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A B S T R A C T

Despite the advancement of new anti-leishmanials, amphotericin B (AmB) prevails as one of the most potent
agent in the treatment of visceral leishmaniasis (VL), a neglected tropical disease affecting mostly poverty ridden
and underdeveloped regions of the globe. Nonetheless, many patients display intolerance to parenteral AmB,
notably at higher dosages. Also, conventional AmB presents an apparently poor absorption. Therefore, to im-
prove AmB bioavailability and overcome multiple barriers for oral delivery of AmB, we fabricated a promising
vitamin B12-stearic acid (VBS) conjugate coated solid lipid nanoparticles (SLNs) encapsulated with AmB (VBS-
AmB-SLNs) by a combination of double emulsion solvent evaporation and thermal sensitive hydrogel techniques.
VBS-AmB-SLNs showed a particle size of 306.66 ± 3.35 nm with polydispersity index of 0.335 ± 0.08 while
the encapsulation efficiency and drug loading was observed to be 97.99 ± 1.6% and 38.5 ± 5.6% respectively.
In vitro drug release showed a biphasic release pattern and chemical stability of AmB was ensured against
simulated gastrointestinal fluids. Cellular uptake studies confirmed complete internalization of the formulation.
Anti-leishmanial evaluation against intramacrophage amastigotes showed an enhanced efficacy of 94% which
was significantly (P < 0.01) higher than conventional AmB without showing any toxic effects on J774A.1 cells.
VBS-AmB-SLNs could serve as a potential therapeutic strategy against VL.

1. Introduction

Visceral leishmaniasis (VL) is one of the most neglected tropical
disease caused by protozoan parasite Leishmania donovani, an insidious
parasite that is transmitted by the bite of an infected sand fly [1]. VL
affects mainly poor and malnourished people in under developed
countries of Brazil, East Africa and South-East Asia. According to World
Health Organisation (WHO), 50,000–90,000 new VL cases were re-
ported globally and more than 95% of new VL cases were reported in 10
countries: Bangladesh, Brazil, China, Ethiopia, India, Kenya, Nepal,
Somalia, South Sudan and Sudan. Clinical manifestations of VL include
hepato-splenomegaly, irregular bouts of fever, weight loss, anaemia and
even causes death if left untreated [2]. Current anti-leishmanial drug
therapies lead to severe toxic side effects and non-availability of proper

vector control measures and effective vaccine(s) against VL along with
development of drug resistant parasites creates a big hurdle to VL
treatment and control [3]. Emergence of drug resistant parasites and
HIV-VL co-infections are vital factors behind VL treatment failure. Soon
after discovery of Leishmania parasite as a causative agent for VL,
pentavalent antimonials (sodium stibogluconate and meglumine anti-
monite) were the mainstay of therapy for VL, however in Indian sub-
continent, sodium stibogluconate was no longer recommended for
clinical use because of its drug resistance. In early 1980s, VL patients
showed resistance even to very small doses and shorter duration of
treatment with pentavalent antimonials (10 mg/kg for 6–10 days) and
in later years, it showed treatment failure even at higher doses (20 mg/
kg) for longer duration [4,5]. Emergence of drug resistance to sodium
stibogluconate in Indian subcontinent resulted in the recommendation
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of amphotericin B (AmB) as a first-line treatment option in kala-azar
infected patients. However, infusion-related fever, chills and rigour are
some of the common side effects with parenteral administration of
AmB, and lethal adverse effects include hypokalaemia, nephrotoxicity
and myocarditis, which requires continuous monitoring and prolonged
hospitalisation of patient and increases the cost of therapy [6–8].

The prime reason of compelling intravenous administration is the
low fraction of AmB that is orally absorbed (0.2–0.9%) due to the
precipitation of crystalline drug in aqueous media. The zwitter ionic
and amphiphilic character of AmB with an asymmetrical distribution of
ionisable carboxyl, primary amine groups, hydrophobic and hydro-
philic groups respectively corresponds to poor aqueous solubility
(< 1 mgL−1 at physiological pH) [9–11]. Thus, to achieve clinically
effective AmB concentrations in targeted organs after oral administra-
tion, chemical modification of the drug or reformulation using appro-
priate excipients is required.

Oral drug delivery is the most desirable delivery route being non-
invasive, convenient and cost effective. Solubility is a principal aspect
culpable for the low bioavailability of drugs administered orally; en-
capsulation in a drug delivery system that has the competence to armor
a molecule's hostile physicochemical characteristics and can contribute
to become a viable solution. Stability in acidic gastric environment and
protection from enzyme degradation are also key requirements. The
advancement of a conducive oral formulation of drugs must balance the
need to boost absorption and safeguard the acid-labile molecule from
degradation in the gastric environment with the requisite release of the
drug at target site in a monomeric form [12].

