug. The pelleted nanocarriers were 
dissolved in methanol and ultrasonicated for 10 min to 
facilitate particle rupture. The drug released into the 
supernatant after centrifugation (14,000 × g, 5 min, 
4°C) was quantified by HPLC [16]. Drug  encapsulation 
efficiency was calculated using the formula:

Table 1. Composition (polymer, surfactant, drug and cross-linking agent ratio) and physicochemical characterization 
including polydispersity index, particle size, payload and ζ-potential of the ionically cross-linked nanocarriers used in 
study (designated as 1, 2 and 3).

Formulations Polymer % 
(m/v)

Tween % 
(v/v)

TPP (μM) Drug % 
(m/v)

Size (nm) PDI Payload % ζ-potential 
(mv)

Unmodified chitosan 

UC -1 0.3 16.6 0.35 0.1 1048 ± 54 0.83 ± 0.72 21.0 33 ± 2

UC -2 0.3 16.6 0.40 0.1 827 ± 12 0.65 ± 0.31 35.0 30 ± 7

UC -3 0.3 16.6 0.54 0.1 449 ± 38 0.31 ± 0.01 47.0 28 ± 3

Thiolated chitosan

TC -1 0.3 16.6 0.4 0.1 654 ± 41 0.71 ± 0.06 24.5 29 ± 2

TC -2 0.3 16.6 0.6 0.1 495 ± 13 0.29 ± 0.03 64.8 23 ± 0.9

TC -3 0.3 16.6 0.7 0.1 1032 ± 14 0.61 ± 0.02 35.0 21 ± 4

Mannose-anchored thiolated chitosan

MTC -1 0.3 16.6 0.4 0.1 1012 ± 18 0.42 ± 0.01 53.8 29 ± 4

MTC -2 0.3 16.6 0.6 0.1 478 ± 9 0.25 ± 0.01 72.9 20 ± 1

MTC -3 0.3 16.6 0.7 0.1 951 ± 27 0.91 ± 0.08 26.0 19 ± 0.8

Indicated values are mean ± SD of at least three experiments.
MTC: Mannose-anchored thiolated chitosan; PDI: Polydispersity index; SD: Standard deviation; TC: Thiolated chitosan; UC: Unmodified chitosan; TPP: Sodium 
tripolyphosphate.

EE

Total amount of drug

Total amount of drug in formulation Unentrapped drug
100#

=

-
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Stability of the designed nanocarriers was evaluated 
under various storage conditions. For stability testing, 
100 μl aliquots of the nanocarriers were stored at -20, 
4 and 37°C over 4 weeks then analyzed for surface 
charge, size and PDI. Scanning electron microscopy 
of the nanocarriers was performed using a Hitachi 
S4700 Field-Emission Scanning Electron Microscope 
( Hitachi High Technologies America, Inc., IL, USA).

Nanoparticle drug release
The release profile of AmB from UC, TC and MTC 
nanocarriers was evaluated at macrophage endosomal 
and physiological pH, 5.5 and 7.4, respectively. Either 
sodium acetate buffer or phosphate-buffered saline 
(PBS), each containing 1% (v/v) Tween 80, was used 
as the release medium. The release rate of native AmB 
powder was evaluated as a control. An appropriate 
volume of each nanocarrier suspension was reconsti-
tuted in 10 ml of release media to achieve a final con-
centration of 10 mg/ml and transferred into dialysis 
bags (MW cut-off 12–14 kDa). The dialysis bags were 
then immersed in 100 ml of release media and stirred 
at 37°C. At predetermined time intervals, an aliquot 
of the medium was drawn and diluted in methanol. 
The concentration of drug released was determined by 
HPLC [16].

Parasites, cells & nanoparticle treatments
The WHO reference strain of L. donovani promastigotes 
(MHOM/IN/80/DD8) was obtained from American 
Type Culture Collection (ATCC® 50212) and is sensi-
tive to AmB. The resistance in the acquired strain was 
provoked by incremental increases in AmB concentra-
tion enabling the pathogen to grow at 500 μM drug 
concentration. Resistant and sensitive L. donovani clini-
cal isolate parasites (1–2 × 106 cells/ml) were grown at 
25°C in Medium 199 with Hank’s Balanced Salts 
(Thermo Fisher Scientific, MA, USA), plus 10% (v/v) 
heat-inactivated fetal bovine serum; American Type 
Culture Collection cat. no. 30–2020) and 50 mg/l gen-

tamicin, in a 75 cm2 tissue culture flask (14 ml medium) 
for >4 days to stationery phase (50–100 × 106 cells/
ml). Macrophage J774 cells were grown in RPMI-1640 
medium (HyClone; GE Healthcare Life Sciences, UT, 
USA) supplemented with 15% (v/v) heat-inactivated 
fetal bovine serum and 50 mg/l gentamicin at 37°C. 
The effects of the nanoformulations on cell viability 
of J774 cells and primary human monocyte-derived 
macrophages were evaluated using the 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H- tetrazoliumbromide 
(MTT) assay with minor modifications [2]. Briefly, non-
infected J774 cells were seeded at a density of 1 × 106 
cells/ml in 96-well plates at a volume of 200 μl culture 
medium/well and incubated for 24 h at 37°C. Depend-
ing on surface chemistry nanoformulations had variant 
encapsulation/associations of AmB with the polymeric 
nanocarriers; the drug loading capacities were 80%, 
70%, and 47% for MTC, TC, and Chito, respectively. 
To maintain equivalent concentrations, nanoformula-
tions of MTC, TC and UC were dissolved in 100% 
DMSO and diluted to reach concentrations of 25, 50 
and 75 μg/ml AmB in the culture medium. The maxi-
mum concentration of DMSO after dilution was 0.1%. 
Cells treated with 25, 50 or 75 μg/ml of native AmB or 
no drug constituted control groups. The cells were incu-
bated for 24, 48 or 72 h at 37°C in a 5% CO

2
 incubator 

after nanocarrier treatment. Following incubation, the 
supernatant was replaced with culture medium contain-
ing MTT (500 μg/ml) and further incubated for 4 h at 
37°C. To dissolve formazan crystals, 100 μl of DMSO 
was added and absorbance was measured at 450 nm 
using a microplate reader.

