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ABSTRACT

Objectives To investigate the applicability, localization,
biodistribution and toxicity of self assembled ionically sodium
alginate cross-linked AmB loaded glycol chitosan stearate nano-
particles for effective management of visceral leishmaniasis.
Methods Here, we fabricated Amphotericin B (AmB) encapsu-
lated sodium alginate-glycol chitosan stearate nanoparticles (AmB-
SA-GCS-NP) using strong electrostatic interaction between op-
positely charged polymer and copolymer by ionotropic complex-
ation method. The tagged FAMB-SA-GCS-NP was compared
with tagged FAmMB for in vitro macrophagic uptake in J774A
macrophages and in vivo localization in liver; spleen, lung and
kidney tissues. The AmB-SA-GCS-NP and plain AmB were com-
pared for in vitro and in vivo antileishmanial activity, pharmacoki-
netics, organ distribution and toxicity profiling.

Results The morphology of SA-GCS-NP revealed as nanocrystal
(size, 196.3 %= 17.2 nm; PDI, 0.216 +0.078; zeta potential, (—)
32.4=5.1 mV) by field emission scanning electron microscopy
and high resolution transmission electron microscopy. The
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macrophage uptake and in vivo tissue localization studies shows
tagged FAMB-SA-GCS-NP has significantly higher (~1.7) uptake
compared to tagged FAMB. The biodistribution study of AmB-SA-
GCS-NP showed more localized distribution towards Leishmania
infected organs i.e. spleen and liver while lesser towards kidney.
The in vitro (ICsq, 0.128 =0.024 ug AmB/ml) and in vivo (parasite
inhibition, 70.21 = 3.46%) results of AmB-SA-GCS-NP illustrated
significantly higher (P <0.05) efficacy over plain AmB. The mo-
nomeric form of AmB within SA-GCS-NP observed by UV-visible
spectroscopy, favored very less in vitro and in vivo toxicities com-
pared to plain AmB.

Conclusion The molecular organization, toxicity studies, desired
localization and biodistribution of cost effective AmB-SA-GCS-NP
was found to be highly effective and can be proved as practical
delivery platform for better management of leishmaniasis.

KEY WORDS glycol chitosan - molecular organization - stearic
acid - sodium alginate - tissue localization - toxicity
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INTRODUCTION

Leishmama spp. are obligatory intracellular parasites of macro-
phages that cause a wide range of human disecases, diffuse
cutaneous leishmaniasis, including self-healing skin lesions,
localized cutaneous leishmaniasis (CL), mucosal leishmaniasis
(ML), and visceral leishmaniasis (VL). The recovery and resis-
tance to all forms of disease are completely dependent on T-
cell responses [1].

Glycol chitosan (GC) is commercially available, water sol-
uble derivative of bio-compatible and bio-degradable natural
polymer chitosan and has been used as a scaffold for drug
delivery [2]. Stearic acid has long acyl chain that provides
stronger interaction between copolymer and AmB, responsi-
ble for more sustained release for intercalated Amphotericin B
(AmB) and, it prevents self-association of AmB molecules and
shows reduced drug related toxicity [3]. The glycol chitosan-
stearate (GCS) copolymer was synthesized [4] that are known
to form self assembled structure [5]. Previously our group
investigated that sodium alginate (SA), a natural polysaccha-
ride, induces cytokine release, and initiate activation of innate
immune system through activation of macrophage like cells
[6,7].

In continuation to this, a polyion complex (PIC) can be
easily formed when oppositely charged polyelectrolytes are
mixed in aqueous solution and interact via electrostatic inter-
actions. Various nanostructures such as nanoparticles,
nanogels and hollow nanospheres composed of PIC are pre-
pared by altering formulation parameters, such as type of
polyelectrolyte and the charge ratio of the anionic-to-
cationic polymers, temperature and concentration [8]. For
PIC micelles or nanoparticle, the ionic strength of the solution
1s a key parameter for stability because of the shielding effect of
the ionic species on the electrostatic interactions [9]. There-
fore, destabilization of PIC under physiological conditions
limits their applications as a drug carrier. It is expected that
the hydrophobically modified polyelectrolyte will act to stabi-
lize the PIC nanoparticle by hydrophobic interactions [10]. In
our study, ionically cross linked polymeric nanoparticles
(ICPNP) fabricated by the one of negative charge polymer
and second one by positively charged copolymer or
hydrophobically modified polymer (amphiphilic nature) have
been explored as excellent drug carrier system. In general,
these amphiphilic copolymers consisting of hydrophilic and
hydrophobic segments are capable of forming self-assembled
polymeric structures in aqueous solutions v hydrophobic
interactions [11]. These self-assembled nanoparticles are com-
posed of an inner core of hydrophobic moieties and an outer
shell of hydrophilic groups. The AmB can easily get incorpo-
rated in hydrophobic core of these nanoparticles.

AmB is the first line treatment in VL and 1s highly effective
against various leishmania species, but it has severe toxicity
problems like hematotoxicity which occurs in around 80%
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cases and renal tubular damage at therapeutic doses have
often limited its clinical applications [12]. The toxicity of
AmB during formulation development is of major concern.
The toxicity of AmB can be decreased by three ways, first is
targeting towards macrophages [13,14], secondly, use of lipids
in the formulation (such as Ambisome®, Abelcet®), but they
gives costly formulation and thirdly, desired tissue localization,
biodistribution and molecular organization of AmB in formu-
lation. In this study, we have prepared and characterized self
assembled ICPNP and evaluated for molecular organization,
toxicity, macrophage uptake, i vivo tissue localization,
biodistribution and antileishmanial activity. Here, we used
applicability of SA with ICPNP, a drug delivery system for
better chemotherapy of VL.

