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ABSTRACT: It was the purpose of this study to investigate
excipient-mediated precipitation inhibition upon induction
of supersaturation of poorly water-soluble drugs in aspirated
human intestinal fluids (HIF) representing both the fasted
and fed state. Etravirine, ritonavir, loviride, danazol and
fenofibrate were selected as model compounds. For com-
parative purposes, precipitation inhibition was also evaluated
in simple aqueous bufter, and in intestinal simulation media
representative for the fasted and fed state (FaSSIF and
FeSSIF, respectively). Supersaturation was induced in the
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test media containing predissolved excipient (HPMC-AS, HPMC-ES, HPMC-ES0, HPMC-E4M, HPMC-P and PVP) at a
defined degree of supersaturation (DS = 20) using the solvent shift method. The results illustrate that cellulosic polymers can
reduce the precipitation rate and stabilize supersaturation in HIF. The extent of stabilization was compound and excipient
dependent but independent of the nutritional state. Whenever excipient effects were observed, the predictive value of simple buffer
or FaSSIF/FeSSIF was rather limited. In general, excipient-mediated precipitation inhibition was less pronounced in HIF compared
to simple aqueous buffer or FaSSIF/FeSSIF. However, excipients showing no effect in simple aqueous buffer or FaSSIF/FeSSIF
also proved to be ineffective in HIF, indicating the value of these simulation media in the elimination of excipients during

formulation development.
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B INTRODUCTION

With the increasing number of poorly water-soluble com-
pounds in contemporary drug discovery pipelines,"* the concept
of supersaturation as a tool for enhancing bioavailability is gaining
momentum, especially in the field of oral drug delivery where
increased intraluminal concentrations through supersaturation
are expected to enhance the intestinal absorption. For this enhanced
intestinal absorption to take place, supersaturation must be
induced and maintained in the gastrointestinal environment. In
vivo, induction of supersaturation can be achieved through
various formulation approaches (supersaturating drug delivery
systems) or, in the specific case of a basic drug, upon transfer
from the stomach to the intestine (pH-shift); different approaches
to induce supersaturation have recently been reviewed by
Brouwers et al.> Upon induction, the thermodynamically unstable
state of supersaturation has to be maintained for a time period long
enough to allow intestinal absorption. Maintenance of the super-
saturated state has been the subject of research of various academic
and industrial laboratories. It has been demonstrated that inclu-
sion of excipients that delay precipitation may stabilize super-
saturation in vitro; pharmaceutical excipients which have been
applied to serve this purpose include polymers,*® surfactants®'*!!
and cyclodextrins.>'* The awareness that supersaturation in the
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intraluminal environment could enhance intestinal absorption
has urged pharmaceutical companies to implement high throughput
precipitation screening systems to evaluate the supersaturation
potential during lead selection/optimization and to assist in
excipient selection during formulation development. As it can
be expected that the gastrointestinal environment affects drug
precipitation in vivo, a biorelevant in vitro evaluation of super-
saturation requires careful selection of the test medium. Whereas
most publications report on the use of simple aqueous buffer
based supersaturation assays,* also more biorelevant media
[simulated intestinal fluids (SIF)] have been used during pre-
cipitation screening in an attempt to improve the in vitro—in vivo
correlation.®'® Recent research performed in our laboratory has
shown that supersaturation can be maintained up to a certain
degree in human intestinal fluids (HIF) in the absence of phar-
maceutical excipients;'* however, it remains unclear whether
supersaturation in HIF can be further stabilized by the use of ex-
cipients and whether components present in the intestinal
environment (bile salts, lecithin, food components) affect
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Table 1. Physicochemical Parameters of the Five Model Drugs Used in the Present Study

compound ionization behavior mol wt (g/mol)
etravirine weakly basic (pK, 4.5) 43S
ritonavir weakly basic (pK, 2.98) 721
loviride neutral 351
danazol neutral 337
fenofibrate neutral 360

no. of H-donors no. of H-acceptors cLogP
2 6 5.54
4 11 5.22
2 6 3.98
1 3.38
0 4 5.28

excipient-mediated precipitation inhibition. This lack of knowl-
edge hampers extrapolation of the results from excipient screen-
ing using in vitro buffer or SIF based precipitation assays to the in
vivo situation.

