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With the advent of the Highly Active Antiretroviral Therapy, the morbidity and the mortality associated
to HIV have been considerably reduced. However, 35—40 million people bear the infection worldwide.
One of the main causes of therapeutic failure is the frequent administration of several antiretrovirals that
results in low patient compliance and treatment cessation. In this work, we have developed an inno-
vative Nanoparticle-in-Microparticle Delivery System (NiMDS) comprised of pure drug nanocrystals of
the potent protease inhibitor indinavir free base (used as poorly water-soluble model protease inhibitor)
produced by nanoprecipitation that were encapsulated within mucoadhesive polymeric microparticles.
Pure drug nanoparticles and microparticles were thoroughly characterized by diverse complementary
techniques. NiMDSs displayed an encapsulation efficiency of approximately 100% and a drug loading
capacity of up to 43% wjw. In addition, mucoadhesiveness assays ex vivo conducted with bovine gut
showed that film-coated microparticles were retained for more than 6 h. Finally, pharmacokinetics
studies in mongrel dogs showed a dramatic 47- and 95-fold increase of the drug oral bioavailability and
half-life, respectively, with respect to the free unprocessed drug. These results support the outstanding
performance of this platform to reduce the dose and the frequency of administration of protease in-

hibitors, a crucial step to overcome the current patient-incompliant therapy.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The Human Immunodeficiency Virus (HIV) infection is one of
the major health burdens worldwide, having claimed approxi-
mately 36 million lives since the beginning of the epidemic in the
1980s [1,2]. Chronic administration of a minimum of three anti-
retrovirals (ARVs) of at least two different families with high fre-
quency is mandatory to maintain undetectable viral levels in
plasma over time and to prevent the progress to the active phase of
the disease, the Acquired Immunodeficiency Syndrome (AIDS) [3].
Moreover, to achieve therapeutic success, adherence levels need to
be at least 95% [4]. On the other hand, complex administration
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regimens for life jeopardize patient compliance and increase the
chances of treatment interruption that results in viral rebound and
resistance development. Protease inhibitors (PIs) are a family of
ARVs that inhibit the activity of the viral protease, an enzyme that is
fundamental for the life cycle of the HIV [5]. Pls are substrates of the
P-glycoprotein efflux pump in the intestinal epithelium and the
cytochrome P450 metabolic pathway in the liver, two mechanisms
that significantly decrease their oral bioavailability [6—8]. To
overcome this, they are co-administered with a boosting agent,
ritonavir [9—12].

Indinavir (IDV) is a PI that was approved by the US-FDA in 1996
[13]. Due to a very short half-life (t;)2, 1-2 h), it is administered
thrice a day. Renal adverse effects and the development of viral
resistance have relegated it to second-line treatments in devel-
oping countries [14]. In this scenario, state-of-the-art PIs that are
better tolerated have gained a central role in first-line regimens, as
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recently stressed in a multicenter clinical trial conducted in naive
HIV-infected patients [15]. Most of the Pls display very low aqueous
solubility, the solubility increasing at low pH to variable extents
that depend on the drug. This is why, for example, IDV is
commercialized as sulfate, a water-soluble salt of sulfuric acid.
Conversely, other protease inhibitors are used as solvates of ethanol
(ethanolate), derivatives that increase the aqueous solubility of the
drug, though to a much more limited extent (e.g., darunavir).
Finally, other PIs are used as free base of very low aqueous solubility
(e.g., ritonavir, lopinavir, tipranavir) [ 16]. Independently of the form
used, PlIs display very slow dissolution rates in the intestinal me-
dium, a property that contributes to decrease their oral bioavail-
ability [8,17]. In this framework, the development of innovative
drug delivery systems (DDSs) that increase the intestinal absorp-
tion and decrease the frequency of administration of PIs emerges as
a research area of great impact to improve the therapeutic out-
comes in HIV [18].

Nanoparticle-in-Microparticle Delivery Systems (NiMDSs) are a
DDS formed by drug-loaded nanoparticles that are re-encapsulated
within microparticles [19]. The use of mucoadhesive polymers to
produce the microparticle component would be advantageous to
prolong the residence time of the NiMDS in the gut and increase the
oral bioavailability of the encapsulated drug [19,20]. Moreover, the
sustainment of the drug release would enable the reduction of the
administration frequency.

Aiming to improve the oral bioavailability and reduce the
administration frequency of PIs, in this work, we took advantage of
the poor aqueous solubility of IDV free base (similar to first-line PIs)
and used it as model drug to design a simplified two-components
NiMDS. For this, pure IDV free base nanoparticles were produced
by nanoprecipitation and encapsulated within mucoadhesive
polyelectrolyte complex alginate/chitosan microparticles that were
finally film-coated with a mucoadhesive water-insoluble and
permeable poly(methacrylate).

2. Materials and methods
2.1. Materials

Indinavir sulfate (Crixivan® 400 mg Capsules; Lot X9308) was a donation of
Merck & Co. Inc. (USA). Sodium alginate (Protanal® LF 120 M) was supplied by
Productos Destilados SAICYF (Argentina). Chitosan (high viscosity) and chloride
calcium dihydrate were purchased from Sigma—Aldrich® (USA) and Anedra®
(Argentina) respectively. Eudragit® S100 (an anionic copolymer of methacrylic acid
and methyl methacrylate), Eudragit® RL PO (a cationic copolymer of ethyl acrylate,
methyl methacrylate and low content of methacrylic acid ester with quaternary
ammonium groups) and Eudragit® L100-55 (an anionic copolymer of methacrylic
acid and ethyl methacrylate) were kindly donated by Etilfarma® (Argentina). Sol-
vents were of analytical or chromatographic grade.

2.2. Isolation of indinavir free base

IDV free base was isolated from commercial capsules of IDV sulfate, lactose and
magnesium stearate employing a methodology described elsewhere with a slight
modification [21]. Briefly, the content of 24 capsules was dispersed in distilled water
(100 mL) and filtered (Whatman — 1001—-500 — Grade 1 Qualitative Filter Paper,
Whatman, UK) to remove the water-insoluble magnesium stearate. Then, the
resulting solution was alkalinized to pH 6 with NaOH 0.1N to precipitate IDV free
base that was extensively rinsed with water to remove residual lactose. Finally, IDV
free base was recrystallized from absolute ethanol, dried under vacuum and
analyzed to ensure purity. The recrystallization solvent plays a key role in the
polymorph formed.