MATERIAL AND METHODS
Materials, Parasites, Cell Lines and Animals

Glycol chitosan (GC, Mw 90 KD, 82.7% degree of
deacetylation), sodium alginate, [l-ethyl-3 (dimethylamino)
propyl] carbodiimide hydrochloride (EDC), stearic acid,
3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bro-
mide (MTT), and dialysis membrane (MwCO 12 KD) were
purchased from Sigma-Aldrich (St. Louis, MO).
Dimethylacetamide (DMAc), HPLC grade methanol and
acetonitrile were from SD Fine Chem Ltd (Mumbai, India).
Amphotericin B (AmB) was kindly provided as a gift sample
from Emcure pharmaceutical Ltd. (Pune, India). All other
reagents were of analytical grade.

The WHO reference strain of L. donovani MHOM/IN/
80/Dd8) was used for both  vitro and in vwo experiments.
Leishmanma parasites and the macrophage cell line J774A were
maintained in RPMI-1,640 medium (Sigma, USA) supple-
mented with 10% heat inactivated fetal bovine serum
(HIFBS), 100 U/ml penicillin and 100 pg/ml streptomycin
at 37°C in humidified atmosphere of 5% (v/v) COqy/air
mixture.

Five- to six-week-old Wistar male rats (205£8 g) and
Syrian golden male hamsters (Mesocricetus auratus, 45-50 g)
were used to study the pharmacokinetics and
antileishmanial effects of the AmB-formulations, while
in vwo localization studies, mortality rate and kidney his-
topathology were performed in male swiss mice (1820 g)
with prior approval of the Animal Ethics Committee of
CSIR-Central Drug Research Institute and according to
regulations of the Council for the Purpose of Control and
Supervision of Experiments on Animals (CPCGSEA), Min-
istry of Social Justice and Empowerment, Government of
India. The Indian Animal Ethics Committee (IAEC) ap-
proval no. is CDRI/2012/38.
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Synthesis of GCS Copolymer

The GCS copolymer was synthesized using EDC coupling
method with slight modifications [15]. Briefly, stearic acid
(25% with respect to per sugar residue of GC) and EDC
(1.2 mol/mol stearic acid) were dissolved in 10 ml ethanol
followed by vortexing to get clear solution. This solution was
added drop wise in 10 ml aqueous GC solution (0.02 g/ml)
under magnetic stirring (Remi, Mumbai, India) for 24 h at
room temperature (RT, 25°C). Then the GCS was separated
from unreacted stearic acid and EDC using dichloromethane
(3% 15 ml) followed by lyophilization under freeze dryer.

Preparation of lonically Cross Linked Polymeric
Nanoparticles (SA-GCS-NP)

The SA-GCS-NP was prepared through an ionotropic com-
plexation method. In this method, 2 mg of synthesized copol-
ymer GCS was dissolved in 100 pL. of DMAc and added drop
wise into 1 ml aqueous phase (distilled water) under 5 min
constant stirring followed by vortexing to prepare self assem-
bled GCS. Then 2 mg/ml of SA was added drop wise in self-
assembled GCS under magnetic stirring for 30 min followed
by size reduction using probe sonicator (Misonix, Berlin,
Germany) at 20% amplitude for 180 sec. SA-GCS-NP was
optimized from test formulations (F1 to F13) based on con-
centration of SA, SA to GCS ratio, time and amplitude of
sonication as shown in Table I. The optimized formulation

was dialyzed against 1,000 ml of water for 24 h using dialysis
membrane bag (MwCO 12 KD) for complete removal of free
molecules and solvent from this dispersion.

Preparation of AmB Encapsulated SA-GCS-NP

For encapsulation of AmB in SA-GCS-NP, AmB solution
(1 mg/100 pL. DMACc) was added drop wise in SA-GCS-NP
dispersion under stirring, followed by solvent evaporation. For
removal of free drug, AmB encapsulated SA-GCS-NP (AmB-
SA-GCS-NP) was ultracentrifuged at 40,000x g for 30 min
(Thermo scientific, Sorvall, Wx ultra 100, Germany) and
obtained pellets were dried under vacuum.

Characterization of SA-GCS-NP

The cumulative mean size and polydispersity index (PDI) of
SA-GCS-NP were determined by dynamic light scattering
using Zetasizer (Nano ZS, Malvern Instruments,
Worcestershire, UK) after suitable dilution in distilled water.
All of the measurements were performed in triplicates.

The surface morphology of optimized SA-GCS-NP were
ascertained using field emission scanning electron microscopy
(FESEM, SUPRA 40VP, Carl Zeiss NTS GmbH,
Oberkochen, Germany), and high resolution transmission
electron microscopy (HRTEM, Tecnai™ G? F20, Eindho-
ven, The Netherlands) according to our previous publication

[4].

Table |  Optimization of process parameters in formulation of SA-GCS-NP showing changes in size, polydispersity index and zeta potential and encapsulation
efficiency (n=3)
Formulation Concentration of Sodium alginate ~ Sonication  Sonication Size (nm) Polydispersity ~ Zeta Encapsulation Drug loading
code sodium alginate  to glycol chitosan time (sec) amplitude (%) index potential efficiency (% whw)

(% wh) stearate ratio (mV) (% wiw)
Fl 0.1 [:2 180 20 2485+28.3 0.237+0.053 (—) 153+43 80.23+2.08 22.92+0.59
F2 0.2 [:2 180 20 1963172 02160078 (—)324=5.1 8956291 2239+0.73
F3 03 [:2 180 20 5742+68.1 0352+0.102 (—)41.7+£84 8928+275 19.84=x0.6I
F4 0.4 12 180 20 684.7+86.4 0386+0.089 (—)53.9+13.1 89.17x237 17.83+0.48
F5 0.2 [l 180 20 2314231 0232+0.081 (—)352x62 87.06+3.59 17.41+0.72
Fé 0.2 [:4 180 20 2746563 0325+0.094 (—)27.1x56 8825x446 14.70=0.75
F7 0.2 2:| 180 20 408.2+67.5 0.354+£0.062 (—)385x7.8 89.18£2.09 1274029
F8 0.2 4:1 180 20 468.7+74.2 0410£0.083 (—)49.7=103 89.34+2.87 8.12=0.26
Fo 0.2 12 60 20 349.7+563 0.274+0.078 (—)31.1+6.8 8873+3.17 22.18+0.80
F10 0.2 [:2 120 20 288.6+39.8 0.249+0.087 (—)31.7£57 89.12+2.43 22.28=+0.6I
FI 0.2 12 240 20 2434+37.6 0.207+0.063 (—)283+85 88.12+3.46 22.03+0.87
FI2 0.2 [:2 180 10 301.8+42.6 0.248+0.084 (—)31.6£54 8932+2.69 22.33x0.67
FI3 0.2 [:2 180 40 2613+36.8 0.198+0.095 (—)293+7.6 8875+3.02 22.18+0.76

