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The use of amorphous solid dispersions (ASDs) is one commonly applied formulation strategy to improve the oral
bioavailability of poorly water-soluble drugs by overcoming dissolution rate and/or solubility limitations. While
bioavailability enhancement of ASDs is well documented, it has often been a challenge to establish a predictive
model describing in vitro-in vivo relationship (IVIVR). In this study, it is hypothesized that drug absorption might
be overestimated by in vitro dissolution-permeation (D/P)-setups, when drug in suspension has the possibility of
directly interacting with the permeation barrier. This is supported by the overprediction of drug absorption from
neat crystalline efavirenz compared to four ASDs in a D/P-setup based on the parallel artificial membrane
permeability assay (PAMPA). However, linear IVIVR (R2 = 0.97) is established in a modified D/P-setup in which
the addition of a hydrophilic PVDF-filter acts as a physical boundary between the donor compartment and the
PAMPA-membrane. Based on microscopic visualization, the improved predictability of the modified D/P-setup is
due to the avoidance of direct dissolution of drug particles in the lipid components of the PAMPA-membrane. In
general, this principle might aid in providing a more reliable evaluation of formulations of poorly water-soluble

drugs before initiating animal models.

1. Introduction

Low aqueous solubility of drug candidates is an ongoing challenge in
pharmaceutical development with estimations of 70-90% of low mo-
lecular weight pipeline compounds being classified as poorly water-
soluble [1]. As a result, several solubility enhancing principles have
been investigated over the years, e.g. recrystallization into a metastable
polymorphic form, amorphization, salt formation, nanosizing and the
use of complexing agents and lipid-based formulations. Depending on
the molecular structure and/or the physicochemical properties of the
poorly water-soluble drug candidate of interest, one might narrow the
list of solubility enhancing strategies down to a few suitable options [2].
For example, without a functional group for salt formation, the rational
formulation principle could be based on the melting point and/or lip-
ophilicity thus pointing in the direction of either a lipid-based or an

amorphous formulation for “grease ball” and “brick dust” molecules,
respectively. Yet, in the absence of a gold standard approach to fit all
poorly water-soluble drugs, there might be more than one suitable
strategy for a specific drug of interest. Consequently, some drugs have
been marketed as both lipid-based formulations and amorphous solid
dispersions (ASDs) as is the case for fenofibrate, ritonavir and efavirenz
(EFV) [3,4]. Irrespective of the principle, the common aim of such
enabling formulations is to bring the drug in solution above its equi-
librium solubility at the site of absorption. For ASDs, this is achieved by
having the drug molecularly dispersed in a polymer matrix. As the
matrix dissolves, drug is liberated from the formulation and can thus go
in solution without having to overcome the high lattice energy of its
crystalline counterpart. Dissolution of an ASD can thus potentially lead
to drug supersaturation in the gastrointestinal fluids and thereby in-
crease absorption by generating a steeper concentration gradient across
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the epithelium [4-8].