J774 cell uptake and retention of nanocarriers, 
AmBisome® and native drug were evaluated as previ-
ously described [17]. Briefly, cells were incubated with 
nanocarriers at 100 μM drug concentrations, and cel-
lular uptake measured over a 12 h period. Adherent 
cells were washed three-times with PBS and scraped. 
Cell pellets were collected by centrifugation at 950 × g 
for 10 min then resuspended in 200 μl of methanol, 

Table 2. Characterization in terms of thiol groups, disulfide bonds, polydispersity index, particle size, payload and 
ζ-potential of covalently cross-linked (oxidized) nanocarriers.

Formulations -SH [μMol/g] -S-S- [μMol/g] Size (nm) PDI Payload % ζ-potential (mv)

UC - - 449 ± 38†* 0.31 ± 0.01 47.0†** 28 ± 4

TC 1283 ± 96 82 ± 27 495 ± 13 0.29 ± 0.03 64.8 23 ± 0.9

Thiolated chitosan (Ox) 857 ± 45 389 ± 52 390 ± 26§* 0.21 ± 0.02 69.5§* 21 ± 0.6

MTC 1269 ± 101 62 ± 18 478 ± 9 0.25 ± 0.01 72.9 20 ± 1

Mannose-anchored Ox 781 ± 95 454 ± 113 362 ± 27‡* 0.22 ± 0.03 78.3‡*** 19 ± 3

Values are mean ± SD of at least three experiments. Statistically significant differences were determined between UC and ox TC†; UC and Ox MTC‡; Ox TC and 
Ox MTC§.
*p < 0.05; **p < 0.01; ***p < 0.001.
MTC: Mannose-anchored thiolated chitosan; Ox: Oxidized; PDI: Polydispersity index; SD: Standard deviation; TC: Thiolated chitosan; UC: Unmodified chitosan.
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sonicated and centrifuged. Triplicate 20-μl samples 
of methanol extracts were assessed by HPLC [16]. For 
determination of efflux pump inhibition, J774 cells 
infected with L. donovani were treated with 5 μM 
verapamil, an adenosine triphosphate-binding cassette 
(ABC) transporter inhibitor. Verapamil was added to 
the cells with or without parasites and incubated for 
2 h prior to treatment with nanoformulations or AmB. 
After treatment with verapamil the cells were washed 
with PBS (pH 7.2) and treated with nanoformula-
tions, AmBisome or AmB then processed for microbial 
uptake [17]. For cell drug retention studies, J774 cells 
were incubated with nanoformulations for 24 h and 
washed three-times with PBS. Fresh medium without 
nanoformulations was added and the cells were cul-
tured for a further 10 days with half medium changes 
every other day. On days 2, 4, 8 and 10 following 
nanoformulation treatment, J774 cells were scraped 
then processed for drug quantitation by HPLC as 
described for cell uptake.

Antileishmanial activities
An amastigote model in a macrophage cell line was 
used to evaluate antileishmanial activity of the devel-
oped formulations and AmBisome, as reported previ-
ously [18]. Briefly, the J774 cells were resuspended (2.5 × 
105 cells/ml) in RPMI-1640 culture medium without 
serum. The cells were plated onto 8-well Lab-Tek CCR2 
tissue culture slides (NUNC; Thermo Fisher Scien-
tific) at a density of 200 × 103 cells/well and incubated 
at 37°C for 24 h in a humidified incubator. The cells 
were then washed twice with serum-free medium and 
infected with 100 μl metacyclic stage of L. donovani 
at an infection ratio of 10:1 (parasites/macrophages) 
in 200 μl of whole medium (RPMI 1640 + 10% heat-
inactivated fetal calf serum + 50 mg/l gentamicin) and 
incubated for 12 h. Nonphagocytosed parasites were 
removed by washing three-times with PBS and the 
wells were resupplemented with RPMI-1640 complete 
medium. Stock solutions of native AmB and UC, TC, 
MTC nanocarriers were prepared in 100% DMSO 
at 1 mg/ml AmB. AmBisome was reconstituted con-
sistent with the manufacturer’s protocol to achieve a 
5 mg/ml stock of AmB. Working concentrations were 
prepared in whole medium (RPMI 1640 + 10% heat-
inactivated fetal calf serum + 50 mg/l gentamicin). 
The cells were treated with AmB formulations (Chito, 
CT, MCT and AmBisome) at six different drug con-
centrations (1–0.004 μg/ml AmB) prepared by serial 
dilution. Untreated infected macrophages were used as 
positive controls. The drug activities of free UC, TC 
and MTC nanocarriers were also investigated. Each 
formulation concentration was tested in quadrupli-
cate. The maximum DMSO concentration of 0.1% 

was found to have no influence on macrophage/amas-
tigote clearance. After 72 h of incubation (5% CO

2
 

at 37°C), slides were fixed with 100% methanol for 
1 min and stained for 10 min with 10% Giemsa’s solu-
tion. Giemsa-stained intramacrophage amastigotes 
slides were visualized under a light microscope (Zeiss, 
AXIO, NY, USA). Percent inhibition from test formu-
lations and AmB were calculated as cells/100 nucle-
ated nontreated control cells. Data were fitted using 
the nonlinear dose–response sigmoidal curve, and the 
IC

50
 values were estimated by using Microsoft xl/fit.