2.3. Production of IDV free base pure nanoparticles

IDV free base nanoparticles were prepared by nanoprecipitation. For this, IDV
free base (100 mg) was dissolved in acetone (10 mL, final IDV concentration 1% w/v)
and injected into distilled water (400 mL) with a 21G1 needle (internal
diameter = 0.80 mm, length = 25 mm) using an infusion pump (flow of 15 mL/h,
PC11U, APEMA S.R.L., Argentina) under constant mechanical stirring (700 RPM, IKA
Eurostar Digital, Germany), at 19 + 2 °C. The suspension was stirred for 1 h after the
complete addition of the drug organic solution to evaporate acetone, filtered under
vacuum (VWR 410 Qualitative Filter Paper, particle retention 2 pum, VWR

International, USA), frozen at —80 °C and lyophilized for 48 h (Freeze Dryer Unit
GAMMA A, Christ, Germany). This process was conducted at least six times and
yields were calculated as the ratio between the weight of recovered IDV free base
nanoparticles and the initial amount of raw drug. Results are expressed as
mean + S.D.

2.4. Characterization of IDV free base pure nanoparticles

2.4.1. Particle size analysis and zeta potential

The size (Dp), size distribution (PDI) and zeta potential (Z-potential) of IDV free
base nanoparticles were measured with a Zetasizer Nano-ZS (Malvern Instruments,
UK) provided with a He—Ne (633 nm) laser and a digital correlator ZEN3600 using
an angle of # = 173° to the incident beam, at 25 °C. For this, freeze-dried IDV free
base nanoparticles were re-dispersed in 0.1% w/v Tween 80 solution and vortexed
for 5 min [22]. Results are expressed as the mean + S.D. of three samples prepared
under identical conditions and each one of them is the result of at least five runs.

2.4.2. Morphology analysis

The morphology of raw and nanonized IDV free base was visualized by SEM
(FEG-SEM, Zeiss Supra 40 TM apparatus with Gemini column, Carl Zeiss Microscopy,
Germany or Jeol, [SM-6360LV, Japan). Samples were coated with gold by the cathode
dispersion method.

2.4.3. Infrared spectroscopy

Infrared analysis of unprocessed and nanonized drug was conducted in a Nicolet
Spectrometer (Nicolet 380 ATR/FT-IR spectrometer, Avatar Combination Kit), Smart
Multi-Bounce HATR with reflection ATR ZnSe crystal using an angle of 45° (Thermo
Scientific, USA) and recorded in a scanning range of 500—4000 cm ™!, with resolution
of 4 cm~! and 32 scans. Spectra were obtained using the OMNIC 8 spectrum soft-
ware (Thermo Scientific).

2.4.4. Thermal analysis

IDV free base nanoparticles and raw IDV free base were analyzed by differential
scanning calorimetry (DSC, Mettler-Toledo TA-400 differential scanning calorimeter,
Mettler-Toledo, USA) and thermogravimetric analysis (TGA, Shimadzu DTG-50 In-
strument, Japan). DSC samples (3—5 mg) were sealed in 40 pL Al crucible pans
(Mettler ME-27331, Mettler-Toledo GmbH, Switzerland) and heated in a simple
heating temperature ramp in the range between 30 and 300 °C, with a heating rate
of 10 °C/min under dry nitrogen atmosphere (10 mL/min). TGA samples (3—5 mg)
were heated at a rate of 10 °C/min under analytical air.

2.4.5. X-ray diffraction (XRD)

X-ray diffraction patterns of unprocessed and nanonized drug powders were
analyzed in an Empyrean Diffractometer (PANalytical, Netherlands) with Ni-filtered
Cu radiation generated at 40 mA and 40 kV in the range of 5—40° 26 with a step size
of 0.02° through continuous mode.

2.4.6. Gas Chromatography (GC)

Residual acetone in IDV free base nanoparticles was examined by Gas Chro-
matography (Hewlett Packard 6890 Gas Chromatograph, Agilent Technologies, USA)
equipped with a methyl silicone CBP1-M25-025 fused silica capillary column
(25 m x 0.22 mm; film thickness, 0.25 pm). Samples were re-suspended in distilled
water (10 mg/mL), vortexed for 10 min and injected (1 mL) into the chromatograph
using helium as carrier. The column temperature was maintained at 50 °C, while the
temperature of the flame ionization detector and injector were kept at 250 °C. This
process was performed in triplicate.

2.4.7. Dissolution

Dissolution profiles of processed and unprocessed drug were evaluated under
sink conditions using a USP type 2 (paddle) dissolution test apparatus (Alycar
Instrumentos, Argentina) [23]. Briefly, an accurately weighed sample (6 mg) was
placed in phosphate buffer pH 6.8 (900 mL) used as the dissolution medium. The
stirring speed and temperature were maintained at 50 RPM and 37 + 0.1 °C,
respectively. At specific time points (0.75, 1, 2 and 4 h) an aliquot (3 mL) of disso-
lution medium was withdrawn with media replacement, filtered (0.22 pm nitro-
cellulose membrane, Osmonics Inc., USA) and analyzed by high performance liquid
chromatography (HPLC, see below) following a protocol described elsewhere [22].
Measurements were performed by triplicate and results are expressed as the
mean =+ S.D. Statistical analysis was conducted with a t-test (5% significance level),
using GraphPad Prism version 6.00 for Windows (GraphPad Software, Inc., USA).