However, a direct translation from drug dissolution to permeation is
sometimes complicated by the complexity of such supersaturating sys-
tems, as the apparent concentration of a supersaturated solution is a
measure of both molecularly dissolved drug and colloidal drug, e.g.
solubilized in micelles, included into cyclodextrins or polymer-bound
[5-7,9]. Therefore, drug absorption might be overestimated by the
apparent degree of supersaturation if only the concentration gradient of
molecularly dissolved drug is driving passive diffusion [8]. A setup
combining non-sink dissolution with permeation (D/P-setup) can thus
aid in the evaluation of enabling formulations by strictly relying on the
molecularly dissolved drug for permeation [8,9]. One approach to such
D/P-setups is to incorporate the parallel artificial membrane perme-
ability assay (PAMPA) in which the membrane consists of a hydrophobic
polyvinylidene fluoride (PVDF)-filter coated with a phospholipid solu-
tion in dodecane [10,11]. PAMPA proved its potential for screening
large compound libraries already more than two decades ago by relating
PAMPA fluxes to in vivo absorption [12]. Since then, several modifica-
tions of the PAMPA-barrier have been introduced with alternative bar-
rier supports, membrane composition and/or media composition in
donor and receiver compartments, respectively [13]. Yet, without a
physical boundary separating the donor compartment and the PAMPA-
membrane, its incorporation in a D/P-setup might possess some chal-
lenges, e.g. emulsification of phospholipid membrane components into
the dissolution medium [13]. While this effect is likely negligible if the
amount of phospholipid solution to coat the hydrophobic PVDF-filter is
kept at a minimum, another concern could be the risk of drug in sus-
pension directly interacting with the components of the PAMPA-
membrane. A plausible result of such interaction with solid particles
of a lipophilic drug, e.g. fenofibrate, ritonavir or EFV, could be that
direct solubilization in the PAMPA-membrane would contribute to the
overall flux and thus an overestimation of drug absorption. Both the
PAMPA-, and the alternative phospholipid vesicle-based permeation
assay-membrane have previously been modified by incorporating mucus
as an additional barrier in a horizontal setup [14,15]. Yet, to the best of
our knowledge, the effect on in vitro-in vivo relationship by incorporating
an additional physical barrier in a vertical D/P-setup allowing for stir-
ring in both donor- and receiver compartment has not been reported
before.

Therefore, the first aim of the present study was to investigate
whether a PAMPA-based D/P-setup might lack predictability due to the
absence of a physical boundary between the PAMPA-membrane and the
donor compartment. Secondly, the aim was to investigate if the incor-
poration of such a physical boundary could successfully improve the in
vivo predictability of the D/P-setup. Binary polymer based ASDs of the
antiretroviral biopharmaceutics classification system class II drug, EFV,
were prepared for the evaluation using vacuum compression molding
(VCM) as this small-scale preparation procedure had already been
established in previous studies [16,17].

2. Experimental section
2.1. Materials

Efavirenz (EFV) was purchased from Jianbei Pharmaceutical (Zhe-
jiang, China). Two grades of hypromellose acetate succinate (HPMCAS)
(Shin-Etsu AQOAT® AS-LF and -MF) were supplied by Shin-Etsu
Chemical (Tokyo, Japan). Polyvinyl alcohol (PVOH, GOHSENOL™
EG-03PW) was supplied by Harke Pharma (Miilheim a. d. Ruhr, Ger-
many). Polyvinylpyrrolidone vinylacetate (PVPVA64, Kollidon® VA64)
was donated by BASF (Ludwigshafen, Germany). PAMPA-membranes
were prepared with hydrophobic polyvinylidene fluoride (PVDF) fil-
ters with a pore size of 0.45 pm from Frisenette (Knebel, Denmark)
impregnated with gastrointestinal tract (GIT) lipid from Pion Inc.
(Billerica, MA, USA). Sodium lauryl sulfate (SLS) and 4-(2-hydrox-
yethyl)piperazine-1-ethanesulfonic acid (HEPES) were purchased from

27

European Journal of Pharmaceutics and Biopharmaceutics 188 (2023) 26-32

Sigma-Aldrich (St. Louis, MO, USA) and Hank’s Balanced Salt Solution
(HBSS, 10x) was acquired from Thermo-Fisher (Waltham, MA, USA).

2.2. Preparation and characterization of test formulations

Four ASDs with 20% (w/w) EFV in either PVOH, HPMCAS AS-LF,
HPMCAS AS-MF or PVPVA64 were prepared for both in vitro and in
vivo assessment. A total amount of 1 g of EFV and polymer was initially
mixed in a 25 mL stainless steel jar with two 12 mm stainless steel balls
at 30 Hz for 5 min using an oscillatory ball Mixer Mill MM400 from
Retsch (Haan, Germany). Approximately 200 mg of the powder mixtures
were then molded to ASD discs (¢

