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Abstract

The present study aimed on the site specific delivery and enhanced in-vivo efficacy of antimonial
drugs against the visceral leishmaniasis via macrophage targeted mannose anchored thiomer based
nanoparticles. Mannose anchored thiolated nanoformulation [M-(CS-g-PEI)-TGA] was developed
and evaluated in terms particle size, zeta-potential and entrapment efficacy. The TEM and EDX
analysis was carried out to evaluate the morphology and successful entrapment of antimonial drug.
Mucodhesion, permeation enhancement, oral pharmacokinetics, and in-vivo anti-leishmanial
activity were carried out. The M-(CS-g-PEI)-TGA were found to be spherical having particle size
of 287 + 20 nm. Ex-vivo permeation indicated a 7.39-fold enhanced permeation of Meglumine
Antimoniate with M-(CS-g-PEI)-TGA across Caco-2 cells compared to the Glucantime.
Evaluation of in-vitro reduction in the parasitic burden via flow cytometric analysis indicated a
5.7-fold lower ICs, for M-(CS-g-PEI)-TGA compared to Glucantime. A 6.1-fold improvement in
the oral bioavailability and 5.2-fold reduced parasitic burden in the L. donovani infected BALB/c
mice model was observed with M-(CS-g-PEI)-TGA compared to Glucantime. The results
encouraged the concept of M-(CS-g-PEI)-TGA nanoformulations as a promising strategy for oral

therapy against visceral leishmaniasis.

Keywords: Leishmaniasis; oral delivery; macrophage targeting; meglumine antimoniate;

mannose receptors.



1. Introduction

Despite around six decades of extensive research in Leishmaniasis, the complete cure of this
deadly disease remains a challenge, leaving chemotherapy the only therapeutic hope with no
prevention through vaccines. However, these chemotherapeutic agents encounter various
biological barriers like intracellular nature of Leishmania parasite, development of drug resistance,
decreased the efficacy of existing drugs and patient compliance due to the lack of oral

bioavailability and associated toxic effects during therapy results in therapeutic failure [1].

Once transmitted to the human, the Leishmania parasite is readily phagocytosed by the
macrophages where the parasite survives the macrophage-mediated oxidative burst and
successfully resides inside the phagolysosomes. Thus, the Leishmania parasite is protected from
the innate and acquired immunity and partially from the chemotherapeutic agents as no direct
correlation can be made between the plasma concentration of an anti-leishmanial agent and its
intracellular accumulation [2]. Moreover, this intracellular accumulation is modulated by the
activity of P-gp efflux pumps that are over expressed on the surface of Leishmania-infected
macrophages as well as Leishmania parasite itself, resulting in decreased efficacy of the
chemotherapeutic agents. Another challenge faced by the first line anti-Leishmanial agent, the
antimonial drugs, is the activity of intra-cellular trypanothione reductase (TR)/ trypanothione
[T(SH);] enzyme system, that is involved in maintaining the reducing potential of the parasite and
decreased the accumulation of antimonial drugs. Trypanothione a product of the enzyme TR forms
adducts with Sb-IIT and this adduct is then effluxed out via P-gp efflux pumps thus causing
decreased intracellular accumulation, below the optimum levels required for anti-leishmanial
activity [3]. Lack of oral bioavailability represents another limitation of the anti-Leishmanial

therapy that necessitates the administration via the parenteral route. The intravenous



administration and longer duration of therapy requires the hospitalization and thus causing the lack
of patient compliance and increased cost of therapy. Another limitation of the present therapeutic
regimen is the non-specific drug delivery that exposes non-pathological organs to the high
concentration of drugs resulting in unwanted toxic effects. All these limitations of current anti-
leishmanial therapy provide strong bases to design such a drug delivery system that can effectively
target the intracellular Leishmania parasite, inhibit the TR pathway and P-gp efflux pumps, can

deliver the drug specifically at the pathological organs.

Nanomedicine is specifically engineered nano-sized particulate drug delivery systems that can
successfully achieve the aforementioned discrete therapeutic objectives (crossing biological
membranes, targeting a specific cell, accumulation in the pathological organs, bypassing the
organs prone to the toxic effects, and navigating through endocytic pathways), which are otherwise

impossible with conventional anti-leishmanial therapy .

Thiolated polymers, so called thiomers are well known for the excellent mucoadhesion,
permeation enhancement. P-gp inhibition and enzyme inhibition potential. TR inhibition potential
of thiolated polymer was reported by our research group previously [4]. Due to these properties
thiomers gained much attention in the present pharmaceutical research specifically for crossing

the biological barriers of oral delivery, mucoadhesive and targeted drug delivery.

The present study was aimed to evaluate the oral delivery and in-vivo therapeutic potential of
Meglumine Antimoniate (MA) loaded mannosylated thiolated polyethyleneimine-g-chitosan
nanoparticles against Visceral Leishmaniasis (VL). The nanoparticles were evaluated for their
mucoadhesion, permeation enhancement, macrophage targeting potential, and oral
pharmacokinetic studies. The in vivo anti-leishmanial potential was evaluated against experimental

visceral Leishmaniasis BALB/c mice model infected with L. donavani.



2.0 Materials and methods
2.1 Materials

Chitosan (low molecular weight), Polyethyleneimine (linear), Sodium tripolyphosphate (TPP),
Thioglycolic acid (TGA), D-Mannose, Sodium borohydride and Trypanothione disulfide were
obtained from Sigma Aldrich (Germany), NADPH, Hydroxylamine, EDAC, Sodium
cyanoborohydride, and Ellman’s reagent were purchased from Merck (USA), Glucantime (Glu)
injections (Sanofi-Aventis) were purchased from local pharmacy and used as Meglumine

antimoniate equivalents
2.2 Methods

The details about the synthesis of polymeric grafts, fabrication of nanoparticles, swelling studies

and mucoadhesion studies are provided in the supplementary information.
2.3 Animals, parasites and cell cultures

C57BL/6 mice and BALB/c mice were obtained from Harlan Laboratories (Indianapolis, IN,
USA). The mice were maintained in a pathogen-free animal facility at The Ohio State University
(Columbus, OH, USA) in compliance with U.S. National Institutes of Health and Institutional
guidelines. Pharmacokinetics studies evaluation by using BALB/c mice was carried out according

to the protocol approved by the Ohio State University, USA.

DsRed2-L. donovani were previously engineered from L. donovani strain LV82 expressing firefly
luciferase and a red fluorescent protein.[S] Expression of the DsRed2 was confirmed in both
promastigotes and intracellular amastigotes through fluorescent microscopy. Parasites were
retained by serial passage of amastigotes isolated from the spleen of previously infected BALB/c

mice. The animals were infected with DsRed2-L. donovani amastigotes in (1 x 107 per 100 uL)



through i.v injection into the tail vein. The L. donovani were retained by the serial dilution of

amastigotes obtained from the aspirate from the lesions of an infected patient.

Bone marrow-derived macrophages (BMDMs) were acquired according to a previously published
protocol [6]. Briefly, tibia and femur bones of BALB/c mice were separated, and marrow was
flushed with PBS by using a syringe. For cell recovery, the bone marrow of all the bones was
centrifuged at 1500 rpm, for 7 min at 4°C. The cells were recovered and plated at 1 x 10® mL"!
(RPMI 1640 medium containing 10% (v/v) L199 cell supernatant, 10% FBS, 2 mM L-glutamine,
50 uM 2-mercaptoethanol, and 1% penicillin/streptomycin) in 75 cm? flasks. After six days of
plating, non-adherent cells were discarded, and adherent macrophages were scraped from the

flasks and plated at 0.5 x 10 mL! in 24 well plates.

