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Introduction: The purpose of this study was (i) to evaluate the gastrointestinal behavior of micro- and
nanosized fenofibrate in humans and (ii) to develop a simple yet qualitatively predictive in vitro setup
that simulates the observed absorption-determining factors.
Materials and methods: Commercially available micro- and nanoparticles of fenofibrate (Lipanthyl� and
Lipanthylnano�, respectively) were administered orally to five healthy volunteers in fasting and post-
prandial conditions. Intraluminal and systemic drug concentrations were determined as reference data
for the development of a predictive in vitro setup. To capture the observed solubility/permeability inter-
play, in vitro dissolution testing was performed in the presence of a permeation bag with sink conditions.
Results: In fasting conditions, intake of nanosized fenofibrate generated increased duodenal concentra-
tions compared to microsized fenofibrate, which was reflected in an improved systemic exposure. In
postprandial conditions, duodenal concentrations were greatly enhanced for both formulations, however
without an accompanying increase in systemic exposure. It appeared that micellar encapsulation of the
highly lipohilic fenofibrate limited its potential to permeate from fed state intestinal fluids. To capture
these in vivo observations in an in vitro setup, classic dissolution testing was combined with permeation
assessment into a permeation bag with sink conditions. In case of fasting conditions, the dissolution/
permeation approach allowed for an improved discriminative power between micro- and nanosized
fenofibrate by better simulating the dynamic interplay of dissolution and absorption. In case of postpran-
dial conditions, the observed solubility–permeability interplay could be simulated using the dissolu-
tion/permeation approach in combination with biorelevant media (FeSSGFFortimel and FeSSIF-V2) to
mimic micellar entrapment and reduced permeation potential of fenofibrate.
Conclusion: For the first time, reduced permeation of a lipophilic drug despite increased intraluminal
concentrations, was demonstrated in humans. Dissolution testing using biorelevant media in combina-
tion with permeation assessment into a sink permeation bag appeared to be a simple yet pragmatic
approach to capture this solubility–permeability interplay in early formulation evaluation.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Over the past decades, the number of drug discovery com-
pounds has increased tremendously: advanced technologies (i.e.
high throughput screening and combinatorial chemistry) allow
screening of a wide range of new molecular entities for their phar-
macodynamic activity in the shortest possible time. However, the
oral absorption potential of drug candidates selected using these
techniques is often compromised by suboptimal biopharmaceuti-
cal properties, including low aqueous solubility and poor
dissolution kinetics (Biopharmaceutical Classification System 2
and 4) (Benet et al., 2011; Lipinski, 2000; Amidon et al., 1995).
To increase the oral bioavailability of poorly water soluble drugs,
absorption-enabling formulation strategies are often required,
including the use of solubilizing excipients (cyclodextrins,
surfactants and lipids), (amorphous) solid dispersions, crystalline
salt forms, prodrugs and particle size reduction (Brouwers et al.,
2009; Williams et al., 2013).
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In this respect, micro- and nanonization of poorly soluble com-
pounds is an attractive strategy to increase their dissolution rate
(Van Eerdenbrugh et al., 2010). Although particle size reduction
often exerts a positive effect on oral bioavailability, the exact
behavior of micro- and nanoparticles in the gastrointestinal tract
remains to be studied. In order to predict the in vivo performance
of these formulations, single phasic in vitro dissolution tests are
still the norm (Nakarani et al., 2010; Wang et al., 2010).
However, the predictive power of these simple setups is limited,
since they do not fully capture the interplay between crucial gas-
trointestinal processes (e.g. secretions, pH, volumes, gastrointesti-
nal transfer and intestinal absorption) and their influence on the
performance of micro- and nanoparticles. For instance,
Sigfridsson et al. demonstrated no difference in plasma concentra-
tion of the basic compound BA99 in rats, formulated as a micro- or
nanosuspension (i.e. 12 lm versus 280 nm particle size, respec-
tively) (Sigfridsson et al., 2011); only two-stage dissolution testing
in a gastric and intestinal compartment could demonstrate that the
high gastric solubility of BA99 limits the need of particle size
reduction in order to increase oral bioavailability.

