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Abstract

Efavirenz (EFV), a first-line anti-HIV drug largely used as part of antiretroviral
therapies, is practically insoluble in water and belongs to BCS class II (low
solubility/high permeability). The aim of this study was to improve the solubility and
dissolution performances of EFV by formulating an amorphous solid dispersion of the
drug in polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer
(Soluplus®) using spray-drying technique. To this purpose, spray-dried dispersions of
EFV in Soluplus® at different mass ratios (1:1.25, 1:7, 1:10) were prepared and
characterized using particle size measurements, SEM, XRD, DSC, FTIR nd Raman
microscopy mapping. Solubility and dissolution were determined in different media.
Stability was studied at accelerated conditions (40°C/75%RH) and ambient conditions
for 12 months. DSC and XRD analyses confirmed the EFV amorphous state. FTIR
spectroscopy analyses revealed possible drug polymer molecular interaction. Solubility
and dissolution rate of EFV was enhanced remarkably in the developed spray-dried
solid dispersions, as a function of the polymer concentration. Spray-drying was
concluded to be a proper technique to formulate a physically stable dispersion of

amorphous EFV in Soluplus®, when protected from moisture.
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solubility, stability



Introduction

Efavirenz (EFV) is a first-line anti-HIV drug largely used as a non-nucleoside reverse
transcriptase inhibitor as part of antiretroviral therapies. The recommended dosage in
adults is 600 mg once daily. Despite being widely used clinically, this drug has very low
aqueous solubility (below 10ug/mL), low oral bioavailability (40-45%) and high inter-
individual (56%) and intra-individual (22%) variability in its absorption®.

EFV is commercially available in micronized crystalline form. Studies available in the
literature have been dedicated to the improvement of the drug solubility and to the
sustained release of EFV>*. The published works about the solutions to increase the
solubility of EFV are focusing on micronization®, co-micronization of EFV with
dispersant agents such as sodium lauryl sulfate (SLS) or polyvinylpyrrolidone (PVP)’,
nano-crystals®, complexation with cyclodextrins”'®, encapsulation of EFV in polymeric
micelles'', Self-Micro-emulsifying Drug Delivery System (SMEDDS)" and co-
crystals'.

The approach of formulating amorphous EFV in the form of solid dispersions with a
polymeric carrier as a crystallization inhibitor has also been an active area of research.
Polyethylene glycol'*'"”, PVP K-30'®, Eudragit EPO or Plasdone S-630"" as well as new
modified starches named starch citrate and starch phosphate'® have been used as
hydrophilic carriers D spite the progress already made, the development of a
considerabl number of stable and efficient formulations is yet to be achieved. The
major chall nge is to obtain molecule-level dispersions restraining favorable
intermolecular interactions between EFV and the polymeric matrix.

For the current study the solubilizing potential of the polyvinyl caprolactam-polyvinyl
acetate-polyethylene glycol graft copolymer (Soluplus®) was explored. This polymer

offers exceptional capabilities for solubilization of BCS class II drugs due to its bi-



functional nature. It is considered as a member of the fourth generation of solid
dispersion because of its bifunctional character, acting as an active solubilizer through
micelle formation in water'®. Soluplus® is ideal for hot-melt extrusion (HME) with
excellent extrudability and easy processing®’ however, to the best of our knowledge,
this is the first attempt to develop Efavirenz-Soluplus® amorphous solid dispersion by
spray drying.

HME and spray drying are capable of being scaled-up into large manufacturing scale
212223

Different physical solid structures are generated from these two different processes. It is
important to correlate the physical structure of the drug-polymer dispersions to their
pharmaceutical performance and stability profile, and to cor elate formulation and
processing parameters to the resulting physical structure. This study aimed then at assessing
particle generation in spray drying and its effect on solubility, dissolution and stability
performance by varying different drug: polymer ratios, namely 1:1.25; 1:7 and 1:10
(w/w). The spray-dried EFV-Soluplus® particles were evaluated with respect to particle
size, morphology, solid-state properties, solubility and in vitro drug dissolution in
various aqueous media and sta ility during storage under controlled conditions of

temperature and humidity.

Materials and Me hods

Materials
Efavirenz (EFV) ((S)-6-chloro-4-(cyclopropylethynyl)-1,4-dihydro-4-(trifluoromethyl) -
2H-3,1-benzoxazin-2-one, structural formula given in Fig. la was kindly supplied by

Cristalia Ltd (Itapira, Brazil). Soluplus® (polyvinyl caprolactam-polyvinyl acetate-



polyethylene glycol graft copolymer/PCL-PVAc-PEG, structural formula given in Fig.
Ib, with the average molecular weight ranging from 90,000 to 140,000g/mol, was
donated by BASF Corporation (Ludwigshafen, Germany).

Ethanol 99% (Carlo Erba, Italy) was applied as solvent in the preparation of solid
dispersions. Acetonitrile chromatographic grade was purchased from Merck
(Frankfurter, Germany), Ammonium acetate and sodium lauryl sulfate (SLS) were
acquired from Vetec (Rio de Janeiro, Brazil). Buffer solutions and dissolution media

were prepared using purified water (Millipore, Bedford, MA, USA).

Methods

Preparation of Spray-Dried Solid Dispersions (SDSD) of EFV in Soluplus®

Spray drying was used as the process to prepare solid dispersions of EFV in Soluplus®
at various compositions corresponding to drug: polymer mass proportions of 1:10; 1:7
and 1:1.25.

A Buchi B-290 minispray drier (Buchi Labortechnik AG, Flawil, Switzerland) equipped
with Inert Loop B-295 and an integrated two-fluid 0.7 mm nozzle was used for spray
drying. Compressed nitrogen dispersed the liquid into fine droplets, which were
consequently dried in the drying chamber and deposed in the cyclone. Drying
conditions are given as follows for all prepared samples: aspirator 100%; pump flow
rate 300 ml/h and compressed nitrogen flow rate 600 1/h. The inlet temperature was set
to 70+£1°C and the outlet temperature at 62+3°C. The experiments were made in
duplicate.