The human epithelial cell line Caco-2 was obtained from the American Type Culture Collection
(ACS-TGAC® HTB-37™), Cells were fed with minimum essential medium (MEM) containing

20% fetal bovine serum (FBS), 1% penicillin-streptomycin for 21 days.
2.4 Permeation enhancement

Permeation of the prepared CS, CS-g-PEI, CS-TGA, (CS-g-PEI)-TGA, M-CS-TGA and M-(CS-
g-PEI)-TGA nanoformulations and Glucantime (Glu) was estimated by following the method
reported earlier [7]. Caco-2 cells were seeded onto 12-well transwell polyester plates with a pore
size of 0.4 uM and 13.85 mm diameter. The cells were cultured in MEM medium supplemented
with 20% (v/v) FBS and incubated at 37°C with 5% CO,. The cells were grown and differentiated
for 15 days with the change of media after every 48 h. Prior to experiments, each monolayer was
washed with 1 mL of PBS. To the apical chamber (AP) 1 mL of transport medium and to the basal
side 2 mL of the medium was added. The nanoformulations were suspended in MEM without

phenol red to give a final concentration of 1% (m/v). The whole assembly was kept at 5% CO? for



30 min for the equilibrium. The media of the donor chamber (AP) was substituted with 0.5 mL of
MEM without phenol and 0.5 mL of 1% (m/v) MA loaded nanoformulations. Aliquots of 100 pL
were withdrawn from the acceptor chamber (BL) every 30 min over the period of 3 h and
immediately replaced with an equal volume of transport medium. The apparent permeability

coefficient (Papp) for MA was calculated as reported previously [7].
2.5 Biocompatibility against macrophages

The prepared nanoformulations were evaluated for their biocompatibility against bone marrow-
derived macrophages (BMDM’s) obtained from C57BL/6 mice. After purification, the cells were
suspended in RPMI medium with 15% FBS, penicillin (100 U/mL), HEPES buffer (25 mM) and
streptomycin (0.1 mg/mL) and incubated with 5% CO, at 37°C. Viable cells with a density of
1x10° cells per well were seeded in a 24-well plate. These cells were incubated with six different
concentrations of Glu and nanoformulations starting from 100 pg/mL of MA and serially diluted.
After 72 h incubation, the supernatant was replaced with culture medium containing MTT (500
pg/mL) and further incubated for 4 h. After that, the supernatant was removed, and 250 pL of
crystal dissolving solution was added, and the plates were placed on a rocker for 20 min. The

absorbance was measured at 450 nm by using a multi-plate reader (Perkin Elmer, USA) [8].
2.6 Evaluation of nanoparticles uptake by flow cytometry and flourscent microscopy

Fluorescein Isothiocyanate (FITC) labeled nanoformulations were prepared by using the method
reported previously[9]. Raw macrophages with a density of 1x10 cells per well were seeded in a
24-well plate. in RPMI medium with 15% fetal bovine serum, penicillin (100U/ml), HEPES
(25mM) and streptomycin (0.1 mg/mL) with 5 % CO, at 37°C. The cells were incubated with FITC
labeled nanoformulations FITC-CS, FITC-M-CS-TGA and FITC-M-(CS-g-PEI)-TGA at the

concentration of 25 pug/mL for 12 h. After that, the cells were washed thrice with warm Hank’s



balanced salt solution (HBSS) to remove any un-phagocytosed nanoformulations . The cells were
then scraped off and resuspended in 400 uL FACS-buffer and analyzed by a flow cytometer
(FACS-Calibur II with CellQuest® Pro software) for the percentage of macrophages exhibiting
typical fluorescence of FITC at FL-1H channel. Acquisition velocity was fixed to low speed and
the highest resolution, a programmed condition provided in a flow cytometer. Data were analyzed
in FlowJo® software. Macrophages without nanoformulations and FITC-labelled

nanoformulations without macrophages served as controls.

For the fluorescent microscopy similar procedure was adopted upto the removing the
unphagocytosed nanoformulations. After that the cells were fixed with ice-cold methanol and
prepared slides were evaluated under fluorescent microscopy for the phagocytosis of

nanoformlations.
2.7 Invitro anti-Leishmanial activity against L. donovani LLV82

The BMDMs (5 x 103) were grown on top of glass rounded coverslips, deposited in wells of a 24-
well tissue culture plate (Corning, Inc., Tewksbury, MA). After adherence, the macrophages were
infected overnight with 2.5 x 10 stationary phase L. donovani promastigotes (ratio 1:10). The cells
were washed with Hank’s balanced salt solution (HBSS) three times to eliminate non-
phagocytosed parasites. Glu and nanoformulations were added to the wells and allowed to incubate
for 72 h. The cells were stained with Giemsa stain, and infection rates were calculated by counting

the number of parasites per 200 macrophages on each slide, in triplicate, in a blinded fashion.
2.8 Flow cytometry for parasitic loads evaluation

The differentiated BMDMs cells were plated into the 24-well plate at 3.5 x 10° cells per well. After

24 h, DsRed2-L. donovani promastigotes were employed to infect BMDMs at a 1:10 ratio



(macrophage: promastigote), and the extracellular parasites were washed twice with fresh warm
media. Infected BMDMs were incubated with nanoformulations in DMEM medium supplemented
with 1% of LCCM (L.929 cell condition medium), at 37°C in a 5% CO, incubator for 72 h.
Thereafter, infected BMDMs were centrifuged at 1250g for 5 min and re-suspended in 0.5 mL of
PBS, and the parasitic load was measured by flow cytometry to compute the proportion of
dead/live parasites measured through the loss of fluorescence. Untreated or control BMDMs
infected with DsRed2-L. donovani served as live cell control. The cells were washed in FACS-
buffer, resuspended in 400 uL FACS-buffer and analyzed by a flow cytometer (FACS-Calibur II
with CellQuest® Pro software). Acquisition velocity was fixed to low speed and the highest
resolution, a programmed condition provided in a flow cytometer. Cells were obtained depending
on the area and aspect ratio, gating out cell debris and free parasites from the examination. About
1000-5000 cells were gained. Channel 2 was used to gain DsRed2. Data were analyzed in
FlowJo® software after compensation of single colour control samples employing a compensation

matrix [5].
2.9 Oral pharmacokinetic studies

The oral pharmacokinetics of the developed nanoformulations was evaluated in BALB/c mice.
The mice were divided into 4 main groups (n=24). The BALB/c mice were orally administered,
with the aid of oral gavage needle, 0.2 mL of an aqueous solution of Glu (group-I) and suspension
of nanoformulations CS, CS-TGA and M-(CS-g-PEI)-TGA (group-II, group-III and Group-1V)
containing MA equivalent to 70 mg/ kg of antimony (Sb). The mice from each group (n=4/time)
were sacrificed at the following times: 0.5, 1, 3, 6, 12 and 24 h after administration of treatment.
Blood samples were collected from the brachial peluxes, serum was recovered by centrifugation

and stored at -20°C until further use. The liver and spleen from each mouse were also recovered,



homogenized and digested with nitric acid in a dry block. Levels of Sb were determined in diluted
serum, and digested tissue samples via a validated inductively coupled plasma optical emission
spectroscopy (ICP-OES) method. Pharmacokinetic parameters included the maximum
concentration of Sb (Cmax), the time for reaching the peak Sb concentration (7max), the mean
residence time of Sb in the 0-24-h interval (MRT), the area under the concentration-time curve in

the 0- to 24 h interval (AUC) were calculated through PKSolver, a free MS Excel Add-In [10].
2.10 In vivo anti-Leishmanial assay

For the in vivo anti-Leishmanial assay against L. donovani infected BALB/c mice model, the most
active formulations M-CS-PEI-TGA (as per invitro anti-Leishmanial assay) were selected while
the nanoformulations CS was selected as a control. 25 BALB/c mice were injected intravenously
with 1 x 107 L. donovani (Ldv82) amastigotes via the tail vein, recovered from the spleen of an
infected Syrian hamster. After 14 days the infection was confirmed in 4 randomly selected mice
by Giemsa staining of liver and splenic tissue. The infected mice were divided into 6 groups (n =
3) and Glu (group- I), CS (group-II) and M-(CS-g-PEI)-TGA (Group-III) were administered orally
via oral gavage needle at the dose equivalent to 70 mg/kg of Sb for 10 days. Whereas, Group-IV
were administered with blank CS nanocarriers and group-V were administered blank M-(CS-g-
PEI)-TGA. Group-VI was administered with single IV-injection at the dose of 70 mg/kg of Sb via
tail vein as a positive control. 28 days post-infection, the mice were euthanized using a CO,
chamber. Parasitic loads were evaluated as L. donovani units (LDU) by counting the number of
parasites per 1000 cell nuclei in Giemsa-stained smears (Sigma-Aldrich, St. Louis, MO, USA).
The resulting number was then multiplied by the tissue weight as reported previously and

compared with untreated infected control [11].