To gain more insight into the impact of the human intestinal
environment on excipient-mediated precipitation inhibition,
supersaturation studies were performed in aqueous buffers, SIF
and HIF, representing both fasted and fed state, using 5 poorly
soluble drugs classified as class 2 (etravirine, loviride, danazol,
fenofibrate) or class 4 (ritonavir) compounds in the bio-
pharmaceutics classification system (BCS). The model compounds
were selected to cover a broad range of low solubilities in FaSSIF
and FeSSIF which implies that, in theory, all compounds could
benefit from supersaturation to enhance intestinal absorption.
Physicochemmical properties of the respective model compounds
are summarized in Table 1. Based on literature research®'* and
preliminary experiments, which did not show any beneficial effects
of surfactants or cyclodextrins on precipitation inhibition (data
not shown), only polymers (cellulosics and PVP) were consid-
ered as stabilizing excipients in this study. The cellulosic poly-
mers included hydroxypropylmethylcellulose (HPMC) (grade ES,
ESO and E4M), hydroxypropylmethylcellulose acetate succinate
(HPMC-AS) (grade LF) and hydroxypropylmethylcellulose phtha-
late (HPMC-P) (grade HPS0). Using combinations of these
polymers and drugs, it was the goal of this study (1) to investigate
the extent of precipitation inhibition in SIF and simple buffer solu-
tions following the inclusion of different excipients, (2) to compare
the obtained results with results obtained in human intestinal fluids
(HIF) ex vivo, and (3) to identify potential food effects on the
precipitation inhibition performance of excipients.

B MATERIALS

Loviride was kindly donated by Johnson & Johnson Pharma-
ceutical Research and Development (Beerse, Belgium); etravir-
ine was provided by Tibotec-Virco Virology bvba (Beerse,
Belgium); ritonavir was received from APL Healthcare Limited
(Ameerpet, India); danazol and fenofibrate were obtained from
Indis (Aartselaar, Belgium). Hydroxypropylmethylcellulose ace-
tate succinate (HPMC-AS) (grade LF), hydroxypropylmethyl-
cellulose phthalate (HPMC-P) (Grade HPS50) (Shin Etsu Che-
mical Co., Ltd., Tokyo, Japan), hydroxypropylmethylcellulose
(HPMC) (Grade ES, ESO and E4M) (Colorcon Ltd,
Kent, U.K.) and polyvinylpyrrolidone K25 (PVP K25) (BASF,
Ludwigshafen, Germany) were received as free samples. Orlistat
[Sigma-Aldrich (St. Louis, MO, USA)], sodium taurocholate
(practical grade) [ICN Biomedicals, Inc. (Eschwege, Germany)]
and Phospholipon 90G (lecithin) [Nattermann Phospholipid
Gmbh (Koln, Germany)] were used as received. Acros Organics
(Geel, Belgium) supplied methanol (MeOH), dimethyl sulfoxide
(DMSO), sodium acetate trihydrate and NaH,PO, - H,O, while
NaCl and acetonitrile were provided by Fisher Scientific
(Leicestershire, U.K.). Chloroform and acetic acid were from

Chemlab NV (Zedelgem, Belgium); NaOH pellets were ob-
tained from BDH Laboratory Supplies (Poole, U.K.). Water was
purified with a Maxima system (Elga Ltd., High Wycombe Bucks,
U.K.). Ensure Plus (Abbott Laboratories B.V. Zwolle, The
Netherlands) was used to simulate a standard meal. One portion
of 200 mL has an energy content of 1.263 kJ of which lipids,
carbohydrates and proteins constitute 29%, 54% and 17% on
energy basis, respectively; the osmolality amounts to 670 mOsm/kg;
the pH is 6.6. Double-lumen polyvinyl catheters [Salem Sump
Tube 14 Ch (external diameter 4.7 mm), Sherwood Medical,
Petit Rechain, Belgium] were used for the aspiration of human
intestinal fluids.