The feeding solution was prepared by dissolving EFV in a 10 (w/w) % solution of
Soluplus® in ethanol. Ethanol was the first-choice solvent in this study based on four

criteria (high solubility of API and polymer, the generation of a feed solution with



acceptable viscosity, low toxicity and high volatility for the ease of solvent evaporation
during droplet drying)24.

The individual constituents (drug and polymer) were also spray-dried from ethanol
solutions. They were used for comparison purposes. All obtained powders were
collected in glass containers and stored at room temperature in vacuum desiccators till
further studies.

In addition, physical mixtures were prepared in the drug: polymer mass proportion of

1:1.25 by mixing EFV and the polymer in a mortar for about 3 min.
Characterization methods

Solubility parameters (6) and Gordon-Taylor calculations
As a preliminary indicator of the drug-polymer mi cibility, the Hansen solubility
parameters (8)>> were calculated from their chem cal structures using the Hoftyzer and

Van Krevelen group contribution method® according to Eq. 1:

3=(63+82+8%)" (Eq. 1)

where:

5d:¥; 5, :\/25 pi, 5, = /E 5hl

V is the molar volume and Fdi, Fpi and Ehi are the group contributions for different
component (dispersion forces, polar interactions and hydrogen bonding, respectively) of
structural groups that are reported in the literature™.

A binary mixture containing components with a considerable difference between
individual glass transition temperature (Tg) values, if the drug and the polymer are

miscible, will exhibit only one Tg which is intermediate between those of the pure



components and dependent on the relative proportion of each component. The position
of Tg for a miscible but not interactive system with merely equivalent cohesive and
adhesive contributions between individual components can be estimated using various
equations that follow a simple rule of mixing, among them the Gordon-Taylor (GT)
equation. This equation is based on weight fractions, densities and Tg of pure

components, as described by Eq. 2°7:

(WiTg1+K WyTg;)
Tg mix = W (Eq 2)

where,

__Tg1p1
Tg2p2

In this equation, Ty and Ty, are the glass transition temperatures of drug and polymer,
W, and W, are the weight fractions of the constituents of the mixture and the constant K
is calculated by the true densities p; (drug) and p (polymer). The true densities of EFV
(1.39 = 0.01 g/cm3) and Soluplus® (1.18 £ 0.005 g/cm3) were determined in duplicate
using a gas displacement pycnometer (Accupyc 1330-Micromeritics, Germany).

The GT equation was used to predict the theoretical Tg of the spray-dried solid
dispersions. These values were compared to the experimentally determined Tg obtained

during the first DSC heating cycle.

Thermal analyses

Thermal analyses were performed using a differential scanning calorimeter DSC Q200
with the base module and modulate-DSC (TA Instruments, USA). Samples of EFV and
SDSD binary systems were heated in non-hermetic aluminum pans at a rate of 5°C/min
in 20 to 190 °C temperature range under nitrogen flow of 50 ml/min using an empty

sealed pan as reference. DSC modulated technique (mDSC) was used because of its



capacity to increase the resolution and the sensibility for weak transitions. In mDSC
experiments, the samples were heated at a sinusoidal program of 2°C/min from 20 to

150°C, with the modulation period of 40s and amplitude 0.2°C.

X-ray powder diffraction

X-ray powder diffractions were recorded on X’Pert Pro MPD X-ray diffractometer
(Philips, USA) using CuKa radiation, applying 45 kV of voltage and a 40 mA current.
The scanning rate employed was 0.018°/min over the diffraction angle (20) range from

5 to 40°.

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR were recorded using Nicolet 5700 spectrometer (Thermo Scientific, USA).
Samples of unprocessed EFV crystals, Soluplus® and SDSD systems were ground and
mixed thoroughly with potassium bromid (KBr) at 1-2% (w/w) of the samples in KBr
and the discs were prepared by compressing the powders at a working pressure of 1 ton.

The scanning range was 4000 to 400 cm ' with a spectral resolution of 4 cm™.

Particle size, morphology and yields of SDSD EF V-Soluplus®

Particle size distributions were determined using a laser diffraction particle size
analyzer (Mastersizer 2000, Malvern Instruments, UK). Average particle size was
expressed as the volume mean diameter [D4.3]. Polydispersity was given by Span index
calculated by (Dvgg — Dvg)/Dvsg, where Dvgy, Dvsg and Dvyg are the particle diameters
determined respectively at the 90th, 50th and 10th percentiles of undersized particles.

The measurements were performed in quintuplicate. Morphological evaluation of



unprocessed EFV crystals and SDSD samples was performed by Scanning Electron
Microscopy (SEM) using Philips XL30 FEG (Philips, USA) with beam accelerating
voltage of 20 kV. The samples were fixed on aluminum stubs, sputtered with gold using
a Polaron SC7640 high vacuum puttering device (Quorom Technology, England) and
analyzed by SEM.

The yields of spray dried samples were calculated by determining the weight of

recovered particles divided by the total original weight of EFV and Soluplus.

Solubility studies

The solubility of the unprocessed EFV crystals and the apparent solubility of the SDSD
samples was measured in purified water, in purified water containing 0 25 (w/v) % SLS
and in biorelevant medium (FeSSIF). The later was composed of sodium chloride (203
mM), sodium hydroxide (101mM), lecithin (3.75 mM) and sodium taurocholate (15
mM) and was based on a partly physiological acetate buffer (0.144 M, pH 5.0) to
simulate the feed state intestinal fluid

For solubility studies, an excess amount of powder samples were added into 15 mL of
each dissolution medium in test ubes. The tubes were kept under agitation at 37+0.5°C
(water bath Dubnoff, Quimis, Brazil). After 48 h, the supernatants were collected and
centrifuged at 4000 rpm for 5 min, filtered through 0.45pum membrane filters (Whatman
International England), and then assayed by UHPLC. Measurements were made in

triplicate and values were expressed as mean =+ standard deviations (SD).