Consequently, innovations in the field of nanotechnology have
overcome certain limitations along with attaining an increased efficacy.
Therefore, to significantly reduce the incidence of the disease there is
an immediate requirement for a modified drug delivery system which
encapsulate drugs, while minimizing toxic effects to normal cells
[12–14]. Among several carrier systems developed, solid lipid nano-
particles (SLNs) provide unique potential in drug delivery applications
with enhanced properties like higher stability and high drug loading.
They are considered to be the most effective biodegradable lipid based
colloidal carriers, which incorporate and hence provide an improved
bioavailability and extended residence time of poorly water soluble
drugs [15].

Stearic acid, a saturated fatty acid is generally regarded as safe
(GRAS) lipid and has been extensively used in drugs, food, and cos-
metics. Stearic acid used in the preparation of SLNs enhanced oral
bioavailability and safety [16]. Stearic acid–octaarginine modified SLNs
were effectively used for the oral administration of insulin [17].
Therefore, stearic acid was conjugated with vitamin B12 to achieve an
augmented absorption of SLNs [18]. Vitamin B12 (VB12) is a natural
molecule which has been used to improve the absorption of biomole-
cules and avert the exploitation of absorption enhancers and accom-
plish definite absorption of macromolecules. Further, surface mod-
ification with VB12-stearic acid conjugate improves absorption in small
intestine by an intricate receptor mediated uptake pathway present in
our body. Endocytosis of conjugated form of VB12 enhances the mem-
brane transport efficiency to the target cell thereby indirectly achieving
enhanced targetability and bioavailability of drugs [19–24].

Herein, we have formulated a novel nanoparticulate system of VB12-
stearic acid conjugate coated SLNs encapsulated with AmB (VBS-AmB-
SLNs) to improve AmB oral absorption and enhance the anti-leishma-
nial efficacy and safety. To the best of our knowledge, there is no study
reported by using VB12-stearic acid conjugate coated SLNs as a carrier
for AmB as a potential therapeutic strategy against VL.

2. Materials and methods

2.1. Chemicals

Pluronic F127, VB12, AmB, 4′, 6-diamidino-2-phenylindole (DAPI),

fluorescein isothiocyanate isomer I (FITC) were procured from Sigma
Aldrich, U.S.A. Stearic acid, 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide (EDC), oxyma, sodium bicarbonate, potassium bromide, phos-
photungstic acid (PTA), solutol HS 15 and cellulose dialysis tube were
obtained from HiMedia Laboratories, Mumbai, India. Glass bottom
dishes were obtained from Thermo-scientific USA. Glyceryl palmitos-
tearate (Precirol® ATO 5) was kindly provided by Gattefossét Company
(Germany). Carbon-coated TEM grids were procured from Beta Tech
Equipment Pvt. Ltd., India.

2.2. Synthesis of vitamin B12 stearate

VB12 was esterified to stearic acid in water containing solvent
system according to slight modifications to a previously reported oxyma
method [25]. Briefly, 1 mM of stearic acid was dissolved in 5% water-
acetonitrile solvent system followed by the addition of 1 mM of VB12.
Then, 1.5 mM EDC hydrochloride, 1.5 mM oxyma and 6 mM sodium
bicarbonate were added. The mixture was continuously agitated for
12 h at room temperature. After agitation, vitamin B12 stearate (VBS)
was separated from the mixture by silica gel column chromatography
(methanol:acetic ether; 60:40). The solvents were evaporated by rota
evaporator and dried for 72 h in vacuum oven. The dried VBS was used
in further studies.