B METHODS

Human Intestinal Fluids (HIF) Sampling. Duodenal fluids
of four healthy volunteers (two female, two male, between 19 and
35 years old), collected in two different nutritional states, were
used for solubility measurements and supersaturation assays. The
procedure for collecting HIF followed the tenets of the Declara-
tion of Helsinki and was approved by the Committee of Medical
Ethics of the University Hospitals Leuven, Belgium (ML3242).
All volunteers provided written informed consent to participate
in this study. The HIF were collected every 15 min for up to 120 min
from the duodenum (D2—D3) after the intake of 200 mL of
water (fasted state) or a liquid meal (Ensure Plus 400 mL) + 200 mL
of water (fed state). We refer to a previous study for a more
detailed description of the HIF aspiration protocol.'® In order to
inhibit further in vitro lipolysis after sampling, the general lipase
inhibitor orlistat, dissolved in ethanol, was immediately added to
the collected fractions in a final concentration of 1 M (final
ethanol concentration 0.1% (v/v)). For each nutritional state,
one pooled sample was made by combining the aspirates from all
4 volunteers. The pooling was performed in order to obtain
media with average characteristics for each nutritional state. The
pH of the pooled HIF was measured immediately after pooling of
the different fractions, before and after experiments (Hamilton
Slimtrode); the pooled HIF were stored at —30 °C until usage in
solubility or supersaturation assays.

Preparation of FaSSIF and FeSSIF. For comparative pur-
poses, experiments were also performed using simple aqueous
buffer (i.e., blank FaSSIF; FaSSIF without biorelevant compo-
nents, pH 6.5) and simulated intestinal fluid (SIF) for the fasted
(FaSSIF) and the fed (FeSSIF) state. Blank FaSSIF, FaSSIF and
FeSSIF were made according to the composition reported by
Vertzoni et al. (revised standard FaSSIF and FeSSIF with prac-
tical grade taurocholate and soybean lecithin).'”

Solubility Measurement. The thermodynamic solubility of
the model compounds was determined using the standard shake
flask method in blank FaSSIF, simulated intestinal fluids (FaSSIF
and FeSSIF) and in pooled fasted and fed state HIF correspond-
ing to the fasted and fed states. All solubility experiments were
performed in triplicate. When centrifugation was used for solid
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Table 2. Parameters for the HPLC Analysis of the Five Drugs Used in the Present Study

etravirine ritonavir
mobile phase 20/80 buffer”/MeOH" 20/80 buffer”/MeOH"
flow rate (mL/min) 1.0 1.0
retention time (min) 6.2 S.S
detection UV (nm) 312 247
quantification limit (M) 0.02 0.4

“25 mM sodium acetate buffer, pH 3.5. " Methanol. © Acetonitrile.

loviride danazol fenofibrate
50/50 buffer’/AcN®  85/1S buffer’/MeOH®  20/80 buffer’/MeOH"
1.0 1.0 15
7.7 6.0 7.6
366 288 287
0.2 0.04 0.083

phase separation, approximately 2 mg of drug compound was
added to microcentrifuge tubes containing 1 mL of blank FaSSIF,
FaSSIF or FeSSIF or 500 uL of HIF. Samples for filtration were
prepared by adding approximately 20 mg of drug to 10 mL of
blank FaSSIF in a test tube. Prior to centrifugation or filtration,
the samples were allowed to equilibrate in a prewarmed shaking
incubator [37 °C at 130 rpm (Incubator shaker series 25D, New
Brunswick Scientific Co., Inc, Edison, NJ)]. Since previously
reported equilibrium times in biorelevant media for poorly soluble
drugs showed that equilibrium was always reached within 24 h,'#°
the equilibration time was set at 24 h. The solid phase was sep-
arated from the dissolved part using centrifugation (15 min, 20817 g
at 37 °C) in all cases except for ritonavir in blank FaSSIF where
filtration was used (0.2 um regenerated cellulose, Macherey Nagel,
Diiren, Germany). Adsorption of ritonavir to filter material was
minimal, and 1 mL appeared to saturate the filter material. The
filtrate/supernatant of the blank FaSSIF samples was diluted twice
in MeOH. The supernatant of the FaSSIF and FeSSIF samples was
diluted 1/10 with mobile phase. The diluted blank FaSSIF and SIF
samples were used as such for further analysis. For HIF samples,
precipitation and separation of proteins present in HIF were
achieved by diluting the supernatant 1/10 in mobile phase, followed
by a second centrifugation (S min, 20817g at 37 °C). The resulting
supernatant was used for quantification.