In this study, we used the neutral compound fenofibrate as a
model compound. Fenofibrate (logP 5.21) is a typical lipophilic
BCS class 2 compound, suffering from a poor aqueous solubility,
which results in a low systemic exposure after oral administration.
In order to overcome this hurdle, fenofibrate is on the market
as micro- and nanoparticles (Lipanthyl� and Lipanthylnano�,
respectively). By combining dissolution experiments with
physiological-based pharmacokinetic (PBPK) modelling,
Juenemann et al. clearly demonstrated that, in fasting conditions,
the higher dissolution rate for the nanosized formulation results
in improved systemic exposure compared to the microsized for-
mulation (Juenemann et al., 2011). In postprandial conditions, drug
release from both formulations was increased; however, this was
not accompanied with a significantly higher exposure, as con-
firmed by Sauron et al. (2006). The absence of a positive systemic
food effect demonstrates that estimating formulation performance
based on simple dissolution experiments does not always capture
the key intraluminal processes determining drug absorption from
enabling strategies. In order to fully assess the performance of
enabling formulations, the absorption-determining intraluminal
processes should be identified and integrated into in vitro models
(Buckley et al., 2013).

Hence, the aim of this study can be subdivided into two major
objectives: (i) an in-depth analysis of the gastrointestinal behavior
and systemic exposure of micro- and nanosized fenofibrate in fast-
ing and fed conditions in man and (ii) implementing the in vivo
observations into a predictive yet simple in vitro setup, focusing
on assessment of permeation potential in addition to dissolution
testing.
2. Materials and methods

2.1. Chemicals

Fenofibrate was obtained from Indis (Aartselaar, Belgium).
Dimethyl sulfoxide (DMSO), methanol (MeOH) and NaH2PO4�H2O
were purchased from Acros Organics (Geel, Belgium), while BHD
Laboratory Supplies (Poole, UK) supplied HCl, NaOH and maleic
acid. PharmInnova (Waregem, Belgium) supplied carbamazepine.
Orlistat was purchased from Sigma Aldrich (St. Louis, MO, USA).
Acetonitrile, dichloromethane and NaCl were purchased from
Fisher Scientific (Leicestershire, UK). Sodium acetate and acetic
acid were received from VWR (Leuven, Belgium). Lecithin was sup-
plied by Phospholipid Gmbh (Köln, Germany). Sodium tauro-
cholate was provided by MP Biomedicals LLC (Illkirch, France).
Danisco (Ottignies-Louvain-la-Neuve, Belgium) provided glyceryl
monooleate. Sodium oleate was kindly supplied by Riedel-de
Haën (Seelze-Hannover, Germany). Biorelevant (Croydon, UK) pro-
vided simulated intestinal fluid (SIF) powder. Water was purified
by using a Maxima system (Elga Ltd., High Wycombe Bucks, UK).

To prepare fasted state simulated intestinal fluid (FaSSIF), con-
taining taurocholate (3 mM) and lecithin (0.75 mM), 2.24 mg SIF
powder was dissolved per milliliter FaSSIF buffer (pH 6.5), which
contains NaOH (10.5 mM), Na2HPO4 (28 mM) and NaCl
(106 mM). Fasted state simulated gastric fluid (FaSSGF) was pre-
pared by dissolving 60 mg SIF powder per liter FaSSGF buffer
(NaCl 34 mM, pH 1.6). Fortimel-based fed state simulated gastric
fluid (FeSSGFFortimel) was prepared by mixing FaSSGF and
Fortimel Extra� in a 1:1 ratio and adjusted to pH 5. To prepare
FeSSIF-V2 (fed state simulated intestinal fluid version 2), a mixture
of sodium taurocholate (10 mM), lecithin (2 mM), glyceryl mono-
oleate (5 mM), sodium oleate (0.8 mM), maleic acid (55.02 mM),
NaOH (81.65 mM) and NaCl (125.5 mM) was dissolved in water
and adjusted to pH 5.8 (Jantratid et al., 2008).

To simulate the gastrointestinal transfer, 50 ml of FaSSGF was
decanted into 150 ml of concentrated FaSSIF (4-fold transfer
dilution) to obtain standard concentrations of FaSSIF after transfer.
One liter of concentrated FaSSIF was prepared by dissolving 0.56 g
NaOH, 5.27 g NaH2PO4�H2O and 8.25 g NaCl in 0.9 l purified water.
Subsequently, 2.99 g SIF powder was added. The pH was adjusted
to 6.5 by using 2 M NaOH and, subsequently, the volume was
adjusted to 1 l. To simulate the gastrointestinal transfer from
FeSSGFFortimel to FeSSIF-V2, 50 ml of FeSSGFFortimel was decanted
into 150 ml of FeSSIF-V2 (4-fold transfer dilution).