2.3. Preparation of drug encapsulated vitamin B12 stearate modified solid
lipid nanoparticles

Vitamin B12 stearate modified solid lipid nanoparticles encapsulated
with AmB (VBS-AmB-SLNs) were prepared by slight modifications of a
previously reported method [26]. AmB (50 mg) was dissolved in 40%
pluronic F127 HCl solution. Simultaneously, VBS (24 mg), glycerol
monostearate (30 mg) and Precirol® ATO 5 (60 mg) were dissolved in
dichloromethane firstly by stirring for 30 min and then via sonication
for 5 min at room temperature. The dispersion was then transferred to
300 mg of mixture containing AmB in pluronic F127 solution. This
system was sonicated for 10 min to form primary gel in oil emulsion
which was further transferred to 2% solutol solution preheated to 37 °C
and stirred for 30 min followed by sonication for 10 min at 4 °C to form
gel in oil in water emulsion. Finally, after dilution with 0.2% solutol the
solution was stirred overnight at room temperature, allowing the for-
mation of SLNs. The dispersion was centrifuged at 10,000 rpm for
30 min and the pellet obtained was washed three times with milli-Q
water to remove any unbound drug molecules. The freshly synthesized
VBS-AmB-SLNs were freeze dried (FDUT-12003, Republic of Korea) and
used for further studies. Plain VBS coated solid lipid nanoparticles
(VBS-PSLNs) were also prepared using the same method as mentioned
above without adding AmB. Here, VBS (8 mg), glycerol monostearate
(10 mg) and Precirol® ATO 5 (20 mg) were dissolved in di-
chloromethane firstly by stirring for 30 min and then via sonication for
5 min at room temperature. The dispersion was then transferred to
100 mg of 40% pluronic F127 solution and the above mentioned pro-
cedure was repeated to obtain freeze dried VBS-PSLNs.

2.4. Entrapment efficiency and drug loading

The AmB content was determined by using an indirect method with
slight modifications [27]. Briefly, the dispersion of VBS-AmB-SLNs was
centrifuged at 10,000 rpm for 30 min and the supernatant obtained was
analyzed using UV–visible spectrophotometer (Shimadzu, UV-2600) at
405 nm. The encapsulation efficiency and drug loading were de-
termined by using the following formulae.

=
−

×(%EE)
total amount of drug amount of free drug in supernatant

total amount of drug
100
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=
−

×(%DL)
total amount of drug amount of free drug

total amount of formulation components
100

2.5. Characterization

2.5.1. Fourier-transform infrared spectroscopy (FTIR)
The formation of synthesized derivative VBS was confirmed by FTIR

spectroscopy (Agilent Cary 620 FTIR spectroscopy). The samples were
prepared in potassium bromide (KBr) pellets and individual spectrum
was obtained in the region between 4000 and 500 cm−1.

2.5.2. X-ray diffraction (XRD)
X-ray diffractogram of AmB, VB12 and VBS-AmB-SLNs was obtained

using X-ray diffractometer (Bruker, D8 Advance X-ray Diffractometer)
equipped with Cu-Kα radiation source (λ = 1.541 Å). The instrument
was fixed at 40 kV, 25 mA and the diffraction angle (2θ) was measured
from 5° to 50°.

2.5.3. Particle size and zeta potential
Particle size and zeta potential was assessed by dynamic light

scattering using Zetasizer (Malvern, Nano ZS90, UK) at 25 °C and all the
experiments were done in triplicate. Briefly, the samples were diluted
(1:10) with milli-Q water and placed in polystyrene disposable cuvettes
(Model-DTS0012; Malvern) for the measurement of particle size and in
disposable folded capillary cells (Model-DTS1070; Malvern) for mea-
surement of zeta potential.

2.5.4. Electron microscopy
The morphology of VBS-PSLNs and VBS-AmB-SLNs were analyzed

by scanning electron microscopy (SEM; IT300, JEOL 6400, JEOL USA,
Peabody, MA.) and transmission electron microscopy (TEM; JEOL
2100, Country). For SEM, freeze dried samples were diluted (1:10),
drop casted on a cover slip and air dried followed by sputter coating
with colloidal gold under vacuum using JEC-300FC. TEM images were
obtained at an accelerating voltage of 200 kV having lanthanum hex-
aboride (LaB6) filament. TEM micrographs were captured using Gatan
camera software. For TEM, freeze dried samples were diluted (1:10),
drop casted on to copper grid and allowed to air dry at room tem-
perature. The samples were negatively stained with 2% w/v PTA and
washed thrice with milli-Q water followed by overnight vacuum drying.

2.6. In vitro release study

The release of AmB from VBS-AmB-SLNs was analyzed using dia-
lysis method. VBS-AmB-SLNs were introduced into pre-soaked cellulose
dialysis membrane (12 kDa) and dialyzed against 30 ml of phosphate
buffer solution (PBS; pH 7.4) containing 1% tween® 80 maintained at
37 ± 2 °C with continuous stirring at 100 rpm for 48 h. Aliquots were
withdrawn at pre-determined time intervals, replaced with fresh buffer
to maintain sink condition and analyzed using UV–visible spectroscopy
(Shimadzu UV-2600) at 405 nm.