Supersaturation Test. Supersaturation was investigated using
the solvent-shift method. The experimental setup consisted of a
water bath at 37 °C with either 40 mL dissolution vessels for larger
test volumes or small 4 mL vessels for smaller test volumes (HIF
samples). Preliminary experiments using FaSSIF demonstrated no
significant influence of the test volume on supersaturation behavior
of the S model compounds used (data not shown). The vessels
contained 20 mL of blank FaSSIF (BFA), FaSSIF or FeSSIF, or 2 mL
of HIF with or without 0.05% predissolved excipient, and were
equilibrated at 37 °C. Magnetic stirrer bars provided mixing of the
medium (400 rpm). Stock solutions in DMSO of various drug
concentrations were prepared to induce an initial degree of super-
saturation (DS) equal to 20. At the final DMSO (<2%) or excipient
(0.05%) concentration applied in the tested media, no significant
influence on the thermodynamic solubility was noticed (data not
shown). After adding the DMSO stock solutions to the test medium,
samples (1 mL FaSSIF/FeSSIF, 200 4L HIF) were taken at 15, 30,
45, 60, 90, and 120 min and centrifuged (10 min, 20817 g, 37 °C),
except for the samples of ritonavir in blank FaSSIF which were
filtered. The supernatant of the simulating fluid samples (FaSSIF and
FeSSIF) was directly diluted 1/10 in mobile phase and analyzed as
such. The filtrate/supernatant of blank FaSSIF samples was directly
diluted twice in MeOH before analysis. The supernatant of HIF
samples was diluted 1/10 in mobile phase and centrifuged (S min,
20817g, 37 °C) to precipitate and separate proteins respectively; the
resulting supernatant was used for analysis. All supersaturation
experiments were performed in triplicate.

Degree of supersaturation

0 20 40 60 80 100 120
Time (min)

Figure 1. Degree of supersaturation—time profiles of etravirine in
FaSSIF (@) and FaSSIF + 0.05% HPMC-AS (A) upon solvent shift
(initial degree of supersaturation 20). In addition, the saturation profile
(DS = 1) of etravirine in FaSSIF (<) is presented. Mean =+ SD (n = 3).

Analysis. All drug concentrations were determined by re-
versed phase HPLC analysis with UV detection. An aliquot (50 uL)
of the diluted supernatants, obtained as described above, was
injected into a Waters HPLC system consisting of an Alliance 2695
separations module and a Novapak C-18 column under radial
compression (Waters, Milford, MA). UV signals were detected
by a Waters UV detector (W2487). All chromatographic meth-
ods were run in the isocratic mode. A detailed description of the
chromatographic methods can be found in Table 2. The ob-
served peaks were integrated using Empower Pro (Empower 2)
software. Calibration curves were made in mobile phase. Samples
were diluted to fit in the range of the linear calibration curve.
Precision and accuracy were assessed by analyzing standard
samples (n = S) at a high and a low level. The determination of
the intraday repeatability resulted in relative standard deviations and
bias below 5.0% at all concentrations and for all model drugs.

Data Analysis and Presentation. Supersaturation Profiles.
Supersaturation data were processed as degree of supersaturation—
time profiles (DS—time profiles). The DS was calculated by dividing
the concentration measured at a particular time point by the equi-
librium solubility of the corresponding drug in exactly the same medi-
um. For instance, a DS equal to 10 means that 10 times more drug is
dissolved compared to the equilibrium solubility in the corresponding
medium. Typical DS—time profiles for etravirine are given in Figure 1,
showing the saturation curve (DS = 1), the DS—time profile after
solvent shift into plain FaSSIF (no excipient), and the DS—time
profile after solvent shift into FaSSIF including 0.05% HPMC-AS. In
view of the limited time resolution of the DS—time profiles, a full
kinetic analysis of the precipitation process was not feasible.

dx.doi.org/10.1021/mp100377m |Mol. Pharmaceutics 2011, 8, 564-570
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Table 3. Mean Solubility Values 4= SD (n = 3) of the Different Model Compounds in Blank FaSSIF, FaSSIF, FeSSIF, FaHIF and FeHIF

solubility («M) blank FaSSIF (pH 6.5) FaSSIF (pH 6.5)
etravirine na’ 228 +0.01
ritonavir 3.04 + 0.30 11.7+£221
loviride 2.12 + 0.16 8.53 £0.15
danazol 0.56 £ 0.07 19.9 +0.56
fenofibrate 0.27 £ 0.03 37.7£0.20

“Not available.