In vivo therapeutic efficacy evaluations of the devel-
oped nanoformulations were performed according to a 
protocol approved by the Institutional Animals Ethical 
Committee of Quaid-i-Azam University, Islamabad, 
Pakistan. Thirty-six BALB/c mice (20–25 g) were 
infected by intracardiac injection of 1 × 108 promas-
tigotes of L. donovani. After 4 weeks, infection was 
confirmed in three randomly selected mice by Giemsa 
staining of splenic tissue. Native-free drug AmB (group 
I) and nanoformulated UC (group II), TC (group III), 
MTC (group IV) and drug-free nanocarrier (group V) 
were administered orally at 1 mg/kg body weight per 
day for 7 days; whereas the control group (group VI) 
received an equal volume of saline. In order to validate 
the data, a single intravenous dose of AmB was admin-
istered at 1 mg/kg body weight/day for 7 consecutive 
days. Treated groups were sacrificed on day 7 post-
treatment and compared with untreated infected con-
trol animals. The spleen weight was calculated after 
autopsy and tissue smears were prepared for micro-
scopic examination by Giemsa staining. The percent 
suppression of splenic parasite load and parasite burden 
and the percent inhibition of parasite  replication were 
determined using the following formula:

where PI is the percent inhibition, PP is the amount 
of amastigotes/100 macrophage nuclei pretreatment 
while PT is the amount of amastigotes/100  macrophage 
nuclei post-treatment in spleen tissue smears.

Statistical analyses
Data sets were investigated for normal distribution 
by using the Kolmogorov–Smirnov test. Normally 
distributed data were analyzed using one-way analy-
sis of variance followed by the Tukey’s posthoc test. 
Kruskal–Wallis tests were followed by Dunn’s post 
hoc evaluations for non-normally distributed data. All 
results were expressed as mean ± standard deviation 
(SD), with n representing the number of repeats. Two-
tailed statistical analyses were considered significant at 
p < 0.05 or highly significant at p < 0.01.

PI PP
PP PT 100#= -
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Figure 1. Synthetic scheme for the establishment of mannose-modified chitosan–thioglycolic acid conjugate. The 
Schiff’s base (R-CH = N-R) mediated amide bonds formation between the aldehyde group of mannose and the 
amino group of the thiolated polymer.
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Figure 2. Characterization of the polymers by nuclear magnetic resonance spectroscopy (see facing page). 1H-NMR spectra 
comparing unmodified polymer (A) and thiolated chitosan (B) polymer controls to mannose-anchored thiolated chitosan (C). The 
presence of methylene peaks (3.5-3.9 ppm and 4.5-5.1 ppm) in the spectrum of the mannose-anchored thiolated chitosan confirmed 
the attachment of the sugar to the polymer.
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Results
TC synthesis & characterization
Evaluation of the thiol groups immobilized to the 
thiolated polymer by the Ellman’s test demonstrated 
that on average 1301 ± 194 μmol of thiol groups were 
attached/gram of polymer (mean ± SD; n = 3). In addi-
tion, the amounts of primary amino groups and disul-
fide bonds within the TC were estimated by TNBS 
and disulfide bond assays, respectively. According to 
the data, there were 429 ± 62 μmol primary amino 
groups per gram of polymer (mean ± SD; n = 3) and 
107 ± 12 μmol disulfide bonds/gram of polymer (mean 
± SD; n = 3). The reduced disulfide bond formation 
implied reduced oxidation that had occurred during 
the conjugation reaction. This demonstrated the high 
efficiency of the thiolation process. The efficiency of 
the purification step for the TC polymer was con-

firmed by comparison to control polymers synthesized 
similarly but without 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide hydrochloride during the conjuga-
tion step. The control polymers exhibited negligible 
quantities of thiol groups per gram of polymer. The 
purified polymers were frozen and lyophilized to give 
white fibrous structures that were readily soluble in 
aqueous solutions.

MTC nanocarriers
We next sought to determine the utility of thiolated 
polymer for MP targeting as a therapeutic strategy as 
a therapy for VL. Mannose modification of the TC 
polymer was initiated by ring opening of mannose fol-
lowed by reductive amination reaction of the resultant 
aldehyde with free amino groups on the TC polymer. 
The synthetic scheme for this mannose-modified chi-
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Figure 3. Characterization of the polymers by fourier transform infrared spectroscopy. Fourier transform IR spectra of thiolated 
chitosan (A) and mannose-modified thiolated chitosan (B). The presence of amide carbonyl and hydroxyl bands in FTIR spectrum of 
the mannose-anchored thiolated polymer further confirms the association of the mannose sugar and the polymer backbone.
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tion was induced by the addition of an aqueous solu-
tion of H

2
O

2
. Consequently, a decrease in the density 

of thiol groups within the nanocarriers was confirmed 
using the Ellman’s reagent. Stability of the developed 
nanoformulations in terms of size, charge and PDI was 
evaluated under various storage temperatures (-20, 4 
and 37°C) in a time-dependent manner. No notable 
changes in size, ζ-potential and PDI, were observed 
when the nanoformulations were kept for a period of 
4 weeks at 4 and 37°C. However, statistically signifi-
cant increases in average size and PDI (∼2- and 1.5-
fold, respectively) were observed for nanoformulations 
after 4 weeks at -20°C.

