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ABSTRACT. Darunavir has a low oral bioavailability (37%) due to its lipophilic nature,
metabolism by cytochrome P450 enzymes and P-gp efflux. Lipid nanoparticles were prepared
in order to overcome its low bioavailability and to increase the binding efficacy of delivery
system to the lymphoid system. Darunavir-loaded lipid nanoparticles were prepared using
high-pressure homogenization technique. Hydrogenated castor oil was used as lipid. Peptide,
having affinity for CD4 receptors, was grafted onto the surface of nanoparticles. The
nanoparticles were evaluated for various parameters. The nanoparticles showed size of less
than 200 nm, zeta potential of — 35.45 mV, and a high drug entrapment efficiency (90%).
73.12% peptide was found conjugated to nanoparticles as studied using standard BSA
calibration plot. Permeability of nanoparticles in Caco-2 cells was increased by 4-fold in
comparison to plain drug suspension. Confocal microscopic study revealed that the
nanoparticles showed higher uptake in HIV host cells (Molt-4 cells were taken as model
containing CD4 receptors) as compared to non-CD4 receptor bearing Caco-2 cells. In vivo
pharmacokinetic in rats showed 569% relative increase in bioavailability of darunavir as
compared to plain drug suspension. The biodistribution study revealed that peptide-grafted
nanoparticles showed higher uptake in various organs (also in HIV reservoir organs namely
the spleen and brain) except the liver compared to non-peptide-grafted nanoparticles. The
prepared nanoparticles resulted in increased binding with the HIV host cells and thus could
be promising carrier in active targeting of the drugs to the HIV reservoir.
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INTRODUCTION

Darunavir is a second generation potent protease
inhibitor used in treatment of HIV-1 infection. It has low
oral bioavailability (37%) due to various factors such as its
lipophilic nature (log P of 3.9), low water solubility (0.15 mg/
mL as ethanolate salt at 20°C), first pass metabolism by
intestinal as well as hepatic cytochrome P450 enzymes, and is
a substrate of ABC transporters like P-glycoprotein (P-gp)
leading to P-gp efflux [1, 2]. Moreover, the bioavailability of
darunavir is highly food dependent and is increased in
presence of high-fat meals [1]. High dose of darunavir is
associated with various complications including liver disease
and skin rashes [2, 3]. It is always co-administered with
ritonavir at an adult dose of 600 mg with 100 mg ritonavir
twice a day. Studies have shown that combination of
darunavir and ritonavir was associated with lower incidence
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of treatment failure and lower emergence of mutations than
the widely used anti-HIV combination therapy of lopinavir/
ritonavir [4]. Co-administration of ritonavir leads to increase
in bioavailability of darunavir from 37 to 82%. However,
long-term use of ritonavir causes its resistance and further
cross resistance for other protease inhibitors [5, 6]. It can also
cause other side effects like perioral and peripheral
paresthesiae, liver problems, pancreatitis, heart problems,
and severe allergic reactions [7]. Few approaches have been
reported to increase bioavailability of darunavir including
pellet formation of darunavir using K-carrageenan [8], solid
self-microemulsifying drug delivery system [9], and tablet
prepared by melt extrusion containing poloxamer 188 as
solubilizer [10].

One of the approaches for enhancement of bioavailabil-
ity of drugs undergoing hepatic metabolism is the use of lipid-
based carriers such as solid lipid nanoparticles. Apart from its
increased lymphatic uptake, lipids can also decrease the effect
of cytochrome P450 enzymes on substrate drugs and reduce
efflux transport activity at intestinal wall thereby increasing
permeability of substrate drugs [11-13]. Among various lipid
systems, solid lipid nanoparticles (SLNs) are widely accepted
due to non-toxicity, biocompatibility, scalability facilities, and
particulate uptake by Peyer’s patch that increases the
lymphatic transport [14].
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Targeted Delivery of Darunavir to HIV Reservoirs

One of the drawbacks of anti-retroviral therapy is the
inability of drug to reach the cellular and anatomical
reservoirs of HIV where the HIV resides and replicates and
thus the therapy cannot eliminate HIV completely from the
body [15]. Lymphoid organs are the major reservoirs of HIV.
Ninety-nine percent of the HIV replication occurs in CD4*
receptors containing T cells of the blood and lymphoid tissues
such as peripheral secondary lymphoid organs, lymph nodes,
GALT, and spleen [16, 17]. Lymphoid tissues have a greater
level of infection compared to peripheral blood since only
98% of lymphocytes are distributed in the lymphoid tissues
and the rest 2% in the general blood circulation [17].
Targeting of the anti-HIV drug to lymphoid tissues can
greatly reduce the viral load and decrease the replication
rate of the HIV. The solid lipid nanoparticles (SLNs) can thus
enhance the bioavailability as well as target the drug to the
lymphoid tissues. Thus, in the present study, SLNs of
darunavir were developed for increasing its oral bioavailabil-
ity. In order to increase the binding of formulated SLNSs to the
T cells, a peptide having known specificity for CD4"
molecules (present on T cells) was grafted on the surface of
cells.