2.7. Stability study: in-vitro release in simulated gastro-intestinal fluid

In vitro simulated gastric fluid (SGF) and simulated intestinal fluid
(SIF) medium with enzymes were prepared and release experiments
were performed. VBS-AmB-SLNs were placed in hydroxypropyl me-
thylcellulose (HPMC) capsule and placed in separate dissolution baskets
containing 500 ml of simulated gastric fluid (pH 1.6) and 500 ml of
simulated intestinal fluid (pH 6.8) at 37 ± 0.5 °C with continuous
stirring at 50 rpm. The SGF was prepared by adding lecithin (20 μM),
pepsin (0.1 mg/ml), sodium chloride (34.2 mM), sodium taurocholate
(80 μM) and HCl conc. (q.s. pH 1.2) in 500 ml deionised water while SIF
was prepared by adding sodium taurocholate (3 mM), lecithin
(0.75 mM), sodium di‑hydrogen phosphate (3.43 g), sodium chloride

(6.18 g) and sodium hydroxide (q.s. pH 6.5) in 500 ml deionised water
[28]. Samples were withdrawn at regular time intervals, and amount of
drug in the supernatant was analyzed by using a UV–visible spectro-
photometer (Shimadzu, UV-2600) at 405 nm.

2.8. Mucoadhesive capacity

A turbidimetric analysis was performed in order to indirectly de-
termine the interaction between mucin and VBS-AmB-SLNs according
to slight modifications of a previously reported method [27]. Briefly, a
fresh solution of mucin (0.1%, w/v) isolated from porcine stomach
(type II) was placed in an incubation chamber where 80–90% relative
humidity and 37 ± 2 °C was maintained with continuous shaking.
10 mg of VBS-AmB-SLNs was added into 10 ml of aqueous mucin dis-
persion and stirred at 200 rpm for 4 h to ensure that the SLNs were able
to form bioadhesion with mucin. The turbidity of dispersion was
measured at regular time intervals and compared with the turbidity of
the native mucin dispersion which served as control using a UV–visible
spectrophotometer (Shimadzu, UV-2600) at 650 nm. All experiments
were performed in triplicate.

2.9. Cell line and parasite

The J774A.1 macrophage cell line was obtained from the National
Centre for Cell Science, Pune, India. The J774A.1 cells were cultured in
Roswell Park Memorial Institute 1640 media (RPMI 1640; Gibco,
ThermoFisher Scientific) supplemented with 10% heat inactivated fetal
bovine serum (HIFBS; Gibco, ThermoFisher Scientific), 1% Penicillin/
Streptomycin (Pen/Strep, 10,000 IU/ml; Gibco, ThermoFisher
Scientific), sodium bicarbonate (Sodium Bicarbonate Solution, Gibco,
ThermoFisher Scientific) and HEPES (Gibco HEPES, ThermoFisher
Scientific). The cells were maintained in a humidified incubator at 37 °C
with 5% CO2 environment. For, in vitro anti-leishmanial activity,
Leishmania donovani (LEM 138) parasites were cultured in M199
medium supplemented with 10% heat-inactivated foetal bovine serum
(HIFBS), gentamycin (50 μg/ml) and penicillin streptomycin (100 μg/
ml) and maintained at 26 °C in a BOD incubator.

2.10. In vitro cytotoxicity assay

The cytotoxicity of VBS-AmB-SLNs was assessed by using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on
J774A.1 macrophage cell line. Briefly, J774A.1 cells were seeded in 96
well plates at an initial cell density of 5 × 104 cells/well and incubated
for 24 h at 37 °C and 5% CO2 environment allowing the cells to adhere.
The cells were treated in triplicate with varying concentrations of VBS-
AmB-SLNs (500 μg/ml–0.5 μg/ml) for 24 h at 37 °C, 5% CO2; untreated
cells served as a control. After treatment, a volume of 20 μl MTT re-
agent (5 mg/ml) was added to each well and incubated for 4 h to form
reduced MTT formazan crystals. The precipitated crystals were dis-
solved in 100 μl of dimethyl sulfoxide (DMSO). Finally, the reduced
MTT was spectrophotometrically analyzed at 570 nm, using a micro-
plate reader (Infinite 200 PRO microplate plate reader). The percentage
viability was expressed as percentage of [1 − (ODcontrol − ODSLNs) /
(ODcontrol − ODblank)] × 100.