20 mm) using a VCM from MeltPrep (Graz, Austria) by heating for 5
min at either 180 °C (PVOH) or at 160 °C (HPMCAS AS-LF, HPMCAS AS-
MF and PVPVAG64) followed by cooling. Lastly, the ASD discs were
processed by short cycles of particle size reduction and sieving to collect
a particle size fraction for reproducible testing. This was carried out in 5
mL stainless steel jars with two 5 mm stainless steel balls at 30 Hz using
an oscillatory ball Mixer Mill MM400 from Retsch (Haan, Germany)
followed by sieving (180-355 pm). An amount of 15-17 mg of the
crushed ASD was loaded into size 9 gelatin capsules (Torpac Inc., Fair-
field, NJ, USA) for both in vitro and in vivo assessment. Capsules loaded
with an equivalent amount of neat crystalline EFV of 3.0-3.4 mg were
also prepared by size fractioning (180-355 pum) quench-cooled EFV
followed by storage at 50 °C for 4 days to promote recrystallization. The
amorphous nature of the prepared ASDs and the crystallinity of the size
fractioned EFV were confirmed by X-ray powder diffraction (XRPD)
using an X'Pert PRO X-ray powder diffractometer equipped with a
PIXcel detector from PANalytical (Almelo, The Netherlands). Dif-
fractograms were collected using the X'Pert Data Collector software
(version 2.2i) from 5 to 30 °260 using a CuKa radiation source (45 kV, 40
mA, A = 1.54187 A) with a step size of 0.026 °20 and a scan speed of
0.067 °20/s. Scanning electron microscopy (SEM) performed with a
TM3030 Tabletop microscope from Hitachi (Tokyo, Japan) was used
with an accelerating voltage at 15 kV to evaluate the morphology of the
test formulations after particle size fractioning. The samples were gold
sputter coated to improve resolution of the SEM using a sputter coater
108auto from Cressington Scientific Instruments (Watford, UK).

2.3. In vivo pharmacokinetic study

Male Sprague-Dawley rats (Janvier Labs, Le Genest-Saint-Isle,
France) were housed in groups of five or six per cage and allowed to
acclimatize for at least one week with a reversed 12/12 h day/night
cycle. Fasting of the rats was initiated 12-16 h prior to the studies, with
ad libitum access to water. The rats were 6-7 weeks old and weighed 270
=+ 17 g (n = 27) on the day of the studies. The experiments were carried
out in agreement with the Danish law on animal experiments as
approved by the Danish Animal Experiments Inspectorate in accordance
with the EU directive 2010/63/EU under license number 2019-15-
0201-00262. The study was designed with five groups receiving an EFV
dose of 11.6 + 0.9 mg/kg by oral gavage of either neat crystalline EFV or
a 20% (w/w) EFV ASD in size 9 gelatine capsules. Blood samples of 250
puL were drawn from the tail vein into Microvette® 200 K3E tubes
(Sarstedt, Niimbrecht, Germany) at 0.5, 1, 2, 3, 4, 6 and 8 h after which a
gradient of CO9 gassing was used to kill the rats. The blood plasma was
isolated by centrifugation at 9300 x g for 10 min at 4 °C in a Micro-
centrifuge 5415 R (Eppendorf, Hamburg, Germany) and stored at
—20 °C until EFV quantification was carried out by high-performance
liquid chromatography (HPLC). The plasma samples were prepared for
analysis by the addition of an equivalent volume of acetonitrile followed
by 5 s of vortexing and storage at 4 °C for 30 min to precipitate the
majority of plasma proteins. The precipitated samples were then
centrifuged at 9300 x g for 10 min at 4 °C in a Microcentrifuge 5415 R
(Eppendorf, Hamburg, Germany), and the supernatant analysed by
HPLC on a Dionex Ultimate 3000 system (Thermo Fisher Scientific,
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Waltham, MA, USA) equipped with a 150 x 2.1 mm ACE Excel 5 C18
column (Advanced Chromatography Technologies, Aberdeen, UK). An
isocratic mobile phase of water:acetonitrile (1:1 v/v) was applied with a
flow rate of 0.6 mL/min resulting in a retention time of EFV of 5.1 min
which was quantified as the area under the curve (AUC) of the UV-
absorbance at 248 nm (LOQ = 40 ng/mL). A standard curve with R?
> 0.999 was prepared using EFV solutions in ACN (40 — 800 ng/mL)
which were mixed 1:1 (v/v) with blank plasma followed by identical
sample treatment as for the in vivo PK samples. All data were further
normalized to the EFV dose (mg/kg) administered to each rat.