MATERIALS AND METHODS

Materials

Darunavir was obtained as a gift sample from Matrix
Laboratories (Hyderabad, India). Hydrogenated castor oil
(HCO) was kindly gifted by Meril Life Sciences Pvt. Ltd.
DSPE-Mal-m PEG 2000 (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide (poly ethylene glycol)
2000]) was purchased from Avanti Polar Lipids (Alabaster,
AL). Peptide sequence CARRPKFYRAPYVKN
HPNVWGPWVAYGP was obtained from Genscript
(Piscataway, NJ). Human epithelial colorectal adenocarci-
noma cell line (Caco-2) and human T cell leukemia cell line
(Molt-4) were procured from National Centre for Cell
Science (NCCS), Pune. Dithiothreitol (DTT), dimethyl
sulphoxide (DMSO), and glycerol were purchased from S.
D. Fine Chem Ltd. (Mumbai, India). Trehalose dihydrate and
cycloheximide were procured from Himedia Lab. (Mumbai,
India). Acrylamide, N,N,N’N’-tetramethylethylenediamine
(TEMED), bis-acrylamide and trishydroxymethyl
aminomethane (trisbase) were obtained from Himedia Lab.
Ammonium persulfate was purchased from Sigma-Aldrich.
Dulbecco’s MEM medium (DMEM), RPMI 1640, trypsin-
EDTA solution, fetal bovine serum (FBS), Hank’s balanced
salt solution (HBSS), penicillin-streptomycin solution, and
trypan blue were purchased from Himedia, Mumbai. 2-(4-
amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI), Lucifer yellow, coumarin, chlorpromazine, nystatin,
and amiloride were purchased from Sigma-Aldrich, Germany.
Double-distilled water was prepared in the laboratory. All
other chemicals and reagents were of analytical grade and
were used without further purification.

Preparation of Darunavir-Loaded SLNs (D-SLNs)

Darunavir-loaded SLNs were prepared using high-
pressure homogenization technique with few modifications
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[18, 19]. Briefly, 80 mg of darunavir and 480 mg of
hydrogenated castor oil (HCO) were accurately weighed
and dissolved in 2 mL of dichloromethane. Twenty milliliters
of aqueous phase was prepared by adding sodium oleate
(0.7 mL) in distilled water to obtain a concentration of 3.5%
v/v. The organic phase was dispersed into the aqueous phase
using an Ultra-Turrax (IKA T25, IKA, India) at 12000 rpm
for 20 min. The obtained pre-emulsion was then passed
through high-pressure homogenizer (Emulsiflex C5, Avestin,
Canada). Three homogenization cycles (first cycle at
10000 kpa, second and third cycle at 15000 kpa) were applied
along with intermittent cooling using ice bath followed by
stirring of magnetic stirrer to evaporate organic solvent at
room temperature until complete evaporation. The
unentrapped drug was removed by centrifugation at 10,
000 rpm for 10 min at 4°C (Sigma centrifuge) and
supernatant-containing nanoparticles were collected and
lyophilized using Vertis lyophilizer (Vertis Advantage-plus,
USA). Trehalose solution (30 mg/mL in distilled water) was
added as a cryoprotectant.

Preparation of Peptide Grafted-Darunavir Loaded SLNs
(Pept-D-SLNs)

The peptide sequence used in the present study
(CARRPKFYRAPYVKNHPNVWG) has been previously
reported to increase binding and cellular internalization of
nanoparticles to CD4" cells [20]. Peptide-grafted SLNs of
darunavir were prepared by high-pressure homogenization
technique as discussed earlier with few modifications. DSPE-
Mal-m PEG 2000 was added in organic phase during
preparation. For peptide coupling to this preformed nano-
particles, 100 pg of peptide and SLNs equivalent to 1 uM of
lipid (molecular weight of lipid 939.50) were combined in
100 pL of buffer (0.9% NaCl, 10 mM NaHCO3;) at pH 6.5 at
room temperature and were agitated for 8 h in an incubator
(Orbitek, Scigenics, India) at 50 rpm. To remove any
unbound peptide, nanoparticles were dialyzed against 1 L of
buffer and lyophilized using trehalose as per earlier proce-
dure [20].

Particle Size and Zeta Potential

The particle size and zeta potential of darunavir-loaded
formulations (D-SLNs and Pept-D-SLNs) were measured
using Malvern Zetasizer (Nano ZS, Malvern instrument,
UK). The samples were diluted 10 times with double-
distilled water to avoid multi-scattering phenomena and
placed in disposable sizing cuvette. Zeta potential calculation
was performed by Zetasizer software using Smoluchowski
equation from the electrophoretic mobility. Each measure-
ment for size and zeta potential was performed in triplicate,
and the results were expressed as mean value + SD (standard
deviation).

Entrapment Efficiency and Drug Loading

The nanoparticle dispersions were centrifuged at 25,
000 rpm, 4°C for 120 min (3K30, Sigma laboratory centrifuge,
Osterode, Germany) to separate the free drug in solubilized
form. Methanol: dichloromethane (7:3) solvent mixture was
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added to the sediment to dissolve nanoparticles, diluted
suitably, and analyzed using UV spectrophotometer at
267 nm to estimate the amount of entrapped drug. Percent
EE and drug loading were calculated using the following
formulae:

%EE = (amount of entrapped drug/total amount of drug added)

x 100

%drug loading (%w/w)
= (amount of entrapped drug/total weight of nanoparticles)

x 100

Morphology Study

The prepared nanoparticle dispersion (Pept-D-SLNs)
was observed under transmission electron microscope
(Hitachi H-7500, 120 kV) by negative staining, and the
images were captured. Nanoparticles were also examined
for surface morphology using field emission scanning electron
microscopy. The nanoparticles (after lyophilization) were
coated with platinum (3 nm thick) using an ion sputter for
5 min at 20 mA. Observation was performed at an acceler-
ating voltage for 60 kV and a working distance of 7.7 mm. The
images were recorded using field emission scanning electron
microscope (JEOL, JSM7600F).