2.11  Statistical Analysis



The results were subjected to statistical analysis using Analysis of Variance (ANOVA) followed
by Tukey’s posthoc test and student’s t-test where applicable. A p < 0.05 was considered

significant. The data are presented as the mean + standard deviation (S.D) of 3 experiments.

3 Results:

3.1 Synthesis of polymeric grafts

Various polymeric grafts were prepared by using chitosan as basic polymer. In first step Chitosan
(CS) was grafted with polyethyleneimine (PEI) to yield chitosan grafted Polyethyleneimine (Cs-g-
PEI). The subsequent synthesis steps involve the thiolation and mannosylation of CS and CS-g-
PEI to yield thiolated chitosan (CS-TGA), thiolated mannosylated chitosan (M-CS-TGA) thiolated
chitosan grafted PEI [(CS-g-PEI)-TGA] and mannosylated thiolated chitosan grafted PEI [(M-CS-
g-PEI)-TGA]. the successful modification of the polymeric grafts was confirmed via FTIR and
reported in our previous studies. The rationale for designing various polymeric grafts was to impart
dispcrete properties of high pharmaceutical importance like mucoadhesion, permeation enhancing
and macrophage targeting. Thiolated polymers are well known for their mucoadhesion and
permeation enhancing abilitis while mannose groups were attached to the polymeric grafts to
specifically target the macrophages owing to the presence of mannose receptors on the infected

macrophages.

3.2 Synthesis and characterization of nanoformulations

The polymeric nanoformulations based on the prepared polymeric grafts were successfully
prepared through ionic gelation method using the optimized ratios of various ingredients obtained.
The particle size, average zeta potential, PDI and encapsulation efficiency of different
formulations are given in Table 1. All the formulations showed positive zeta potential with the

maximum zeta potential of 38 + 2 for CS nanoformulations, the highest particle size of 448 = 17



and the uniformity in synthesis with PDI less than 0.5. The TEM analysis of the final
nanoformulation M-(CS-g-PEI)-TGA, confirmed the spherical shape and nanoscale dimension of
the nanocarriers as shown in Fig 1A. The EDX analysis was carried out for, MA loaded M-(CS-
g-PEI)-TGA nanoformulation that confirmed the entrapment of the drug in the crosslinked

polymer matrix as indicated by the appearance of antimony peaks as shown in Fig 1B.

3.2 Swelling studies

The water absorbing capacity of the prepared CS, CS-g-PEI, CS-TGA, (CS-g-PEI)-TGA, M-CS-
TGA and M-(CS-g-PEI)-TGA nanoformulations were evaluated in terms of the swelling index
and presented in Fig 1C. The nanoformulation CS-g-PEI exhibited the maximum capacity to
absorb the water followed by CS due to the availability of -NH, groups that ionized to produce -
NHj;*. The electrostatic force of repulsion between similar charges provided increased swelling of
the polymer chains thus enhanced water uptake. In case of thiolated nanoformulations CS-TGA,
(CS-g-PEI)-TGA, M-CS-TGA, and M-(CS-g-PEI)-TGA, the swelling index was low as compared
to the non-thiolated ones because -NH, were modified to thiol groups resulting in a smaller number
of -NH;". Furthermore, in thiolated formulations, the development of disulfide bonds between the
thiol groups provided the cross-linking between the polymeric chains thus providing less swelling

and water uptake capacity.

3.3 Mucoadhesion

The mucoadhesion properties of the prepared nanoformulations were evaluated in terms of
rheological synergism and are presented in Table 3. Thiolated nanoformulations showed increased
mucoadhesion compared to the CS. The nanoformulations (CS-g-PEI)-TGA and M-(CS-g-PEI)-
TGA exhibited G’ value of 53.21 &+ 4.54 and 62.32 £ 2.56 respectively compared to the 7.36 &+ 1.33 of

CS resulting an increased in mucoadhesion of 7.2-fold and 8.4-fold compared to the CS respectively.



The formulations (CS-g-PEI)-TGA and M-(CS-g-PEI)-TGA showed even more mucoadhesion as
compared to the formulations CS-TGA and M-CS-TGA due to the increased number of thiol

groups.

3.4 Permeation enhancement studies

Results of the permeation enhancement studies are presented in Fig. 1D and Papp values with
permeation enhancement ratios are presented in Table 2. Our results exhibited that Glu alone
showed negligible permeation across the Caco-2 cells and even in the presence of verapamil (P-
gp inhibitor), the improvement was not significant thus, ruling out the possibility of involvement
of P-gp efflux pumps in the minimal permeation of Glu. However, the thiolated nanoformulations
showed significant improvement (P < (.5) as compared to the Glu. The thiolated formulation M-
(CS-g-PED)-TGA, M-CS-TGA CS-TGA, (CS-g-PEI)-TGA exhibited 7.37, 6.45, 4.42- and 4.67-
folds enhanced permeation respectively. Non-thiolated nanoformulation CS and CS-TGA also
indicated 1.60- and 1.37-folds enhanced permeation. The improved permeation of thiolated
formulations across the Caco-2 cells is due to the thiomer mediated opening of the tight junctions

and increased passage of nanoformulations across the cells.

3.5 Biocompatibility

For BMDMs, the cell viability for Glu, CS, CS-g-PEI, CS-TGA, (CS-g-PEI)-TGA, M-CS-TGA
and M-(CS-g-PEI)-TGA were found to be 72.58 + 5.21%, 86.65 + 8.32%, 75.82 + 4.71%, 88.41
+ 9.63%, 87.22 £ 5.68%, 92.57 + 5.84% and 84.56 + 3.21% respectively. The results indicated
significantly (p < 0.05) improved the biocompatibility of drug in nanoformulations as compared

to Glu as shown in the Fig 2A.

3.6 Anti-Leishmanial activity against L. donovani



A reduction in parasitic burden was obtained by treating the BMDMs infected with L. donovani
with prepared nanoformulations as shown in Fig 2B. and Giemsa stained images of infected and
treated macrophages are presented in Fig 2C and Fig 2D respectively. At the highest concentration
the nanoformulations that is 100 ug/mL, M-(CS-g-PEI)-TGA, the ICs, of macrophage-targeted
nanoformulations M-(CS-g-PEI)-TGA and M-CS-TGA were 11.11- and 5.74-fold reduced

compared to that of Glu.
3.7 Evaluation of nanoparticle uptake by macrophages
3.7.1 Evaluation of macrophage uptake via fluorescent microscopy

FITC was successfully conjugated to the CS, M-CS-TGA, and M-(CS-g-PEI)-TGA followed by
the development of nanoformulations via ionic gelation to produce FITC labeled
nanoformulations. FITC-CS, FITC-M-CS-TGA and FITC-M-(CS-g-PEI)-TGA. The
nanoformulations were incubated with BMDMSs for 12 h, slides were fixed and analyzed under a
fluorescent microscope. The phagocytosis of nanoformulations is represented by the green
fluorescence of nanoformulations only (Fig 2E) and macrophages incubated with FITC-M-(CS-g-