Drug release profiles
In this study, AmB release profiles of native drug pow-
der, UC, TC and MTC nanocarriers were evaluated 
for 10 days at endosomal pH of 5.5 and physiological 
pH of 7.4. When assessing in vitro drug release of a 
hydrophobic drug, sink conditions were maintained. 
These conditions were maintained by inclusion of 
1% (v/v) Tween in the phosphate buffer [17,19]. This 
allowed the total quantity of drug can be eluted from 
the nanocarriers and to reduce the adhesion of AmB 

onto the dialyzing membrane wall. The percentage 
of AmB released from the nanocarriers was evaluated 
in a time-dependent manner (Figure 5). The release 
patterns were biphasic (i.e., an initial burst release of 
40% within 2 days followed by an extended sustained 
release for 10 days). Moreover, as observed from 
native drug powderm 100% drug was released in 
both settings within 1 h (data not shown). Therefore, 
release media provides a sufficient hydrophobic envi-
ronment for complete dissolution of drug. The initial 
burst release of the drug might be the result of diffu-
sion of loosely bound drug near the particle surface. 
During the second phase, both TC and MTC nano-
carriers exhibited a slow sustained release of AmB for 
up to 10 days, compared with >80% of drug released 
from UC nanocarriers within 4 days, possibly due to 
poor stability of the UC polymeric network. It is also 
worth noting that both TC and MTC nanocarriers 
exhibited the lowest initial drug release as compared 
with UC.

Biocompatibility screening studies
The biocompatibility of the developed nanoformula-
tion was evaluated in J774 cells using the MTT assay. 
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Figure 4. Nanoparticle morphologies. SEM images of unmodified chitosan (A), thiolated chitosan (B) and 
mannose-anchored thiolated chitosan (C) nanocarriers before centrifugation and SEM image of mannose-
anchored thiolated chitosan (D) after centrifugation.  
SEM: Scanning electron microscopy.
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tosan–TGA conjugate is illustrated in Figure 1. Suc-
cessful synthesis of the conjugate was confirmed by 
1H NMR and FTIR spectroscopy. The 1H NMR 
spectrum of MCT is shown in Figure 2. Peaks in the 
region of 3.5–3.9 ppm and 4.5–5.1 ppm correspond 
to methylene protons (CH

2
 group) of the mannose 

sugar. These were present in the final product spec-
trum but not in the starting material (Figure 2A & B, 
respectively). The FTIR spectra of the TC and man-
nose-modified TC are illustrated in Figure 3. A char-
acteristic band at 3363 cm-1 corresponds to stretch-
ing vibrations of –NH

2
 and –OH functional groups. 

The band at 2375 cm-1 corresponding to thiol groups 
was observed in the TC spectrum (Figure 3). For the 
mannose-modified TC, new peaks at 1652, 1431 cm-1 
and 1400 cm-1 corresponds to amide bond formation 
and –OH stretching vibrations, an indication that 
the mannose sugar was incorporated on the polymer 
backbone.

AmB loaded UC, TC and MTC nanocarriers were 
manufactured by a blend of embedding and diffusion. 
The payload of AmB-loaded nanocarriers was from 
21 to 72% (Table 1). Based on our prior experience, 
0.54 μM TPP is required for cross-linking Chito and 
0.60 μM for TC and MTC nanocarriers to stabilize 
the particles. The morphologies of the synthesized 
nanocarriers were rod-shaped (Figure 4). Nanoparticle 
surface chemistry and parameters influence nanofor-
mulation stability and attachment onto biological 
surfaces. The average ζ-potentials of MTC (19 ± 3) 
and TC (21 ± 0.6) were found to be lower than that 
of UC (28 ± 4) (p < 0.05) nanocarriers. The decrease 
in the ζ-potential of MTC was the result of mannose 
immobilization onto the polymer backbone. More-
over, all the nanoparticles were found to have a moder-
ate PDI and narrow size distribution as illustrated in 
Table 2. To further stabilize TC and MTC nanocar-
riers, inter- and intramolecular disulfide bond forma-
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Figure 5. Release profile of developed 
nanoformulations. Dissolution studies were performed 
in phosphate buffer pH 7.2 at 37°C. Values are mean 
± SD of three experiments. Statistically significant 
differences in the release profile of MTC were 
determined compared with TC and UC at significance 
levels of *p < 0.05; **p < 0.01.  
MTC: Mannose-anchored thiolated chitosan; 
SD: Standard deviation; TC: Thiolated chitosan; 
UC: Unmodified chitosan.
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J774 cells were incubated with various concentrations 
of AmB nanoformulations (0, 25, 50 and 75 μg/ml 
AmB). Differences were observed in the cytotoxicity 
profiles between TC and MTC, UC (p ≤ 0.05) and 
native drug (p ≤ 0.05). With MTC >90 ± 4.3% cell 
survival over 72 h was observed at the highest con-
centration tested (75 μg/ml AmB), while native drug 
solution reduced cell viability to 34.5 ± 5.6% (n = 3 ± 
SD) as shown in Figure 6. The values for the negative 
control Triton X-100 (2% v/v) and the positive-control 
medium without fetal calf serum/phenol red showed 
0.40 ± 0.03% and 100.8 ± 4% viability, respectively.

Internalization of MTC AmB nanocarriers by 
macrophages
Cellular internalization of targeted (TC and MTC), 
nontargeted (UC), AmBisome and native drug after 
12 h incubation was compared in sensitive and resis-
tant L. donovani infected or uninfected control cells 
following drug nanoformulation treatments (100 μM). 
UC nanocarriers, AmBisome and native drug showed 
reduced uptake into infected cells with the resistant 
VL strain after 12-h incubation (p ≤ 0.05) (Table 3). 
To determine whether MDR1 is involved in the efflux 
of AmB, pretreatment with verapamil, an inhibitor of 
MDR1 was tested. Here retention of AmB from UC, 
AmBisome and native drug solution in infected and 