2.11. Cellular uptake study

FITC labeled VBS-AmB-SLNs were prepared by slight modifications
of a previously reported method [29]. Briefly, 5 × 104 J774A.1 cells
were seeded onto glass bottom dishes (Nunc, Thermo scientific, USA)
and allowed to adhere for 24 h at 37 °C with 5% CO2 environment. The
cells were washed with incomplete RPMI-1640 media and treated with
50 μM FITC labeled VBS-SLNs for 24, 48 and 72 h. After treatment, cells
were fixed with 4% paraformaldehyde for 20 min followed by washing
three times with 1× PBS. The cells were then stained with DAPI for

A. Singh, et al. Materials Science & Engineering C 117 (2020) 111279

3



5 min followed by washing three times with 1× PBS. The images were
acquired at 63× using confocal laser scanning microscope (CLSM, LSM
880 NLO, Carl Zeiss, Germany).

2.12. In vitro anti-leishmanial activity of VBS-AmB-SLNs against
intracellular amastigotes of L. donovani

In vitro anti-leishmanial activity of VBS-AmB-SLNs was performed
against intracellular amastigotes of L. donovani. Briefly, J774A.1 mac-
rophage (2.5 × 104 cells/ml) were cultured in complete RPMI-1640
and seeded (200 μl/well) in eight chamber Lab Teck tissue culture
slides (Nunc, USA) followed by incubation at 37 °C and 5% CO2 en-
vironment for 2 h, allowing the cells to adhere. The adherent macro-
phages were washed three times with pre-warmed incomplete RPMI-
1640 and infected with metacyclic promastigotes in 1:10 ratio, followed
by incubation at 37 °C and 5% CO2 environment for 12 h. Non-pha-
gocytosed promastigotes were removed by washing three times with
warm incomplete RPMI-1640 and the infected macrophages were in-
cubated in the presence and absence of test and reference drugs (VBS-
AmB-SLNs, VBS-PSLNs, and AmB) in different concentrations
(0.1–1 μg/ml) in complete RPMI-1640 at 37 °C and 5% CO2 atmosphere

for 72 h. The infected macrophages were washed with PBS and stained
with wright's stain to assess the intra-cellular amastigote growth. The
intra-cellular amastigotes were monitored by counting at least 100 cells
per slide under oil immersion lens microscope (100×) [1,30]. Per-
centage inhibition of amastigote multiplication was calculated by fol-
lowing formula:

= − ×PI 100 (AT/AC) 100

where PI is percentage inhibition of amastigote multiplication,
AT is actual number of amastigotes in treated samples/100 macro-
phages;
AC is actual number of amastigotes in control samples/100 macro-
phages.

3. Results and discussion

3.1. Synthesis and characterization of VBS

VB12 is a hydrophilic molecule and to adhere it onto the surface of
SLNs, it was esterified with stearic acid, a long chain saturated fatty

(a): FTIR spectrum of VB12. (b): FTIR spectrum of stearic acid.

(c): FTIR spectrum of VBS. 

Fig. 1. (a): FTIR spectrum of VB12.
(b): FTIR spectrum of stearic acid.
(c): FTIR spectrum of VBS.
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acid. VBS was synthesized via oxyma method and characterized using
Fourier-transform infrared spectroscopy. The FTIR spectra of VB12,
Fig. 1(a) shows a broad peak at about 3400cm-1 (3356 cm-1) which is
assigned to O–H stretching of the hydroxyl groups attached to the
surface and the intense peak at around of 1667 cm-1 is attributed to
C=O stretching vibration of propionamide side chain of VB12. A
medium FTIR peak at around 1570 cm−1 could be attributed to
δ(C=C). The band at 1495 cm-1 could be assigned to the in-phase-
stretching mode of the C=C bonds of the corrin ring [58–60]. The FTIR
spectra of stearic acid Fig. 1(b) shows a carbonyl peak at 1702 cm-1. The
peaks at 2850 cm-1 and 2915 cm-1are attributed to CH2 symmetric
stretch and CH2 anti-symmetric stretch. The peaks at 940 cm-1, 1105
cm-1, 1291 cm-1 and 1463 cm-1 are attributed to C–OH out of plane

deformation, symmetric CH2 rock with CH3 sided chain, C–OH stretch
and CH2 scissor vibrations respectively. In the spectrum of VBS
Fig. 1(c), peaks appearing at 3389 cm-1, 2850 cm-1, 2926 cm-1, and
1667 cm-1 are due to the stretching of the hydroxyl group (–OH), CH2

symmetric stretch and CH2 antisymmetric stretch, and C=O group in
VBS. By comparing the three spectra, the formation of a new band at
1740 cm-1 is evident. A new event is detected after the vitamin B12

loading process, whereas no such peak is observed in the vitamin B12

and stearic acid spectra. This phenomenon can be an evidence for the
conjugation of vitamin B12 molecules to stearic acid. This band (1740
cm-1) could be attributed to the esterification of carbonyl carbon of
stearic acid with primary alcohol (ribose R5’ in vitamin B12). The