FeSSIF (pH 5) FaHIF (pH 6.70) FeHIF (pH 5.88)

143+ 0.57 4.054+0.39 9.60 £1.76
19.9£0.81 24.3£0.55 47.3+2.68
26.7£0.05 1944 1.13 61.6£11.6
65.9+0.25 24.5+048 844 +4.12
149+ 2.81 33.1+1.70 S501+11.8

Supersaturation Factor. To allow appreciation of the degree
of supersaturation as a function of time for the different model
compounds in various conditions, the supersaturation factor
(SF) was calculated as follows: areas under the DS—time profiles
up to 120 min (AUC 50mi,) were calculated using Graphpad Prism
software (Graphpad software Inc.) and divided by the AUC g, for
a saturated solution (DS: 1). This is illustrated in Figure 1, where the
SF for etravirine in FaSSIF is given by the following equation:

area A + area B
SPpssp = —————————— (1)
area A

Excipient Gain Factor. To allow quick assessment of the
extent to which excipients stabilize supersaturation, the excipient
gain factor (EGF) was calculated by dividing the AUC 5gmin of
the DS—time profile in the presence of excipient by the AUC 0min
of the DS—time profile in the absence of excipient. For instance,
based on Figure 1, the excipient gain factor of HPMC-AS in
FaSSIF for etravirine is calculated as follows:

area A + area B + area C
EGF AS = 2
HPMC-AS area A + area B ( )

Statistical Analysis. To determine the significance (p < 0.05)
of the excipient gain factor, one sided ANOVA tests were
performed using the Dunnett’s multiple comparison test as a
post test (Graphpad software Inc.).

B RESULTS AND DISCUSSION

Solubility. Knowledge of the thermodynamic solubility is a
necessity when investigating supersaturation in a specific me-
dium; therefore, thermodynamic solubilities were determined for
the S model compounds in blank FaSSIF, FaSSIF, FeSSIF, fasted
state human intestinal fluids (FaHIF) and fed state human
intestinal fluids (FeHIF). Mean solubility values in the respective
media are summarized in Table 3. Inclusion of the different
excipients (0.05%) used did not significantly affect the solubility
of the S model compounds in the respective media (data not
shown). The solubility of etravirine in blank FaSSIF was ex-
tremely low and could not be determined in a reproducible
manner; consequently, no supersaturation studies were performed
for etravirine in blank FaSSIF. In line with previous reports,'*'®
food intake resulted in an increased solubilizing capacity. In
general, the solubilities obtained in simulated intestinal fluids
underestimated the solubility in HIF except for etravirine in
FeSSIF and fenofibrate in FaSSIF. The solubilities of etravirine
and loviride in the pooled HIF used in the present study are
comparable to previously obtained solubilities in a different HIF-
pool.'* This indicates that the followed pooling procedure
provided HIF samples representative for the average solubilizing
capacity of HIF in fasted and fed state conditions.

Supersaturation Factor
i

I
%
g 7 7
p 2 2
o 1l - PEp | |-
ol vl ol | vl V1
Etravirine Ritonavir Loviride Danazol Fenofibrate

Figure 2. Supersaturation factors for the 5 model compounds in blank
FaSSIF (open bars), FaSSIF (gray bars), FeSSIF (black bars), FaHIF
(striped gray bars) and FeHIF (striped black bars), in absence of any
pharmaceutical excipient. The supersaturation factor was calculated as
the ratio of the area under the DS—time profile up to 120 min
(AUC 30min) starting from an initial degree of supersaturation of 20
and the AUC o for a saturated solution; mean & SD (n = 3); the
dotted line (- --) represents the solubility (supersaturation factor = 1).