uninfected macrophages was evaluated (Table 3). Pre-
treatment with verapamil demonstrated partial reversal 
of the efflux process, as the uptake of AmB was 2-, 2.5-, 
1.2-fold higher from UC, AmBisome and native drug 
solution, respectively, for the resistant strain-infected 
macrophages. However, the uptake of the uninfected 
macrophages and sensitive strain-infected macrophages 
was not altered significantly by pretreatment with 
verapamil. These observations suggest that the lower 
intracellular AmB concentration in the resistant strain-
infected macrophages compared with noninfected mac-
rophages and sensitive strain-infected macrophages may 
be the result of upregulated drug efflux machinery. TC 
and MTC nanocarriers (100 μM) were rapidly internal-
ized into the noninfected macrophages and drug con-
centrations of up to 12.9 ± 2.3 μg of AmB/106 cells and 
28.6 ± 1.4 μg AmB/106 cells over 12 h, respectively. We 
observed the uptake of TC and MTC to be 4.2- and 
9.6-fold higher, respectively, in resistant strain-infected 
macrophages compared with unmodified nonthiolated 
nanocarriers (Table 3). The results reported in this work 
therefore suggest that the thiolated surface-modified 
nanocarriers contribute to inhibition of AmB efflux in 
resistant strain-infected macrophages. MTC nanopar-
ticles showed 71.5-, 26.0-, 4.4- and 2.2-fold increases 
in uptake by noninfected macrophages at 12 h com-
pared with equimolar concentrations of TC (p ≤ 0.05), 
UC (p ≤ 0.05), AmBisome (p ≤ 0.05) and native drug 
(p ≤ 0.001), respectively, Table 3.

The amount of drug lost during the washing steps 
of cellular internalization was determined by HPLC 
analysis of the supernatants. It was observed that loss 
of drug in the washed volume was decreased with lon-
ger incubation time (data not shown). Interactions of 
the nanocarriers with the cell surface seem to be time 
dependent. Moreover, UC, AmBisome and native drug 
displayed higher drug loss in contrast to TC and MTC 
nanocarriers.

We also investigated the drug retention profile of 
the developed nanocarriers over 10 days (Figure 7). 
There were significant differences in the drug reten-
tion profile (p ≤ 0.05) between AmBisome and native 
drug when cells were treated with equimolar drug con-
centrations. Specifically, 0.34 μg of AmB/106 cells was 
detected 2 days after treatment with AmBisome, com-
pared with none for the native drug. UC nanocarriers 
were found to keep the drug inside the cells for 8 days. 
The TC and MTC nanocarriers retained and slowly 
released AmB over the 10-day period.

Antileishmanial activities
In this study, various AmB nanoformulations were syn-
thesized and investigated against L. donovani amasti-
gotes in a concentration-dependent manner (Figure 8). 
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Figure 6. Biocompatibility of nanoformulations in 
J744A.1 cells after 72 h incubation. To retain equivalent 
concentrations, nanoformulations of MTC (0.93 μg/ml), TC 
(1 μg/ml) and UC (1.6 μg/ml) were dissolved to achieve 
concentrations of 75 μg/ml AmB in the culture medium. 
Results are expressed as mean ± SD of three replicate 
wells at significance levels of **p < 0.01; ***p < 0.001.  
MTC: Mannose-anchored thiolated chitosan; 
SD: Standard deviation; TC: Thiolated chitosan; 
UC: Unmodified chitosan.
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Free AmB and AmBisome were used as controls. Drug-
free nanocarriers (UC, TC and MTC) were used as 
additional controls. As shown in Figure 8A, AmB, 
AmBisome UC, TC and MTC nanocarriers at doses 
equivalent to 1.0 μg/ml AmB showed 48% ± 6%, 60% 
± 11%, 76% ± 9%, 84% ± 7% and 96% ± 2% inhi-
bition of parasites, respectively. The measured IC

50
 of 

AmB, AmBisome, UC, TC and MTC nanocarriers 
was found to be 0.256 ± 0.013 μg/ml, 0.208 ± 0.01 
μg/ml, 0.164 ± 0.03 μg/ml, 0.096 ± 0.004 μg/ml and 
0.019 ± 0.007 μg/ml, respectively. Macrophage target-
ing through mannose-anchored thiolated nanocarriers 
significantly improved the antileishmanial activity of 
AmB against intracellular parasites. Further evaluation 
of the potential application and future development 
of the synthesized nanoformulations as slow acting 
antileshmania therapies were conducted over a 10-day 
period. The native drug exhibited limited antimicrobial 
responses (data not shown). In contrast, MTC showed 
extended activity against L. donovani, suppressing 
 parasite replication by 3.4-fold on the 10th day.

The in vivo therapeutic efficacy of MTC nanocarri-
ers at a single dose of 1 mg AmB/kg was evaluated in 
L. donovani-infected mice and compared with native 
AmB. The observed findings were then validated with 
AmBisome. The results showed that MTC nanocarri-
ers were considerably more effective (89% ± 7% inhi-
bition) than AmB (17% ± 4% inhibition) (p < 0.001). 
Whereas TC, UC, AmBisome and nanocarriers alone 
had 63% ± 5%, 36% ± 2%, 19% ± 2.4% and 11% 
± 1% reductions in parasites, respectively. Among all 
tested formulations, MTC demonstrated the greatest 
antileishmanial efficacy.

Discussion
For a spectrum of infectious diseases that include leish-
maniasis, tuberculosis and HIV, macrophages serve as 
critical reservoirs and site of microbial replication for 
the intracellular microorganisms. Limited access of 
therapeutic agents to intracellular sites remains a major 
obstacle to effective anti-infectious disease therapy. In 
addition to reducing nonspecific drug toxicity, selective 
targeting of intramacrophage parasites with ligand-
anchored nanocarrier delivery systems would facilitate 
pathogen clearance by ensuring that drug concentra-
tions at these sites remain within the desired thera-
peutic range. In order to achieve this goal, mannose 
receptor-mediated endocytosis of drug nanocarriers 
by macrophages has become increasingly attractive. In 
the present study, MTC nanocarriers were synthesized, 
characterized and evaluated against intramacrophage 
amastigote parasites.