In vitro drug dissolution

Dissolution testing



In vitro drug release experiments were carried out in an automated dissolution system
(Varian VK7010 with autosampler VK 8000, Lexington MA 02421, USA) equipped
with rotating paddles (Apparatus 2)**. The test was performed at 37+0.5°C and stirring
rate of 50 rpm. Two dissolution media (900 mL) were tested: purified water containing
0.25 (w/v) % SLS and FeSSIF medium. The two dissolution media were tested because
sodium lauryl sulfate is described as the solid wetting agent of choice for EFV
dissolution testing”. However, biorelevant media as FeSSIF is also of interest to
anticipate potential food effects™.

To ensure the same sink conditions (EFV concentration three times lower than the
equilibrium concentration of the drug in each medium), samples equivalent to 100 mg
of EFV were used in each test carried out in 0.25 (w/v) % SLS, whereas a quantity
equivalent to 250 mg of EFV was used in the tests performed in FeSSIF medium. A
suitable amount of sample (3mL) was collected at 2, 5 8, 10, 15, 20, 30, 60 and 120
min, filtered using syringe filter with a 045 um pore size PTFE membrane. The
concentration of EFV in the dissolution medium was measured by UHPLC (Shimadzu
Nexera, Japan). Measurements were made in triplicate and values were expressed as

mean = SD.

Methods used to compare EFV release profiles from SDSD EFV-Soluplus®

Drug release profiles were analyzed using model-dependent (curve-fitting) and
independent approaches (Dissolution Efficiency-DE). The free open source software
KinetDS®*! was used to fit the release curves to the Korsmeyer-Peppas mathematical

model :

Mt = Kgp. t7 (Eq. 3)



where Mt is the amount of drug released in time ¢, Kgp is the release constant
incorporating structural and geometric characteristics of the drug-dosage for and n is the
diffusional exponent indicating the drug-release mechanism.

Korsmeyer-Peppas model is a semi-empirical model, relating exponentially the drug
release to the elapsed time. It is used to analyze the release of pharmaceutical polymeric
dosage forms, when the release mechanism is not well known or when more than one
type of release phenomenon could be involved. The accuracy and prediction ability of
the mathematical model were analyzed by calculation of coefficient of determination
(R*), RMSE (root mean square error) and AIC (Akaikes’s information criterion)

described by Eq. 4 and 5, respectively:

n e i 2
RMSE = \/lel(ylobs yipred) (Eq. 4)

n
AIC = 2k + n.[In(T™,(yiobs — yipr d)?)] (Eq.5)

The dissolution efficiency (DE) was calcu ated by KinetDS® according to Eq. 6:

Jy Mtdt

Mtmax .t

DE = ( )xlOO (Eq. 6)

where Mty 1s th maximum amount of drug released (=100%).

The differences for DE were statistically examined by one-way ANOVA followed by
Tukey’s test in order to find the source of difference. In this method, <DE> (n=2) was
the dependent variable, and <Formulation> was the factor. The calculations were
performed using Matlab. Throughout the study, p<0.05 was used as the criterion to

assess statistical significance.

Drug quantification



All samples (solubility measurements, drug content and dissolution profiles) were
analyzed by UHPLC (Shimadzu Nexera, Japan) according to the method approved
by the MD-AA Expert Committee (USP) as an Authorized USP Pending Standard. The
analytical method was based on an isocratic elution system with a buffer ammonium
acetate pH 7.5 (adjusted with diluted ammonia solution) and acetonitrile (30:70 v:v)
mobile phase, chromatographic column Phenomenex® Luna C18, 25¢cm x 46 mm, Spum
kept at 40°C. The flow rate of 1.5ml/min resulted in a retention time of 3.7 min. Twenty
microliters samples were injected and detection wavelength was set at 252 nm. For drug
content analysis, an amount of sample (10mg) was weighed accurately and dissolved in
50 ml acetonitrile. The solution was sonicated for 15 min and diluted w th suitable
quantity of acetonitrile to 20ug/ml. For solubility and dissolution measurements, the
samples were collected and directly injected into UHPLC after filtration. All studies

were carried out in triplicates and values were expressed as mean + SD.

Stability studies

Dynamic vapor sorption (DVS)

A DVS was used to monitor the water sorption capacities of the powders. Water
sorption isotherms were determined gravimetrically using an automated water sorption
analyzer (DVS-2, Surface measurement systems Ltd., London, UK). The DVS-2
measures the uptake and loss of vapor gravimetrically using a recording microbalance.
The relative humidity around the sample was controlled by mixing saturated and dry
carrier gas streams using mass flow controllers. The temperature was kept constant at
25°C. Prior to being exposed to any water vapor, the sample was dried at 0% RH to

remove any water present. Next, the sample was exposed to the desired relative



humidity and the moisture uptake was measured. More specifically, approximately 100
mg of sample was weighed into the sample pan of the DVS and subjected to one 0—90%
relative humidity (RH) sorption-desorption cycle, over 10% RH increments.
Equilibrium sorption at each humidity step was determined by a change in mass to time
ratio of 0.007 dm/dt.