PEI)-TGA (Fig 2F).
3.9 Evaluation of macrophage uptake by flow cytometry

The flow cytometric analysis was carried out to evaluate the phagocytosis of macrophage-targeted
nanocarriers by incubating the BMDMs with the nanoformulations. The cytogram Fig 3(A)
represents the homogenous populations of macrophages showing fluorescence less than 102. The
cytogram in Fig 3(B) represents the FITC-labelled nanoformulations only showing fluorescence
greater than 102, The cytogram in Fig 3(C) represents the fluorescence exhibited by the

macrophages after 12 h incubation with FITC-CS (nanoformulation based on FITC-labelled



chitosan polymer) showing about 55.1% of macrophages has taken up the FITC-CS
nanoformulations. The macrophage-targeted nanoformulation FITC-M-CS-TGA and FITC-M-
(CS-g-PEI)-TGA [Fig 3(D) and Fig 3(E)] exhibited significantly enhanced (p < 0.05)
phagocytosis by macrophages (67.4% and 87.6% respectively) compared to the non-targeted
formulations FITC-CS (55.1%). The phagocytosis of the formulation FITC-M-(CS-g-PEI)-TGA
was also significantly enhanced compared to the M-CS-TGA due to the increased number of

mannose groups obtained due to the grafting of -NH; rich PEI chains onto the chitosan backbone.
3.8 Evaluation of parasitic burden by flow cytometry

Flow cytometry analyses of prepared nanoformulations were performed with bone marrow-
derived macrophage containing L. donovani-DsRed2. The cytogram in Fig 4(A) was acquired with
noninfected macrophages; that displayed a homogeneous population identified by a typical FL2-
H red fluorescence lower than 10! units. The cytogram in Fig 4(B) was acquired with L. donovani-
DsRed?2 parasites identified by a typical FL2-H red fluorescence greater than 103 representing the
homogenous parasitic population. The cytogram in Fig 4(C) represents the FL2-H red fluorescence
of infected macrophages and it revealed two well-defined populations evident rendering to their
comparative fluorescence’s. Non-infected macrophages exhibited a less fluorescence (lower than
10! units), while the relative fluorescence identified for L. donovani DsRed2-containing
macrophages was higher than 10? units. The percentage of infected macrophages at the highest
concentrations of nano-formulation CS, CS-g-PEI, CS-TGA, (CS-g-PEI)-TGA, M-CS-TGA and
M-(CS-g-PEI)-TGA was 38.2%, 32.9%, 26.5%, 21.5%, 15.6%, and 4.69% respectively. The
percentage of infected macrophage at the same dose was 45.5%. The results indicated that the
macrophage-targeted thiolated nanoformulations M-CS-TGA and M-(CS-g-PEI)-TGA exhibited

2.9- and 7.9-fold enhanced efficacy in clearing the parasitic burden.



3.9 Oral bioavailability and pharmacokinetics

Plasma and liver drug concentrations at different time points following oral administration of Glu
and nanoformulations CS, CS-TGA, and M-(CS-g-PEI)-TGA are shown in the Fig SA and Fig 5B
and pharmacokinetic parameters are presented in Table 4. In case of serum pharmacokinetics
following oral administration, the Glu reached the C,.x of 2.32 mg/L in 0.5 h while the
nanoformulation CS, M-CS-TGA and M-(CS-g-PEI)-TGA exhibited the C,,.x of 2.89 mg/L, 4.02
mg/L and 5.01 mg/L respectively. Half-life (t;,) of the M-(CS-g-PEI)-TGA was 10.82 h which is
4.6-folds higher than that of Glu. Similarly, the AUC_ of Sb in the case of M-(CS-g-PEI)-TGA
was 6.20-folds higher compared to that of Glu. Similar trends were observed in the case of liver
pharmacokinetics where the macrophage-targeted nano-formulation M-(CS-g-PEI)-TGA
exhibited 6.03-fold higher C,,,x and 23.75-fold higher value of AUC,_ of Sb compared to that of

Glu.

3.10 In vivo anti-Leishmanial activity

The results of in vivo anti-Leishmanial activity performed on the BALB/c mice infected with L.
donovani LV39 and are presented in Fig 6. The parasitic burden is expressed in term of Leishmania
donovani units (LDU) in both liver and spleen. The macrophage-targeted nano-formulation M-
(CS-g-PEI)-TGA showed a highly significant decrease in the parasitic burden (p < 0.0001)
compared to that of PBS control and Glu administered orally (p < 0.001). M-(CS-g-PEI)-TGA
exhibited 5.22-fold decreased LDU compared to that of Glu in case of liver Fig 6 A. The Giemsa
stained images of liver smears of infected and treated mice are presented in Fig 6 C and Fig 6 D

respectively.

Similar trends of anti-Leishmanial activity were observed in case of splenic parasitic burden where

M-(CS-g-PEI)-TGA showed significantly reduced LDU compared to that of Glu (p < 0.01) (Fig



6 B). The Giemsa stained images of splenic smears of infected and treated mice are presented in
Fig 6 E and Fig 6 F respectively. In both the cases the M-(CS-g-PEI)-TGA was even more
effective in reducing the parasitic burden compared to that of Glu administered intraperitoneally.
The blank nanoformulations M-(CS-g-PEI)-TGA-blank also exhibited some efficacy in reducing
the LDU in both liver and spleen. This activity might be because M-(CS-g-PEI)-TGA polymer can
inhibit the TR thus jeopardizing the reducing potential of Leishmania parasite, making it more

susceptible against the macrophage induces oxidative stress.

4 Discussion

The lack of vaccination presents chemotherapy as the only choice left for the treatment of
Leishmaniasis. The current chemotherapeutic options devoid the ability to confine the anti-
Leishmanial drugs at the intracellular niches, where Leishmania parasite resides, thus influencing
the optimum therapeutic efficacy and encouraging the toxic adverse effects.[12] Nanocarriers
developed from specifically engineered polymeric excipients can target the biological pathways,
proteins enzymes and receptors to achieve the desired therapeutic outcomes like enhanced
intracellular accumulation, increased therapeutic efficacy and decreased toxic effects. The
opportunity to develop a specific ligand decorated polymeric excipients with the ability to target

the specific cells and biological pathways makes it a versatile drug delivery system.[3]

Nanoformulations have demonstrated great potential for the effective oral delivery of the drugs
having limited oral bioavailability. However, the orally administered nanoformulations can be
absorbed through the intestinal epithelial cells only if they can permeate through the tight junctions
and the mucus, a glycoprotein that covers the epithelial layer [13]. Modification of the
nanoformulations surface for the increased penetration in the mucus to ultimately reach the

epithelial layer and permeation across the tight junction is a promising approach to efficiently



enhance the oral bioavailability of the drugs [14]. Thiomer based mucoadhesive nanoformulations
are well known for their increased contact time and penetration in the mucus because of their
ability to develop disulfide bonds with the cysteine-rich subunits of the mucus [15]. Furthermore,
the mucus is negatively charged, and cationic thiomers can also bind more tightly to the mucus
due to covalent disulfide bonding as well as electrostatic interaction.[16] Therefore, the associative
interaction of non-thiolated nanoformulations CS, CS-g-PEI, and thiolated with the mucin-like
covalent bond formation, electrostatic interaction and mechanical chain interlocking results in a
change in viscoelastic parameters. Rheological synergism has been suggested as an in vitro
parameter to measure the mucoadhesion of the polymeric formulations: the higher the rheological
synergism, the greater is the mucoadhesion. The nanoformulations M-CS-TGA and M-(CS-g-
PEI)-TGA exhibited 15.5-fold and 11.99-fold increased mucoadhesion compared to CS. This
increase is presumably not due to the addition of mucin but due to the physio-chemical interaction,
development of disulfide bridges between mucin and thiol groups of thiomers and electrostatic
interaction between positively charged -NH; of polymers and negatively charged hydroxyl groups
of the mucus. However, no significant increase in the viscoelastic parameters was observed in the
case of a mixture of CS with mucin. These finding clearly demonstrate the potential of developed
nanoformulations for their potential to cross the mucosal barrier providing enhanced oral

bioavailability.