FI to F4; Sodium alginate concentration changes while other parameters remain constant

F2, F5 to F8; Sodium alginate to glycol chitosan stearate ratio changes while other parameters remain constant

F2, F9 to FI I; Sonication time changes while other parameters remain constant

F2, F12 to FI3; Sonication amplitude changes while other parameters remain constant
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Determination of AmB Loading and Entrapment
Efficiency

The AmB content was determined by extracting the drug
from the AmB-SA-GCS-NP using DMAc, diluted with meth-
anol and filtered through 0.45 pm membrane filter and ana-
lyzed using HPLC method as described in our previous pub-
lication [16]. The percentage of encapsulation efficiency (EE)
and drug loading was calculated using following formulae:

Encapsulationefficiency = Wt. of (Total—{ree) AmB
in SA—GCS—NP x 100/ Wt. of Total AmB

Encapsulationefficiency = Wt. of (Total-free)AmB
in SA-GCS—NP x 100/Wt. of Total AmB

Tagging of Amphotericin B with FITC (FAmB)

For wn viwo localization and i vitro uptake studies, AmB was
tagged with FITC according to previously reported method
with slight modifications [14]. In brief, 10 mg of AmB and
5 mg of FITC were dissolved in 2 mL of DMAc followed by
addition of 200 pL of triethylamine as base catalyst in 5 mL
round bottom flask. The contents were stirred for 2 h at room
temperature and thereafter 10 mL ethyl acetate was added to
precipitate the compound. Colloidal precipitate was separated
by centrifugation at 18,000xg for 10 min and dried over
desiccant under vacuum. TLC of the product, AmB and
FITC was performed using a mobile phase composed of ethyl
acetate: methanol in 2:3 ratios to identify formation of FITC
tagged AmB (FAmB).

In Vitro Uptake Study and In Viwo Localization in Tissues
of AmB-SA-GCS-NP

FAmB was encapsulated in the SA-GCS-NP by solvent injec-
tion method followed by solvent evaporation. For this purpose
same procedure was followed as described earlier. Briefly,
I mg of tagged FAmB was dissolved in 100 pL. of DMAc
and encapsulated drop wise in blank SA-GCS-NP. The
J774A cells were placed on to a 12-well cluster dish at a density
of 2x10” cells/well and cultivated in 800 uI. DMEM supple-
mented with 10% FBS and 1% antibiotic and antimycotic
solution. After 24 h the culture medium was replaced with
fresh culture medium. FITC tagged formulation (FAmB-SA-
GCS-NP) and FAmB at 10 png/mL concentration were added
in well plate containing cells and kept in incubator for 6 h at
37°C and 5% COs. After incubation, cells were transferred in
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vials and relative fluorescence was measured by flow cytome-
try (Becton Dickinson, Oxford, UK) at Agx (495 nm) and Agy
(525 nm).

The FITC tagged formulation (FAmB-SA-GCS-NP) and
FAmB was administered to mice (n=3, which is the number of
animals taken in one experiment for each formulation) by
intravenous route for consecutively 3 days. After 2 h of last
dose, the mice were sacrificed and liver, spleen, lung and
kidney were isolated, washed with physiological saline, fixed,
embedded in wax and sections were made using microtome
(LEICA RM 2155, Germany) and photographs were taken
using fluorescent microscope (Leica, DMRBE, Bensheim,
Germany).

Pharmacokinetic and Biodistribution Study
Analytical Procedures

The HPLC analysis of plasma samples and tissue samples of
AmB were carried out using our previously published validat-
ed 1socratic analytical method [16] using Shimadzu HPLC
system equipped with 10 ATVP binary gradient pumps
(Shimadzu, Japan), a rheodyne model 7,125 injector (CA,
US) with a 20 mL loop and SPD-M10 AVP UV detector
(Shimadzu, Japan). The HPLC column [LichroCART®
2504, Lichrospher® 100, RP-18e, 5 pm, 250 X4 mm (Merck
KgaA, 64271 Darmstadt, Germany)] and mobile phase [ace-
tonitrile/ 10 mM KH,PO, buffer, pH 4 (60:40, v/v)] at a flow
rate of 1 mL/min was used for analysis of AmB samples. The
IKA® T25 digital ULTRA-TURRAX® was used for ho-
mogenization of tissues in acetonitrile (1 g of tissue/2 mL of
acetonitrile) for 3—4 min over an ice bath. Aliquots of 20 puL of
serum and homogenized tissues were used for HPLC analysis.
Calibration curves of AmB were linear in the range of 0—
10 pg/mL for plasma samples and 0-10 pg/g for tissue
samples. The limit of quantification of AmB was 20 ng/mL
for plasma samples and 20 ng/g for tissue samples.

Experimental Design

The IV bolus administration of 1 mg/kg AmB-SA-GCS-NP
(n=6) and 1 mg/kg plain AmB (2=6)in 0.2 mL were allocated
in two treatment groups. The dose of AmB at which there is
clinical nephrotoxicity is reported, was selected for pharma-
cokinetic and bio-distribution studies. as reported earlier [17].
For minimizing acute toxic effects of AmB, all IV administra-
tions were given slowly and steadily. Systemic blood (0.2 mL)
was sampled at 0.5, 1,2, 3,5, 8, 12, 24, 48 and 72 h post-dose
of IV bolus administrations of AmB-SA-GCS-NP and plain
AmB, and withdrawn blood was replaced by an equal volume
of normal saline to prevent hypovolaemia. Plasma was sepa-
rated by centrifugation (2,500 g, 10 min, and 15°C). The
animals were sacrificed at 0.5, 1, 2, 3, 5, 8, 12, 24, 48 and
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72 h following administration of AmB formulations, and liver,
spleen, right lung and right kidney were harvested for drug
analysis. Plasma and tissue samples were stored at —80°C until
analysis.