In a complementary study using DVS-2, the solid dispersion most concentrated in drug
(SDSD3) was exposed to 40°C/75% RH until its moisture content reaches equilibrium.
The sample was then immediately analyzed, in a coordinated manner, by DSC and
Raman microscopy mapping (Alpha 300R Raman-AFM spectrophotometer, WITEC
GmbH, Germany) to monitor changes in the physical state. The samples were dispersed
on a glass slide and the analyses were conducted at room temperature using a confocal
laser wavelength of 532 nm (Nd:YAG laser) and ultrahigh-throughput (UHTS 300)
spectroscopy system with a CCD (charge-coupled device) as detector. Spectra images

were the average of 10 scans taken within of a selected area.

Long-term stability
SDSD samples were stored in desiccator at approximately 23% RH and 22°C. The solid

dispersions were characterized by DSC and XRD analyses after storage for 12 months.

Results and Discussion

Miscibility analysis based on 6 and Tq values
Based on the molecular structure, the solubility parameters (J) for EFV and Soluplus®

were calculated to be 24.5 MPa"? and 19.8 MPa'”, respectively (data not shown). It is
p y



generally believed that favorable interactions and a uniform phase will result when the
difference in 0 values between two components (AJ) is less than 7 MPa'?, while
unfavorable interactions and phase separation will result when A5 >10 MPa'?**. In the
present case, A between Soluplus® and EFV was of 4.7 MPa"? and EFV is likely to be
miscible with Soluplus® in the SDSD systems.

The thermal properties of the individual components and the SDSD systems containing
drug-to-polymer mass proportions of 1:10 (SDSD1), 1:7 (SDSD2) and 1:1.25 (SDSD3)
are given in Table 1. All DSC analyses are grouped in Fig. 2 to ease data analysis. Fig.
1 also shows the DSC thermogram of the physical mixture between EFV and Soluplus®
in a mass proportion of 1:1.25.

The thermal profile of unprocessed EFV crystals shows a distinct melting endotherm
(Tm) at 139.2°C with a AH,,, of 51.9 J/g. This value of Tm is close to that reported in the
literature for the most thermodynamically stable crystalline form of EFV (138-140°C)*,
As shown in Table 1, the amorphous drug obtained by spray-drier exhibits a low Tg of
36.1 °C, whereas amorphous Soluplus® has a Tg of 78.8°C, consistent with previously
reported data®.

Active pharmaceutical ingredients (APIs) that demonstrate good glass-forming
properties have 7g/Tm (in Kelvin) ratio greater than 0.67 (i.e., the rule of 2/3rds)

according to the Boyer-Beaman rule’>~°

in order to form solid dispersions. Therefore,
with a Tg/Tm (in Kelvin) of 0.75, EFV is expected to be able to form solid dispersions.

In Fig. 1, the physical mixture exhibits the endotherm for melting of EFV indicating the
presence of EFV crystals not dissolved in the polymer under the thermal analysis
conditions. Contrarily, thermograms for the spray dried mixtures of EFV-Soluplus® at

1.1.25, 1:7, 1:10 mass ratios (Fig. 1) reveal the absence of the EFV melting endotherm.

This analysis proves that Soluplus®, even at a 1:1.25 drug-polymer mass ratio,



successfully dispersed EFV with no trace of crystallinity when the spray drying method
was used.

In addition, distinctive and single T, without other noticeable events were observed in
the reversing heat flow signals for all freshly prepared SDSD systems (Fig. 1, Table 1).
From the recorded data, it can be seen that the Tg values increased from 58.1°C to
62.3°C, as the polymer mass proportion increased from 1:1.25 to 1:10 in the
formulation. Table 2 also compares experimental Tg and theoretical Tg calculated by
GT equation (Eq. 2) as a function of the mixture composition. GT equation has been
used to predict the glass transition temperature of blends. The predicted Tg for any
mixture matches the experimental data if two conditions are met: mixing occurring at
the molecular level (ideal mixing) and no changes in the volume during mixing.
However, for all SDSD samples, the experimental Tg values are lower than the
theoretical value determined by the GT equation Such deviation may be due to non-
ideal mixing in reason of an unexpected change in volume. Other possible explanations
for these negative Tg deviations include: 1) difference in the molecular interaction (if
attractive forces between the drug nd the polymer are weaker than self-associating

interactive drug-drug or polymer polymer forces®’; 2) residual solvent effects.

X-ray powder diffra tion (XRD)

The physic 1 state of EFV in the solid dispersions was further investigated by XRD
analyses. Th powder XRD patterns for unprocessed EFV crystals, Soluplus® and
SDSD samples are shown in Fig 2. XRD pattern for pure EFV presented several
diffraction peaks indicating the crystalline nature of the drug. The principal intense
crystalline peaks occurring at diffraction angles (20) as 6.20°, 20.20°, 21.35° and 25.00°

can be identified, similar to those reported in the literature for this drug®*. The XRD



pattern of Soluplus® was characterized by a complete absence of any diffraction peak,
which confirms its amorphous nature. The diffraction patterns of SDSD samples
prepared by spray drying showed absence of peaks, which indicated that EFV lost its
regular ordered lattice structure, becoming amorphous during the spray drying process.
XRD observations are in good agreement with DSC confirming the amorphization of

EFV in SDSD1, SDSD2 and SDSD3 samples.