Swelling index of the nanoformulation plays a significant role in the controlled release of drugs,
mucoadhesion, and permeation.[17] Mucoadhesion requires the polymeric functional groups to be
in an ionized form so that they can interact with mucus via electrostatic and physio-chemical
interaction and permeation requires the nanocarriers to be in an intact form so that they can be

accumulated at the target organ. In this perspective the water absorbing capacity of the



nanoformulation must be optimum as the hydration below required level will not provide enough
mucoadhesion while excessive hydration may lead to the disruption of the nanocarriers especially
in case of those developed through ionic crosslinking.[18] The low swelling index of thiolated
nanoformulations as compared to the non-thiolated nanoformulations are due to the fact that
thiomers can develop disulfide bonds between polymeric chains that provide extra crosslinking
and more tightly bound matrix. CS and CS-g-PEI exhibited an increased capacity to absorb water
because of the unmodified -NH, groups that provided electrostatic repulsion between similar

charges and led to the increased swelling of polymeric chains.

Permeation across the intestinal tissue is a critical factor in oral administration of targeted
nanocarriers as they are supposed to be permeated across the enterocytes in intact form and
accumulated at the target site. However, the presence of tight junctions between the intestinal
epithelial cells acts as barriers to the passage of nanocarriers. Therefore, the development of
specific functional group modified polymer-based nanocarriers that can interact with the tight
junction is a suitable strategy to enhance the permeation across the intestine. The significantly
enhanced permeation across the Caco-2 cell monolayer in case of thiolated nanoformulations (Fig
1D and Table 2) is due to the ability of thiomers to interact with protein tyrosin phosphatase
(PTP). It was reported that inhibition of PTP is due to the ability of thiomers to develop disulfide
bonds (S-S) between the surface thiol groups of the thiolated polymer and cysteine-rich subunits
of PTP [19]. Consequently, a higher degree of tyrosine phosphorylation of membrane proteins
leads to the opening of tight junctions, resulting in increased permeation of nanoformulations
across the intestinal cells by preferabl through tight junction thus following paracellular transport
model. The anti-Leishmanial drugs Glu exhibit negligible oral bioavailability, the incorporation

of this drug into the thiolated nanocarriers is a promising strategy to enhance its oral absorption.



Owing to their extremely small size and distinct physio-chemical properties, the nanoformulations
have the ability to interact with surface molecules of cell membranes, therefore, nanoformulations
must be biocompatible and non-toxic. So, the biocompatibility of the nanoformulations must be
evaluated before working with the cell lines.[20] The biocompatibility of the prepared polymeric
Polymeric nanoformulationss was assessed on bone marrow-derived macrophages (BMDMs) (Fig
2A) The Polymeric nanoformulationss were more biocompatible compared to the Glu. Generally,
the antimony in its active form of Sb-III is toxic to the body that is why the antimonial preparation
comes in the form of Sb-V by the complexation with meglumine Glu or in the form of sodium
stibogluconate (Pentostem) that are converted to Sb-III once inside the macrophages. Therefore,
the entrapment of Sb-V inside the polymer matrix minimized the exposure of free Sb-III to the
normal cell. Also, the increased biocompatibility of CS-TGA, M-CS-TGA, (CS-g-PEI)-TGA and
M-(CS-g-PEI)-TGA compared to CS and CS-g-PEI was because the modification with thiol and
mannose groups resulted in a decreased number of ionizable amino groups. These charged amino
groups have the ability to bind with proteins present on the surface of the cell membrane and exert

toxic effects.[20]

Leishmania survives the oxidative burst-mediated mechanism of macrophages and resides inside
the phagolysosomes. The conventional anti-Leishmanial therapies include the injection of the anti-
Leishmanial agents direct into the bloodstream and to reach the target site the drug molecule must
pass through the macrophage cell membrane that and is not freely permeable and acts as a barrier.
The macrophage cell membrane is enriched with many endocytic receptors that recognize the
specific ligands onto the foreign body and initiate the endocytic process. Mannose receptor (MRs)
are highly expressed in the Leishmania-infected macrophages and are widely explored for the

macrophage-targeted delivery of anti-Leishmanial drugs.[3] The mannose anchored polymeric



nanoformulations were specifically aimed to target the macrophage through preferential cell
membrane permeability to achieve the optimum intracellular accumulation of drugs. Flow
cytometric analysis revealed a significantly higher (p < 0.001) uptake of FITC-M-(CS-g-PEI)-
TGA where 92.4% of the macrophages show typical FITC fluorescence at FL1-H channel
compared to that of FITC-CS where only 55.1% of the macrophages showed the fluorescence (Fig
3). These results were also supported by the fluorescent microscopic images of the macrophages
incubated with FITC tagged nanocarriers. The increased florescent intensity in case of FITC-M-
(CS-g-PEI)-TGA compared to that of FITC-CS (Fig 2 E and Fig 2 F) augmented the concept that
mannose anchoring leads to enhanced endocytic uptake of nanocarriers by macrophages and is a

suitable strategy for Leishmaniasis therapy

The target-specific anti-Leishmanial potential of the M-(CS-g-PEI)-TGA nanoformulations
against intracellular amastigotes showed a significant (p < 0.07) 11.11-fold increased activity
against L. donovani LV89 as compared to that of Glu due to the combined effect of TR and P-gp
inhibition potential of thiomers, along with enhanced macrophage uptake of the Polymeric
nanoformulations. Further, the MR-mediated endocytosis of the nanocarriers provides the

appreciable amount of Sb at the same niche where Leishmania parasite resides.

Transgenic Leishmania donovani DsRed2 was engineered from Leishmania donovani LV82 that
is capable of expressing firefly luciferase, and a red fluorescent protein and its utilization in the
flow cytometric based estimation of the intramacrophage parasitic burden is well established.[21]
Similar the patterns of anti-Leishmanial efficacy were observed with flow cytometric analysis to
that of Giemsa staining method with M-(CS-g-PEI)-TGA being the most active formulation in
clearing the parasitic burden followed by M-CS-TGA, (CS-g-PEI)-TGA, CS-TGA, CS, and Glu

respectively.



The lack of oral bioavailability of MA necessitates i.v. administration of the drug and one of the
limitations associated with the conventional i.v. therapy is the exposure of non-pathological organs
to the anti-Leishmanial drugs owing to the free circulation in the blood, thus, producing severe
toxic effects and jeopardize the therapeutic potential. In this regard, the specific organ targeting is
a promising strategy that reduces the toxic effects by minimizing the exposure to non-desired
organs and improves therapeutic efficacy by increasing the drug accumulation at the desired
organs.[22] The plasma drug level-time curve after oral administration of M-(CS-g-PEI)-TGA, M-
CS-TGA, CS, and Glu is shown in Fig SA. The plasma drug level-time curve indicated that in case
of macrophage-targeted nanoformulations M-(CS-g-PEI)-TGA, M-CS-TGA exhibited double
peak that might be due to the retention of the polymeric nanoformulations in the liver due to uptak
by the kupferr cells of the liver after oral absorption into the portal system with subsequent drug
release. These observation are in accordance to the results previously reported by Fernandes et al.,
where they developed amphiphilic Sb(V) complexes for the oral treatment and observed similar
oral pharmacokinetics. They also reported the retention in the liver after [V administration of their
nanoformulations [23]. However evidence have alsobeen reported where the double peak of the
metal and metal based drug after oral administration have been attributed to a natural defence
mechanism of body where reduced glutathione(GSH) of the liver develops conjugated with
thiophilic metals and are excreted into bile which empties into duodenum exhibiting a double peak

phenomena.