2.2. In vivo study

Duodenal concentrations of fenofibrate along the gastrointesti-
nal tract were monitored in five healthy volunteers (three men,
two women; aged between 23 and 25 years). Gastric concentra-
tions were determined in healthy volunteer 1 (HV 1). Exclusion cri-
teria for volunteer selection included gastrointestinal disorders,
infection with hepatitis B, hepatitis C or HIV, the use of medication,
pregnancy and frequent X-ray exposure. The study procedure was
in accordance with the Declaration of Helsinki and approved by the
Committee of Medical Ethics of the University Hospitals Leuven,
Belgium (ML9962) and the Federal Agency for Medicines and
Health Products (631710). All volunteers provided written
informed consent before participating in this study.

After an overnight fasting period of at least 12 h, volunteers
arrived at the hospital. A double-lumen polyvinyl catheter [Salem
Sump Tube 14 Ch (external diameter 4.7 mm), Covidien, Dublin,
Ireland] was introduced via the mouth or nose and positioned into
the duodenum (D2/D3); in HV 1, a second catheter was positioned
in the antrum (in front of the pylorus). Positioning was checked by
fluoroscopy. In addition to intraluminal sampling, blood samples
were collected and analyzed for fenofibric acid (active metabolite).

Fenofibrate was administered as microsized and nanosized for-
mulations in the fasted as well as in the fed state using a cross-over
design. In case of fasting conditions, 1 capsule of 200 mg micro-
sized fenofibrate (Lipanthyl�, Abbott Products N.V., Brussels,
Belgium) or 1 tablet of 145 mg nanosized fenofibrate
(Lipanthylnano�, Abbott Products N.V., Brussels, Belgium) was
administered with 250 ml of tap water. In fed state conditions,
400 ml of Fortimel Extra� nutrient shake (Nutricia Belgium,
Strombeek-Bever, Belgium) was given orally 20 min prior to
administration of the micro- or nanosized formulation. The energy
value of this liquid meal is 2520 kJ/600 kcal (proteins 26.7%, carbo-
hydrates 41.3%, and lipids 32%). The pH is 6.6 and the osmolarity is
470 mOsm/l. During the entire experiment, volunteers were sitting
in an upright position. In all conditions, gastrointestinal aspirates
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were collected every 10 min in the first hour, and, subsequently,
every 15 min up to 230 min. The sampling volume was kept as
small as possible (<4 ml per time point). After aspiration of fluids,
pH was immediately measured (Hamilton Knick Portamess�,
Bonaduz, Switzerland). To prevent lipolysis, collected fed state
duodenal fluids were treated with lipase inhibitor (orlistat, final
concentration of 1 lM). Aspirates were stored on ice until analysis
on the same day (see below). In parallel to the collection of gas-
trointestinal fluids, venous blood samples were collected in hep-
arinized tubes (BD Vacutainer systems, Plymouth, UK) at 1, 2, 3,
4, 5, 6, 7, 8 and 24 h after drug intake. Immediately after blood col-
lection, samples were centrifuged (2880g, 10 min, 4 �C) and the
obtained plasma was stored at �26 �C until analysis (see below).

2.3. Bioaccessible fraction determination of fenofibrate in human
intestinal fluids

In order to investigate the free, bioaccessible fraction of fenofi-
brate in the aspirated human intestinal fluids, a permeation experi-
ment was performed for a selected sample set. The setup for this
experiment has been described by Holmstock et al. (2013).
Briefly, cellulose membrane strips (molecular weight cutoff of
12–14 kDa (±3 nm)) were positioned between donor and acceptor
compartments in order to perform permeation experiments using
HTD 96b from HTDialysis, LLC (Gales Ferry, CT, US). Four intestinal
samples from HV 3 were selected. The donor compartment was
filled with 150 lL of each sample (n = 3). The acceptor compart-
ment was filled with 150 lL of a phosphate buffer. The osmolarity
of the phosphate buffer was adjusted to the osmolarity of the aspi-
rated samples in the donor compartment (Osmometer model 3250
from Advanced Instruments, Inc. (Norwood, MA, USA)). The pH was
equalized by use of diluted NaOH or HCl. After 4 h of incubation,
samples were taken from the acceptor compartment and analyzed
for fenofibrate in order to assess the bioaccessible fraction.