In Vitro Drug Release

The prepared nanoparticles (D-SLNs and Pept-D-SLNs)
were studied for in vitro release using procedure described by
Neves et al. (Neves et al., 2013) with few modifications.
Briefly, nanoparticle dispersion (containing 20 mg drug) was
taken in dialysis membrane (MWCO-12000, Hi media, India)
closed at one end. The other end was closed and suspended in
a beaker containing 50 mL simulated gastric fluid (SGF) for
2 h. After 2 h, the media was replaced by 50 mL simulated
intestinal fluid (SIF) for 10 h. The contents were maintained
at constant stirring of 100 rpm using magnetic stirrer at
37 + 0.5°C throughout the experiment. At predetermined
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time intervals, 2-mL samples were withdrawn from the
receptor compartment (media) and replaced with equal
volume of fresh media. The withdrawn samples were diluted
appropriately and analyzed by UV spectrophotometer at the
absorbance maxima of 267 nm. The cumulative percentage of
drug release was determined using the average of triplicate
samples. The release from darunavir suspension (prepared
using 0.4% w/v methyl cellulose) as control was also studied
similarly.

Qualitative Determination of Surface-Grafted Peptide

The peptide grafted onto the surface of nanoparti-
cles was checked qualitatively by SDS-PAGE study using
reported method [21, 22]. Briefly, the resolving gel
solution (consisting of 2.3 mL distilled water, 5 mL of
30% acrylamide, 2.5 mL of 1 M Tris-Cl, 0.1 mL of 10%
SDS, 0.1 mL of 10% ammonium persulfate, and 4 pL of
TEMED) was poured into the assembly up to the
marked level, and 1 mL isobutanol was added. The gel
was allowed to polymerize for 1 ;, isobutanol was poured
off; and stacking gel was added. The wells were prepared
using comb. The stacking gel (consisting of 6.8 mL
distilled water, 1.7 mL of 30% acrylamide, 1.25 mL of
1 M Tris-Cl, 0.1 mL of 10% SDS, 0.1 mL of 10%
ammonium persulfate, and 0.1 mL of TEMED) was
allowed to polymerize for 15 min, and then the comb
was removed. Gel was placed in the buffer chamber, and
running gel buffer was added into the chamber. The
samples (Table I) were carefully loaded in the wells. The
gel was run at a constant voltage of 100 V up to a fixed
height and then removed and stained using staining
reagent (consisting of 40% methanol, 10% acetic acid,
and 0.1% Coomassie Blue R-250 in distilled water) for
2 h. After 2 h, the gel was destained using destaining
solution (consisting 20% methanol and 10% glacial acetic
acid in distilled water) until protein bands were visual-
ized. The bands were observed using Gel-Doc instrument
(Genaxy, India).

Quantitative Determination of Surface-Grafted Peptide
The quantitative determination of bound peptide was

done by Lowry’s method [23]. The following solutions were
prepared:

Table I:. Composition of Various Samples for SDS-PAGE Study

Sample 1:
Peptide solution in
non-reducing condition

Sample 2:
Peptide solution in
reducing condition

Sample 3: Sample 4:
Formulation in non-reducing Formulation in reducing
condition condition

10 pg peptide,

4% SDS,

10% glycerol,
0.01% bromophenol

10 pg peptide,

0.15 M dithiothreitol
(DTT),

4% SDS,

10% glycerol,
0.01% bromophenol

Formulation equivalent
to 10 pg peptide,

4% SDS,

10% glycerol,

0.01% bromophenol

Formulation equivalent
to 10 pg peptide,

0.15 M DTT,

4% SDS,

10% glycerol,

0.01% bromophenol
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Solution A (500 mL) : 2.8598 gm NaOH ,14.3084 gm Na,COs; in
500 mL H,O

Solution B (100 mL) : 1.4232 gm CuS0O4.5H,0 in 100 mL H,O

Solution C (100 mL) : 2.85299 gm Sodium potassium tartrate in

100 mL H,O

Lowry solution : Solution A

+ Solution B+Solution C in ratio of 100 : 1 : 1

Folin reagent : 1 mL Folin—Ciocalteu's reagent + 1 mL distilled water.

0.5 mL of the sample was taken in the 2 mL. Eppendorf
tube (for formulation sample, 0.25 mL of Pept-Dar-SLN was
diluted to 0.5 mL with buffer (0.9% NaCl, 10 mM NaHCO3)
and taken for study). 0.7 mL of Lowry solution was added,
vortexed, and incubated in dark at room temperature for
15 min. After incubation, 0.1 mL of diluted Folin reagent was
added, vortexed, and again incubated in dark for 30 min.
After 30 min, the samples were analyzed colorimetrically at
660-nm wavelength using UV-Vis spectrophotometer. The
calibration plot was prepared using BSA as standard, and
concentration of peptide in sample was calculated from its
absorbance and calibration equation. Percent of peptide
conjugated to nanoparticles was calculated from the following
equation:

Amount of peptide conjugated

% conjugation = x 100

Theoretical amount of peptide in sample

Cell Line Studies

Identification of Internalization Pathway [24]