The plasma pharmacokinetic parameters revealed significant (p < 0.01) improvement in C,,,, and
AUC. A 4.6-fold increase in half-life and 6.20-fold increase in the relative oral bioavailability of
Sb from M-(CS-g-PEI)-TGA as compared to the oral Glu might be due to the combined effects of
mucoadhesion and enhanced paracellular transport attributed to the thiol groups. The high drug
concentrations were found in the organs of reticuloendothelial systems (liver and spleen) with oral
administration M-(CS-g-PEI)-TGA and it may be due to the receptor-mediated macrophage
phagocytosis particles within the lymphatic system and systemic circulation due to the presence
mannose ligands onto the polymeric backbone. The liver pharmacokinetic parameters revealed

6.03-fold higher C,,,, and 23.75-fold higher value of AUC,; of Sb compared to that of Glu.



The treatment of VL requires high concentrations of drugs in the liver and spleen, the key
pathological organs in VL, for the longer duration. The observation that M-(CS-g-PEI)-TGA
Polymeric nanoformulation led to the greater concentration of Sb in the liver led to the evaluation
of in vivo anti-Leishmanial efficacy of M-(CS-g-PEI)-TGA in L. donovani infected BALB/c mice
as experimental VL model. The anti-Leishmanial efficacy was evaluated in term of L. donovani
units (LDU) in liver and spleen, following oral administration of Glu, CS, [M-(CS-g-PEI)-TGA],
CS blank, [M-(CS-g-PEI)-TGA-blank] as shown in Fig 6 A and Fig 6 B respectively. Glu IP was
used as a positive control. M-(CS-g-PEI)-TGA exhibited highly significant increased efficacy (p
< 0.001) in clearing the parasitic burden in both liver and spleen compared to Glu-oral and Glu-
IP which might be due to the combined effect of TR inhibition, P-gp efflux pumps inhibition, and
enhanced intracellular accumulation. This effect is more evident by comparing the activity of CS
nanoformulations as their anti-Leishmanial activity was not significant compared to that of Glu-
oral and PBS control because they lack the mucoadhesion, permeation enhancing and macrophage

targeting potential.

The smart macrophage-targeted Polymeric nanoformulations were successfully prepared with
mannose anchored thiolated polymer grafts of chitosan and polyethyleneimine (M-(CS-g-PEI)-
TGA). The study revealed that Polymeric nanoformulation was biocompatible towards
macrophages and showed significant improvement in anti-Leishmanial activity both in vitro and
in vivo. The oral bioavailability of the M-(CS-g-PEI)-TGA nanoformulation showed highly
significant improvement in Glu bioavailability with subsequent high biodistribution to target
organs, i.e. liver and spleen. The results of in vivo studies showed highly significant efficacy of
polymeric nanoformulation against visceral Leishmania. Overall, the results were really

encouraging and suggested that M-(CS-g-PEI)-TGA nanoformulation could be developed as a



potential oral formulation to effectively treat visceral Leishmania with least toxicities to the other

organs.

Authors declaration

The authors declare no conflict of interests.
References

[1] H. Khan, A. Nadhman, S.S. Azam, M. Anees, I. Khan, I. Ullah, M.F. Sohail, G. Shahnaz, M.
Yasinzai, In-vitro antileishmanial potential of peptide drug hirudin, Chem. Biol. Drug Des., 89
(2017) 67-73.

[2] M. Ovais, A. Nadhman, A.T. Khalil, A. Raza, F. Khuda, M.F. Sohail, N.U. Islam, H.S. Sarwar,
G. Shahnaz, I. Ahmad, Biosynthesized colloidal silver and gold nanoparticles as emerging
leishmanicidal agents: an insight, Nanomedicine, 12 (2017) 2807-2819.

[3] H.S. Sarwar, S. Akhtar, M.F. Sohail, Z. Naveed, M. Rafay, A. Nadhman, M. Yasinzai, G.
Shahnaz, Redox biology of Leishmania and macrophage targeted nanoparticles for therapy,
Nanomedicine, 12 (2017) 1713-1725.

[4] H.S. Sarwar, S. Ashraf, S. Akhtar, M.F. Sohail, S.Z. Hussain, M. Rafay, M. Yasinzai, I.
Hussain, G. Shahnaz, Mannosylated thiolated polyethylenimine nanoparticles for the enhanced
efficacy of antimonial drug against Leishmaniasis, Nanomedicine, 13 (2018) 25-41.

[5] C. Terrazas, S. Oghumu, S. Varikuti, D. Martinez-Saucedo, S.M. Beverley, A.R. Satoskar,
Uncovering Leishmania—macrophage interplay using imaging flow cytometry, Journal of
immunological methods, 423 (2015) 93-98.

[6] J. Weischenfeldt, B. Porse, Bone marrow-derived macrophages (BMM): isolation and

applications, Cold Spring Harbor Protocols, 2008 (2008) pdb. prot5080.



[7] A. Bernkop-Schniirch, D. Guggi, Y. Pinter, Thiolated chitosans: development and in vitro
evaluation of a mucoadhesive, permeation enhancing oral drug delivery system, Journal of
controlled release, 94 (2004) 177-186.

[8] R.A. Ortega, W.J. Barham, B. Kumar, O. Tikhomirov, I.D. McFadden, F.E. Yull, T.D. Giorgio,
Biocompatible mannosylated endosomal-escape nanoparticles enhance selective delivery of short
nucleotide sequences to tumor associated macrophages, Nanoscale, 7 (2015) 500-510.

[9] C. Kaewsaneha, K. Jangpatarapongsa, T. Tangchaikeeree, D. Polpanich, P. Tangboriboonrat,
Fluorescent chitosan functionalized magnetic polymeric nanoparticles: Cytotoxicity and in vitro
evaluation of cellular uptake, Journal of biomaterials applications, 29 (2014) 761-768.

[10] F.R. Fernandes, W.A. Ferreira, M.A. Campos, G.S. Ramos, K.C. Kato, G.G. Almeida, J.D.
Corréa, M.N. Melo, C. Demicheli, F. Frézard, Amphiphilic antimony (V) complexes for oral
treatment of visceral leishmaniasis, Antimicrobial Agents and Chemotherapy, (2013) AAC.
00639-00613.

[11] G. Gupta, K.J. Peine, D. Abdelhamid, H. Snider, A.B. Shelton, L. Rao, S.R. Kotha, A.C.
Huntsman, S. Varikuti, S. Oghumu, A Novel Sterol Isolated from a Plant Used by Mayan
Traditional Healers Is Effective in Treatment of Visceral Leishmaniasis Caused by Leishmania
donovani, ACS infectious diseases, 1 (2015) 497-506.

[12] V. Thomaz-Soccol, E.S. Ferreira da Costa, S.G. Karp, L.A. Junior Letti, F.T. Soccol, C.R.
Soccol, Recent advances in vaccines against Leishmania based on patent applications, Recent
patents on biotechnology, 12 (2018) 21-32.

[13] L.M. Ensign, R. Cone, J. Hanes, Oral drug delivery with polymeric nanoparticles: the

gastrointestinal mucus barriers, Advanced drug delivery reviews, 64 (2012) 557-570.



[14] S.K. Lai, Y.-Y. Wang, J. Hanes, Mucus-penetrating nanoparticles for drug and gene delivery
to mucosal tissues, Advanced drug delivery reviews, 61 (2009) 158-171.

[15] M.F. Sohail, I. Javed, S.Z. Hussain, S. Sarwar, S. Akhtar, A. Nadhman, S. Batool, N.I.
Bukhari, R.S.Z. Saleem, 1. Hussain, Folate grafted thiolated chitosan enveloped nanoliposomes
with enhanced oral bioavailability and anticancer activity of docetaxel, Journal of Materials
Chemistry B, 4 (2016) 6240-6248.

[16] F. Priifert, S. Bonengel, C. Menzel, A. Bernkop-Schniirch, Enhancing the efficiency of
thiomers: Utilizing a highly mucoadhesive polymer as backbone for thiolation and preactivation,
Eur. J. Pharm. Sci., 96 (2017) 309-315.