2.5. Preparation of NiMDSs

IDV free base pure nanoparticles were primarily encapsulated within calcium
alginate/chitosan polyelectrolyte complex microparticles. For this, IDV nanoparticles
(3.0, 4.5 and 7.5 mg) were suspended in sodium alginate solution (2.4% w/v, 1.5 mL)
and injected into a CaCly/chitosan solution of pH 5.50 (30 mL, final concentrations of
0.1m and 0.2% w/v, respectively) using a 22G1 needle (internal diameter = 0.70 mm,
length = 25 mm) and an infusion pump (PC11U, constant flow rate of 40 mL/h)
under magnetic stirring (200 RPM). Microparticles were maintained under magnetic
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stirring for 1 h after the end of the injection to allow ionotropic crosslinking, filtered
(Polypropylene, XN 6070, aperture 0.025 x 0.03 inches, Industrial Netting, USA),
extensively rinsed with distilled water to remove non-encapsulated drug, chitosan
and CaCl, residues and dried at room temperature. For film-coating, copolymers
were dissolved in absolute ethanol under vigorous magnetic stirring overnight.
Then, dry microparticles were pre-hydrated by submerging into pure water under
magnetic stirring (100 RPM, 3 min) and filtered by a plastic mesh (see above). Beads
were consecutively dipped in a solution of Eudragit® S100 (10% w/v, 3 mL, magnetic
stirring of 100 RPM, 30 min) and a solution of Eudragit® RL PO (15% w/v, 3 mL,
magnetic stirring of 100 RPM, 30 min). Finally, film-coated microparticles were
filtered using a plastic mesh (see above) and dried on Parafilm® at room tempera-
ture. The variables tested to optimize the film-coating process are summarized in
Table 1. To prepare blank microparticles, the same protocol was followed, though
without the addition of IDV. Non-coated NiMDSs were also used along the work to
compare with the film-coated counterparts. All experiments were performed in
triplicate.

2.6. Characterization of blank microparticles and NiMDSs

2.6.1. Particle size analysis

The size of blank microparticles and NiMDSs was measured by micrometry
(M110-25, Mitutoyo, Japan) and optical microscopy (Arcano, China) coupled to a
digital camera and TS View Digital imaging software. Results are expressed as the
mean + S.D. of 105 particles obtained in 10 independent batches.

2.6.2. Morphology analysis

The morphology and the topography of uncoated and film-coated NiMDSs were
visualized by SEM under the conditions depicted above for pure IDV free base
nanoparticles. Uncoated and film-coated blank microparticles were evaluated for
comparison.

2.6.3. Drug encapsulation efficiency and drug cargo

The encapsulation efficiency (%EE) and drug cargo (DC) were determined by an
indirect method. For this, the CaCly/chitosan supernatant used to produce NiMDSs
and containing non-encapsulated pure IDV nanoparticles in suspension was
recovered, lyophilized and dissolved in methanol. The concentration of free IDV (Dy,
non-encapsulated drug) was determined by UV spectrophotometry (4 = 261 nm,
CARY [1E] UV-Visible Spectrophotometer Varian, USA). The %EE was calculated ac-
cording to Equation 1.

%EE — [(Du—nf)/no] % 100 1)
and the DC (%) in the NiMDSs was calculated according to Equation 2.

DC(%) = [(Da - Df)/P] x 100 ()

where D, is the initial amount of IDV used in the production of NiMDSs, Ds is the
amount of non-encapsulated IDV determined in the CaCly/chitosan supernatant and
P is the weight of the NiMDSs in each specific batch. Results are expressed as
mean + S.D. (n = 3).

2.6.4. Coating thickness

The size of 20 uncoated and film-coated blank microparticles from three inde-
pendent batches was determined by micrometry (see above). The average film
thickness for each microparticle was estimated by subtracting the mean size of the
uncoated microparticles from the mean size of the film-coated ones. Additionally, a
defined amount of microparticles (20 mg) was weighed before and after coating to
determine the weight of coating added to the microparticles (m.q, expressed as %)
according to Equation 3.

Meq = [(Me — My)/my) x 100 3)

where m. and m, are the mass of the microparticles after and before the film-
coating, respectively.

Table 1
Optimization of the microparticle film-coating conditions.

Sample Hydration prior Coating layers Layer composition
to coating
DM No 1 (Monolayer) Eudragit® RL
HM Yes 1 (Monolayer) Eudragit® RL
HB Yes 2 (Bilayer) Inner layer, Eudragit® S100

Outer layer, Eudragit® RL

DM: Dry monolayer.
HM: Hydrated monolayer.
HB: Hydrated bilayer.

2.6.5. Swelling

The swelling was assessed by gravimetry. Dried microparticles (n = 10) were
accurately weighed and immersed in phosphate buffer of pH 6.8, at 37 + 1 °C. At
predetermined time points, microparticles were filtered using a plastic mesh (see
above) and carefully wiped with tissue paper before weighing them again. The
degree of swelling (Q;) was calculated according to Equation 4.

Qr = [(Wr — Wp) /W] x 100 (@)

where W is the weight of the swollen microparticles at a time t and W, is the initial
weight of the dry microparticles. Results are expressed as mean + S.D. (n = 3).

2.7. Mucoadhesion ex vivo

Mucoadhesion of microparticles was conducted ex vivo using a USP type 2
dissolution test apparatus. In brief, a piece of fresh bovine gut (2 cm x 4 cm) was
rinsed and hydrated with distilled water and attached to a microscope glass slide.
Then, uncoated or film-coated blank microparticles (n = 10) were randomly
dispersed onto the piece of mucosa, immersed in phosphate buffer of pH 6.8
(500 mL) at 37 + 0.1 °C, mechanically stirred (25 RPM) and the number of micro-
particles that remained adhered to the mucosa quantified every hour for a lapse of
6 h. To ease the visualization of the microparticles in the tissue, Bright Blue dye was
added to the CaCl; crosslinking solution at a final concentration of 0.025% w/v. Then,
the percentage of remaining microparticles at each time point was calculated ac-
cording to Equation 5.

Percentage of adhered NiMDSs = [n¢/n,] x 100 (5)

where n; is the number of microparticles that remained adhered at time t and n, is
the initial number of microparticles, namely 10. All the assays were performed in
triplicate and results are expressed as mean + S.D.