Fourier Transform Infrared Spectroscopy (FT-IR)

The EFV molecule presents the N-H group considered H™ donor (N-H) and acceptor
groups (C=0 and -O-). Soluplus® has functional groups C=0 as acceptor of
hydrogen®®, which could favor interactions with EFV by hydrogen bonds. In order to
evaluate any possible chemical interactions between EFV and Soluplus®, FTIR spectra
of the pure components and SDSD systems are presented in Fig. 3 IR spectrum of EFV
presented characteristic peaks at 3320 cm™ (N-H stretching vibrations), 2250cm™ (C=C
stretching vibrations), 1750 cm™ (C=O stretching vibrations), 1600 cm™ (N-H bending
vibrations) and around 1250 cm™(stretching vibrations C—F)'’. Soluplus® exhibited
characteristic absorption peaks at 3350 cm™ (O - H stretching vibrations), 2924cm™ (C-
H stretching vibrations), 1750 cm™ and 1632 cm™ (C=O stretching vibrations), and
1416 cm™ (C-O-C stretching vibrations), in according to data previously published'’.
FTIR spectrum of SDSD systems presented an increase of the intensity of the peak at
2250 cm™ as the ratio of EFV in these systems increased (Fig. 3). They also showed
disappearance of characteristic peak of EFV at 3320 cm™ attributed to N-H stretching
vibrations (Fig. 3I) and shifting of the peak at 1750 cm™ when compared to pure EFV
(Fig. 31I). The peaks corresponding to the carbonyl group of vinyl acetate (1730 cm™)

and caprolactam (1630 cm™) are broadened. These events may be attributed to a



possible interaction by hydrogen-bonds between the proton accepting groups (C=0) in
the Soluplus® and the proton donating groups (-NH) of EFV. The disappearing of N-H
stretch vibration region of EFV when associated to polymer PVP K30 in solid
dispersion has been described in the literature, suggesting to be related to hydrogen

bonding interactions™.

Drug loading, particle size, and shape of SDSD systems

Drug content
Drug content for each SDSD powder was consistent with theoretical values (Table 2).
Successful drug loading on powders generated by spray drying from solutions (drug and

polymer being both dissolved) are commonly reported in the literature” **'.

Particle size and yields

Particle size is critical in the successful development of solid dispersions since it
significantly influences the dissolution. Hence particle size and distribution of the
prepared spray-dried solid disp rsions collected from the cyclone are given in Table 2.
The mean volume diameters D [4 3] are found to be 7.7+0.3, 6.1+£0.2 and 4.2+0.5 pm
for SDSD1, SDSD2 and SDSD3 respectively, which are significantly different from
each other (one way ANOVA, p<0.05). The 90% of particles collected are below
12.940.4, 10.8+0 3 and 8.5+1.3 pm for SDSD1, SDSD2 and SDSD3, respectively. The
small distribution indicated that the size of the dried particles is precisely controlled by
atomization pressure and feed rate during the spray drying process. Additionally, the
small particle sizes (< 12.9 um) could be attributed to the low viscosity of the spraying

solution (Table 2) and high compressed nitrogen flow rate.



The percentage yield for spray-dried samples was found to be higher than 70%, which is

relatively high from a laboratory-scale spray dryer.

SEM images

Scanning electron microscopy (SEM) was used to investigate the particle
microstructures. Fig 4 represents the SEM images of the unprocessed EFV crystals,
spray-dried Soluplus® and all SDSD differing in drug: polymer ratio.

The unprocessed EFV crystals (Fig 4a) are elongated, stick-like, and quite regular in
their multi-face geometry. Spray-dried EFV was not observed by SEM because, due to
its low Tg, the powder was often sticky and hardly recoverable. Spray-dry ng of pure
Soluplus® resulted in wrinkled particles (Fig 4b). In comp rison the “wrinkled
collapsed morphology” of drug-loaded SDSD1 and SDSD?2 particles (Figs. 4c and 4d) is
not affected by the drug presence, except for SDSD3 (Fig 4e).

Polymer mass in the feed solution is constant in he three formulations, whereas drug
mass changes. For SDSD1 and SDSD?2 the feed solution for spray drying has almost the
same total solid concentration (11-11 4% w/w) as without drug (10% w/w) and most of
this solid is polymer. Thus, particle formation mechanism cannot be very different, even
if polymer and drug interact

In contrast, with SDSD?3 there is 18% (w/w) of total solid in the feed. Such amount is
almost half polym r half drug. SDSD3 particles are mostly spherical with seemingly
smooth surfaces without visible pores and other major surface discontinuities.

Peclet number in the spraying solution helped to understand the ‘deviation’ from
wrinkled morphology of the spray-dried SDSD3 particles. The Peclet number is a
function of the ratio between solvent evaporation rate (k) and the diffusion coefficient

of the given solute (D): Pe < k/D*. The feed concentration has a direct impact on the



Peclet number (namely, on the evaporation rate). When the feed concentration was 10-
11.4% w/w (pure polymer, SDSD1 and SDSD2 systems), the skin remained wet for a
longer time, so that the hollow particles could deflate and shrivel as it cooled. However,
for SDSD3 system, the increase in feed concentration to 18% (w/w) of total solid could
help droplets to rapidly develop a dry, hard skin, preventing subsequent deflation and

shrinkage.

Solubility studies

Table 3 summarizes the experimentally determined solubility of EFV in pure water,
water containing 0.25% (w/v) SLS and biorelevant medium (FeSSIF). As per literature,
the solubility of unprocessed EFV crystals in water is less than 10 pg/ml®.
Experimentally, it was found to be 1.74+£0.06 pg/ml at 37°C. The drug solubility in
water was increased by the addition of 0.25% (w/v) SLS (350.11% 8.90 pg/ml) and, in
FeSSIF medium it was found to be 879.89 £23.03 pug/ml, indicating that EFV exhibited
higher solubility in biorelevant medium, i.e. 500 times higher than that of pure EFV in
water.

The log P of EFV is 5.4, indicating its high lipophilicity. Sodium taurocholate and
lecithin are natural surfactants present in FeSSIF medium, forming more complex lipid
aggregates than the micelles formed with synthetic surfactants such as SLS*. Hence,
we can attribute the higher solubility of EFV in FeSSIF medium to a synergistic effect
of sodium taurocholate and lecithin that led to a significant improvement in solubility of
EFV by micellar solubilization.

From the data obtained, it is clear that the apparent solubility of the drug was markedly
increased in the three aqueous media when EFV was formulated as SDSD binary

systems. These results can be explained by the amphiphilic chemical structure of



Soluplus ® having large number of hydroxyl groups, which make it a good solubilizer
for poorly soluble drugs in aqueous media®.