Fig. 2. TEM images of (a, b) VBS-PSLNs and (c, d) VBS-AmB-SLNs.
SEM images of (e, f) VBS-PSLNs and (g, h) VBS-AmB-SLNs.
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formation of VBS using EDC/DMAP method where similar dis-
appearance of carboxyl vibration peak of stearic acid present at
1704 cm-1 was previously reported [31]. Coupled with NMR data

(Supplementary information Fig. S1), we were able to confirm the
formation of VBS.

3.2. Particle size and zeta potential

VBS-AmB-SLNs and VBS-PSLNs were successfully formulated by
double emulsion solvent evaporation method [26]. The hydrodynamic
size of VBS-PSLNs and VBS-AmB-SLNs were 101.66 ± 4.28 nm and
306.66 ± 3.35 nm with PDI values of 0.264 ± 0.02 and
0.335 ± 0.08 respectively. The particle size of VBS-AmB-SLNs was
greater than VBS-PSLNs, due to encapsulation of higher amount AmB as
well as simultaneous increments in quantity of surfactant providing
stability and preventing agglomeration [61]. The overall particle size
distribution (PDI) was less than 0.3, indicating homogeneity of syn-
thesized SLNs. However, the zeta potential of VBS-PSLNs and VBS-
AmB-SLNs was 0.152 ± 2.3 mV and 0.206 ± 2.29 mV respectively.
The net neutral SLNs possess higher mucus permeating ability, which
can enhance the oral bioavailability of encapsulated drugs [32].

3.3. Electron microscopy

The results of TEM and SEM imaging of VBS-PSLNs and VBS-AmB-
SLNs, which are shown in Fig. 2, illustrate the fabrication of SLNs of
nanometre-size spherical range and uniform size distribution. The
particle size from electron microscopy accords with particle size mea-
sured by dynamic light scattering. No indication of aggregation was
observed among SLNs, possibly due to steric hindrance of VB12 [33].

3.4. X-ray diffraction (XRD)

XRD diffraction pattern of AmB is shown in Fig. 3, exhibited sharp
characteristics peaks at 2θ scattering angle of 14.1° and 21.3° which
indicates its crystalline nature [34], while there was no sharp peak in
VB12 spectra, suggesting its amorphous nature. After formulation de-
velopment the characteristics peaks of AmB were either broadened and
shortened suggesting the formulation turns towards amorphous form
which indirectly favours the bioavailability aspect. The finding re-
garding the conversion of crystalline drug to amorphous state suggest
appropriate drug incorporation into SLNs due to uniform distribution of
AmB in the lipid matrix. Amorphous nanoparticles, serve as a source of
rapidly dissolving active pharmaceutical ingredient during the ab-
sorption process when compared to its crystalline counterparts due to
higher enthalpy, entropy and free energy, which could favor the bioa-
vailability aspect [35,36].

3.5. Entrapment efficiency and drug loading

Entrapment efficiency and drug loading of an amphiphilic drug in
SLNs prepared by double emulsion method was assessed by UV–Vis
spectroscopy. The entrapment efficiency and drug loading of VBS-AmB-
SLNs was 97.99 ± 1.6% and 38.5 ± 5.6% respectively. Due to the
unique composition of SLNs matrix, it was able to form hydrophobic as
well as hydrophilic interactions with AmB leading to increased lipo-
philicity which attributes to its high encapsulation and loading capacity
[37]. It has been previously reported that the formation of ion-pairs
with doxorubicin and monoalkyl phosphate esters resulted in higher
incorporation of drug due to an increase in lipophilicity [38].

3.6. In-vitro release study

In vitro release of AmB from VBS-AmB-SLNs was performed using
dialysis bag diffusion method in release media of pH 7.4 respectively
maintained at 37 °C under continuous shaking. Drug release kinetics is a
key parameter used to assess product safety and efficacy. The release
profile as shown in Fig. 4, exhibits a biphasic release pattern i.e. an
initial burst release followed by a sustained release. The initial burst
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release for up to 6 h shows a cumulative % release of approximately
35% was due to rapid desorption and diffusion of AmB molecules lo-
cated at or close to the surface of SLNs followed by a sustained release
for up to 48 h as the dominant release mechanism changed to drug
diffusion [39]. The sustained release afterwards could be explained by
mechanism as observed by surface renewal theory of drug dissolution
which further suggests that AmB is homogenously distributed through
the lipid matrix [40]. The presence of high melting point lipids along
with emulsifiers in the carrier system provides an enhanced stability
and allows SLNs to survive lipolysis permitting only small amount of
drug to be released at regular intervals [41]. Stearic acid coated SLNs
encapsulated candesartan showed sustained release pattern for ex-
tended time period to attain oral bioavailability [16]. As Leishmania
parasite is an intra-macrophage protozoan parasite, hence to minimize
toxicity to the host cell AmB is expected to release in a sustained
manner.