2.4. In vitro Dissolution-Permeation studies

Two dissolution-permeation setups were investigated for potential
IVIVR only differentiated by the composition of the barrier between the
donor- and receiver compartments. Both setups were based on the
MicroFLUX™ model from Pion Inc. (Billerica, MA, USA), allowing for in
situ concentration monitoring in two compartments of approx. 20 mL
separated by a horizontal barrier with an absorptive area of 1.0 cm?
[9,11]. The barrier of the first D/P-setup comprised only of a PAMPA-
membrane prepared by the addition of 25 pL GIT-lipid to a hydropho-
bic PVDF filter (0.45 pm). For the second D/P-setup, an additional filter
(hydrophilic PVDF, 0.45 um) was introduced to act as a physical
boundary between the PAMPA-membrane and the donor compartment.
The hydrophilic PVDF-filter was gently wetted with a few drops of water
and then placed on top of the lipid-coated PAMPA-membrane while
making sure that no air bubbles were trapped in between. All other
parameters were identical between the two D/P-setups which were
initiated by addition of capsule test formulations to the donor
compartment identical to the ones used in the in vivo PK study. Thereby,
the in vitro D/P-setups incorporated both the aspect of capsule disinte-
gration while introducing the same EFV amount (3.0-3.4 mg) as was
done in vivo. The initial 15 min of the studies were carried out with 14.0
mL of diluted HCl (pH 3.5) with 0.2% (w/w) NaCl in the donor
compartment to mimic the gastric pH as previously measured in rats
[18,19]. The intestinal phase was then initiated by the addition of 7.0
mL phosphate buffer (87 mM, pH 7.0) with 1.5% (w/w) NaCl resulting in
a donor compartment of 21.0 mL phosphate buffer (29 mM, pH 7.0). The
receiver compartment was filled with 20.0 mL of acceptor sink buffer
(ASB) comprised of 1% (w/w) SLS in 10 mM HEPES-buffered HBSS with
pH 7.4. Probe tips with a path length of 10 and 20 mm were used for the
donor- and receiver compartments, respectively. Standard curves were
prepared before each study by the stepwise addition of EFV stock so-
lutions in DMSO not exceeding a final DMSO concentration of 1% (v/v).
The maximum concentration range of the standard curve in the donor
compartment was limited to 35 pg/mL as immediate precipitation was
observed above this concentration. Due to the relatively low concen-
trations expected in the receiver compartment, a standard curve from
0 to 10 ug/mL was implemented in order to accurately distinguish small
differences in this concentration range. A representative example of the
obtained spectra and standard curve in the receiver compartment can be
found in the supplementary material (Figure S1). Fresh media were then
equilibrated to 37 °C with cross magnetic stirrer bars at 250 rpm before
initiating the study by the addition of a test formulation in the donor
compartment. Concentrations were calculated with the Au PRO Soft-
ware version 5.5 (Pion Inc, Billerica, MA, USA) based on the UV-
absorption at 296 nm and scatter modelling baseline correction at
340 nm.

2.5. Visualization of drug particles in contact with the two barrier types

Microscopic visualization of potential dissolution of drug particles in
contact with the two barrier types was carried out using an oCello-
Scope™ System (BioSense Solutions, Farum, Denmark). Circular pieces
(¢ = 10 mm) of hydrophobic PVDF-filters (0.45 pm) were placed on the
bottom of the wells in a 48-well plate and prepared as PAMPA-
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membranes by the addition of GIT-lipid. One of the membranes was
then covered with a wetted piece of hydrophilic PVDF-filter similarly to
the conditions of the D/P-setup in which a physical boundary is included
between the PAMPA-membrane and the donor compartment. A sus-
pension of crystalline EFV in phosphate buffer (29 mM, pH 7.0) was
added in both wells immediately before initiating a 30 min scan of the
barrier surfaces. The collected images were analyzed using the back-
ground corrected absorption (BCA) algorithm in the UniExplorer soft-
ware ver. 8.1.