2.4. Two-stage dissolution testing

To assess the dissolution kinetics for both formulations, a
two-step dissolution experiment was performed. In a first step,
either 1 tablet Lipanthylnano� (145 mg fenofibrate) or the content
of 1 capsule Lipanthyl� (200 mg fenofibrate) was added to 50 ml of
FaSSGF. After 15 min, samples were taken to determine fenofibrate
concentrations and the entire content of the vessel was transferred
to 150 ml of concentrated FaSSIF (4-fold dilution). Samples were
taken after 5, 15, 30, 45 and 60 min. Similar dissolution experi-
ments were conducted for both formulations using FeSSGFFortimel

and FeSSIF-V2 to mimic fed state conditions, retaining all other
experimental conditions.

2.5. Dissolution testing in the presence of a permeation bag

To explore the added value of including an absorption compart-
ment, a permeation bag with sink conditions was included in the
dissolution setup. After disintegration for 15 min in 50 ml
FaSSGF, the entire volume was decanted into another beaker, con-
taining 150 ml of concentrated FaSSIF and a clamped permeation
bag (Cellu Sep H1, regenerated cellulose tubular membrane, cutoff
value 50 kDa, Orange Scientific, Braine-l’Alleud, Belgium) contain-
ing 5 ml of a solution of the surfactant D-a-tocopheryl poly-
ethylene glycol succinate (2.5% w/v). To improve mixing inside
the bag, a gentle airflow of carbogen was introduced inside the
bag. No transport of TPGS from the bag into the dissolution vessel
was detected; also no adsorption of fenofibrate was observed
to any part of the setup (data not shown). At 10, 30 and 60 min,
samples were taken from the dissolution vessel (i.e. donor
compartment) and from the permeation bag (i.e. acceptor com-
partment) (n = 3; mean ± S.D.).

In case of postprandial conditions, two sets of experiments were
performed, i.e. in the absence or presence of the liquid meal
Fortimel Extra�. In the first set of experiments, formulations were
allowed to disintegrate in 50 ml of FaSSGF for 15 min and, subse-
quently, decanted into the dissolution vessel containing 150 ml
of FeSSIF-V2 and a clamped permeation bag with sink conditions.
In a second set of experiments, formulations were allowed to dis-
integrate in 50 ml of FeSSGFFortimel for 15 min and, subsequently,
decanted into the dissolution vessel, containing 150 ml of
FeSSIF-V2 and a clamped permeation bag with sink conditions.
The procedure and sampling were similar as described above
(n = 3; mean ± S.D.).

2.6. Analysis of fenofibrate/fenofibric acid in simulated and human
gastrointestinal fluids

To determine fenofibrate and fenofibric acid concentrations in
human and simulated gastrointestinal fluids, an HPLC–UV analysis
method was developed. After centrifugation of the aspirated gas-
trointestinal fluids (20,817g, 5 min, 37 �C), 800 ll of the super-
natant was filtered (PTFE filter media, 0.1 lm pore size,
Whatman, Florham Park, NJ, USA). 100 ll of the filtrate was diluted
1:1 with mobile phase (methanol:25 mM acetic acid buffer pH 3.5
(80:20 v/v)) and precipitated protein was removed by centrifuga-
tion (20,817g, 5 min, 37 �C).

Subsequently, 50 ll of each sample was injected into an HPLC
system consisting of an Alliance 2695 separations module and a
Novapak C-18 column under radial compression (Waters,
Milford, MA, USA); fenofibrate and fenofibric acid were detected
at a wavelength of 287 nm (UV spectrum) (Waters 2487 UV
Detector). An isocratic run with methanol:25 mM acetic acid buffer
pH 3.5 (80:20 v/v) as mobile phase was performed with a flow rate
of 1 ml/min to generate a retention time of 5.5 and 11 min for
fenofibric acid and fenofibrate, respectively. Following elution of
fenofibrate, the column was rinsed during 1 min with
acetonitrile:25 mM acetic acid buffer pH 3.5 (75:25 v/v), followed
by 2 min with water:25 mM acetic acid buffer pH 3.5 (75:25 v/v)
and subsequently re-equilibrated with the mobile phase for 2 min.