In Vitro Anti-Amastigote Assay

The activity of AmB-SA-GCS-NP and plain AmB against
intracellular amastigotes was evaluated as per protocol de-
scribed earlier [18]. Briefly, J774A macrophages (1x10°
cells/well) in 24-well plates were infected with promastigotes,
expressing green fluorescent protein (GFP) at multiplicity of
10 parasites per macrophage. After 12 h incubation 24-well
plates were washed thrice with PBS (pH 7.4) to remove non-
phagocytosed promastigotes and re-supplemented with
RPMI-1640 complete medium, followed by incubation with
AmB-SA-GCS-NP and plain AmB at different drug concen-
trations (10 ng/ml to 5 pg/mL) in triplicate for 48 h. After-
wards, cells were removed, washed and quantitated by flow
cytometry equipped with a 20 mW argon laser with excitation
at 488 nm and emission at 515 nm followed by multi-
parametric data analysis by Kaluza analysis software
(Beckman Coulter). The parasite growth inhibition was deter-
mined by comparing the fluorescence levels of drug-treated
parasites with that of untreated control parasites and the 50%
and 90% inhibitory concentrations (IC5q and ICqg) was cal-
culated using GraphPad Prism6.

In Vivo Assay in L. Donovani Infected Hamsters

The i viwo efficacy of AmB-formulation was evaluated against
L. donovani amastigotes in a golden hamster model [4]. After
30 days of established infection, male hamsters (n =5 in each
group) were intra-peritoneally administered with AmB-SA-
GCS-NP and plain AmB having AmB equivalent to 1 mg/kg
dose for 5 consecutive days. Treated animals were sacrificed
two weeks after treatment and compared with the infected
untreated control group. The splenic dab smear of all per-
formed animals, was examined microscopically with the help
of Giemsa-stained imprints, in which parasite burdens were
calculated by counting the number of amastigotes per 100
macrophage nuclei. The percentage of inhibition (PI) was
calculated using the formula:

PI = (PP-PT/PP) x 100

Where PP is the number of amastigotes per 100 macro-
phage nuclei before treatment whereas PT is the number of
amastigotes per 100 macrophage nuclei after treatment in
spleen.

Toxicity Assay and AmB Molecular Organization
in the Formulations

Molecular aggregation state of AmB is directly correlated with
toxicity of the drug [4], and it was identified in various
formulations using UV-visible spectroscopy (UV-1700
pharmaSpec, shimadzu).

The hemolysis and J774A cell cytotoxicity assay was per-
formed at 5-20 pg/ml AmB concentrations of AmB-SA-
GCS-NP, plain AmB and equivalent blank SA-GCS-NP
using methods reported previously [16]. Subacute toxicity
assay was performed in three mice groups (2= 3), with AmB-
SA-GCS-NP (containing AmB equivalent to 5 mg/kg), plain
AmB (1 mg/kg) and saline (control group) administered intra-
venously having constant volume of 200 pL daily for 15 days.
Twelve hours after the last treatment, mice were euthanized
and kidney tissues were collected. The kidney tissue samples
from control and treated animals were preserved in 10%
formalin, embedded in paraffin, sectioned and, stained with
haematoxylin and eosin for histopathological examination. In
order to assess the acute toxicity of AmB-SA-GCS-NP (5-
20 mg/kg) and plain AmB (1-5 mg/kg) were administered in
increasing doses to mice groups (n=6) by intra-peritoneal
route. The animals were examined for mortality over the next
8 h.

Statistical Analysis

All results are presented as mean * standard deviation (S.D.) of
three independent measurements. Statistical significance of
differences was analyzed by one-way analysis of variance
(ANOVA) and p value of <0.05 was considered significant
in all cases.

RESULTS
Preparation and Characterization of SA-AmB-GCS-NP

In the present study, we have used GCS amphiphilic copoly-
mer of GC as hydrophilic shell and stearic acid served as
hydrophobic core [4]. This self assembled copolymer (Fig. 1)
was found to have enhanced mechanical strength with im-
proved sustained release behavior and stability. The devel-
oped formulation using this unique copolymer showed im-
proved intracellular localization and pharmacokinetic profile
with reduced toxicity. Additionally this copolymer has ability
to induce cytokine release which potentiated its applicability
in drug delivery.

The ionotropic complexation method was used to prepare
self assembled SA-GCS-NP. This technique represents inno-
vative, cost effective and preferable means for great scalability

@ Springer



1732 Gupta et al.
o
* s "
o o
i # f 0 . )v"
%. . . o ¥ m\/ h
N %_—-)- Sodiumalginate o o et | ™
Y, ¢ _ / NS
< FoA i . i
- L ™ SN
o N > o® J o - Amphotericin B '
G- ? s 5 LA - .
LS R, S . 5 BN R "“%‘? > . iy
A A ‘ '] o, o [P oy
oA i 3 X Y~ M e Hydrophobic interaction
» wlo—
o Fi, v‘ \a
— > b
Glycol chitosan (—-— "
5 ' n '} i . [}
stearate r Ay & Y AN
N he < 4 L e Pk
Amphotericin B e, L, 10 ol 4
o -~ 3 o
g 3 : 2 4 % m
< k-]
o < Nl o
Pt 5 » SR
* Je - ‘( w4 4 2
@ - BN 5 Glycol chitosan stearate
% e IO & B .2, Ionotropic interaction Na' oo on
/] e D] PN B N T PH_r~o WA\ o
I e i~ ,y B 'y ° {ﬁ";_, Ou TR
- o o \
& o J— o & : '. L i
¢ Jo e ‘:‘ﬁoﬁ ° o JZ 5 N\ ,..0\‘_ \,-:-//,"-:'J
o o o Na~ 00C
s
wo d & ¥ A . :
) ‘s Sodiumalginate
°