Subconfluent monolayer culture in one T-25 flask of
Caco-2 cells was trypsinized and 5 mL of complete growth
medium (DMEM supplemented with 10% FBS, 1 mM
sodium pyruvate, 1.5 g/L. sodium bicarbonate, and 1%
penicillin-streptomycin solution) was added. Trypsin was
removed by removing the medium, and 5 mL of complete
growth medium-containing serum was replenished. Cells were
aspirated gently with pipette. Tips of pipette were discarded
after single use. Cells were counted and diluted to
5 x 10° cells/mL. Then, cell suspension (400 pl) was
transferred to 24-well plate with a pipette to produce cell
concentration of 2 x 10° cells per well. Cells were incubated in
the incubator at 37°C and 5% CO, exposure for 24 h to allow
the cells to attach to the surface. Medium from the wells was
removed and discarded. The following samples were added:
(a) Control group wells (n = 6)—400 ul complete media was
added. (b) Group A wells (n = 6)—400 ul complete media
containing chlorpromazine (10 pg/mL) was added. (c) Group
B wells (n = 6)—400 pl complete media containing nystatin
(25 pg/mL) was added. (d) Group C wells (n = 6)—400 ul
complete media containing amiloride (550 uM) was added.
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The wells were incubated for 1 h at 37°C. After 1 h, 100 pl of
Pept-D-SLNs was added to the culture medium such that the
drug concentration in final volume (500 pl) becomes 10 pg/
mL. The plate was kept in an incubator for 1 h at 37°C. After
1 h, the culture medium was removed, the cell monolayer was
rinsed thrice with ice cold PBS (pH 7.4). The cells were lysed
using 200 pul NaOH solution (0.5 M) for 30 min at room
temperature. The lysate was centrifuged at 3000 rpm, 10 min
to settle the cell components. The supernatant was taken and
drug amounts were estimated by HPLC. The concentration of
drug obtained in control group (A) was taken as 100%, and
the relative uptake efficiency was calculated as per following
equation:

% Relative cell uptake efficiency

d t i /!
_ rug amount in samplte group % 100

drug amount in control group

%Reduction in cell uptake

= 100—(%relative cell uptake efficiency)

Intestinal Permeability Study [25]

Caco-2 cells were grown on Transwell® inserts (Nunc,
Denmark) with (0.4-p pore diameter, 1.13-cm? area). The
inserts were washed twice using transport buffer (Hank’s
balanced salt solution (HBSS) containing 25 mM of HEPES,
pH 7.4) and equilibrated for 30 min. The integrity of the
monolayers was checked by monitoring the permeability of
the paracellular leakage marker, Lucifer yellow across the
monolayers. The cell monolayers were considered tight
enough for the transport experiments when the apparent
permeability coefficient (P,pp) for Lucifer yellow was less
than 0.5 x 107 cm/s. All transport studies were conducted at
37°C. 1.5 mL of transport buffer was added to basolateral
side. 0.5 mL of transport buffer-containing sample (150 pl
sample containing 0.1 mg drug diluted to 0.5 mL with
transport buffer) was added to apical side. The study was
performed for darunavir solution (1% DMSO in transport
buffer) and Pept-D-SLNs. After the incubation of 0.5, 1, 2, 3,
and 4 h, aliquot of 100 pL. was withdrawn from the receiver
chambers and was immediately replenished with an equal
volume of pre-warmed HBSS. The concentrations of the drug
in the transport medium were analyzed by developed HPLC
methods. The apical-to-basolateral permeability coefficient
(Papp in cm/s) was calculated according to following equation:

dQ/dt

P = 4 C % 60

Where
dQ/dt the amount of drug in basolateral
compartment per min (mg/min)

A the monolayer area (cm?) (=1.13 cm?)
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C the concentration of drug added
in apical compartment initially (=0.2 mg/mL)

Confocal Microscopy

Cellular binding of peptide-grafted nanoparticles was
monitored by confocal microscopy. The study was conducted
in two different cell lines—Molt-4 cell line expressing high
CD4" and Caco-2 cell line as negative control (no CD4*
expression). The cells, at density of 5 x 10° cells/ well, were
seeded onto six well plates with a glass cover slip at the
bottom of each well. The cells were incubated in incubator for
24 h at 37°C and 5% CO, exposure. After 24 h, medium from
the wells was removed and discarded. Peptide-grafted solid
lipid nanoparticles (Pept-D-SLNs) and non-peptide-grafted
SLNs (D-SLNs) were diluted to lipid concentration of 100 nM
in complete media, added to wells, and incubated. After 4 h
of incubation, cells were washed with cold PBS immediately
and fixed using ice cooled 4% paraformaldehyde solution for
10 min. Cells were stained by cell nuclei stain, 2-(4-
amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI), for next 10 min. Cover slips were mounted on slides
after washing with PBS three times and proceeded for
confocal microscopy using confocal laser scanning microscope
(LSM 710, Carl-Zeiss Inc., USA).

In Vivo Studies

All experiments and protocols described in this study
were approved by the Institutional Animal Ethics Committee
of The M.S. University of Baroda and were in accordance
with guidelines of the committee for purpose of control and
supervision of experiments on animals, ministry of social
justice and empowerment, Government of India (protocol no:
MSU/PHARM/TAEC/2011/29).