2.8. Drug release in vitro

The release of IDV from NiMDSs with different cargos was conducted in phos-
phate buffer pH 6.8 (10 mL) containing 0.5% w/v Tween® 80, at 37 + 2 °C. For this,
NiMDSs containing 1.5 mg of IDV free base nanocrystals were immersed in the
release medium and magnetically stirred for 8 h. The surfactant was added to in-
crease the intrinsic solubility of the drug in the release medium and to prevent
adsorption of the drug on the surface of the container [24]. At predetermined time
points, three aliquots (2—3 mL each) were withdrawn and the medium was replaced
by fresh pre-heated medium. Medium exchanges also ensured the maintenance of
sink conditions [23,25]. The first aliquot was filtered (0.45 pum nitrocellulose mem-
brane, Osmonics Inc., USA) to remove IDV nanocrystals (insoluble drug) and the
concentration of soluble IDV quantified by HPLC (see below). The second aliquot was
diluted with acetonitrile (1:1), vortexed for 1 min and filtered (0.45 pm nylon
membrane, MSI, USA). Then, the filtrate was analyzed by HPLC (see below) to
quantify the total amount of released drug (nanocrystals + soluble drug). Finally, the
third aliquot was used to analyze the size and size distribution of the nanocrystals by
DLS (see above). All experiments were carried out in triplicate and results are
expressed as mean + S.D. To evaluate the release mechanism, data were fitted to
Higuchi and Korsmeyer-Peppas models using Microsoft® Excel 2010 and SigmaPlot®
12.0 Software, respectively.

2.9. Pharmacokinetic studies

2.9.1. Preparation of enteric capsules loaded with IDV

Capsules number 1 (length = ~19 mm) were loaded with (i) unprocessed IDV
free base (control), (ii) pure IDV free base nanoparticles and (iii) film-coated NiMDSs
[26]; capsules were prepared individually and the IDV cargo adjusted to the weight
recorded for each mongrel dog according to a dose of 10 mg/kg (see below). To
confer gastro-resistance, capsules loaded with the different samples were subjected
to a film-coating process by individually immersing them in Eudragit® L100-55
ethanol solution (10% w/v, 5 min) and drying by convection, alternating cold and
warm air [27]; the process was repeated five times. To assess the efficiency of the
coating, a disintegration test was carried out at 37 + 2 °C [28]. Briefly, each coated
capsule (n = 6) was individually placed in the basket of a Disintegration Test
Apparatus (Hally Instruments, India), the disintegration medium was added
(900 mL) and the basket-rack was subjected to vertical movements (29—32 cycles/
min). The assay was performed in 0.1N HCl solution for 2 h and in phosphate buffer
(pH 6.8) for one additional h. At the end of each time point, the integrity of every
capsule was visually examined.

2.9.2. Oral bioavailability assays

Oral bioavailability assays were performed in mongrel dogs (n = 4, weight of
10.8 + 4.1 kg) according to the Directive 2010/63/EU on the protection of animals
used for scientific purposes (22 September 2010, European Union). This animal
model was selected based on its ability to swallow the gastro-resistant capsule
loaded with the different samples. The preclinical protocol was approved by the
Animal Welfare Committee of the Faculty of Veterinary Sciences (Resolution #28/
2013, National University of Central Buenos Aires, Argentina). Animals were fasted
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overnight prior to the administration of the corresponding capsule and fed 3—4 h
after the administration. At predetermined time points post-administration, blood
samples were extracted (3 mL) [29] and immediately centrifuged (2500 RPM) to
separate plasma that was frozen at —20 °C until analysis.

2.9.3. Plasma analysis

A validated method already reported with a slight modification was used to
quantify the drug in plasma [30]. For this, samples were thawed and vortexed for 10 s.
Then, NaOH 1m (100 pL) and ethyl ether (5 mL) were added to plasma (1 mL) and the
mixture hand-shaken (4 min) to extract IDV to the organic phase and re-frozen
at —20 °C to separate it from the aqueous one. Organic solutions were dried in a
water bath at 35 °C and atmospheric pressure and the residue was reconstituted in
HPLC mobile phase (1 mL, see below), filtered (0.45 um nylon membrane, MSI) and
analyzed (see below). The following pharmacokinetic parameters were calculated
using a non-compartmental model (TOPFIT program version 2.0, Dr. Karl Thomae
Gmbh, Schering AG, Germany): (i) maximum plasma concentration (Cpmax), (ii) time to
Cmax (tmax), (iii) the area-under-the-curve between 0 and 4 h (AUCy_4), (iv) the area-
under-the-curve between 0 and oo (AUCp-,) and (v) apparent half-life in plasma (¢,
2). The relative oral bioavailability was calculated according to Equation 6.

F; = AUCs/AUCy (6)

where AUCs and AUCg are the AUCy—., of each sample and of unprocessed IDV
(control), respectively.

Results are expressed as mean + coefficient of variation (CV%). Differences
among groups were analyzed using one-way analysis of variance (ANOVA, signifi-
cance level of 5%) with Bonferroni test.

2.9.4. HPLC method

HPLC analysis was conducted using an Alliance separation module e2695 (Waters
Corp., USA) equipped with an Eurospher II C18P column (5 mm, 150 x 4 mm, Knauer,
Germany) and a UV detector (2998 Photoiodide Array UV/Vis 2D detector, W2998,
Waters Corp., USA). Measurements were performed at 25 °C using an isocratic flow of
1 mL/min. The injection volume was 100 pL and the detection was performed at A of
210 nm. The mobile phase employed was acetonitrile:triethylammonium buffer (pH
6.5) in a volume ratio of 37:63 for plasma analysis and 40:60 for measurement of IDV
concentration in release and dissolution assays. The former was validated over the
range of 0.02—5 pg/mL (R?> > 0.999) and the latter in the range of 0.05—20 pg/mL
(R? > 0.998). In both cases within- and between-day precision analyses were always
less than 10% for all quality control samples.

3. Results and discussion
3.1. Rationale

Due to the serious biopharmaceutical drawbacks of PIs, the
design of innovative DDSs that improve their oral bioavailability

Unprocessed IDV

0"' /9\\,\
A Y X / N,
2 2 Y VS

NiMDSs muco-adhered
to intestinal mucosa

IDV nanoparticles
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and prolong their t; is urgently called for. In this study, we used
IDV as a versatile model PI and develop a drug delivery platform
that would not only sustain its release over time but that could be
also extended to newer PIs with minor adjustments. In this
framework, the use of IDV free base (and not of the water-soluble
sulfate), a derivative of very low aqueous solubility in the intestinal
medium as most of the state-of-the-art Pls, including the latest and
most effective darunavir, was more appropriate. Thus, the rationale
was to nanonize IDV free base (model drug) to increase the surface
area and thus the dissolution rate (and the oral bioavailability).
Then, encapsulation of these nanoparticles within mucoadhesive
microparticles that adhere to the intestinal mucosa would control
and prolong the release of the encapsulated drug. To minimize the
release of IDV in the stomach, NiMDSs were re-encapsulated within
gastro-resistant capsules that would undergo fast disintegration
only in the intestinal medium, releasing the DDS exclusively at the
absorption site (Fig. 1).