Chitosan-based nanocarriers are widely used for 
drug delivery applications owing to their efficient 

intracellular release of drug payloads and biocompat-
ibility. Thiolated polymers such as TC [20] promote 
nanoparticle internalization owing to their unique 
properties. Mannose modification of the TC polymer 
was used to improve uptake of the drug carrying par-
ticles by macrophages where Leishmania amastigotes 
reside. Nanocarriers for macrophage delivery may 
offer numerous advantages over traditional delivery, 
including enhanced treatment rates, reduced off-tar-
get adverse effects, amplified drug stability and suc-
cessful intracellular targeting. The MTC nanocarri-
ers were manufactured and characterized by various 
analytical techniques, including FTIR, 1H NMR 
and scanning electron microscopy. The results of 
mannose anchoring were consistent with the earlier 
described mannosylation of nanocarriers with amino 
groups of polymer [2]. UC, TC and MTC nanocarri-
ers were formulated by homogenization followed by 
ionic gelation with TPP and generation of intra- and 
intermolecular disulfide bonds. Rod-shaped mor-
phologies of the nanocarriers could be due to a par-
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ticular characteristic of  homogenized hydrophobic 
drug particles.

For in vivo applications, it is highly desirable to 
design a carrier that is stable and provides sustained 
release of therapeutic agents during systemic circula-
tion. In the systemic circulation, the stability of the 
drug carrier is key to minimizing rapid elimination of 
the drug from the body. Hence, drug release was car-
ried out at endosomal pH of 5.5 and physiological pH 
of 7.4 containing 1% (v/v) Tween-80. An initial burst 
release of drug (∼ 40% within 2 days) was observed 
with TC and MTC nanocarriers followed by a slow-
release phase, which continued for 10 days. In contrast, 
UC nanocarriers released 80% of drug within 4 days. 
A possible explanation for the observed sustained drug 

release from TC and MTC nanocarriers may be due 
to covalent cross-linking of disulfide bonds formed 
within the modified polymer matrix during the swell-
ing process [21]. Moreover, all developed nanocarriers 
released >55% of drug at endosomal pH 5.5 (data not 
shown). This faster release at endosomal pH may be 
the result of increased solubility of AmB and the poly-
mer under acidic conditions. The extent of oxidation 
of immobilized thiol groups via thiol (-SH)/disulfide 
(-S-S-) exchange reactions was found to be greater at 
physiological pH due to thiolate anion (RS-) forma-
tion at high pH. Therefore, these findings support the 
use of modified chitosan nanoparticles for sustained 
and controlled release of drug payloads at intracellular 
infection sites.

Table 3. Comparison of uptake of amphotericin B from targeted (thiolated chitosan and mannose-
anchored thiolated chitosan) nanocarriers, unmodified chitosan nanocarriers, AmBisome® and 
native drug in uninfected macrophages.

Formulations Uptake studies (μg AmB/106 cells) p-value 

 Uninfected macrophages Sensitive strains-infected 
macrophages 

Resistant strains-
infected macrophages 

AmB 0.4 ± 0.01 0.38 ± 0.02 0.04 ± 0.006 0.058x 
0.0002y 
0.0003z

AmBisome 1.1 ± 0.07 1.2 ± 0.08 0.3 ± 0.05 0.061x 
0.007y 
0.0073z

UC 6.5 ± 0.9 6.3 ± 0.7 2.9 ± 0.4 0.055x 
0.0004y 
0.0003z

TC 12.9 ± 2.3 11.5 ± 1.1 12.3 ± 2.2 0.056x 
0.071y 
0.069z

MTC 28.6 ± 1.4†***,‡**,§*,¶* 27.9 ± 1.6†***,‡**,§**,¶* 28.1 ± 1.7†***,‡**,§**,¶* 0.059x 
0.063y 
0.064z

Pretreatment with verapamil

AmB 0.39 ± 0.02 0.36 ± 0.03 0.084 ± 0.01 0.061x 
0.003y 
0.004z

AmBisome 1.2 ± 0.06 1.3 ± 0.09 0.76 ± 0.05 0.079x 
0.009y 
0.008z

UC 6.6 ± 0.8 6.2 ± 0.5 3.5 ± 0.9 0.062x 
0.004y 
0.003z

Both resistant and sensitive Leishmania donovani were used to infect macrophages. Data are expressed as three replicates in all tests, and 
the data are expressed as mean ± SD of three independent experiments. Statistically significant differences of MTC were determined in 
relation to AmB solution (†), AmBisome (‡), UC (§) and TC (¶) at significance levels of *p < 0.05; **p < 0.01; ***p < 0.001. x = probability 
value between uninfected macrophage group and sensitive strain-infected macrophage group; y = probability value between uninfected 
macrophage group and resistant strain-infected macrophage group; z = probability value between sensitive strain-infected macrophage 
group and resistant strain-infected macrophage group.
AmB: Amphotericin B; MTC: Mannose-anchored thiolated chitosan; SD: Standard deviation; TC: Thiolated chitosan; UC: Unmodified chitosan.
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Figure 7. Intracellular retention of MTC, TC, UC 
nanocarriers, AmBisome® and native drug in 
macrophages determined over 10 days. Retention of 
drug was observed along with sustained release. Data 
are shown as mean ± SD of three replicate wells.  
***p < 0.001 (comparison of MTC versus AmB and 
AmBisome); **p < 0.01 (comparison of MTC versus TC 
and UC nanocarriers).  
AmB: Amphotericin B; MTC: Mannose-anchored 
thiolated chitosan; SD: Standard deviation; 
TC: Thiolated chitosan; UC: Unmodified chitosan.
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The biocompatibility induced by nanoformula-
tions and native drug was assessed at various concen-
tration (0, 25, 50 and 75 μg/ml AmB) in J774 cells 
by using the MTT cell proliferation assay. The rank 
order of biocompatibility at highest concentration 
was MTC>TC>UC> AmBisome > AmB. Higher bio-
compatibility of thiolated nanoformulations (TC and 
MTC) could be due to the surface modification, where 
less ionizable-free amino groups are available in TC 
and MTC as compared with UC. Moreover, surface-
modified nanocarriers resulted in an enormously sig-
nificant decline (p ≤ 0.05) in the cytotoxicity of AmB. 
Our findings are similar to those previously reported 
where surface-modified nanocarriers were used to 
deliver AmB [2]. The toxicity of AmB has been associ-
ated with the formation of drug aggregates [2]. It has 
been demonstrated that the nonaggregated form of 
AmB is biocompatible toward mammalian cells but 
causes porosity of parasitic cells. The aggregated form 
of AmB forms pores in both mammalian and para-
sitic cell membranes. The decline in cytotoxicity of 
AmB encapsulated into surface-modified nano carriers 
could be linked, in measure, to the slow release of 
 nonaggregated drug.