2.6. Data analysis

Data were processed with Microsoft Excel 2019 (Redmond, WA,
USA) and OriginPro 2020 by OriginLab Corp. (Northampton, MA, USA)
or GraphPad Prism version 9 (San Diego, CA, USA) with data expressed
as the mean =+ standard deviation (SD) unless otherwise stated.

3. Results
3.1. Preparation and characterization of test formulations

The drug in all four ASDs was confirmed to be amorphous as seen by
the absence of reflections corresponding to crystalline forms of the drug
(Fig. 1). Fully amorphous ASDs were formed except in the case of PVOH,
which showed distinctive peaks due to its semi-crystallinity similar to
what has been reported elsewhere [20]. Furthermore, recrystallization
of the size fractioned EFV particles was confirmed, as distinctive peaks
corresponding to the EFV polymorph I [21] were observed in the dif-
fractogram (Fig. 1).

The ASD particle size reduction was achieved by ball milling which
caused a plausible risk that the collected size fraction (180-355 pm)
would partly consist of agglomerated smaller particles. Therefore, im-
ages of the particle morphology were acquired by SEM (Fig. 2) which
confirmed that the collected ASD particles were indeed single particles
with smooth surfaces. Recrystallization of the neat EFV particles upon
storage at 50 °C was also evident by SEM, as the surface of recrystallized
neat EFV can be seen covered with crystals (Fig. 2A-C) in contrast to the
smooth surface of the HPMCAS AS-LF-based ASD (Fig. 2D-F). Additional
SEM images of all the formulations can be found in the supplementary
material (Figure S2).

Intensity

15 20 25 30

26 (%)

Fig. 1. Normalized X-ray powder diffractograms of the four amorphous solid
dispersions (ASDs) of efavirenz (EFV) (20% w/w) in polyvinyl alcohol (PVOH,
red), hypromellose acetate succinate AS-MF (HPMCAS AS-MF, purple), poly-
vinylpyrrolidone vinylacetate (PVPVA64, orange), HPMCAS AS-LF (green) and
of recrystallized EFV (blue). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Scanning electron micrographs of two of the test formulations after particle size fractioning (180-355 pm). A-C: Neat recrystallized EFV particles after four

days of storage at 50 °C. D-F ASD of 20% (w/w) EFV in HPMCAS AS-LF.

3.2. In vivo pharmacokinetic study

The plasma concentration profiles of EFV after oral gavage of the test
formulations to rats are shown in Fig. 3.

All four ASDs showed similar PK profiles with comparable pharma-
cokinetic parameters (Cpax, Tmax and AUC) as listed in Table 1. The only
significant difference observed between the ASDs was that of the AUCs
between the PVPVA64 (1250 + 262 h-ng/mL) and the HPMCAS AS-MF-
based ASD (1673 + 236 h-ng/mL). Yet, all ASDs had significantly higher
Cmax and AUCs compared to neat crystalline EFV with mean AUCs in the
order

HPMCAS AS-MF > PVOH > HPMCAS AS-LF > PVPVAG64.

3.3. In vitro Dissolution-Permeation studies

The five test formulations were tested in two in vitro D/P-setups both
based on in situ concentration monitoring in the MicroFLUX™ apparatus
from Pion Inc. (Billerica, MA, USA) with the only difference being the
type of permeation barrier installed. The first D/P-setup based on the
PAMPA-membrane alone showed significant discrepancies between the
EFV dissolution profiles in the donor compartment and the EFV
permeation profiles in the receiver compartment (Fig. 4).

While the PVOH-based ASD maintained an apparent concentration

600 - HPMCAS MF
5 - - HPMCAS LF
£ ] -~ PVP VA64
>
b 200~ —— EFV cryst.