3.2. Production and characterization of IDV free base nanoparticles

Pure drug nanoparticles emerge as a simple and straightforward
approach for enhancing the dissolution rate of poorly water-soluble
drug like PIs [31,32]. Nanoprecipitation was selected to produce the
drug nanoparticles because it is simple, economic, and reproduc-
ible and with relatively high yield [33]. Acetone was used as the
solvent because it dissolves efficiently the drug, is miscible with the
anti-solvent (water) and is classified into Class III (solvents with
low toxic potential) by the International Conference on Harmoni-
zation (ICH) guidelines [34]. Furthermore, it can be effectively
extracted by evaporation under normal pressure over a short time.
The production yield was 70.1 + 5.0%, the remaining 30% being
retained by the filter paper due to a particle size that was larger
than the filter pores (2 um). IDV free base nanoparticles showed a
size of 724 + 61 nm with a relatively low PDI value of 0.143 + 0.079
(as measured by DLS). SEM analysis confirmed the sharp reduction
of the particle size with respect to unprocessed IDV and evidenced
the irregular morphology of the pure drug nanoparticles (Fig. 2).
The Z-potential of IDV free base nanoparticles was —16.7 + 0.32 mV.
This result did not stem from the anionic nature of IDV free base but

Nanoparticle-in-Microparticle
Delivery System (NiMDS)

o Q:;’

NiMDSs loaded in gastro-
resistant capsules

Fig. 1. Design rationale of IDV free base-loaded NiMDSs. NiMDSs were re-encapsulated within gastro-resistant capsules that underwent fast disintegration only under intestinal pH

conditions, releasing the DDS exclusively at the absorption site (gut).
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most probably from the polarization of amide groups on the surface
of the crystals, where the oxygen atom bears a negative charge
density. A similar phenomenon was previously reported for pure
nanoparticles thiosemicarbazones of 1-indanone [35].

ATR/FT-IR analysis showed that the characteristic peaks of IDV
were conserved in the nanoparticles, confirming that the process-
ing method did not affect the integrity of the drug (Table 2).
However, small shifts in the bands of IDV nanoparticles with
respect to the unprocessed drug suggested small changes in the
crystalline structure that could be related to the formation of a
different polymorph or pseudo-polymorph [22].

Complementary thermal analysis also revealed changes after
the processing of the drug. The DSC thermogram of unprocessed
IDV free base showed two endotherms. The first weak and sharp
endotherm at 130 °C corresponded to the release of one molecule of
water bounded to the crystal lattice [22], as confirmed by TGA that
showed 2.4% weight loss. The second strong endotherm at 152 °C
(AHp, = 58 ]J/g) corresponded to the Ty, of the drug. The thermal
behavior of IDV nanoparticles was different with a small broad
endotherm at 108 °C that was attributed to the loss of free water
(2.7% w|w weight loss that corresponded to one molecule of water,
as measured by TGA) and a second endothermic peak at 146 °C
(AHp, = 53 ]/g) due to the melting of the drug. Differences between
the Ty, values of the unprocessed and nanonized drug (152 and
146 °C, respectively) would stem from the presence of water mol-
ecules bounded to IDV with different strength and the alteration of
the forces in the crystal lattice to some extent. In fact, water-drug
bonds can alter the cooperativity of the molecules in the crystal
lattice and thus the Tp, [36]. These findings would be in agreement
with the formation of different pseudo-polymorphs. At the same
time, the energy involved in the melting was very similar for both
products.

XRD analysis showed similar diffraction patterns for both the
unprocessed and the nanonized drug, with characteristic peaks in
20 6.53°, 7.85°, 10.29°, 13.02°, 13.63°, 15.28°, 15.81°, 17.09°, 17.78°,
20.61°, 21.27°, 23.08°, 23.76°, 26.34°, 28.10°, 29.07°, 29.96°, 31.03°,
32.48°, 33.11°, 33.40°, 34.08° and 35.34° (Fig. 3). However, some
changes in the relative intensity of the peaks were apparent in IDV
nanoparticles [22]. Overall data of ATR/FT-IR, thermal analysis and
XRD indicated that raw and nanonized IDV free base have the same
internal crystalline structure and that they would be two different
pseudo-polymorphs.

As expected, the dissolution test of the unprocessed and pro-
cessed drug showed a statistically significant increase of the
dissolution rate upon nanonization (Fig. 4). For example, after
45 min and 4 h, 17% and 42% of raw IDV free base underwent
dissolution, respectively. Conversely, for the nanoparticles, values

Table 2
ATR/FT-IR of unprocessed and nanonized IDV free base.

Unprocessed IDV  IDV nanoparticles Assignment

3486 3504 N—H stretching vibration of piperazine

3349 3441 N—H stretching vibration of amide

3283 3297 O—H stretching

2950 2949 C—H stretching in aliphatic

1732 1731 C=O0 stretching

1653, 1636 1657, 1642 C=0 stretching vibration of amide

1540, 1523 1549, 1526 C=C stretching in aromatic

1456 1454 Interaction between ring C—C and
C—N stretching vibration in pyridine

1362, 1151 1363, 1153 C—O stretching and O—H bending
vibration of secondary alcohol

701, 752 705, 753 C—H stretching in aromatic ring

were 32% and 69%. These results were in accordance with data
reported elsewhere [22] and were envisioned to have a strong
impact on the oral bioavailability of IDV, as they took place within a
time range that fitted well the intestinal transit.

Nanoprecipitation employed acetone, a solvent that needs to be
effectively eliminated to prevent any toxic effects during the pre-
clinical evaluation of the systems. GC analysis revealed the absence
of solvent traces in all the samples.