Pharmacokinetic Studies

Pharmacokinetic behavior of Pept-D-SLNs and D-SLNs
was studied in male Wistar rats (weighing 250 + 20 g). Rats
were fasted overnight with free access to water and divided
into five groups (n = 3). The first group was given D-SLNs,
the second group was given Pept-D-SLNs, the third group
was given darunavir suspension, and the fourth group was
given saline (negative control). The samples were adminis-
tered orally with the aid of syringe and infant feeding tube at
the dose of 40 mg/kg. 0.4-mL blood samples were drawn by
retro-orbital venous plexus puncture with the aid of capillary
tubes at predose, 0.5, 1, 2, 4, 8, and 24 h post oral dose. The
samples were collected in heparinized eppendorf tubes and
centrifuged at 5000 rpm for 15 min and filtered. The plasma
was collected and stored at — 20°C until analysis. Acetonitrile
was added to plasma sample at a ratio of 4:1
(acetonitrile:plasma) and centrifuged to remove plasma
proteins. The supernatant was taken and analyzed using
LCMS. The chromatographic system consisted of an Ekspert
ultraLC 100 HPLC system (Eksigent-AB Sciex, USA). The
separation of darunavir was achieved at 40°C on a
SUPELCO C;g column (5 pum particle size, 4.6 x 250-mm
internal diameter; Sigma-Aldrich) with a Cig guard column
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under the following conditions: mobile phase—acetonitrile:
water (60:40); flow rate 1 mL/min. The LC/MS measurements
were achieved using 3200 QTRAP mass spectrometer (AB
Sciex, USA) equipped with electrospray ionization (ESI)
source. Data were acquired using Analyst 1.6.2 software
(Applied Biosystems). The energy of darunavir was opti-
mized at m/z 548.1 — m/z 156.20 Da. The plasma
concentration-time profiles were subjected to non-
compartmental model using Kinetica software (version
5.0.11, Thermofischer scientific), and various pharmacokinetic
parameters were calculated. The relative bioavailability was
defined as the ratio between AUC_, values of sample to that
of plain drug suspension.

In Situ Absorption from Stomach and Small Intestine

The absorption of darunavir suspension and optimized
darunavir-loaded SLNs (D-SLNs) in the gastrointestinal tract
(stomach and intestine) was investigated in rats by in situ
method [26]. The animals were fasted overnight and anesthe-
tized by intraperitoneal injection of ketamine (50 mg/kg). A
small incision was made in the abdomen, and the pylorus of
the stomach was ligated. SLNs were given to rats (40 mg/kg)
by intragastric administration to evaluate its absorption in the
stomach. Likewise, to measure the absorption of SLNs in the
intestine, SLNs were intraduodenally administered to rats at
the same dose (n = 3). The incisions were stitched and rats
were kept under infrared lamps to maintain body tempera-
ture. 0.4 mL blood sample was collected at 15, 30, 45, 60, and
90 min, and plasma was separated by centrifugation at
3000 rpm for 15 min. 0.2 mL of supernatant was diluted to
1 mL using chilled acetonitrile to precipitate plasma proteins,
centrifuged at 5000 rpm, 4°C for 10 min, and the amount of
darunavir in supernatant was measured using developed
LCMS method.

Organ Biodistribution Study

Male Wistar rats (weighing 250 + 20 g) were divided into
two groups with 12 animals in each group. They were fasted
overnight before administration of dose. The first group was
given darunavir suspension and the second group was given
Pept-D-SLNs both at the dose of 40 mg/kg. Three animals of
each group were sacrificed at each time points 1, 4, 8, and
24 h. The organs (spleen, liver, kidney, stomach, intestine,
brain, heart, and lung) were excised, isolated, and washed
with Ringer’s solution and dried using tissue paper. Organs
were stored at — 80°C until assay. For estimation of drug in
the different organs, the following procedure was followed:
Various organs were weighed and cut into small pieces. One-
gram organ was homogenized individually using tissue
homogenizer in double-distilled water (10% homogenate
concentration). In case of organs weighing less than 1 g, the
whole organ was used. The homogenate was centrifuged at
5000 rpm for 15 min, acetonitrile was added to tissue
homogenate (4:1—acetonitrile:homogenate) and centrifuged
to remove plasma proteins. The supernatant was taken and
analyzed using LCMS.

Biodistribution in Peyer’s patch (PP) and non-Peyer’s
patch (non-PP): The distribution of SLNs in PP and non-PP
was studied as per method described by desai et al. [27]. Pept-
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Table II. Characterization of Darunavir-Loaded Solid Lipid Nanoparticles

Formulation code Particle size + S.D. (nm)

Polydispersity index + SD Zeta potential (mV) Entrapment efficiency Drug loading (%)

D-SLNs
Pept-D-SLNs

189.45 + 2.10
195.11 + 1.53

0.115 + 0.024
0.211 = 0.03

=50.1 £ 1.17
—35.45 + 1.10

90.10 = 1.15
90.16 + 1.25

13.06 + 1.18
13.18 £ 1.23

The values are mean + S.D. (n = 3)

Fig. 1. Transmission electron microscopy of (a) D-SLN and (b) Pept-D-SLNs and (c¢) field emission scanning electron microscopy of Pept-D-

SLNs

D-SLNs were administered at the dose of 40 mg/kg to eight
male Wistar rats. Two animals were sacrificed at each time
intervals (1, 4, 8, and 24 h) and the intestine was isolated,
washed with Ringer’s solution, and blotted using tissue paper.
The PP and non-PP regions were differentiated visually and
separated. The regions were weighed, separately homoge-
nized, and centrifuged at 5000 rpm for 15 min. Acetonitrile
was added to tissue homogenate
(4:1—acetonitrile:homogenate) and centrifuges to remove
plasma proteins. The supernatant was taken and analyzed
using LCMS method.