The enhanced effect on the apparent drug solubility is also given in terms of the
solubility enhancement ratio (ERy,) in Table 3. EFV solubility in water, pure and with
SLS increased with the increase in polymer proportion (co-solvent effect). A 1:7
proportion showed a maximum increase in apparent solubility (4330.66 £21.89 pug/ml)
in water containing 0.25% (w/v) SLS equivalent to increase of 12 times (ERsol), with
respect to pure EFV. Surprisingly, the increased polymer concentration did not show
any significant increase (p>0.05) in the apparent solubility of EFV in FeSSIF medium,
presumably due to the higher variability of experimental values (high standard

deviations).



In vitro drug dissolution

The dissolution performance of solid dispersions is very complex as many phenomena
take place simultaneously: dissolution of amorphous material, nucleation and growth of
the stable form, dissolution of the polymer. Consequently it is relevant to investigate
whether the combination of EFV and Soluplus® in SDSD systems can contribute to
enhance dissolution. The dissolution profiles of unprocessed EFV crystals and SDSD
formulations were determined in purified water containing 0.25 (w/v) % SLS and in
FeSSIF medium, at 37°+0.5°C. The comparison of dissolution profiles in the two
different media (Figs. 5a and 5b) revealed that differences in dissolution performance
exist. The concentration of Soluplus® was also influencing the dissolution performance
of EFV. The quantitative interpretation of the values obtained in dissolution assays is
easier using mathematical equations to describe the release profiles (dissolution

efficiency parameter and curve-fitting).

Dissolution efficiency (DE)

Dissolution efficiency within 120 min (DE;3) is shown in Table 4 and was used as
comparison of dissolution profiles. All the solid dispersions prepared gave rapid and
higher dissolution of EFV when compared to unprocessed drug crystals. For example, at
drug load of 10% (w/w), the solid dispersion of EFV in Soluplus® (SDSDI)
demonstr ted greatly improved dissolution enhancement (> 87%, Table 4) which was
reduced at higher drug loads (SDSD2, SDSD3).

The increase on the dissolution efficiency when increasing the Soluplus® concentration
can be explained on the basis of the wetting and solubilizing effect of the carrier. A

faster release of drug upon lowering the drug load was already observed*. However, the



effect of drug loading on the release rate of drugs from solid dispersions is ambiguous
as in other studies a faster release of drug was seen at higher drug loads*’.

A crystalline drug, such as unprocessed EFV crystals shown in Fig. 6, dissolves until
the solution concentration reaches the thermodynamic solubility of the drug, after which
the concentration remains constant. The amorphous form, on the other hand, initially
dissolves more rapidly than the crystalline form and reaches a higher concentration,
forming metastable highly supersaturated solutions. The dissolution rate of the drug
from amorphous solid dispersion formulations such as the SDSD systems is a critically
important factor in dictating the generation and duration of the supersaturated state.
Fig. 6 shows that during dissolution in 0.25% (w/v) SLS, in comparison to unprocessed
EFV crystals, the three SDSD systems were capable of yielding EFV supersaturation in
solution with duration of at least 120 min, whereas in FeSSIF medium, the most
concentrated SDSD in drug (SDSD3) yielded EFV con entration in solution close to the
EFV concentration entering in solution from th dissolution of the crystalline form
(unprocessed EFV crystals).

It has been demonstrated that hydrophobic groups on modified polymers, such as the
amphiphilic polymer Soluplus®, an interact hydrophobically with hydrophobic drugs®.
FT-IR analysis has indica ed possible interactions between EFV and Soluplus®, which
could partly explains the reduction of the rate with which the drug dissolves, as
observed for the SDSD3 system in both media. Moreover, the lower EFV
concentrations found in the FeSSIF medium from SDSD3 could be attributed, in part, to
another reason: prevention of recrystallization is another potential role the polymer may
exert to maintain the EFV in solution. Increasing drug load on SDSD reduces the
distance between drug molecules and hence facilitates crystallization. It is what

probably happened during the dissolution of SDSD3 in FeSSIF medium and the amount



of some crystallized drug within SDSD3 decelerated the dissolution of EFV from this

solid dispersion.

Curve fitting

To determine the mechanism of drug release, the first 60% drug release data from
SDSD1, SDSD2 and SDSD3 formulations were fitted in Korsmeyer—Peppas model*%.
Nonlinear regressions were applied for cumulative dissolved drug. The coefficient of
determination (R?), root-mean-square error (RMSE) and Akaike’s information criterion
(AIC) values were determined using KinetDS 3.0 rev. 2010 software, Krakow, Poland.
From the obtained results it is observed that the drug release m chani m is well
described mathematically by the Korsmeyer-Peppas equation (Eq. 3), considering the
values of R*, AIC and RMSE. All values of exponent (n) determined from Korsmeyer-

? as the

Peppas model were lower than 0.5 (Table 4), sugge ting Fickian diffusion®
mechanism of drug release from all formulations The penetration of the dissolution

medium will be controlled by the diffusion through the polymer layer around the drug

molecularly dispersed in the solid dispersions.

Stability studies

Dynamic vapor sorption (DVS)

A water sorption isotherm provides information about the affinity between the material
and water. Fig. 6 displays the dynamic vapor sorption (DVS) isotherm plots for the
studied samples, showing the percentage change in mass as a function of changing
relative humidity. The reversibility of the water uptake was clearly seen in all cases. The
slight but constant hysteresis (separation) between the adsorption and desorption

isotherms can be due to bulk absorption and desorption limited by the diffusion.