3.3. Production and characterization of NiMDSs

Aiming to modulate the release and increase the residence time
of the drug in the bowel, IDV free base nanoparticles were encap-
sulated within mucoadhesive microparticles. Alginate and chitosan
are natural mucoadhesive polysaccharides obtained from the cell
walls of brown algae and the shell of crustaceans, respectively
[20,37,38]. Due to low toxicity, good biocompatibility and biode-
gradability they have been extensively investigated for the devel-
opment of pharmaceuticals and have been listed as “Generally
Referred as Safe” (GRAS) by the US-FDA [20]. Alginate is a polyanion
that undergoes ionotropic gelation with calcium ions and chitosan,
a polycation. Thus, their combination gives place to relatively stable
polyelectrolyte complex matrices. According to this, microparticles
were initially produced by polyionic complexation between so-
dium alginate, calcium ions and chitosan. However, it is noteworthy
that a pH value greater than 6 (as in the intestinal medium) leads to
deprotonation of the amine groups of chitosan and the weakening
of the electrostatic forces with alginate, increasing the swelling and
favoring fast matrix disintegration [39,40]. Similarly, the chelating
action of phosphate anions in the gastrointestinal medium results
in the exchange of calcium in the network by sodium, a process that

Fig. 2. SEM micrographs of (A) unprocessed IDV free base and (B) IDV free base nanoparticles produced by nanoprecipitation from acetone. Scale bar: (A) = 50 pm, (B) = 1 pm.
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Fig. 3. XRD pattern of IDV free base before (raw IDV) and after nanonization (IDV nanoparticles).

destabilizes the complex and also promotes matrix disintegration
[41].

Swelling plays a fundamental role in the physical stability of
polymeric matrices and the release rate of encapsulated drugs; the
greater the swelling, the faster the disintegration and the release.
Since NiMDSs are expected to remain adhered to the intestinal
mucosa and prolong the release of IDV, swelling was initially
assessed and the composition of the microparticles adjusted to
minimize this phenomenon. Regardless of the mechanisms, un-
coated microparticles underwent fast swelling (3600% in 2 h) and
disintegration in medium of intestinal pH (Fig. 5). This process was
undesired because it would be associated with the fast release and
dissolution of the microencapsulated IDV nanoparticles. To mini-
mize and delay swelling, microparticles were film-coated with a
series of water-insoluble copolymers that are commonly used for
the coating of oral formulations with modified release kinetics.
Ethanol was used as solvent because it dissolves very well the
coating agents, though it does not dissolve the drug cargo. Eudra-
git® RL was selected to film-coat the microparticles because it is

80

water-insoluble and water permeable, enabling the slow diffusion
of encapsulated drugs. An additional appealing feature of this
copolymer is the presence of quaternary ammonium groups that
confer mucoadhesiveness owing to their ability to electrostatically
interact with mucin, the main component of the intestinal mucosa
[42,43]. Initially, dry chitosan/alginate microparticles were film-
coated with a monolayer of Eudragit® RL (DM microparticles,
Table 1). The coating reduced the swelling of the microparticles
from 3600% to less than 2000% (Fig. 5). However, they disintegrated
within 2 h. To improve the integration of the coating to the mi-
croparticles by means of polymer chain interpenetration, a hydra-
tion step was introduced before the film-coating. This modification
was reflected by a slight decrease of the swelling and a substantial
increase of the physical stability (HM microparticles, Fig. 5). Finally,
to further improve the integration of the Eudragit® RL outer
coating, an intermediate coating of Eudragit® S100 was performed.
This copolymer is polyanionic and it would undergo electrostatic
interaction with both the positively-charged surface of the micro-
particles (owing to the excess of chitosan used in the crosslinking

Cumulative dissolution (%)

Time (h)

-+Raw IDV  -e-IDV nanoparticles

Fig. 4. Cumulative dissolution of unprocessed IDV free base (M) and pure IDV free base nanoparticles (@) in PBS of pH 6.8, at 37 °C. The dissolution was assessed under intestinal
pH conditions because the NiMDSs were re-encapsulated within gastro-resistant capsules that disintegrate exclusively in the gut. *Statistically significant increase of the amount of

drug dissolved when compared to unprocessed IDV (p < 0.05).
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Fig. 5. Swelling profile of uncoated microparticles (O), film-coated with a monolayer of Eudragit® RL without (DM, @) and with (HM, 0O0) pre-hydration step and film-coated

microparticles with a polymeric bilayer (HB, B), in phosphate buffer of pH 6.8 at 37 °C.

solution) and with the electropositive copolymer (Eudragit® RL)
used to form the outer layer (HB microparticles, Fig. 5). This film-
coating reduced the maximum swelling extent to 1460% and
delayed the beginning of the disintegration in vitro to 5 h (Fig. 5), a
time that fits the gastrointestinal transit and that would favor the
adhesion of the DDS to the intestinal mucosa. Furthermore, late
microparticle disintegration would be beneficial to promote the
entrapment of IDV nanoparticles in the mucosa and a prolongation
of their residence time and release. Based on these results, different
cargos of IDV free base nanoparticles were homogeneously
dispersed in the alginate precursor solution and then, microparti-
cles produced and film-coated with a bilayer. In all cases, %EE was
almost 100% and the drug cargo up to 43% based on dry weight
(Table 3). The morphology and the topography of uncoated and
coated NiMDSs containing growing IDV cargos were analyzed by
SEM. Before film-coating, microparticles displayed a rough and
porous surface characteristic of dry polysaccharide matrices
(Fig. 6A,C,E,G). In addition, when IDV nanoparticles were incorpo-
rated, the porosity increased (Fig. 6CE,G). This structure would
favor the fast release of superficial drug by means of dissolution and
desorption of whole nanoparticles. Conversely, upon film-coating,
the surface of the microparticles became very smooth and
deprived of cracks. To rule out the dissolution of IDV nanoparticles
during the coating process, the drug concentration in the different
ethanol solutions used was determined by HPLC; IDV could not be
detected. The contribution of the bilayer film-coating to the thick-
ness and the weight of the microparticles was evaluated by

Table 3
Encapsulation efficiency (%EE) of IDV nanoparticles within alginate/chitosan
microparticles.