Since macrophages serve as reservoirs for Leishma-
nia amastigotes, receptor-mediated endocytosis of 
drug nanocarriers is essential in ensuring the delivery 
of high intracellular drug concentrations required to 
clear the parasite. We therefore sought to design and 
study MTC nanocarriers for cellular internalization 
of antileishmanial agents. The cellular internaliza-
tion of nanoformulations and native drug was com-
pared in sensitive and resistant L. donovani-infected 
or - uninfected control cells. Overexpression of ABC 
transporters especially MDR1 is well known to be an 
important mechanism of drug efflux for L. donovani-
resistant strains [18]. Hence, lower cellular internaliza-
tion of UC nanocarriers, AmBisome and native drug 
into cells infected with the resistant VL strain could 
be due to upregulated drug efflux machinery. In con-
trast, no significant difference in cellular internaliza-
tion profile of TC and MTC was seen in sensitive and 
resistant L. donovani-infected or -uninfected control 
cells. Efflux pump inhibitory capability of thiolated 
polymers has been shown in mammalian cells [11]. 
Dünnhaupt et al. demonstrated that thiolated poly-
mers inhibit the efflux pump by blocking the efflux 
pump drug- binding sites [22]. Accordingly, TC and 
MTC may be also responsible for the inhibition of 
drug efflux machinery in the resistant VL strain.

Thiol-reactive groups have also been shown to pro-
mote binding and cellular internalization of nanoma-
terials [13,23,24]. A recent study on thiolated surface-
stabilized superparamagnetic iron oxide nanoparticles 

demonstrated efficient internalization of thiol surface-
modified nanoparticles by stem cells. It was found that 
decorating the magnetic particles with thiol moieties 
resulted in a 17-fold increase in uptake by progenitor 
cells when compared with nonthiolated superpara-
magnetic iron oxide nanoparticles [20]. These findings 
provide additional support to the concept that the 
presence of thiol groups on the surface of the particles 
could enhance cellular internalization. Accordingly, 
a 1.98-fold increase in uptake of TC by noninfected 
macrophages was observed over equivalent concen-
trations of UC nanocarriers. Further improvement in 
AmB cellular uptake was seen when MTC was used as 
the drug carrier. The increase in uptake for the man-
nose-anchored MTC over the TC may be due to the 
mannose receptor-mediated endocytosis of the drug 
particles. The macrophage-targeted MTC drug deliv-
ery system therefore represents a promising approach 
to Leishmania eradication that would allow for delivery 
of effective drug concentrations at sites of amastigote 
replication. Efficient internalization of MTC into mac-
rophages may proceed by either specific or nonspecific 
mechanisms that include: access and initial interaction 
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Figure 8. Pharmacological evaluation of antileishmanial activities. Percent inhibition of Leishmania 
donovani amastigotes by escalating concentration (ug/ml) of AmB, AmBisome, UC, TC and MTC (A). For 
(B) the concentration (ug/ml) required to achieve an in vitro (IC50) activity against L. donovani amastigotes. 
All experiments were performed with human MDM infected with the parasite for a 12 h incubation (B). 
Concentration of the polymer used in nanoformulation was biocompatible to the target macrophage. Data 
expressed as mean ± SD for a representative of one or three performed experiments.  
AmB: Amphotericin B; MDM: Monocyte-derived macrophages; MTC: Mannose-anchored thiolated chitosan; 
SD: Standard deviation; UC: Unmodified chitosan.
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of nanocarriers with the surface membrane of macro-
phages; interaction of reactive thiol moieties on the 
surface of MTC with the macrophage membrane; rec-
ognition of MTC by mannose phagocytic machinery 
expressed on the macrophage surface; and configura-
tional changes in the cell membrane structure (projec-
tion or invagination), vacuolization and internalization 
of the drug particles. Therefore, increased intracellular 
drug concentrations and prolonged retention exhibited 
by MTC are all important aspects in the development 
of nanoformulations that would target and eradicate 
intracellular infections.

Superior cellular retention profiles of the UC, TC 
and MTC nanocarriers as compared with AmBisome 
and native drug could be due to cationic chitosan 
polymeric backbone. Chitosan-based nanocarriers are 
known to escape from the endosomes thereby able to 
escape lysosomal degradation and deliver the drug 
payload to the target site [25]. This phenomenon that 
is common to cationic polymers is referred to a proton 
sponge effect [26]. In addition, the extended sustained 
and slow release of drug for TC and MTC nanocarriers 
might be the result of interactions between thiol moi-

eties of the nanocarriers and the disulfide bonds of the 
lysosomal enzyme via thiol/disulfide exchange reaction 
(SH → -S-S-; -S-S- → -SH). This prolonged retention 
profile would allow for a reduced dosing frequency.