Self assembled ionically cross linked polymeric nanoparticles

Fig. | Schematic representation of self assembled ionically cross linked polymeric nanoparticles

of self assembled copolymer based SA-GCS-NP. Firstly, we
prepared copolymer of GCS from GC and stearic acid in the
molar ratio of 4:1 through carbodiimide coupling reaction [4].
The prepared GCS copolymer was dissolved in DMAc and
this organic solution was added drop wise in aqueous solution
of SA over magnetic stirring for 5 min and, subsequently GCS
complexes with SA by means of electrostatic interaction be-
tween oppositely charged polymeric ions. This process gener-
ates self assembled ICPNP. The ICPNP was optimized for
particle size, PDI, zeta potential and EE by varying one
parameter and keeping other parameters constant as shown
in Table I. The variable parameters are concentration of
anionic polymer (SA), anionic polymer (SA) to cationic copol-
ymer (GCS) ratio and energy based size reduction parameters
such as amplitude and time of sonication. The change in SA
concentration (from 0.1 to 0.4% w/w) resulted initial decrease
in particle size (from 248.5£28.3 nm to 196.3+17.2 nm) and
PDI (from 0.237£0.053 to 0.216£0.078) in case of I'1 to 2
respectively, there after rapid growth in size and PDI was
observed with F3 and F4 formulation. Beyond SA saturation
concentration, it remained uncomplexed with GCS and leads
to aggregation in I3 and 4 formulation. The zeta potential
increases from (—) 15.3+4.3 to (—)53.9£13.1 mV with in-
crease in SA concentration from F1 to I4 since SA is anionic
polymer, while EE initially increases from F1 to F2 (80.23+
2.08 to 89.56£2.91% w/w) thereafter no change in EE was
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observed (Table I). The increase in SA to GCS ratio from 1:4
to 4:1 causes initial reduction in size and PDI of F2, followed
by drastic increase in size and PDI as in case of I'5, F'7 and I8
formulations while zeta potential increases gradually and EE
remains unaltered, This may be attributed to the fact that,
beyond certain threshold concentration (0.2% w/v), SA re-
main uncomplexed and aggregate on SA-GCS-NP that leads
to increase in size, PDI and zeta potential. The size reduction
process was carried from probe sonicator which affect size and
PDI of SA-GCS-NP while other parameters remain similar.
As shown in Table I, sonication for 180 sec at 20% amplitude
was found to be optimum to achieve the desired size range of
SA-GCS-NP with monodisperse population. Although, on
increasing sonication time and amplitude, due to development
of surface charges on the particles aggregation was observed
[19]. In the present experimental set up the optimized
parameters for formulation F2 was 0.2% w/v of SA using
SA:GCS ratio (1:2) sonicating for 180 seconds to get a
particle size of 196.3+17.2 nm. The zeta potential and
entrapment eflicienct (EE) was found to be (=) 32.4%*
5.1 mV and 89.56%£2.91% respectively. In case of F9 and
F10 the sonication time was 60 and 120 seconds which was
probably not sufficient enough to reduce the size to desired
range. While, in case of F11 the sonication time of 240 sec-
onds exceeds threshold limit where particles gets aggregated
due to production of high instant energy and charge. This
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Fig.2 (a) FESEM (Field Emission Scanning Electron Microscopy) and (b) HRTEM (High Resolution Transmission Electron Microscopy) micrographs of optimized
SA-GCS nanoparticles. The crystal structure present due to polymer ion cross linking and sodium alginate cross linking was observed as a layering over GCS.

could be the reason for getting smallest particle size in case
of I2.

Figure 2 shows the morphological characteristics of the SA-
GCS-NP by FESEM and HRTEM. The FESEM shows
nanocrystal morphology of SA-GCS-NP. The SA layer over
GCS was observed as thick covering in HRTEM confirms
successful formation of ICPNP as shown in Fig. 2.

In Vitro Uptake and In Vivo Tissue Localization
of FAmB-SA-GCS-NP

AmB is not inherently fluorescent in visible light, thus, AmB
was tagged with FITC (FAmB) and entrapped in SA-GCS-
NP. FAmB was characterized using TLC where RF value was
slightly higher than AmB and far less than FITC. FAmB was

Counts
120 160 200
La g

80

40

100 10! 102 103 104

Fig. 3 In vitro uptake study of (a) control, (b) FAMB and (€) FAMB-SA-GCS-
NP on J774A macrophage cell lines after 6 h incubation.

encapsulated in the SA-GCS-NP by solvent injection method
and free FAmB was removed by centrifugation and washing.

The wn vitro uptake of FAMB-SA-GCS-NP (mean fluores-
cence intensity ~496.04) was higher (~1.7) compared to
FAmB (mean fluorescence intensity ~278.45) in relative con-
centration as shown in Fig. 3. In viwo tissue localization of
FAmB and FAmB-SA-GCS-NP was observed by visualizing
intensity of fluorescence in the fluorescence photomicrographs
of the liver, lung, spleen and kidney tissues (Fig. 4). The
fluorescence observed in the case of FAmB in liver, lung and
spleen sections (Fig. 4b) was relatively lower than the fluores-
cence intensity of the FAmB-SA-GCS-NP (Fig. 4a) while
fluorescence intensity was higher in kidney section of FAmB
compare to FAmB-SA-GCS-NP.

Pharmacokinetic Profile and Tissue Distribution
of AmB-Formulations Following IV Bolus
Administration

The AmB-SA-GCS-NP and plain AmB demonstrated statis-
tically significant differences in pharmacokinetics of AmB
following IV administration as shown in Fig. 5 and Table II
The IV administration of AmB-SA-GCS-NP resulted in lower
concentration of AmB in plasma as compared to plain AmB.
However, AmB concentration following IV administration of
AmB-SA-GCS-NP was detected till 72 h (Fig. 5). The AUC,
MRT, volume of distribution and t /o was higher following IV
administration of AmB-SA-GCS-NP as compared to plain
AmB while clearance was decreases as showed in Table II.
The tissue distribution results of AmB-SA-GCS-NP and
plain AmB at different time points z.e. 0.5, 1, 2, 3, 5, 8, 12, 24,
48 and 72 h following IV administration has been shown in
Fig. 5. Significantly higher concentration of AmB was accu-
mulated in the liver and spleen following IV administration of
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; 2 1A=ind w0 - 4 -
Fig. 4 In vivo tissue localization of FITC tagged (a) FAMB-SA-GCS-NP and
(b) FAMB in liver; spleen, lung and kidney following iv administration of AmB
equivalent | mg/kg daily for consecutively 3 days. The tissues were harvested
after 2 h of last IV administration of drug.