Time (h)

Fig. 3. Pharmacokinetic profiles of EFV following oral administration of neat
crystalline EFV and four ASDs of 20% (w/w) EFV in the listed polymer matrices.
Data presented as mean =+ standard error of the mean (SEM), (n = 5-6).
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Table 1

Pharmacokinetic parameters of EFV following oral administration of neat
crystalline EFV (EFV ) and four ASDs of 20% (w/w) EFV in the listed polymer
matrices. Data presented as mean + SD.

HPMCAS HPMCAS PVOH PVPVA64 EFVryst
AS-MF AS-LF
Cmax (ng/ 601 +182° 540 +241° 508 + 476 +271° 108 +
mL) 2507 32
Tax (h) 1.8+ 0.4 2.2+ 0.4 2.4+ 1.8+0.8 3.2+
0.9 1.5
AUCo.gn 1673 + 1396 + 1454 + 1250 + 435 +
(h-ng/ 236" 259¢ 244° 260"¢ 63
mL)

Values indicated with an upper asterisk (*) are significantly different (P < 0.05),
while values indicated with a letter (* P < 0.05, ® P < 0.01, ¢ < 0.0001) are
significantly different to the corresponding values of EFV . (ANOVA with
Tukey’s multiple comparison test).

in the donor compartment of 4-5 times that of both the PVPVA64-based
ASD and neat crystalline EFV, their respective EFV permeation profiles
were basically identical. This immediately suggested room for
improvement of the D/P-setup as the in vivo PK study resulted in
significantly lower AUC and Cpax from the neat crystalline EFV
compared to all the ASDs (Table 1). A 100% solubilization in the donor
compartment would correspond to an EFV concentration of 152 pg/mL
based on a dose of 3.2 mg in the intestinal buffer of 21 mL. Thus, with a
donor concentration plateauing at the equilibrium solubility of 12 ug/
mL after dosing neat crystalline EFV, <10% of the drug was dissolved.
Ideally, this should not contribute to the flux of EFV other than main-
taining the free drug concentration gradient by continues dissolution as
a result of permeation. Yet, the neat crystalline EFV led to the same
amount of drug permeation as the PVOH- and PVPVA64-based ASDs
which potentially could be a result of solubilization of EFV particles in
the phospholipid-dodecane solution of the PAMPA-membrane. The
permeation barrier was therefore modified in a second in vitro setup,
such that a hydrophilic PVDF-filter was incorporated facing the donor
compartment to reduce the potential of direct interaction between solid
EFV particles and the PAMPA-membrane. The concentration profiles of
the second in vitro D/P-setup are shown in Fig. 5.

As expected, the dissolution profiles in the second D/P-setup were
similar to those observed in the first D/P-setup, as the modification was
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Receiver

HPMCAS AS-LF
HPMCAS AS-MF
EFV cryst.
PVOH

PVP VA64

bbb

Time (h)

Fig. 4. EFV concentration profiles in the donor and receiver compartments of the in vitro dissolution-permeation (D/P) setup with PAMPA-membrane alone as the
permeation barrier. The test formulations (neat crystalline EFV and four ASDs of 20% (w/w) EFV in the listed polymer matrices in size 9 gelatin capsules) were added
to the donor compartment at t = 0 min. The dotted line on the left graph indicates the change from gastric pH 3.5 to intestinal pH 7.0. Data presented as mean =+ SD,

(n = 3-4).

strictly confined to the barrier. Nevertheless, the addition of the hy-
drophilic PVDF-filter dramatically changed the EFV concentration
measured in the receiver compartment. In general, a 10-fold reduction
of the receiver EFV concentrations was observed in the D/P-setup
including the hydrophilic boundary compared to the D/P-setup only
applying a PAMPA-membrane. In terms of rank order of the formula-
tions, the most notable difference was a relative drop in the performance
of the neat crystalline EFV together with an improvement of its repro-
ducibility. Another significant change was observed for the HPMCAS AS-
LF based ASD which out-performed the other formulations when only
the PAMPA-membrane was installed. Yet, with the additional PVDF-
filter, both HPMCAS-based ASDs had very similar receiver concentra-
tion profiles.