Leishmania parasites have two main life-cycle 
phases: the extracellular motile promastigotes phase, 
found in the phlebotomine sandflies vector and the 
intracellular immotile amastigotes phase that thrives 
in the mammalian host. Amastigotes proliferate in 
the macrophage parasitophorous vacuoles, phagolyso-
some-like compartments with hydrolytic and acidic 
surroundings. Parasitophorous amastigotes lead to 
destruction of the host cell but manage to escape into 
the systemic circulation where they are adept at infect-
ing new phagocytic cells and responsible for the patho-
genesis of leishmaniasis. Targeted drug delivery to par-
asite reservoirs such as macrophages is anticipated to 
increase the therapeutic efficacy and diminish off-tar-
get drug toxicity. For antileishmanial activity against 
parasitophorous L. donovani amastigotes-infected 
macrophages, MTC again provided maximum inhibi-
tion of the parasite. Low drug concentrations of the 
MTC formulation were able to inhibit intracellular 
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Figure 9. In vivo therapeutic efficacy of oral MTC, 
TC, UC, AmB and blank MTC nanocarriers (AmB free) 
in BALB/c mice infected with Leishmania donovani 
at an oral dose of 1 mg of AmB/kg body weight. 
AmBisome® was injected intravenously, as an additional 
control, into mice on the 4th week of infection. Data 
are expressed as median values ± SD and significant 
differences were determined by Kruskal–Wallis test, 
followed by Dunn’s posthoc test with significance levels 
*p < 0.05; **p < 0.01; ***p < 0.001.  
AmB: Amphotericin B; MTC: Mannose-anchored 
thiolated chitosan; SD: Standard deviation; 
TC: Thiolated chitosan; UC: Unmodified chitosan.
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parasite replication when compared with the clinically 
used AmBisome formulation (p < 0.05). The IC

50
 of 

MTC was 13.0-, 10.6-, 8.4- and 4.9-fold lower than 
that of AmB (p < 0.05), AmBisome (p < 0.05), Chito 
(p < 0.05) and CT (p < 0.05), respectively. The observed 
improvement in antileishmanial activity of the MTC 
AmB nanocarrier could be the result of localized deliv-
ery of the therapeutic agent at  intracellular sites that 
harbor the parasites.

Oral MTC nanoformulation was highly efficacious 
in infected rodents. These results support our labora-
tory findings of enhanced antimicrobial activities of 
the nanoformulations. The efficacy of the MTC nano-
formulations was significantly greater than that of the 
AmB solution. This improved efficacy may be associ-
ated with an improved cellular internalization of the 
drug formulations with a favored accumulation in the 
reticuloendothelial system.

We found drug-free MTC control nanoformula-
tions to exhibit antileishmanial activity. Mannosylated 
nanocarriers have been shown to generate signals fol-
lowing engulfment or interaction with phagocytic cells, 
in particular macrophages, which leads to macrophage 
stimulation and upregulation of cytokines [17]. Induc-
ible nitric oxide synthase and consecutive generation of 
nitric oxide has been shown to exhibit antimicrobial 
effect [27]. The chitosan polymer has been reported to 
trigger a proinflammatory response such as nitric oxide 
production that stimulates macrophages and this could 
lead to parasiticidal activity [17,27]. Hence, antileish-
manial activity of drug-free nanocarriers based on chi-
tosan polymeric backbone could be due to nitric oxide 
production. Therefore, higher drug uptake and success-
ful killing of L. donovani parasites by the MTC formu-
lation are expected to attain the preferred  therapeutic 
outcome at a lower dose.

Conclusion
Long acting macrophage-targeted MTC nanocarri-
ers loaded with AmB were successfully synthesized 
and evaluated for cellular uptake and antileishmanial 
responses. The mannosylated nanocarriers displayed 
enhanced uptake of the encapsulated AmB by macro-
phages when compared with uptake of native drug or 
nontargeted particles. Interestingly, the mannosylated 
system was found to retain the drug inside the macro-
phages for up to 10 days. The MTC nanocarriers were 
also found to be highly effective at inhibiting the growth 
of intracellular amastigotes in infected macrophages 
when compared with native drug. These encouraging 
in vitro data provide proof-of-concept that macrophage-
directed TC nanocarriers hold promise as potential 
therapies for parasitic and other intracellular infections.

Future perspective
AmB for VL is currently administered by parenteral 
route because of poor oral bioavailability. But high 
cost and associated nephrotoxicity have restricted 
parenteral administration of AmB. Therefore, devel-
opment of an oral formulation of AmB for VL will 
help overcome these limitations. The synthesized 
mannosylated and TC delivery system with perme-
ation enhancing, in situ gelling, sustained release, 
mucoadhesion and P-glycoprotein inhibitory proper-
ties has the potential to improve oral bioavailability 
and efficacy of AmB.
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Executive summary

•	 Mannose-anchored thiolated chitosan (MTC) nanocarriers were designed and evaluated against 
intramacrophage amastigote parasites.

•	 Surface-modified nanocarriers resulted in an enormously significant decline in the cytotoxicity of 
amphotericin B.

•	 Thiolated chitosan and MTC nanocarriers were rapidly internalized into the macrophages and contributed to 
inhibition of amphotericin B efflux in resistant strain-infected macrophages.

•	 At lower concentrations, the MTC formulation were able to inhibit intracellular parasite replication as 
compared with the AmBisome®.

•	 Finally, MTC nanocarriers emerge to be a promising nanomedical tool for the treatment of leishmaniasis.
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