804

604

M

40

0 50 100 150
Time (min)
Figure 3. Concentration—time profiles of etravirine in FaHIF (@) and

FeHIF (M). Mean + SD (n = 3), starting from an initial degree of
supersaturation of 20 after solvent shift.

Supersaturation Factor. Based on the obtained solubility
values, a degree of supersaturation equal to 20 was induced in the
respective media by means of a solvent shift method using
DMSO as the organic phase. DS—time profiles were constructed,
and the “supersaturation factor”, expressed as the ratio of the area
under the DS—time profiles up to 120 min (AUC,0p;,) and the
AUC 50min for a saturated solution, was calculated for the $
model compounds in the different media in absence of any
pharmaceutical excipient (Figure 2). In line with our previous
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Table 4. Mean Excipient Gain Factors of the Different Excipients in FaSSIF and FeSSIF for the Different Model Compounds”

Medium FaSSIF

Excipient

Compound
Etravirine 2,71
Ritonavir
Loviride
Danazol
Fenofibrate

3,60 4,66 5,02 4,77
2,55 2,84 2,88 2,74
beryl 0,87 | 0,91

1,82 2,14 223 2,06

1095 ] 1,05 14.03 11,04 076 | 0.74 [ 110 ] 1,07 0.96 | 098 | 1.5

490Xl 274 258 3,16 3,06 F7eNER

FeSSIF
o
&) a
Z2 | &
I
166 181 142 145 1,62 K

Il 2,220 290 3,69 3,25 2,50 /S
1,14 | 0,95 | 0,99 | 0,96

:>2,5 fold increase in AUC20min cOmpared to the no excipient condition
X 11,3 to 2,5 fold increase in AUC20min compared to the no excipient condition

X : No significant or < 1,3 fold increase in AUC;20min cOmpared to the no excipient condition

“ The excipient gain factor was calculated as the ratio of the AUC 50, of the DS—time profile in the presence of excipient to the AUC 50, of the DS—

time profile in the absence of excipient.

study,'* the results illustrate that supersaturation can occur in
plain HIF; the stability appeared to be compound and medium
dependent. As illustrated in Figure 2, the supersaturation stability
in FaHIF was found to be different from that in FeHIF: higher
mean supersaturation factors were obtained in FaHIF compared
to FeHIF for all model compounds. The higher supersaturation
factors in FaHIF also resulted in higher concentration—time cur-
ves in FaHIF compared to FeHIF for etravirine, ritonavir and
loviride; this is illustrated for etravirine in Figure 3 where the
concentration—time profiles are shown in FaHIF and FeHIF.
This indicates that, for these compounds, induction of super-
saturation may cause intraluminal concentrations to be lower in
the fed state compared to the fasted state, despite the higher
solubilizing capacity of FeHIF. In the case of danazol, the higher
solubilizing capacity of FeHIF compensated for the lower super-
saturation factor in FeHIF: AUC 50, of the concentration time
curve in FeHIF was almost 3-fold higher than in FaHIF. In
contrast to FaHIF and FeHIF, the supersaturation stability in
FaSSIF and FeSSIF was quite comparable indicating little
influence on supersaturation stability of the additional amount
of taurocholate and lecithin in FeSSIF. The supersaturation
factors obtained using blank FaSSIF confirmed previous obser-
vations'* that this test medium provides a general overestimation
of the supersaturation stability in HIF and FaSSIF/FeSSIF.
Excipient-Mediated Precipitation Inhibition in FaSSIF and
FeSSIF. Since precipitation was observed for all model com-
pounds, different polymers were tested for their precipitation
inhibiting properties. Because of the limited availability of HIF,
all polymers included in this study were first tested for their
supersaturation stabilizing effects in FaSSIF and FeSSIF. Super-
saturation was induced in both FaSSIF and FeSSIF in the
presence of 0.05% (w/v) of excipient (HPMC-ES/ES0/E4M,
HPMC-AS, HPMC-P and PVP K25). The data are presented as
mean excipient gain factors which indicate the fold increase in
AUC | 20min of the DS—time profile in the presence of excipient as
opposed to the DS—time profile in the absence of excipient.
Table 4 gives an overview of the excipient gain factors in FaSSIF
and FeSSIF for the five model compounds. Any filled back-
ground represents a significant (p < 0.0S) excipient-mediated
increase in AUC50min (gray background: 1.3- to 2.5-fold in-
crease, black background: over 2.5-fold increase). Polymer