[17] C.S. Brazel, N.A. Peppas, Modeling of drug release from swellable polymers, Eur. J. Pharm.
Biopharm., 49 (2000) 47-58.

[18] M. Roldo, M. Hornof, P. Caliceti, A. Bernkop-Schniirch, Mucoadhesive thiolated chitosans
as platforms for oral controlled drug delivery: synthesis and in vitro evaluation, Eur. J. Pharm.
Biopharm., 57 (2004) 115-121.

[19] J. Igbal, G. Shahnaz, G. Perera, F. Hintzen, F. Sarti, A. Bernkop-Schniirch, Thiolated
chitosan: development and in vivo evaluation of an oral delivery system for leuprolide, European
Journal of Pharmaceutics and Biopharmaceutics, 80 (2012) 95-102.

[20] M.F. Sohail, H.S. Sarwar, I. Javed, A. Nadhman, S.Z. Hussain, H. Saeed, A. Raza, N.I.
Bukhari, I. Hussain, G. Shahnaz, Cell to rodent: toxicological profiling of folate grafted thiomer
enveloped nanoliposomes, Toxicology Research, 6 (2017) 814-821.

[21] G. Shahnaz, B.J. Edagwa, J. McMillan, S. Akhtar, A. Raza, N.A. Qureshi, M. Yasinzai, H.E.
Gendelman, Development of mannose-anchored thiolated amphotericin B nanocarriers for

treatment of visceral leishmaniasis, Nanomedicine, 12 (2017) 99-115.



[22] D.R. Serrano, A. Lalatsa, M.A. Dea-Ayuela, P.E. Bilbao-Ramos, N.L. Garrett, J. Moger, J.
Guarro, J. Capilla, M.P. Ballesteros, A.G. Schitzlein, Oral particle uptake and organ targeting
drives the activity of amphotericin B nanoparticles, Molecular pharmaceutics, 12 (2015) 420-431.
[23] F.R. Fernandes, W.A. Ferreira, M.A. Campos, G.S. Ramos, K.C. Kato, G.G. Almeida, J.D.
Corréa, M.N. Melo, C. Demicheli, F. Frézard, Amphiphilic antimony (V) complexes for oral
treatment of visceral leishmaniasis, Antimicrobial Agents and Chemotherapy, 57 (2013) 4229-

4236.

Table 1: Physiochemical characterization of prepared polymeric nanoformulations in terms of

particle size, zeta-potential. PDI and entrapment efficacy of Glu.

Formulations Particle size Zeta Potential PDI EE
(nm) (mV) (%)

CS 448 £ 17 34+2 0.65 +0.09 58.41+2
CS-TGA 231+ 15 21.2+3 0.39+0.05 59.6 +3.5
M-CS-TGA 2953+ 13 22.7+2 0.56 £ 0.04 63.4+2.7
CS-g-PEI 255+ 16 21.8+4 0.42 +0.09 57.6+7.3
(CS-g-PED)-TGA 287.6 =12 22.18+5 0.42+£0.10 60.2 + 6.6
M-(CS-g-PED)-TGA 287 +20 222+3 0.36 = 0.06 59.2+7.8




Table 2: Results showing ex-vivo permeation enhancement in terms of concentration transported
across the intestine and apparent permeability along with improvement ratios of Glu in the
presence of verapamil and synthesized polymeric nanoformulations CS, CS-g-PEI, CS-TGA, (CS-
g-PEI)-TGA, M-CS-TGA and M-(CS-g-PEI)-TGA. The findings are shown as Mean £ S.D. of 3

different experiments

Formulations Apparent Permeability Enhancement ratio
Coefficient

(Pappx10°¢ (cm/s))
GLU 7.9
GLU with Verapamil 8.7 1.1
CS 12.8 1.60
CS-TGA 37.2 4.71
M-CS-TGA 34.96 4.42
CS-g-PEI 10.9 1.37
(CS-g-PEI)-TGA 51.03 6.45
M-(CS-g-PEI)-TGA 58.27 7.37

*Glu= Glucantime (Marketed product of MA) CS= MA loaded chitosan polymer based nanoformulation, CS-
TGA=MA loaded thiolated chitosan-based nanoformulation, M-CS-TGA= MA loaded mannose anchored thiolated
chitosan-based nanoformulation, CS-g-PEI = MA loaded polyethyleneimine-grafted-chitosan-based nanoformulation,
(CS-g-PEI)-TGA= MA loaded thiolated polyethyleneimine-grafted-chitosan-based nanoformulation, M-(CS-g-PEI)-
TGA= MA loaded mannose anchored polyethyleneimine-grafted-chitosan-based nanoformulation



Table 3: Results of viscoelastic parameters i.e. storage modulus (G’) and loss modulus (G”) and apparent viscosity of polymeric

nanoformulations CS, CS-g-PEI, CS-TGA, (CS-g-PEI)-TGA, M-CS-TGA and M-(CS-g-PEI)-TGA, with and without mucin. The results

are expressed as mean + SD

Time
1h 6h 12 h
G'(Pa) G''(Pa) V(Pa.S) G'(Pa) G''(Pa) V(Pa.S) G'(Pa) G''(Pa) V(Pa.S)
CS 424 +£0.19 3.59+0.25 0.09+0.14 25.74 +£4.65 23.54+3.44 1.18+2.12 41.62 £4.36 33.14+5.74 323+1.59
CS with mucin 736+1.33 5.82+233 0.22 +2.66 39.13+£6.11 28.36 £4.32 3.10+0.96 58.61 +£6.82 51.22+£5.63 6.84 +£1.47
CS-TGA 15.82+2.35 10.45+3.36 0.14 £0.36 4952 +6.23 4045+ 541 1.86+ 1.05 99.34 +9.31 83.64 +£7.63 223+1.21
CS-TGA with 25454232 1624 +£1.68 0.37 £0.22 68.32+5.24 53.56 +4.57 3.44+3.27 114.32 £3.65 81.75 £ 6.81 6.31+1.16
mucin
M-CS-TGA 16.31 £3.16  10.07 £2.36 0.13 +1.34 66.24 + 6.82 42.57 +5.96 3504142 112.42 £ 4.51 85.37 £ 6.44 2144189
M-CS-TGA with 26.17 £3.61 15.35+4.66 0.42 +£0.14 69.27 £5.32 51.72 +£4.36 3.36+1.21 109.34 £ 7.11 76.63 +£5.69 6.18+1.73
mucin
CS-g-PEI 3.14+0.93 2.86+0.72 0.08 £0.02 21.54+3.73 17.13 £ 1.74 1.12+£0.32 37.54 + 3.66 29.53+4.32 2908 +1.11
CS-g-PEI with 6.88 £ 1.54 5.14+1.23 0.18 £0.08 35.46 + 3.65 24.52 +3.31 276 +1.4 5236 £4.21 4341 +5.22 5.44 +£1.04
mucin
(CS-g-PED)-TGA 32.41+£3.21 2633+2.51 0.31+0.10 4525+ 6.55 38.56 +3.12 2.31+0.98 57.41+2.30 48.71 + 4.81 3.86+1.41
(CS-g-PED)-TGA 53.21+4.54 42.36+2.55 0.63+0.20 76.49 + 7.66 62.23+5.21 386+1.11 117.82+11.23 90.28 +8.12 7.63+£2.73
with mucin
M-(CS-g-PEI)- 50.87+3.34 41.69 +2.58 0.61+0.10 72.85+6.51 66.57+4.72 3.63+0.98 114.51 £ 8.65 92.67+6.55 6.92+1.83
TGA
M-(CS-g-PEI)- 62.324+2.56 5238 +13.52 093 +0.18 83.65 + 8.66 71.73 £ 6.57 4,79 £1.02 124.55 £ 14.65 96.21 +£8.76 7.77+1.22