AmB-SA-GCS-NP compared to plain AmB (p<0.05). How-
ever, AmB-SA-GCS-NP showed significantly ($<0.05) less
distribution in kidney compared to plain AmB. The lung
showed increased accumulation of AmB following IV admin-
istration of AmB-SA-GCS-NP compared to plain AmB
(p<0.01).

Inhibitory Effect on L. Donovani Intra-Macrophage
Amastigotes and In vivo Antileishmanial Activity

Inhibitory effect on L. donovani has been represented as IC5q as
well as ICqq (Fig. 6(a)). It has been observed that IC5( value of
AmB-SA-GCS-NP and plain AmB was 0.128+0.024 and
0.214+0.06 ng/mkL (p<0.05), respectively. The mn viwo exper-
iment results as shown in Fig. 6(b) clearly revealed that AmB-
SA-GCS-NP was significantly more effective (70.21+3.46%
inhibition) as compared to plain AmB (53.24+2.84% inhibi-
tion) (p<0.05) while blank SA-GCS-NP had 9.35£0.57%
parasite inhibition.

@ Springer

Molecular Organization of AmB and Toxicity Assay
of the Formulations

The molecular states of AmB in tested formulation are shown
in the Fig. 7(1). The ratio of aggregated/monomeric, repre-
sented by ratio of first (346 nm) to the fourth (408 nm) peaks,
I/1V (As46/ As0g), in UV spectrum, which enables analysis of
molecular organization and using this ratio, the degree of
aggregation of AmB was calculated [20]. As shown in
Fig. 7(i(a)), plain AmB shows aggregated/monomeric ratio
>2 that indicates presence of aggregated forms of AmB,
particularly dimeric [21]. Whereas, As4s/A4g ratio for
AmB-SA-GCS-NP was less than 2 as shown in Fig. 7(i(b)),
indicated the presence of monomeric AmB.

Prepared AmB-SA-GCS-NP and SA-GCS-NP exhibited
hematotoxicity upto 14.41+0.76% and 1.16+0.29% where-
as plain AmB showed hematotoxicity upto 73.5+1.08% as
shown in Fig. 7ii(a). The cytotoxicity (reversal of % cell viabil-
ity) induced by various concentrations of AmB-SA-GCS-NP
was less than 5% while plain AmB caused ~30% cytotoxicity
in J774A cell line as shown in Fig. 711(b). Acute toxicity results
suggest that only 16.66% death of mice was found in dose
upto 20 mg/kg in case of AmB-SA-GCS-NP. The mortality in
mice was 33.33% and 100% at the dose of 2 and 5 mg/kg of
plain AmB respectively. (Fig. 7ii(c)). The histopathological
analysis of kidney tissue revealed a normal pattern in all
treated groups (Fig. 7ii(d,e)) except the plain AmB group,
which showed patchy tubular epithelial necrosis that varied
in extent from focal to extensive as shown in Fig. 7ii(f).

DISCUSSION

The AmB has major limitation in clinical therapeutics due to
its toxicity that was conquered by encapsulating AmB in
ICPNP formulation. The ICPNP was prepared by using
electrostatic interaction between negatively charged SA poly-
mer and a positively charged GCS copolymer as shown in
Fig. 1. This ICPNP has ability to self assemble in aqueous
phase due to hydrophilic and hydrophobic segments present
in GCS copolymer [4]. The zeta potential of nanoparticle was
negative that represents SA occurrence on outer surface of
polymeric nanoparticle (Fig. 1). This nanoparticle composed
of SA and GCS copolymer has four distinct functions: 1) the
SA and GCS part of ICPNP restricts conversion of AmB
molecular forms from monomeric to multimeric thus reduces
toxicity of the AmB; 11) the ICPNP provides desired localiza-
tion and biodistribution of AmB in tissues; iii) the ICPNP
provides stability to formulation and improved sustained re-
lease of drug; iv) the SA in outer surface of ICPNP have ability
to induce various proinflammatory cytokines and chemokines
through macrophage activation [7].
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Fig. 5 Plasma AmB concentration-time semi-logarithmic plot (mean = SEM), Liver, Spleen, Lung and Kidney AmB concentration-time plot (mean = SEM),
following IV bolus administration of AmB-SA-GCS-NP | mg/kg and plain AmB | mg/kg (n = 3).

There are many reports about PIC nanoparticles, but in
the present study we have prepared self assembled copolymer
based ICPNP. The GC was first conjugated with stearic acid
in a molar ratio of 4:1 to form GCS copolymer [4] that has
positive zeta potential measured by zeta sizer on its surface
that was referred as cationic copolymer. The GCS binds

strongly with SA due to strong electrostatic interaction as well
as diffusion in SA gel networks [22]. Fabricated SA-GCS-NP
has negative surface charge measured by zeta sizer, owing to
the presence of SA on outer surface. SA provides elasticity and
mechanical strength to polyanion-polycation complex mem-
brane [23]. The strength of interaction and the stability of the

Table Il Pharmacokinetic parameters of AmB formulations
AmB equivalent concentration in formulation AUCq 721 tin MRTo 72 CL Vd

(hr X ng/ml) (hr) (hr) (mlhr/kg) (mlkg)
AMB-SA-GCS-NP | mg/kg 4,835+ 68l 44.8+5.6 29.8+6.2 141.8+9.8 9,168 629
Plain AmB | mg/kg 3,764 526 17.7x2.6 159+4.1 227.1+21.8 5815527

Each data represents the mean = standard deviation (n =3)