3.7. Mucoadhesive study

Mucoadhesive study was performed for VBS-AmB-SLNs (Fig. 5) in
order to get insights into the novel drug delivery platform. Oral ad-
ministration is the most convenient method of drug delivery. However,
mucus becomes a major barrier for achieving optimal oral mucoadhe-
sive delivery system. SLNs should be able to interact and hence cross
the mucus barrier to be able to be delivered into systemic circulation
and hence achieve higher bioavailability. The SLNs should be able to
adhere or bond with mucin with weak hydrogen and van der waals
forces. However, because of continuous renewal of mucosal layer,
mucoadhesion time is limited [42]. The turbidity of VBS-AmB-SLNs
dispersion was higher when compared with that of control which could

be explained by the formation of aggregates between SLNs and mucin.
Due to the presence of VB12, a hydrophilic molecule on the surface of
SLNs, they were able to form hydrogen bonds with negatively charged
mucin i.e. carboxyl and sulphate groups of mucin proteoglycans were
able to form hydrogen bond with amide groups present in VB12 and
hence interact with mucin. Chhonker et al. reported that due to pre-
sence of positively charged chitosan on the surface of SLNs it was able
to strongly interact with negatively charged mucin [27]. Surface
coating of VB12 and stearic acid on SLNs could be responsible for en-
hanced oral absorption of active drug via lymphatic uptake [43,44].

3.8. Stability study: in-vitro release in simulated gastro-intestinal fluid

The extreme conditions of GI tract lead to acidic and enzymatic
degradation, which hampers the stability of nanoparticles. Therefore, in
vitro release in PBS (pH 7.4) could prove to be insufficient. Simulated
gastric and intestinal fluids mimics conditions present in GI tract could
provide a relevant analysis of stability and release of VBS-AmB-SLNs.
The % drug release of AmB was 1.57 ± 0.085% in SGF for up to 2 h
and 7.6 ± 1.48% in SIF for up to 4 h as shown in Fig. 6. The orally
delivered SLNs showed negligible release in SGF at low pH and small
amount of drug was released in SIF at higher pH which could probably
be due to the action of lipases, thereby potentially localizing their de-
livery to the small intestine. Presence of stearic acid in VBS-AmB-SLNs
contributed to an extended stability, as pancreatic lipases do not spe-
cifically hydrolyse stearic acid. Presence of stearic acid in VBS-AmB-
SLNs contributed to an extended stability, as pancreatic lipases do not
specifically hydrolyse stearic acid [45]. Amekyeh et al. reported that
during GI transit AmB in SLNs is absorbed slowly but significantly from
the small intestines which seems to be a favourable attribute in view of

Fig. 8. Confocal microscopy images: colocalization of FITC (λex: 488 nm) labeled VBS-AmB-SLNs after (a) 24 h, (e) 48 h, (i) 72 h of treatment; (b, f, j) DAPI (λex:
405 nm) stained nucleus of J774A cells; (c, g, k) merged images; (d, h, l) bright field images.
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the possible uptake of the SLNs by Peyer's patches [46].