TGA with Mucin




Table 4: Results of in vivo bioavailability and important pharmacokinetic parameters obtained
after oral administration of Glucantime, CS, M-CS-TGA and M-(CS-g-PEI)-TGA at a dose
equivalent to 70 mg of Sb/kg. CS= MA loaded chitosan polymer based polymeric
nanoformulation, M-CS-TGA= MA loaded mannose anchored thiolated chitosan-based, M-(CS-

g-PEI)-TGA= MA loaded mannose anchored polyethyleneimine-grafted-chitosan-based

nanoformulation

Serum Pharmacokinetics Liver Pharmacokinetics
Formulati

Crnax T max tin AUC AUMC MRT Crnax T max ti AUC AUMC MRT
on

(mg/L)

(h) (h) (mg.h/L) (mg.h/L) (h) (mg/L) (h) (h) (mg.h/L) (mg.r/L) (h)

GLU 2.32 0.5 2.04 9.89 40.362 4.08 0.12 0.5 6.71 0.38 2.25 5.82
CS 2.89 1 4.81 20.33 115.96 5.70 0.21 1.5 8.19 2.16 17.26 7.98
CS-TGA 4.02 3 6.51 38.26 270.78 7.07 0.47 1.5 1521 554 52.37 9.43
M-(CS-g- 5.01 3 10.82  61.30 553.79 7.68 0.73 1.5 12.76 ~ 9.17 85.56 9.96
PEI)-

TGA
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Figure 1: (A) transmission electron microscope image of M-(CS-g-PEI)-TGA nanoformulation
(B) energy dispersive x-ray spectroscopy of M-(CS-g-PEI)-TGA nanoformulation showing
elemental peaks including antimony (Sb) confirming the encapsulation of Glucantime in
nanoformulations, (C) Swelling index of nanoformulations CS, CS-g-PEI, CS-TGA, (CS-g-PEI)-
TGA, M-CS-TGA and M-(CS-g-PEI)-TGA. The analysis was carried out for 3 h in phosphate
buffer (pH 7.4) and (D) ex vivo permeation enhancement of nanoformulation CS, CS-g-PEI, CS-
TGA, (CS-g-PEI)-TGA, M-CS-TGA and M-(CS-g-PEI)-TGA and Glucantime across the

monolayer of Caco-2 cell lines.

Where CS= MA loaded chitosan polymer based nanoformulation, CS-TGA=MA loaded thiolated chitosan-based
nanoformulation, M-CS-TGA= MA loaded mannose anchored thiolated chitosan-based nanoformulation, CS-g-PEI=
MA loaded polyethyleneimine-grafted-chitosan-based nanoformulation, (CS-g-PEI)-TGA= MA loaded thiolated
polyethyleneimine-grafted-chitosan-based nanoformulation, M-(CS-g-PEI)-TGA= MA loaded mannose anchored
polyethyleneimine-grafted-chitosan-based nanoformulation.
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Figure 2: (A) Biocompatibility of Glu and nanoformulations against BMDM after 72 h of
incubation. The concentration of different nanoformulations and Glu were maintained at 200
pg/mL equivalent of MA. (B) evaluation of the anti-Leishmanial activities showing percentage
inhibition of L. donovani amastigotes at different concentrations of nanoformulations and Glu, and
(C) Giemsa stained images of BMDs infected with L. donovani. (D) Giemsa stained images of
BMDs infected with L. donovani and treated with M-(CS-g-PEI)-TGA (E) FITC-labelled
nanoformulations and macrophages incubated (F) FITC-M-(CS-g-PEI)-TGA taken at 100 X

Z00om.

FITC-M-(CS-g-PEI)-TGA = nanoformulation based on FITC-labelled mannose anchored thiolated
polyethyleneimine-grafted-chitosan polymer.

Glu = Glucantime (Marketed product of MA) CS= MA loaded chitosan polymer based nanoformulation, CS-TGA=
MA loaded thiolated chitosan-based nanoformulation-CS-TGA= MA loaded mannose anchored thiolated chitosan-
based nanoformulationCS-g-PEI= MA loaded polyethyleneimine-grafted-chitosan-based nanoformulation(CS-g-
PEI)-TGA= MA loaded thiolated polyethyleneimine-grafted-chitosan-based nanoformulation M-(CS-g-PEI)-TGA=
MA loaded mannose anchored polyethyleneimine-grafted-chitosan-based nanoformulation.
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Figure 3: Evaluation of phagocytosis of macrophage-targeted nanoformulations. A) BMDMs, B)
FITC-labeled nanoformulations, C) phagocytosis of FITC-CS, D) phagocytosis of FITC-M-CS-

TGA, E) phagocytosis of FITC-M-(CS-g-PEI)-TGA.

Where: FITC-CS= nanoformulation based on FITC-labelled chitosan polymer, FITC-M-CS-TGA = nanoformulation
based on FITC-labelled mannose anchored thiolated chitosan polymer, FITC-M-(CS-g-PEI)-TGA = nanoformulation
based on FITC-labelled mannose anchored thiolated polyethyleneimine-grafted-chitosan polymer
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Figure 4: Evaluation of parasitic loads using flow cytometry of bone marrow-derived
macrophages (BMDMs) infected with Transgenic L. domnovani parasites expressing the red
fluorescent protein DsRed2. A) BMDMS, B) L. donovani DsRed2, C) BMDMs infected with
L.donovani DsRed2, D) treatment with Glucantime, E) treatment with CS, F) treatment with CS-
TGA, G) treatment with (CS-g-PEI)-TGA, H) treatment with M-CS-TGA 1) treatment with M-

(CS-g-PEI)-TGA.

Where: CS= MA loaded chitosan polymer based nanoformulation,CS-TGA= MA loaded thiolated chitosan-based
nanoformulation-CS-TGA= MA loaded mannose anchored thiolated chitosan-based nanoformulation (CS-g-PEI)-
TGA= MA loaded thiolated polyethyleneimine-grafted-chitosan-based nanoformulation M-(CS-g-PEI)-TGA= MA
loaded mannose anchored polyethyleneimine-grafted-chitosan-based nanoformulation.
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Figure 5: (A) Plasma concentration of Sb and (B) Liver concentration of Sb, after oral
administration of Glucantime, CS, M-CS-TGA and M-(CS-g-PEI)-TGA (Oral dose = 70 mg of

Sb/kg). Blood samples were taken at a predefined time till 24 h and analyzed through ICP-OES

for Sb quantification.

CS= MA loaded chitosan polymer based nanoformulation, M-CS-TGA= MA loaded mannose anchored thiolated

chitosan-based nanoformulation, M-(CS-g-PEI)-TGA= MA loaded mannose anchored polyethyleneimine-grafted-
chitosan-based nanoformulations.



-
*
H

I i 5007
6000 F 1
: B

§

LDU (Liver)

g

Figure 6:, (A) liver parasitic burden in terms of LDU and (B) spleen parasitic burden in terms of
LDU After oral administration of Glucantime, CS, M-(CS-g-PEI)-TGA at the dose of 70 mg of
Sb/kg for 14 days as a single oral dose. (C) Giemsa stained image of liver smear of mice infected
with L. donovani (D) Giemsa stained image of liver smear of mice infected with L. donovani and
treated with M-(CS-g-PEI)-TGA. (E) Giemsa stained image of splenic smear of mice infected with
L. donovani. (F) Giemsa stained image of splenic smear of mice infected with L. donovani and

treated with M-(CS-g-PEI)-TGA.The results are expressed as mean + SD.

Where: *(p<0.01), *** (p<0.001), ****(p<0.0001).

CS= MA loaded chitosan polymer based nanoformulation, M-CS-TGA= MA loaded mannose anchored thiolated
chitosan-based nanoformulation, M-(CS-g-PEI)-TGA= MA loaded mannose anchored polyethyleneimine-grafted-
chitosan-based nanoformulations
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