AUC Area under the curve, t,: Half life, MRT Mean residence time, CL Clearance, Vd Volume of distribution
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Fig. 6 (a) Invitro antileishmanial activity (ICsq and ICgp) of AmB-SA-GCS-NP and plain AmB in L. donovani amastigote infected macrophages observed after 48 h
of incubation (n=3) (b) In vivo antileishmanial activity of AmB-SA-GCS-NP and AmB in the established Syrian golden hamster model infected with L. donovani
amastigotes at an intra-peritoneal dose of | mg of AmB/kg body weight of hamster and formulations without drug were injected intra-peritoneally into each
hamster on day 31 post-infection. The parasite burden was estimated by splenic biopsy on day |5 post-treatment and percentage parasite inhibition was
calculated in comparison with the parasite burden of untreated infected animals (means = SD) (n=5). The mean parasite burden in the spleen of untreated,
infected control animals was 454 = 38 amastigotes per 100 cell nuclei of macrophages. (n=5) * p <0.05 (comparison of AmB-SA-GCS versus AmB and AmB-

SA-GCS versus SA-GCS).

polyanion-polycation complexes strongly depend on molecu-
lar parameters such as chemical composition, sequential struc-
ture, conformations and molecular size of both SA and GCS
that was observed by nanoparticle size, PDI, zeta potential
and encapsulation efficiency of ICPNP as shown in Table 1.
This characteristics of SA-GCS-NP provides ICPNP, stability
and sustained release of drug in physiological conditions [23].
The SA-GCS-NP has crystal shape as observed in FESEM
and SA present as surface layering in SA-GCS-NP as shown
in HRTEM (Fig. 2). Thus, it confirms presence of SA on the
surface of SA-GCS-NP. Due to crystal nature of ICPNP,
excellent performance is anticipated  vio, like improvement
in bioavailability, potential site-specific drug delivery and
reduced toxicity of the formulation.

Previously, our group has reported that SA decorated
nanocapsules containing doxorubicin induces macro-
phage cells to secrete inflammatory cytokines and
chemokines [7]. In continuation to this, we have dem-
onstrated that SA in ICPNP would prominently reduce
AmB mediated toxicity evaluated by in vwo localization
study, pharmacokinetics and biodistribution profile of
AmB encapsulated ICPNP, and on the other hand,
ICPNP restricts molecular conversion of AmB in

@ Springer

aggregated multimeric forms which helps in reducing
possible side effects of AmB.

The particulate drug delivery systems easily get engulfed by
macrophages through phagocytosis [24,25]. The tagged
FAmMB-SA-GCS-NP shows significantly higher uptake (~1.7)
(p<0.05) in contrast to tagged FAmMB in J774A macrophagic
cell lines (Fig. 3) demonstrating superior uptake of tagged
FAmMB-SA-GCS-NP delivery system over tagged FAmB, was
also observed by greater localization of fluorescence in mac-
rophage rich organs liver, spleen and lung (Fig. 4), which was
also supported by previous work [26,27]. The mechanism
behind higher uptake was facilitated by adhesion of tagged
FAmMB-SA-GCS-NP to the macrophage cell membrane due
to sodium alginate’s biological adhesion properties followed
by internalization process compared to tagged FAmB in mac-
rophages. It is also reported that lipid-raft-dependent and
clathrin mediated endocytosis by macrophages is evident for
efficient uptake of particles [28,29]. While tagged FAmB-SA-
GCS-NP has lesser localization in kidney tissues which was
concurrent with previous studies as particle size, shape and
charge has no role in drug localization in kidney [30] and
leads to reduction in AmB associated nephrotoxicity. The
tagged FAmB shows higher fluorescence in kidney tissues
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and (f) AmB group; | mg AmB/kg.

due to higher drug excretion from body which results toxicity
of AmB.

The desired localization and macrophage uptake of the
AmB-SA-GCS-NP as compared to plain AmB was also sup-
ported by pharmacokinetics and biodistribution study of
AmB-SA-GCS-NP as showed in Fig. 5. Basically, distribution
relay on type of carrier system (polymer structure, particle
size, shape, charge and configuration) which can carry drug
molecule to the desired tissue compartments, accordingly
drug in carrier system and free drug showed altered pharma-
cokinetics and bio-distribution profile. It is well known that the
structured vehicle especially polymeric systems like AmB-SA-
GCS-NP with particle size nearly 200 nm, . are recognized by
MPS system and are preferentially taken up by liver spleen
and lungs exactly where the drug is desired for the conditions
of leishmaniasis. Moreover, this formulation can hold the drug
for relatively longer time and release the drug in sustained
manner. Similar is the case with our formulation. Sustained
release fraction that binds with lipoprotein cleared from body
nearly 15 days later [31]. This resulted in faster clearance of
plain AmB as compared to AmB-SA-GCS-NP (Table II). The
AmB-SA-GCS-NP facilitated uptake of AmB in MPS organs
and anticipate that AmB remains in tissues for prolonged
period of time once reached [32,33], followed by redistribu-
tion of drug in to the blood stream as observed in other lipid-

based AmB formulations with similar pharmacokinetic behav-
ior [34] and subsequent slow elimination from the body. The
AmB get more concentrated in the liver and spleen when
administered with AmB-SA-GCS-NP due to the
nanoparticulate and crystal nature [35,36] of the formulation
while plain AmB showed relatively lower concentration in
liver and spleen (Fig. 5). As we can see in Fig. 5 the maximum
concentration of AmB in kidney was found to be almost
25 pg/gm when plain AmB was administered while with
AmB-SA-GCS-NP it was less than 2.5 pg/gm which 1s almost
10 times less than plain AmB. Higher uptake in spleen and
liver is also evident in Fig. 5 as maximum concentration of
AmB was nearly 60 and 45 pg/gm respectively. . This data
clearly shows preferential uptake in spleen and liver.
Amphotericin B has been reported to causes severe renal
vasoconstriction and can reduce the glomerular filtration rate
(GFR) by more than half. Amphotericin B interact directly
with cell membrane and increase permeability, as well as
induces activation of intrarenal mechanisms
(tubuloglomerular feedback) and/or release of mediators
(thromboxane A2) and results in nephrotoxicity [37]. The
latter effects are possibly responsible for the observed acute
decrease in renal blood flow and filtration rate. This clearly
indicates that toxicity in the kidney could be reduced to
greater extent using AmB-SA-GCS-NP This data is in
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accordance with our previous report [17,35] which states that
AmB is more nephrotoxic than lipid based formulation..