RESULTS AND DISCUSSION

Preparation of Darunavir-Loaded Solid Lipid Nanoparticles
and Peptide Grafted-Darunavir Loaded SLNs

D-SLNs and Pept-D-SLNs were prepared by
emulsification-solvent evaporation technique using HCO
as solid lipid and dichloromethane as organic solvent.
High-pressure homogenization was used followed by
evaporation of organic solvent. The nanoparticles pre-
pared using this technique showed high entrapment
efficiency and particle size less than 200 nm (Table II).
The high entrapment efficiency obtained is attributed to
the lipophilic nature of the drug having high affinity for
the lipid. The negative zeta potential might be due to
hydrogenated castor oil. A good colloidal stability can be
expected due to the high values of zeta potential [28].
There was an insignificant increase in particle size and
entrapment efficiency of nanoparticles and a significant
increase in zeta potential (from — 50.1 to — 35.45 mV)

after attachment of peptide which might be due to ligand
attachment on SLNs surface. The particle size of Pept-D-
SLNs after lyophilization was found to be 198 + 2.11 nm.

Morphology Study

The TEM and FE-SEM images of Pept-D-SLNs and the
TEM image of non-grafted D-SLNs are shown in Fig. 1. The
diameter of nanoparticles seen in TEM image (Fig. 1) was in
accordance with the result obtained through size analysis. The
images revealed the discrete and spherical shape of particle
without aggregation. A large negative zeta potential obtained

25+

- - N
o [3,] o

% cumulative drug release
(8,

0 T 1 1
0 5 10 15

Time (h)
Fig. 2. In vitro release of darunavir from drug suspension (-@-), D-

SLN (-A-) and Pept-D-SLNs (-0-) in simulated gastric fluid for 2 h
followed by 10 h in simulated intestinal fluid
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a Non-reducing PAGE b Reducing PAGE
1 2 3 4 S 6 1 2 3 4 S
— —— e ——
lane 1,2,3- Standard peptide; lane 4.5 6- Peptide loaded SLN
Fig. 3. SDS page images. Lane 1, 2, 3 = peptide (standard), lane 3, 4, 5 = formulation (quantity equivalent
to standard peptide)
Table III. Relative Caco-2 Cell Uptake Efficiency of Darunavir in Absence or Presence of Various Endocytic Inhibitors
Group Treatment % relative cell uptake % reduction in uptake
of darunavir + SD of darunavir + SD
- CONTROL—no treatment 100% -
A Chlorpromazine 70.65 + 6.5% 29.35 £ 6.5%
B Nystatin 5842 £ 53% 41.58 + 53%
C Anmiloride 99.65 + 52% 0.35+52%
n=06

was advantageous for achieving lower-sized particles, owing in SIF by end of 12 h. The drug release from peptide-grafted
to the particles remaining discrete without agglomeration. and non-peptide-grafted SLNs was similar with no significant

difference.

In Vitro Drug Release

Qualitative Determination of Surface-Grafted Peptide

Figure 2 shows the in vitro release profiles of darunavir-

loaded nanoparticles in comparison to plain drug suspension. SDS-PAGE study was used to verify the presence of
Plain drug suspension showed 11.2% drug release in 8 h  peptide on nanoparticle. Dithiothreitol (DTT) was used to
reaching a plateau. Higher drug release was found with break the sulfate bond present in the peptide. In absence of
nanoparticle formulation as compared to drug release from DTT (Fig. 3a non-reducing PAGE), standard peptide solution
plain drug suspension. For SLNs, cumulative percent drug gave sharp band while no band was seen with formulation
released was only 4.4% in SGF during 2 h followed by 14.4%  sample. On treatment with DTT (Fig. 3b reducing PAGE),

[ 50 1
<
S
2 404
S
= % reduction in cell uptake in presence of
3 304 A- Chlorpromazine
£ B- Nystatin
- C- Amiloride
2 20
1]
o
=
o 101
X, . . I

A B C

Group

Fig. 4. Percent relative reduction in cell uptake of darunavir in presence of various
endocytic inhibitors (n = 6)
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Table IV. Drug Transfer Across Caco-2 Cell Line for Darunavir-Loaded SLNs and Plain Darunavir Solution

Time (min) Plain darunavir solution Darunavir-loaded SLNs
Amount of drug transferred % permeation Amount of drug transferred % permeation
(ng) = SD (ng) + SD
30 0.67 + 0.04 0.67 + 0.04 432 +1.24 432 +1.24
60 1.56 +0.22 1.56 +0.22 12.01 + 3.87 12.01 + 3.87
90 3.85 +0.88 3.85 +0.88 20.18 + 4.55 20.18 + 4.55
120 7.09 £ 2.11 7.09 £ 2.11 26.19 +5.14 26.19 £5.14
180 7.87 = 3.06 7.87 = 3.06 36.15 + 8.14 36.15 + 8.14
240 11.23 + 4.94 11.23 + 4.94 45.33 + 10.11 45.33 £ 10.11
dQ/dt 0.046 pg/min - 0.188 pg/min -
Paap 3.44 x 107 cm/s - 13.9 x 10-° cm/s -

there was breakage of sulfate band, and sharp band was seen  Quantitative Determination of Surface-Grafted Peptide
in the formulation samples. These bands were similar to that

of the standard peptide band thus confirming the attachment The calibration plot of BSA was prepared in order to
of peptide on SLNs surface. estimate the amount of peptide attached to nanoparticles.
A Non-peptide grafted SLNs Peptide grafted SLNs