Sample Concentration of ~ Polymer:IDV  Drug loading  %EE (%)
nanoparticles in ratio (w/w) (% wiw)® (+S.D.)
alginate solution
(% wv)!

NiMDS-15 0.7 1:03 15.1 95.4 (0.6)

NiMDS-28 13 1:05 279 96.2 (0.2)

NiMDS-43 2.7 1:11 433 98.2 (0.2)

2 The concentration of sodium alginate was 2.4% wjv.
b IDV cargo in dry NiMDSs expressed as % w/w determined before film-coating.

micrometry and gravimetry. The average film thickness was
approximately 40 um and the size of the microparticles increased
from 860 to 900 um. Furthermore, the weight of the microparticles
increased by 20%. This result was in agreement with the literature
[44].

3.4. Mucoadhesion

Mucoadhesive polymers can prolong the residence time of the
drug-loaded delivery system in the intestine, a phenomenon that
usually leads to a sharp increase of the absorption extent and the
oral bioavailability [45]. All the components of the microparticle
matrix are mucoadhesive by means of different mechanisms [20].
Thus, even after partial or complete disintegration, NiMDSs were
expected to remain adhered to mucosa. The mucoadhesion was
assessed employing an ex vivo test that showed a significant in-
crease of the residence time due to film-coating (Fig. 7). For
example, after 6 h, 40% of the film-coated NiMDSs remained
adhered, as opposed to 0% of the uncoated counterparts due to fast
disintegration.

3.5. IDV release in vitro

Drug release is a complex phenomenon in which several
mechanisms may be simultaneously involved [46]. To study the
release kinetics of IDV from NiMDSs containing different drug
cargos, samples were incubated in PBS of pH 6.8 containing 0.5% w/
v Tween® 80 over 8 h. As previously detailed, the surfactant was
aimed to increase the aqueous solubility of IDV in the release me-
dium and ensure sink conditions. The time of the study was chosen
based on the gastrointestinal transit of standard formulations.
Moreover, the use of intestinal-like pH medium relied on the fact
that re-encapsulation of NiMDSs within gastro-resistant capsules
would prevent the fast disintegration and dissolution in an inap-
propriate body site (stomach) and their direct contact with the
gastric medium, and ensure their immediate release once in the gut
for IDV absorption.

Irrespective of the cargo, the release showed two well-
differentiated phases (Fig. 8). The initial phase was characterized
by a slow release, confirming the absence of strong burst effect. This
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Fig. 6. SEM micrographs of blank microparticles and NiMDSs. (A) Blank microparticles, (B) film-coated blank microparticles, (C) NiMDS-15, (D) film-coated NiMDS-15, (E) NiMDS-
28, (F) film-coated NiMDS-28, (G) NiMDS-43 and (H) film-coated NiMDS-43. Insets show the complete microparticle, while the main image the surface of the microparticle. Arrows
show the presence of pure IDV free base nanoparticles clusters on the surface of uncoated microparticles. Scale bar: Main image = 10 um; inset = 100 pm.

behavior stemmed from the relatively slow swelling and the
conserved physical integrity of the matrices attained by the bilayer
film-coating. Conversely, uncoated NiMDSs released the encapsu-
lated drug very fast (data not shown). Then, an increase of the
release rate was observed owing to the swelling and later disinte-
gration of the NiMDSs. In the first phase, both curves overlapped
because the low amount of drug that was released underwent
dissolution in the release medium. In the second phase, the drug
began to be released also in the form of nanocrystals, probably as
result of both the relaxation of the polymer chains with the in-
crease of the matrix porosity and due the very low solubility of IDV
free base in neutral aqueous medium (pH 6.8).

The release of IDV nanoparticles was confirmed with an addi-
tional study conducted by DLS; nanocrystals showed a slight size
decrease (542—630 nm) with respect to the original ones, probably
due to partial dissolution. This phenomenon would entail an
additional advantage because the entrapment of free nanoparticles
in the intestinal mucosa would lead to the generation of a drug
reservoir that prolongs the release in the absorption site, beyond
the residence time of the mucoadhesive microparticles and
regardless of their integrity.

To gain further understanding of the mechanisms that control
the release, data of the second release phase were fitted to the
Korsmeyer-Peppas model according to Equation 7.



J.C. Imperiale et al. / Biomaterials 37 (2015) 383—394

100

H [<2] =]
o o o

Adhered NiMDS (%)

N
o

3

*

391

4

Time (h)

Fig. 7. Percent of uncoated (M) and film-coated NiMDSs ([0) adhered to fresh bovine intestine as a function of time. *Statistically significant increase in the percentage of film-
coated NiMDSs adhered to the intestinal mucosa with respect to uncoated NiMDSs (p < 0.05).

(7)

where Q;/Q,, is the fraction of drug released at time t, k is a Kinetic
constant that reflects the structural and geometric characteristics of
the DDS and n is an exponent that provides information about the
mechanism of release. For spherical systems (such as NiMDSs),
values smaller than 0.43 indicate that the release is controlled by
Fickian diffusion, values between 0.43 and 0.85 reveal a non-
Fickian diffusion known as anomalous transport which combines
diffusion and polymer chain relaxation and values higher than 0.85

Q:/Qw =k x t"

indicate that the release is governed exclusively by polymeric
relaxation (super case II transport) [47]. All the systems showed n
values greater than 0.85, revealing that polymeric relaxation due to
matrix swelling was the mechanism governing the release; Rzadj
was 0.99, 0.99 and 0.98 for NiMDS-15, NiMDS-28 and NiMDS-43,
respectively. Finally, the incorporation of the highly hydrophobic
IDV free base reduced the capacity of the microparticles to swell,
resulting in a gradual decrease of the release amounts with the
increase of the drug cargo. Based on these results, NiMDS-28 were
selected to comparatively assess the oral pharmacokinetics of IDV.
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Fig. 8. Release profile of IDV from film-coated (A) NiMDS-15, (B) NiMDS-28 and (C) NiMDS-43 in PBS of pH 6.8 containing 0.5% w/v Tween® 80. (@) Soluble IDV free base and (M)

total IDV free base (soluble IDV + nanocrystals).
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3.6. IDV oral pharmacokinetics