Figure 5 and Table II showed enormous difference be-
tween observed drug concentration and calculated pharma-
cokinetic parameters of plain AmB and AmB-SA-GCS-NP in
plasma. AmB-SA-GCS-NP showed lower plasma drug con-
centrations than the plain AmB. This suggests a slower release
rate as a result of the higher rigidness and molecular interac-
tion with SA and GCS, which may delay release of AmB in a
rat model. The AmB from AmB-SA-GCS-NP could be de-
tected till 72 h of IV administration because of sustained
plasma level and decreased clearance of drug which represents
non-linear saturation like kinetic profile. The AUC, MRT
and t; /o of IV administered AmB-SA-GCS-NP was higher
compared with the plain AmB (Table II) due to complex
pharmacokinetics of AmB-SA-GCS-NP which helps in clini-
cal therapeutics of AmB due to reduction of AmB related
toxicities [14]. This was supported by previous reports sug-
gested that different components of AmB formulations, such
as poloxamer 188 or poly (caprolactone) [38] and polyethyl-
ene glycol-poly lactic acid based polymerosomes [36], affect
the distribution characteristics of the drug in the body. Fur-
thermore, it is well known that Leishmania parasites mainly
resides in macrophages of spleen and liver which is a desired
localization. The pharmacokinetics and biodistribution of
drug in liver and spleen tissues may be helpful in complete
eradication of parasites from this infected organs more
efficiently.

Constructively, higher biodistribution of AmB in liver and
spleen when administered in the form of AmB-SA-GCS-NP
and cytokine inducing property of SA [7], synergistically
enhanced i vitro and i vivo antileishmanial activity of AmB-
SA-GCS-NP compared to plain AmB (p<0.05) as shown in
Fig. 6.

Furthermore, AmB-SA-GCS-NP reduces toxicity of AmB
by restricting its conversion from monomer to aggregated
form. It has been reported that AmB in aggregated structure
can only form ion channels via pore formation in a membrane
that 1s responsible for toxicity towards mammalian cells
[12,39]. The AmB aggregate generation depends on formu-
lation aspect while AmB is known to assemble in different
forms at molecular level such as monomeric, dimeric and
multimeric or these forms can coexist. As shown in Fig. 7(i),
the spectral modifications induced by aggregation may be
represented by the ratio of Asys/A4s, 1s indicative of the
aggregated/monomeric ratio which enables analysis of for-
mation of molecular forms and by using this ratio, degree of
aggregation of AmB can be designed [20]. As calculated from
Fig. 7(i(a)), plain AmB has aggregated/monomeric ratio value
>2 which indicates the presence of aggregated forms of AmB,
particularly dimeric, consistent to previous reports [21].
Whereas, Agy/ Aypg ratio for AmB-SA-GCS-NP was less than
2 as calculated from Fig. 7(i(b)), indicates the presence of
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monomeric AmB. The stearic acid domain in AmB-SA-
GCS-NP prevents self-association of monomeric AmB mole-
cules due to strong interaction among SA polymer, GCS
copolymer and AmB, thus reduced the aggregated forms
[3]. Fig. 7(ii(a),(b)) shown that plain AmB has very high he-
molysis and cell cytotoxicity on Wistar rat RBCs and J744A
cell lines, respectively even at low doses due to presence of
multimeric and aggregated form of AmB present while AmB-
SA-GCS-NP was relatively less toxic owing to monomeric
form of AmB. This is an agreement with previous reports that
the aggregated form of AmB is more toxic against human
erythrocytes and other cultured mammalian cells than the
monomeric form of the drug [40]. Mice group injected with
AmB-SA-GCS-NP illustrated more tolerance to the AmB as
revealed from results that mice group can tolerate drug up to
20 mg/kg. On other side, plain AmB treated mice group
showed 100% mortality only at 5 mg/kg dose as shown in
Fig. 7ii(c) that restricts further increase in plain AmB dose.
This was further supported by histopathological analysis of
kidney tissue revealed a normal pattern in control and AmB-
SA-GCS-NP groups (Fig. 7(ii(d,e))) except the AmB group,
which showed patchy tubular epithelial necrosis that varied in
extent from focal to extensive (Fig. 7(ii(f))). It was well reported
that AmB frequently causes nephrotoxicity also showed in our
results while our formulation AmB-SA-GCS-NP was safe and
diminished nephrotoxicity even at higher doses since of mo-
nomeric form of AmB present in formulation.

The lipid based formulations of AmB are unstable in
nature and very high cost of treatment urge to concern in its
use as a therapeutic agent, and represent a limitation to
widespread use in poor countries. Hence, desired localization
and biodistribution in spleen and liver tissues, immuno-
modulatory property of SA in formulation effectively
synergizes killing of L. donovani parasites from AmB-SA-
GCS-NP and reduced toxicities of formulation after paren-
teral administration made possible to achieve most favorable
therapeutic effect. Furthermore, the excipients and process
used in preparation of AmB-SA-GCS-NP formulation was
very economical compared to lipid based marketed
formulations.

CONCLUSION

The AmB-SA-GCS-NP is novel and simple drug delivery
system. The results in this study demonstrated that there is
relationship between localization, uptake, biodistribution, ac-
tivity and toxicity of the sodium alginate cross linked ICPNP
formulation. The ICPNP restricts conversion of AmB in mo-
nomeric to aggregated forms leading to reduced drug related
toxicities. In equivalent doses, our AmB-SA-GCS-NP formu-
lation was effective in parasite clearance with widely spaced
and biologically safe therapeutic regimen. Hence, present
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work clearly suggests, that ICPNP is therapeutically applicable

AmB delivery approach for safer and cost effective chemo-

therapy of visceral leishmaniasis.
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