effects on supersaturation stabilization appeared to be compound
dependent. Etravirine, loviride and danazol were sensitive to
excipient-mediated stabilization of supersaturation, whereas for
ritonavir and fenofibrate, excipient inclusion elicited only a small
or no effect. Among the tested excipients, the cellulosic polymers
HPMC-AS and HPMC performed the best with significant
increases in AUComin for at least 3 model compounds. The
inclusion of different viscosity grades of HPMC (ES, ESO and
E4M) resulted in comparable precipitation inhibition. Of the
cellulosic polymers tested, HPMC-P was least efficient. The role
of PVP as precipitation inhibiting polymer was minimal with no
significant effects except for etravirine in FaSSIF and danazol in
FeSSIF. Based on the results obtained in FaSSIF and FeSSIF,
HPMC-AS and HPMC-ES were selected for further experiments
in HIF. The choice for HPMC-ES was motivated by its better
dissolution properties compared to HPMC-ES0 and HPMC-E4M.
In view of its limited effect, PVP-K2S was included as a negative
control.

Excipient-Mediated Precipitation Inhibition in HIF. Fol-
lowing the experiments in FaSSIF/FeSSIF, the effects of the
selected excipients (HPMC-AS, HPMC-ES and PVP K25) on
precipitation were further investigated in fasted and fed state
human intestinal fluids (FaHIF and FeHIF, respectively). The
corresponding DS—time profiles were constructed, and the
excipient gain factor was calculated. In Figure 4, the excipient
gain factors of the different excipients are represented in a bar
chart for the different model compounds. Similar as in FaSSIF
and FeSSIF, it is clear that in HIF, etravirine, loviride and danazol
precipitation could be delayed through inclusion of excipients
whereas, for ritonavir or fenofibrate, little or no excipient effects
could be observed. In general, the extent to which excipients sta-
bilize supersaturation in HIF was comparable between FaHIF and
FeHIF indicating that excipient effects on precipitation were not
altered in media representative for fed state conditions. In line
with the results in FaSSIF and FeSSIF, the cellulosic polymers
HPMC-AS and HPMC-ES performed the best in HIF showing
significant precipitation inhibition for 3 model compounds whereas
PVP-K2S appeared to have no stabilizing effect in HIF. While in
previous reports® HPMC-AS was selected as superior excipient
for precipitation inhibition in SIF, this could not be concluded
based on the results of the present study. Whenever excipient effects

dx.doi.org/10.1021/mp100377m |Mol. Pharmaceutics 2011, 8, 564-570
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Etravirine Ritonavir

Excipient gain factor
Excipient gain factor

o & & &
& & FE

Loviride

Excipient gain factor
Excipient gain factor

Fenofibrate

Excipient gain factor

& &
Figure 4. Excipient gain factors of HPMC-AS (open bars), HPMC-ES
(gray bars) and PVP (black bars) for etravirine, ritonavir, loviride,
danazol and fenofibrate, in the different media. The excipient gain factor
was calculated as the ratio of the AUC 1,04, 0f the DS—time profile in
the presence of excipient to the AUC 50 min of the DS—time profile in
the absence of excipient; mean £ SD (n = 3). Bars indicated with * on
top represent a significant increase in AUC 20min (p < 0.05); NA, not
available.

were observed in HIF, accurate prediction of the extent of pre-
cipitation inhibition using FaSSIF and FeSSIF proved to be
difficult. The obtained excipient gain factors in FaSSIF and FeSSIF
were often higher (i.e., up to 2.7 fold for loviride) as compared to
those obtained in HIF. In some cases, this overprediction resulted in
false positive results, i.e. the effect in FaSSIF of HPMC-ES and
PVP for etravirine or the effect in FeSSIF of HPMC-AS for
loviride and HPMC-ES for danazol, respectively. On the other
hand, when excipients were not effective in stabilizing super-
saturation in FaSSIF/FeSSIF, this also held in FaHIF/FeHIF
(no false negative results), suggesting that elimination of ex-
cipients based on results from supersaturation assays in FaSSIF/
FeSSIF is justified. For the two model compounds that were
found to be resistant to excipient-mediated stabilization of super-
saturation (ritonavir and fenofibrate), it needs to be mentioned
that both compounds behaved differently with respect to pre-
cipitation. Fenofibrate supersaturation resulted in very fast pre-
cipitation toward the thermodynamic solubility (i.e., supersaturation
factor close to 1, as can be seen in Figure 2). This fast pre-
cipitation of fenofibrate might hamper any stabilizing action by
means of excipients. Ritonavir, however, exhibited rather atypical
precipitation behavior. While the other model compounds gradually
precipitated (with compound dependent kinetics) toward the
thermodynamic solubility, ritonavir immediately precipitated, to
remain stable at a certain degree of supersaturation depending on
the medium. Since polymorphs that exhibit drastic solubility