The water sorption isotherm of pure spray-dried Soluplus® shows a hygroscopic
character with 30.3% change of mass at 95% RH, whereas amorphous EFV shows a
hydrophobic character with 0.1% change of mass. All the three formulations evaluated,
SDSDI1, SDSD2 and SDSD3, showed expected behavior, i.e., the amount of absorbed
water in  solid  dispersions decreased at increasing drug loads
(SDSD3<SDSD2<SDSD1), because amorphous EFV is hydrophobic.

To compare samples with different drug loads, the amount of water absorbed in the
solid dispersions was corrected for the drug load. The carrier was considered as a
separate matrix with certain hygroscopicity. The results are depicted Fig. 7. It can be
seen that EFV reduced the water uptake of Soluplus® matrix resulting n a linear
decrease in hygroscopicity of polymer in solid dispersions with increasing drug loads.
Assuming that there is no interaction between the components, the moisture of a binary
mixture can be calculated by the additivity of th individual components. The
theoretically calculated values of moisture gains for Soluplus® is also given in Fig. 7, as
a function of composition. The negative deviations observed for all three compositions
suggest the existence of favorable interactions between drug and polymer. The higher
deviation seen at higher EFV content (SDSD3) means a stronger interaction toward this
composition. The interacti ns can influence the number of polar functional groups that
are available for the poss ble interaction with water during sorption, as already observed
for other solid disp rsions with Soluplus® or PVP and Valsartan as drug™.

Accelerated stability

Data presented in this paper have shown the positive effect of increasing drug loads
from 10% (w/w) (SDSD1) to 44% (w/w) (SDSD3) decreasing the hygroscopicity of the
amorphous solid dispersion. Besides, high drug contents are also suitable for the

preparation of high dosed dosage forms, as in the case of EFV. On the other, the



increase of drug loading can generate a negative effect, impairing the physical stability
by reducing the distance between drug molecules and hence facilitating crystallization.
It is difficult to predict what these effects will be predominant. To investigate this,
SDSD3 was exposed to 40°C/75%RH until its moisture content reached equilibrium
under these conditions; then it was immediately analyzed by DSC and Raman
microscopy mapping. In this experiment, SDSD3 gained 2.9% (w/w). This humidity
reduced Tg, but was not capable to induce phase separation under the storage
conditions, as evidenced by the single Tg (Table 5).

In addition to the DSC, the distribution of amorphous drug and polymer in the solid
dispersion could be evaluated using Raman mapping. For this, surface (10*10um) and
deep spectra (12*10um) have been taken to accurately determine the distribution of the
drug and of the polymer. The analysis of the spectra presented on Fig. 8 (peaks between
3000 and 3130 cm™), confirmed that amorphous drug and polymer phases are

indistinguishable, as the drug and polymer are miscible with each other in one phase.

Long-term stability

To evaluate the stability of aged SDSD samples, SDSD systems containing the lower
(SDSD1) and the higher (SDSD3) drug loads (10% and 44%, respectively) were
characterized by DSC after storage for 12 months at room temperature (~22°C) and
23% RH. For both samples, the XRD spectra (Fig. 9) were similar to that obtained with
freshly prepared formulations, and no drug crystallization was observed after one year
of storage under the set conditions. Modulated DSC analysis also confirmed the
existence of a single Tg (Table 5), indicating that EFV remained amorphous in these
two formulations under the storage conditions. These results may be due to the fact that

Soluplus® can engage in hydrogen bonding with EFV, resulting in less molecular



mobility and retarded crystallization during storage under the studied conditions. The
gradual increase in Tg over time seen in Table 5 was presumably due to drying of the

sample over desiccant.

Conclusion

In the current work, it was clearly demonstrated that amorphous solid dispersion of EFV
in Soluplus® (SDSD systems) can be effectively produced by spray-drying with
enhanced solubility and dissolution rate. The dissolution of the SDSD systems led to
sustained supersaturation within 120 min in FeSSIF medium, the value of which varied
depending on the drug loading used in the formulation.

SDSD loaded with 10% (w/w) of EFV was the most efficient system, improving EFV
solubility in FeSSIF medium 2-fold, assuring a dissolution efficiency of 86.75+0.16%
with sustained supersaturation within 120 min (compared to 28.20+£2.67% of
unprocessed EFV crystals), and was shown to be physically stable for one year at 22°C

when protected from moisture.
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Figure 9. X-ray diffractograms of unprocessed EFV crystals, SDSD1 (1:10) and SDSD3
(1:1.25), after 1 year storage at room temperature (~22°C), protected from moisture
(23%RH).



Figure 1

SDSD1 (1:10)

N

SDSD2 (1:7)

\wﬂw

SDSD3 (1:1.25)

Rev heat flow
Physical mixture (1:1.25)
Rev heat flow
EFV Hea;:flm-.r
3
('S
%
£ ®
E Soluplus
|
w
25 50 75 10 125 150

Temperature (°C)



Figure 2

A

SDSD1 (1:10)
SDSD2 (1:7)
SDSD3 (1:1.25)

Soluplus ®

EFV

Figure 3

A
/ I-""-
B NV |
T o ) e—
4000 3800 3600 3400 3200 3000 2800 2600
wavenumber cm”
C
M/ﬂ'\%
E

I T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
wavenumber cm ™ 1900 1850 1800 1750 1700 1850 1600 1550

wavenumber em’™




Figure 4




Figure 5

EFV released % (w/w)

EFV released % (w/w)

120 4
- SDSD1

100 -

80 i !

i

?,ﬂ'
60 l'\r- L

# 'F.,-

"“‘
40 X
.