In vivo studies are critical to evaluate the robustness of the DDS
design. Since NiMDSs were re-encapsulated within gastro-resistant
capsules, this study was conducted in mongrel dogs that could
swallow them. To ensure that the capsules withstand the gastric
medium and disintegrate immediately upon contact with the in-
testinal one, a standardized disintegration test was conducted.
Results confirmed the resistance of 100% of the capsules in medium
of gastric pH and their fast disintegration (approximately 30 s) in
intestinal-like one. Then, a single dose of 10 mg/kg of raw IDV free
base, pure IDV nanoparticles and NiMDSs (all of them encapsulated
within gastro-resistant capsules) was administered and the con-
centration of IDV in plasma monitored over time (Fig. 9). The un-
processed drug showed a pharmacokinetic profile that was similar
to the one reported in literature [48] with a fast absorption
(tmax = 1.10 h), a relatively low AUCp_, of 0.83 pg/mL/h and a fast
clearance expressed by a short t1; of 0.8 h (Table 4). In addition,
plasma concentrations were within the therapeutic window
defined in humans [48]. Drug nanonization resulted in a dramatic
increase of the absorption extent due to the growth of the surface
area and the dissolution rate and a longer i« (2.50 h) that strongly
suggested the retention of the nanoparticles in the intestinal mu-
cosa by physical entrapment. This hypothesis was supported by the
fact that IDV was detected in plasma even at a time point of 24 h
that was far beyond its t;)2. Conversely, at 48 h, IDV could not be
detected. This behavior led to a statistically significant increase of
the AUCp_, to 18.16 ug/mL/h, that represented an improvement of
21.9 and 27.5 times of the relative bioavailability (F;) and the
apparent tqp, respectively (Table 4). Film-coated NiMDS-28 per-
formed dramatically better than the free drug (regardless of the
form) with AUCo_., and t1j values of 39.23 pg/mL/h and 76.3 h,
respectively. This represented an increase of the oral bioavailability
and the apparent ty2 of 47 and 95 times, respectively, when
compared to the unprocessed drug. Moreover, constant plasma
concentrations were achieved for at least 48 h. Overall, this phar-
macokinetic profile suggested that the oral bioavailability is
controlled by three factors: (i) the fraction of drug that undergoes
fast dissolution and absorption, (ii) the mucoadhesiveness of the
microparticles that prolongs the residence time of the DSS in the
gut and thus increases the absorption extent and (iii) the physical

1.4

Table 4

Pharmacokinetics parameters after oral administration of a single dose (10 mg/kg) of
unprocessed IDV free base, IDV free base nanoparticles and film-coated NiMDS-28
encapsulated within gastro-resistant capsules to mongrel dogs (n = 4).

Pharmacokinetic Unprocessed IDV Film-coated
parameter IDV free base nanoparticles NiMDS-28
Mean CV (%) Mean CV (%) Mean CV (%)

Crax (ng/mL) 034 8 1.41° 69 0.50 32
tmax (D) 1.10 - 2.00 - 1.80 —
AUCo_4 (pg/mL/h) 0.75 62 293" 26 1.40 25
AUCy_, (ng/mL/h)  0.83 68 18.16* 52 39.23* 32
ty/2 (h) 0.8 24 22.0° 45 76.3% 61

F, 1 - 21.9 - 47.2 -

@ Statistically significant increase when compared to the unprocessed drug
(p < 0.05).

retention of pure drug nanoparticles in the mucosa that further
prolongs the dissolution of the drug over time. Another outstanding
advantage of the NiMDS was the complete prevention of the burst
peak shown by free IDV nanoparticles that is usually associated
with adverse effects; in this regard, the sharp decrease of AUCy_4
from 2.93 to 1.40 pg/mL/h upon microencapsulation was remark-
able (Table 4). Interestingly, the apparent tyax with NiMDS-28 was
attained at a much earlier time (1.8 h) than the lag time for the
release of IDV in vitro (3 h) (Fig. 8). This result supports the difficulty
of predicting the performance of DDS and the relevance of con-
duction in vivo studies. On the other hand, they remain a very
valuable tool to adjust the composition and the structure of the DDS
and to evaluate parameters such as reproducibility and scalability.

4. Conclusions

The present work reported on the successful production of an
innovative DDS composed of pure IDV free base nanoparticles
encapsulated within film-coated calcium alginate/chitosan micro-
particles. Encapsulation of cargos as high as 43% w/w within the
mucoadhesive microcarrier was achieved with almost 100% effi-
ciency. Due to the increase of the surface area, nanonized IDV
showed a significant increase of the oral bioavailability with respect
to the unprocessed drug. In addition, detectable levels in plasma
until 24 h suggested that nanoparticles were retained in the

Concentration (ug/mL)

30 40 50 60

Time (h)

Fig. 9. Mean plasma concentration — time profiles following the oral administration of one single dose (10 mg/kg) of unprocessed IDV free base (@), pure IDV free base nano-
particles ( A ) and film-coated NiMDS-28 (M) encapsulated within gastro-resistant capsules to mongrel dogs (n = 4).
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intestinal mucosa by physical entrapment. Encapsulation of the
nanoparticles improved the biopharmaceutical performance of the
drug even more, with a 47-fold bioavailability increase and a pro-
longation of the apparent t1j; of 95 times. Furthermore, the use of
all FDA-approved components and methodologies that are scalable
under an industrial setting remarkably increases the possibility of
bench-to-bedside translation of the first DDS developed for the oral
controlled release of a PI. These findings not only support the use of
this mucoadhesive release platform to reduce the frequency of
administration (and increase patient compliance) of single state-of-
the-art Pls such as the darunavir [49], but also of their combina-
tions with the boosting agent ritonavir. Further studies will inves-
tigate the coating of the NiMDSs with an outer gastro-resistant film
that withstands the gastric medium and that undergoes fast
dissolution in the intestine, exposing a mucoadhesive polymer film.
This approach would enable the administration of this novel DDS as
a suspension in pediatric patients, a high-risk sub-population in
HIV and other poverty-related diseases [50,51], without compro-
mising the integrity of the microparticles, preventing the release of
the encapsulated drug in the stomach and masking the bitter taste
of these drugs that reduces patient compliance [52].
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