3.4. In Vitro-In vivo relationship

The predictabilities of the two D/P-setups were evaluated based on
linear regressions when plotting the full 8 h in vivo AUCs against the
AUGs of the initial 2.5 h of the receiver concentrations as shown in
Fig. 6. The 2.5 h in vitro AUC was chosen as this allowed for including in
vitro data for 2 h excluding the initial lag-phase in the receiver com-
partments. Furthermore, the IVIVR did not improve from extending the
in vitro AUC to 3 or 4 h as shown in Figure S3.

No correlation was observed between the AUCs of the EFV plasma
profiles from the PK study and the AUCs of the receiver compartment
from the D/P-setup when the barrier only consisted of the PAMPA-
membrane. However, a similar plot based on in vitro data from the D/
P-setup with the additional hydrophilic PVDF-filter resulted in a linear
correlation (R2 = 0.97). The improvement in IVIVR when incorporating
the hydrophilic PVDF-filter was primarily driven by the drop in the in

200+

Donor
~ 1501 n
E il
pe
£ 100 L ---{“—---»
w504
+ PAMPA
0- —————
0 2 3 4
Time (h)

EFV (pg/mL)

vitro performance of neat crystalline EFV and the ASD based on HPMCAS
AS-LF relative to the other ASDs. The two barrier types were further
investigated microscopically to elucidate whether this dramatic
improvement of the D/P-setup could be due to the effect of the addi-
tional hydrophilic PVDF-filter blocking crystalline drug particles from
interacting with the PAMPA-membrane.

3.5. Visualization of drug particles in contact with the barrier types

The two barrier types were immersed in a crystalline suspension of
EFV and the barrier surfaces monitored using the oCelloScope™ System
(BioSense Solutions, Farum, Denmark). The relative barrier surface area
being covered with EFV particles is shown in Fig. 7, plotted as
normalized BCA over time after the addition of the crystalline suspen-
sion of EFV.

The images acquired on the surface of the hydrophilic PVDF filter
placed on top of the PAMPA-membrane were distorted due to signifi-
cantly reduced light transmission making the images appear black.
Nevertheless, the BCA algorithm was able to correct the background
intensity in order to track sedimentation of EFV particles on the barrier
surface reaching a maximum BCA after about 20 min. On the other hand,
images through the PAMPA barrier resulted in well illuminated images,
thus making it possible to relate the calculated BCA to the visual evi-
dence of the EFV particle distribution on the barrier surface (video can
be found in the supplementary material). The EFV particle density
reached a maximum on the PAMPA barrier after about 5 min after which
a gradual decline is observed most likely caused by EFV dissolution in
the PAMPA-membrane components.

Receiver
iy HPMCAS AS-LF

HPMCAS AS-MF
PVOH

PVP VAG64

EFV cryst.

t

t

t

Time (h)

Fig. 5. EFV concentration profiles in the donor and receiver compartments of the in vitro D/P-setup incl. a hydrophilic PVDF-filter as physical boundary between the
PAMPA-membrane and the donor compartment. The test formulations (neat crystalline EFV and four ASDs of 20% (w/w) EFV in the listed polymer matrices in size 9
gelatin capsules) were added to the donor compartment at t = 0 min. The dotted line on the left graph indicates the change from gastric pH 3.5 to intestinal pH 7.0.

Data presented as mean + SD, (n = 3-4).
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Fig. 6. Area under the curves (AUCs) of EFV receiver concentrations of the initial 2.5 h of the two in vitro D/P-setups as a function of the full 8 h AUCs of the EFV
pharmacokinetic profiles in rats. The five test formulations were neat crystalline EFV and four ASDs of 20% (w/w) EFV in the listed polymer matrices. Left: In vitro
data from the D/P-setup only with a PAMPA-membrane as barrier. Right: In vitro data from the D/P-setup with the additional hydrophilic PVDF-filter as physical
boundary between the PAMPA-membrane and the donor compartment. Data presented as mean =+ SD, (n = 3-6). Some error bars do not appear as they are shorter