-r -

20 & G

=]
S Bewruz T

20

2 - SDSD1

100

20

-=- 5DSD2

_______ i

S

40 60 80 100 120

Time (min)

- SDSD2 - SDSD3

csmemsEemEE
—
- s
emmmmmmEm SRR emsssmssmmsss
ammammmE

60 80 100 120

Time (min)



Figure 6

30

25

Change in mass (%)

Figure 7

—-=— SPDSD1 Sorption -8- SDSD1 Desorption
—e— SDSD2 Sorption e SDSD2 Desorption
——SDSD3 Sorption -4~ SDSD3 Desorption
—— Soluplu5® Sorption -p- St:aluplus® Desorption

—— EFV spray-dried Sorption -#- EFV spray-dried Desorption

Sample RH (%)

o Experimental water sorption
35 | —=— Predicted ideal sorption
8
c
=
l;
(=R
i
=
[y ]
1o
i ~
E= -
Lo
= 10 . 0
5
0
0 10 20 30 40

EFV content (% w/w)



Figure 8

EFV + Soluplus (SDSD3) |
3
2250 2835
Scanned area il 1L | i
Y VY A e Vol ™
_->
3000
Soluplus 2835
LA,
EEV 2250
3027 3080
e
I

S [N SEE] [eu Ty e e R Sy .
500 1000 1500 2000 2500 3000 3500 4000
1

wavenumber cm

Figure 9

SDSD1 (1:10)

MMBDE (1:1.25)
\\"‘4 e i P e

2 Theta



List of tables

Table 1. Thermal properties of EFV, Soluplus® and SDSD systems: experimental data
from DSC/mDSC and theoretical values (Gordon-Taylor equation).

Table 2. Characteristics of feed solutions and SDSD systems.

Table 3. Solubility of unprocessed EFV crystals and SDSD systems at 37°C in three

different aqueous media

Table 4. Dissolution efficiency (DE,) and kinetic analysis of in vitro dissolution using

the Korsmeyer- Peppas model.

Table 5. Tg of the SDSD systems under various storage conditions.



Table 1

Sample T T, ACp T,
(&(8)) (&(8)) (J/2.K) | Gordon-Taylor ATg
(&)
EFV’ 139.2 | 355" 0.26 - -
Spray-dried EFV - 36.1 0.32 - -
Spray-dried Soluplus® - 78.8 0.12 - -
SDSD1 - 62.3 - 72.7 -10.4
SDSD2 - 56.9 - 70.2 -13.3
SDSD3 - 58.1 - 59.5 1.4

' Unprocessed EFV crystals

"Tg value obtained from heat-cool-heat DSC cycle at 5°C/min in n n-hermetic pan.

Table 2.
Feed Spray-dried powder characteristics
Sample solution | Yield The}g;%mal EFV Particle size * (um)
’ viscosity | (| content | cOMtent*
(PaS) %) (%) | Dvio D431 Dv9o
9.9 71.1 10.0 35 77
SDSD1 10 : ' ' 12.9 (0.4
0.0035) | (1.04) oy | ©e (03 ©4)
9.9 77.3 14.3 2.5 6.1
SDSD2 15 : ' ' 10.8 (0.3
(0.0028) | (1.09) (0.1) 04) (0.2 (03)
9.8 713 44.1 1.0 4.2
SDSD3 45 : ' ' 8.5(1.3
(0.0025) | (1.01) (0.7) 0.0) (0.5 (13)

*Mean (and standard d viation in parentheses)



Table 3

Solubility” (ug/ml) at 37°+ 0.5°C

Dissoluti di
1ssofution meciim EFV SDSDI1 SDSD2 SDSD3
EFV : Soluplus ®(w : w) 1:0 1:10 1:7 1:1.25
. 1.74 (0.06) | 15.95(0.93) | 14.28 (0.08) | 9.97 (1.38)
Purified water (n=2) (n=2) (n=2) (n=2)
ERy - 9 8 6
. 350.11 3088.32 4330.66 1022.44
Wate(ro";;fj”m/“% SLS (8.90) (47.63) (21.89) (3.22)
£270 WIV (n=3) (n=3) (n=3) (n=3)
ER, - 9 12 3
879.89 1698.1 1365.55 1241.04
FeSSIF (23.03) (422.80) (246.75) (146.75)
(n=3) (n=2) (n=2) (n=2)
ERsol** - 2 15 1.4

"Mean (and standard deviation in parentheses)

“ERgr: Solubility enhancement ratio

o Unprocessed EFV crystals



Table 4.

Dissolution efficiency - DE;3 *(%)

Water containing SLS (0.25% w/v) FeSSIF medium
EFV" | SDSD1 | SDSD2 | SDSD3 | EFV™" | SDSD1 | SDSD2 | SDSD3
35.53 93.77 89.33 73.09 28.20 86.75 50.40 29.33
(0.01) (0.07) (0.11) | (0.01) | (2.67)" | (0.16) (2.85) (2.83)"
Korsmeyer- Peppas model
Curve Water containing SLS (0.25% w/v) FeSSIF medium
fitting
parameter | SPSD1 SDSD2 SDSD3 SDSD1 SDSD2 SDSD3
R’ 0.9972 0.9981 0.9944 0.9953 0.9842 0.9803
RMSE 0.86 1.04 2.11 3.58 1.74 1.40
AIC 12.92 12.43 37.18 58.45 42.62 37.86
K(min™) 41.24 45.99 16.77 13 66 18.62 14.23
n 0.23 0.24 0.37 0.47 0.25 0.19

" Values represent the mean of two independent determinations.
" Unprocessed EFV crystals

* There is no statistical difference (p>0.05).



Table 5

Drug: o )
Sample Polymer Storage 1" Heating DSC cycle
ratio conditions Tg°C ACp
(W:w) (Tonset) J/g °C
SDSD3 1:1.25 after water vapor sorption by 54.7 0.18
DVS at 40°C/75% RH
SDSD3 1:1.25 ~22°C, 23% RH, 12 months 63.4 0.25
SDSD1 1:10 to (initial) 62.3 0.22
SDSD1 1:10 ~22°C, 23% RH, 12 months 69 9 0.26