o

Fig. 5. Cell uptake in Molt-4 cell line. a DAPI-nuclei staining. b SLNs.
¢ Merged
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Non-peptide grafted SLNs Peptide grafted SLNs

c -

Fig. 6. Cell uptake in Caco-2 cell line. a DAPI-nuclei staining. b SLN.
¢ Merged

Linearity was obtained in beer’s range of 10-50 ng/mL, and the  clathrin- and caveoli-mediated endocytosis and not via
regression equation obtained was y = 0.004x + 0.1325 with macropinocytosis since amiloride (which inhibits
R® = 0.9988. Percent conjugation obtained was 73.12%

indicating a significant binding affinity of the peptide to the lipid. 600

Cell Line Studies

Identification of Internalization Pathway 400
The results of endocytic uptake of formulated nanopar-
ticles in presence or absence of specific endocytic inhibitors
are shown in Table III. The relative uptake efficiency of
darunavir in presence of endocytic inhibitors is graphically
depicted in Fig. 4. Cellular uptake of SLNs was reduced by
29.35% in presence of chlorpromazine, decreased over
41.58% in presence of nystatin while there was no significant .
difference in cell uptake in presence of amiloride. It is 0 5 10 15 20 "%
reported that chlorpromazine and nystatin inhibit clathrin- Time (hr)
and caveole-mediated endocytosis [29]. Hence, the decrease Fig. 7. Mean plasma darunavir concentration versus time curves
in cellular uptake of SLNs in presence of these inhibitors obtained after oral administration of darunavir suspension (-@-), D-
indicated that the Caco-2 uptake of SLN was mediated via  SLNs (-[J-), and Pept-D-SLNs (-O-)

200

Plasma concentration (ng/ml)
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Table V. Pharmacokinetic Parameters After Oral Administration of Darunavir Suspension and Darunavir-Loaded SLNs
Parameters Formulation
Plain drug suspension D-SLNs Pept-D-SLNs

Chnax (ng/ml) 172.67 + 10.67
Thax (h) 0.5

AUC, (ng h/ml) 418.27 + 87.96
AUC.ins (ng h/ml) 429.27 + 93.06
MRT 439 + 0.73

% relative bioavailability -

464.14 + 17.89 452.31 +16.23

1 1

2013.36 + 285.16 2380.14 + 197.96
2097.8 + 314.52 2434.92 + 232.65
6.69 + 0.25 5.39 + 0.67
481.3 569.04

macropnocytosis) presence had no significant effect on
uptake efficiency of SLNs. Among the three endocytic
pathways explored in the above study, the highest decrease
in cellular uptake was obtained by use of caveole-mediated
endocytic inhibitor—nystatin. Thus, it could be deduced that,
among these pathways, SLNs preferably use caveole-
dependent endocytic pathways. This is supported by the
reported data that the anionic nanoparticles are more likely
to use caveole-dependent endocytosis [30], and our devel-
oped nanoparticles are anionic in nature. It is also reported
that majorly more than one pathways have been utilized by
different nanoparticles for the endocytic uptake [29, 31].

Intestinal Permeability Study

The gastrointestinal permeability of prepared nanoparti-
cles was assessed by calculating the in vitro permeability
coefficients in Caco-2 cell model of gastrointestinal mem-
brane. The results are shown in Table IV. The permeability
coefficient Py, for plain darunavir solution was found to be
3.44 x 10°° cm/s. Even in presence of DMSO which is a
known permeation enhancer, the P,,, of plain darunavir
solution was significantly lower than that of the nanoparticles
[32]. The permeability coefficient for darunavir-loaded SLNs
was found to be 1.39 x 10 cm/s which was 4.04 times more

a Intra gastric administration
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than plain drug solution. The lower permeability for plain
drug solution was because of poor permeability
characteristics of darunavir. The permeability of darunavir
was enhanced by loading drug in SLNs which could be attributed
to higher uptake of SLNs by endocytosis in Caco-2 cells.

Confocal Microscopy

The uptake of peptide-grafted and non-peptide-
grafted SLNs was studied in two cell lines—Molt-4 and
Caco-2 cell line in order to study the binding effect due to
grafting of SLNs with peptide having CD4+ receptor
affinity. The nuclei were stained using DAPI. After 4 h
of incubation, the nanoparticles were mainly observed in
cytoplasm. The result of uptake in Molt-4 cell line (CD4
positive cell line) is shown in Fig. 5 while uptake in Caco-
2 cell line (CD4 negative cell line) is shown in Fig. 6. The
images showed a higher fluorescence obtained using Pept-
D-SLNs in Molt-4 cell line in comparison to non-peptide-
grafted SLNs (D-SLNs) indicating the greater binding of
peptide-grafted SLNs to CD4 positive Molt-4 cell line. In
contrast, both the nanoparticle formulations showed sim-
ilar fluorescence in CD4 negative Caco-2 cell line indicat-
ing no effect of peptide on binding with these cells.
Moreover, for peptide-grafted SLNs, fluorescence was

b Intraduodenal administration
800
E
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Fig. 8. Plasma concentration of darunavir from darunavir suspension (-o-) and D-SLNs (-@-) after (a) intragastric administration and (b) intra

duodenal administration
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Fig. 9. Comparison of darunavir concentration obtained in various organs upon administration of plain drug suspension and darunavir-loaded

SLNs

lesser as compared to that obtained in Molt-4 cells which
showed that the peptide-grafted SLNs have higher affinity
for CD4 positive Molt-4 cell line. Hence, the peptide-
grafted SLNs had higher affinity to bind with the HIV
host cells compared to non-grafted SLNs. This would lead
to enhanced exposure of drug to the HIV host cells.