than the size of the symbol.
4. Discussion

The predictability of an in vitro setup depends on its capability to
distinguish absorbable drug species, i.e. molecularly dissolved, from
nonabsorbable species, e.g. solubilized in micelles, polymer-bound or
even solid particles. The current findings of EFV suggest that a D/P-setup
with only a PAMPA-membrane as barrier might lack predictability, due
to potential dissolution of solid drug particles in the membrane com-
ponents. In the present study, we decided to test this hypothesis with
crystalline EFV and binary ASD formulations (amorphization confirmed
by XRPD), all dosed with a fixed EFV amount and particle size fraction
(confirmed by SEM). The average flux and the variability observed from
neat crystalline EFV was relatively high compared to the four ASDs
when using the PAMPA-membrane alone as barrier in the D/P-setup. A
possible explanation for this high variability of the flux could be that it
not only depends on the equilibrium solubility in the donor compart-
ment, but also on the amount of EFV particles that by chance come in

BCA (Normalized)

direct contact with the PAMPA-membrane on the donor side. Being a
relatively lipophilic drug (logP ~ 4) [22], such direct contact might not
surprisingly result in dissolution in the phospholipid-dodecane mixture
of the membrane as observed in the microscopic visualization. In
contrast, with the addition of the hydrophilic PVDF-filter as a physical
boundary between PAMPA-membrane and the donor compartment,
such solubilization at the barrier surface was not observed and neither
was the overperformance nor the variability of the neat crystalline EFV
compared to the ASDs. Thus, the additional boundary can be regarded to
act as a simple analogue to the mucus layer, which likewise acts as the
physical but far more complex and dynamic boundary between luminal
content and the epithelial tissue in vivo [23]. The negative charge of
mucus might to some extend be featured by the addition of a PVDF filter
[24], however dur to its simplicity, it will inevitably fail to recreate the
interactive properties of endogenous mucus. Mucus has previously been
incorporated in artificial membrane-based in vitro permeation setups,
yet these studies have been limited to horizontal barriers [14,15]. In
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Fig. 7. Image analysis of EFV particle distribution on the two barrier types. Top: Normalized background corrected absorption (BCA) analysis. Bottom Images of EFV

particle distribution on the surface of the PAMPA-membrane after 0, 5 and 30 min.
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contrast, the present PVDF-filter has the advantage of also being
compatible with vertical barriers, e.g. the PAMPA membrane of the
microFLUX® setup. However, whether this additional physical bound-
ary is necessary in order to achieve IVIVR might depend on the test
formulations and/or the physicochemical properties of the drug. There
is a rationale for an additional physical boundary between the donor
compartment and the PAMPA-membrane when the drug is either added
as a solid formulation or if the drug tends to precipitate during the
experiment. Furthermore, it is plausible that its relevance increases with
the lipophilicity of the drug as a result of greater affinity to the PAMPA-
membrane components.

5. Conclusion

The present study successfully established a linear IVIVR (R? = 0.97)
between an in vitro D/P-setup and a rat PK study of five test formulations
of EFV incl. four ASDs (with HPMCAS AS-LF and -MF, PVOH, PVPVA64
as carrier polymers) and a crystalline formulation. This was achieved by
modifying the D/P-setup with the addition of a physical boundary be-
tween the donor compartment and the PAMPA-membrane, thereby
precluding solid drug particles in suspension from interacting with the
lipid components of the PAMPA-membrane. Microscopic visualization
supported the hypothesis that such interaction could otherwise result in
direct drug dissolution in the lipid components of the PAMPA-
membrane and consequently contribute to the overall flux. This poten-
tial contribution to the flux might thus in general be a relevant factor to
preclude when assessing formulations that are prone to cause precipi-
tation. The relatively easy modification of the barrier by introducing a
hydrophilic filter is thereby likely to provide a stronger preclinical
foundation in the formulation development of enabling formulations by
resulting in a more accurate rank order and estimation of bioavailability
improvement.
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