569

differences have been described for ritonavir,?° further research
on the physical state properties of precipitates would be very
valuable in this perspective.

Excipient-Mediated Precipitation Inhibition in Blank FaSSIF.
Since simple aqueous buffers are frequently used in formulation
development to assess the stabilizing effect of excipients, precipita-
tion inhibition was also investigated in blank FaSSIF (simple
aqueous buffer pH 6.5) for all model compounds except etravirine.
The obtained excipient gain factors are also included in Figure 4.
Similar as in simulated or human intestinal fluids, excipient effects
were observed for loviride and danazol, but not for ritonavir and
fenofibrate. As was the case in FaSSIF/FeSSIF, the extent of
excipient-mediated stabilization of supersaturation in blank FaSSIF
sometimes overestimated the effects obtained in HIF with, occa-
sionally, the generation of false positive results (i.e., the effect of PVP
for loviride). However, when no effects were observed in blank
FaSSIF, this was also the case in HIF. Comparing the value of blank
FaSSIF versus FaSSIF/FeSSIF in predicting excipient effects in HIF,
both media often overestimated the excipient gain factor generating
false positive results while no false negative predictions were en-
countered. Therefore, as long as quantification is possible in a
reproducible manner and no medium with improved predictive
power has been developed, simple aqueous buffer (e.g, blank
FaSSIF) may be sufficient and the preferable choice for practical
and economical reasons in excipient screening protocols. It should
be mentioned, though, that FaSSIF/FeSSIF perform better than
blank FaSSIF in predicting precipitation kinetics in absence of
excipients in HIF (Figure 2).

B CONCLUSION

As it is extremely difficult to demonstrate drug supersaturation
in situ in the intraluminal environment, we used human intestinal
fluids as biorelevant in vitro test medium to explore the potential
of supersaturation. In a previous study, we showed that drug
supersaturation can be maintained up to a certain degree in
human intestinal fluids. The results of the present study corro-
borate these observations and provide evidence that cellulosic
polymers possess the potential to further increase the degree of
supersaturation in human intestinal fluids, possibly resulting in
enhanced absorption of low solubility compounds.

The extent to which precipitation inhibition could be obtained
appeared to be compound and excipient dependent. Experi-
ments using intestinal fluids from volunteers in the fasted or fed
state evidenced that the nutritional state did not significantly
affect the extent of excipient-mediated precipitation inhibition.
The usefulness of simple aqueous buffers or simulated intestinal
fluids representative for the fasted or fed state as solvent systems
to predict excipient-mediated precipitation inhibition in human
intestinal fluids appeared to be limited, illustrating the need for
further evaluation of media for supersaturation screening. How-
ever, since lack of supersaturation stabilization by a given excipient in
aqueous buffer or simulated intestinal fluids was always con-
firmed in human intestinal fluids, elimination of excipients based
on screening tests in simple media appears feasible.

The mechanisms underlying the excipient-mediated super-
saturation stabilization remain to be elucidated; the present study
warrants further research to explore how human intestinal fluid
components and food affect the performance of polymers in
inhibiting precipitation, so that new test media for implementa-
tion in a drug discovery setting can be defined. As more and more
poorly soluble drug candidates emerge from drug discovery pro-
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grams, a better understanding of supersaturation and implemen-
tation of biorelevant supersaturation screening will allow more
accurate decision making in drug and formulation development,
thus assuring the successful exploitation of the supersaturation
approach in vivo.
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