In Vivo Studies

Pharmacokinetic Studies

The plasma concentration of darunavir was estimated by
LC-MS method. The regression equation of area ratio (A) to
concentration (C) in linear range of 25-100 ng/mL was as
follows: A = 567 C + 6200 (+* = 0.9982), limit of detection was
5 ng/mL indicating that it is a sensitive method for detection
of darunavir at low concentrations. The plasma drug
concentration versus time profile is depicted in Fig. 7, and
the results of various pharmacokinetic parameters are given
in Table V. Cp,.x increased by 2.68 fold upon nanoparticle
administration (D-SLNs) in comparison to plain drug suspen-
sion. Similarly, there was a significant increase in AUC ¢ for

nanoparticle formulation (P < 0.05) in comparison to plain
drug suspension. The enterocyte formation and absorption of
lipids via intestinal lymphatics may be the reason for
enhanced oral bioavailability from nanoparticle formulations,
since the Ty, for nanoparticles was delayed. Another reason
might be the presence of long chain fatty acid (hydrogenated
castor oil) in nanoparticles which is reported to stimulate
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Fig. 10. Comparison of darunavir amount in PP and non-PP region
upon oral administration of darunavir-loaded SLNs
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lipoprotein formation and bypass portal circulation through
intestinal lymph uptake [12]. The plasma concentration of
darunavir in rats after oral administration of SLNs and
peptide-grafted SLNs showed no significant difference
(P > 0.5). Tt indicated that the grafting of peptide had no
effect on its pharmacokinetic profile.

In Situ Absorption from Stomach and Small Intestine

The results of absorption of darunavir suspension and
darunavir-loaded nanoparticles after intragastric and
intraduodenal administration are shown in Fig. 8. AUC, for
drug suspension and D-SLNs were obtained as 22.75 + 3.10 and
56.98 +2.89 ng h/mL, respectively after intra gastric administra-
tion and 190.92 + 11.81 and 479.35 + 24.04 ng h/mL after intra
duodenal administration. There was significant enhancement in
plasma concentration upon administration of nanoparticles in
comparison to free drug suspension. After intra gastric and intra
duodenal administration of D-SLNs, AUC,_ increased by 2.50
and 2.51 fold, respectively, in comparison to AUC, for
suspension which might be due to the enhanced solubilization
of drug.

Organ Biodistribution Study

The distribution pattern of darunavir in the different organs
upon administration of plain drug suspension and its ligand-
attached SLNs (Pept-D-SLNs) were studied and the results
obtained are shown in Fig. 9. Pept-D-SLNs showed a higher
distribution of darunavir than from plain drug suspension as
demonstrated by an increased impregnation of virtually all
investigated tissues except the liver. An initial higher uptake was
found in the intestine (due to rapid uptake by GITract upon
administration) followed by a subsequent decrease indicating
distribution into other organs. Major HIV reservoir organs
namely the spleen and brain showing higher darunavir concen-
tration upon nanoparticle administration indicate the superior-
ity of nanoparticle systems in increasing the accumulation of
drug in various target organs. The transport of most protease
inhibitors including darunavir across the blood brain barrier is
reported to be very poor [33]. The results showed a 1.5-3.5 fold
higher accumulation of darunavir in the brain when adminis-
tered through solid lipid nanoparticles compared to suspension.
This might be due to the inherent ability of nanoparticles to
cross blood brain barrier by opening the tight junction between
endothelial cells [34]. This would lead to increased retention of
nanoparticles in the brain capillaries combined with absorption
through capillary walls by receptor-mediated endocytosis [35,
36]. Since darunavir is metabolized in the liver [37], its lower
concentration upon nanoparticle administration is of great
therapeutic benefit. Moreover, the kidney showed decreased
drug concentration in initial hour in nanoparticle formulation
indicating a delayed clearance of drug from the body. This data
is supported by the pharmacokinetic study where mean
residence time was found to be higher in nanoparticle formu-
lation (6.69 h) compared to plain drug suspension (4.39 h).

The results of biodistribution study in PP and non-PP
region are shown in Fig. 10. There was significant difference
between drug concentrations in both the regions (P < 0.05).
It was observed that darunavir amount in PP region was
4.12 fold higher as compared to non-PP region. A higher

659

concentration in PP region observed might be due to the
size of nanoparticles. This is corroborated by one study that
stated that 100-nm polymeric nanoparticles were taken by
PP region in significantly higher amount in comparison to
nanoparticles of size 500 nm, 1 um, and 10 pm [27]. It is
also hypothesized by Florence et al. [38] that nanoparticles
because of their smaller size would have an efficient uptake
via Peyer’s patch leading to higher transport to lymphatic
organs such as the mesenteric lymph nodes and spleen.

CONCLUSION

We have demonstrated that the nanoparticle formulation
greatly improved the bioavailability of poorly soluble darunavir.
Peptide having affinity for HIV host cells was successfully
grafted on the surface of nanoparticles. The resulting formula-
tion gave increased binding with the HIV host cells and thus
could be promising carrier in active targeting of the drugs to the
HIV reservoir. Thus, the present research work led to a
development of formulations for bioavailability enhancement
of protease inhibitors and their targeting to HIV reservoirs.
However, extended research involving pharmacodynamic stud-
ies could yield a clearer picture of the efficiency of the
formulation in reduction of viral loads.
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