3.9. In vitro cytotoxicity assay

To investigate the cellular viability of VBS-AmB-SLNs, MTT assay
was performed on J774A.1 cells after treatment of 24 h. The results
shown in Fig. 7, suggest that the percentage cell viability of VBS-AmB-
SLNs were significantly higher than conventional AmB. VBS-AmB-SLNs
at 5 μg/ml did not show any significant toxicity whereas the treatment
with equal amount of free drug causes the cell viability to drop down to
less than 80% (68%), which highlights the ability of SLNs to ameliorate
the drug toxicity to the host. Even after taking VBS-AmB-SLNs with a
series of increasing concentrations (0.5 μg/ml, 5 μg/ml, 50 μg/ml,
500 μg/ml) along with cell cultures, the SLNs showed significant cell
viability. The CC50 value of VBS-AmB-SLNs was 297.34 ± 6.51 μg/ml
which was fivefold higher than conventional AmB. These results de-
monstrate that VBS-AmB-SLNs does not impair the proliferation of
J774A.1 cells, therefore elucidating their biocompatibility and non-
cytotoxicity. The encapsulation of AmB in biodegradable lipid core
might have resulted in lesser cytotoxicity, as the individual components
of the formulation such as precirol, GMS, stearic acid and pluronic F127
have been reported to be non-cytotoxic [47–49]. It was previously re-
ported by Muller et al. that SLNs were ten times less toxic when com-
pared to poly-lactic acid nanoparticles in human granulocytes [50].
Also, Scholer et al. showed that SLNs neither caused cytotoxicity nor led
to secretion of pro-inflammatory cytokines by murine peritoneal

macrophages confirming the biocompatibility of SLNs [51].

3.10. Cellular uptake study

As Leishmania amastigotes reside inside host's macrophages, there-
fore the cellular uptake of SLNs was an important factor to evaluate its
therapeutic efficiency. Hence, we investigated the cellular uptake of
FITC labeled VBS-AmB-SLNs in J774A.1 cells with exposure time of 24,
48 and 72 h respectively (Fig. 8) by confocal microscopy. A major step
in cellular uptake is interaction with the cell membrane and subsequent
endocytosis leading to engulfment of SLNs. Depending upon the cell
type i.e. macrophages where VB12 enhances the rate of phagocytosis as
reported previously as well as the presence of VB12 on the surface of
SLNs leads to enhanced uptake of VBS-AmB-SLNs due to receptor
mediated endocytosis and uptake pathway present intrinsically in our
body [52]. AmB has been reported to exhibit higher partition coeffi-
cients when stearic acid was selected for the preparation of SLNs [35].
Also, saturated fatty acids with high melting point showed high per-
meation rate across the biological membranes and VB12 was an effec-
tive targeting agent for nanoparticles which resulted in enhanced up-
take of nanoparticles from the intestinal loops [54,55].

3.11. Anti-leishmanial activity of VBS-AmB-SLNs against L. donovani-
infected J774A.1 macrophages, in vitro

Inhibition of amastigote growth in intracellular macrophages by

Fig. 9. (a) Percentage inhibition of VBS-AmB-SLNs, AmB and VBS-PSLNs against L. donovani-infected J774A.1 macrophages; (b) Microphotographs of VBS-AmB-SLNs
treated and untreated L. donovani-infected J774A.1 macrophage. Results are presented as mean ± standard deviation.
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VBS-AmB-SLNs, VBS-PSLNs and AmB was evaluated. All samples were
stained and the intra-cellular amastigote growth was determined. VBS-
AmB-SLNs (1 μg/ml) significantly (P < 0.01) reduced intra-cellular
amastigotes compared to free AmB (Fig. 9(a) & (b)). The IC50 value of
VBS-AmB-SLNs (0.127809 ± 0.012227 μg/ml) was higher than the
IC50 values of free AmB (0.38365 ± 0.037201 μg/ml). VBS-AmB-SLNs
(1 μg/ml) showed maximum percentage of inhibition (94%) on intra-
cellular amastigote growth of L. donovani as compared to conventional
AmB (75.5%). The enhanced activity against Leishmania parasite is
ascribed to VB12-stearic acid conjugate which aids in increased inter-
nalization by receptor mediated endocytosis in the infected macro-
phages, leading to augmented parasite killing [19,55–57].

4. Conclusions

In the current study, a novel nanoparticulate drug delivery system
was developed by a combination of double emulsion solvent evapora-
tion and thermal sensitive hydrogel techniques, VBS-AmB-SLNs for the
increased oral delivery of AmB. The particle size distribution indicated
homogeneity of synthesized SLNs with a net neutral charge on SLNs
favouring higher mucus permeating ability, and hence can enhance the
oral bioavailability of AmB. Indeed, VBS-AmB-SLNs conferred complete
internalization within the macrophage cells. In vitro studies showed
lower cytotoxicity against J774A.1 cells and higher chemical stability
against digestive enzymes. Further, mucoadhesive study confirmed the
interaction of VBS-AmB-SLNs with mucin. Finally, anti-leishmanial
evaluation against intramacrophage amastigotes showed an enhanced
efficacy (94%) over conventional AmB (75.5%). In order to endorse
these results and to corroborate and evaluate if such delivery systems
increase AmB oral bioavailability, preclinical in vivo studies are en-
visaged.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.msec.2020.111279.
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