Calibration curves were made in mobile phase based on a stock
solution of fenofibrate (80 mM) and fenofibric acid (10 mM) in
DMSO. For both compounds, linearity was observed between
200 lM and 97 nM. In case of fenofibrate, accuracy and precision
errors were less than 3% and 0.3%, respectively, for a concentration
of 12.5 lM in FaHIF. At the day of the in vivo study, samples were
analyzed together with a quality control sample of 50 lM fenofi-
brate in FaHIF, resulting in a relative standard deviation of less
than 8%.

2.7. Analysis of fenofibric acid in plasma

Before HPLC–UV analysis, fenofibric acid (active metabolite)
was extracted from plasma samples. 100 ll of a stock solution of
the internal standard solution carbamazepine (20 lM in 1 M HCl)
was added to 500 ll of plasma. Subsequently, 400 ll of HCl (1 M)
was added and vortexed (±10 s) in order to precipitate plasma pro-
teins. To extract fenofibric acid and carbamazepine, 6 ml of
dichloromethane was added and samples were shaken for one
minute. After centrifugation (2880g, 15 min, 4 �C), the water layer
was discarded and the organic layer was evaporated under a
stream of air until dryness. The residue was dissolved in 1 ml of
methanol. Following evaporation, 200 ll of mobile phase was
added to the residue and injected into the HPLC system.
Carbamazepine and fenofibric acid were detected at a wavelength
of 287 nm (Waters 2487 UV Detector). A retention time of 4.5 and
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8 min were generated with a flow rate of 1 ml/min for carba-
mazepine and fenofibric acid, respectively. Running conditions
started with acetonitrile:25 mM acetic acid buffer pH 3.5 (50:50
v/v). Acetonitrile concentrations increased up to 60% over 3 min.
Following elution of fenofibric acid, the column was rinsed during
2 min with acetonitrile:water (90:10 v/v), followed by 1 min with
water:25 mM acetic acid buffer pH 3.5 (75:25 v/v) and subse-
quently re-equilibrated with the starting conditions
(acetonitrile:25 mM acetic acid buffer pH 3.5 (50:50 v/v)) for
2 min.

The calibration curve was based on a stock solution of fenofibric
acid in acetonitrile. Blank plasma samples were spiked and treated
the same way as the samples. Linearity was observed between
158 lM and 0.31 lM. Method validation resulted in accuracy and
precision errors of less than 5% and 8%, respectively, for a concen-
tration of 9.8 lM. Quality control samples (9.8 lM) were included
on the days of analysis and resulted in a relative standard deviation
of less than 5%.
2.8. Data analysis and statistical analysis

Data from the in vivo study are presented as mean ± standard
error of the mean (S.E.M.) for five subjects. Pharmacokinetic
parameters (Cmax, Tmax and area under the curve (AUC)) were com-
pared using an ANOVA test combined with a Bonferroni’s multiple
comparison test (logarithmic transformation of Cmax and AUC); dif-
ferences were considered statistically significant at p < 0.05.
Regarding the in vitro studies, data are presented as mean ± stan-
dard deviation (S.D.). All in vitro experiments were performed in
triplicate (n = 3). To determine whether or not observed differences
were statistically significant (p < 0.05), unpaired t-tests were
performed.
3. Results and discussion

3.1. In vivo study

Fig. 1 depicts the duodenal and systemic concentrations of
fenofibrate and fenofibric acid, respectively, in fasting and post-
prandial conditions for Lipanthylnano� (Fig. 1A) and Lipanthyl�

(Fig. 1B).
Regardless of formulation or prandial state, no dissolved fenofi-

brate concentrations were measured in the stomach, possibly due
to the minimal amount of bile salts present in the stomach. In fast-
ing conditions, average duodenal concentrations were clearly
higher following oral administration of nano- versus microparti-
cles: the average dose-corrected duodenal AUC0–230min was 3.5
times higher for nanosized fenofibrate (14.66 ± 5.01 versus
4.11 ± 0.91 lM h, p > 0.05) (Table 1). In four out of five volunteers,
administration of nanosized fenofibrate resulted in a higher duode-
nal Cmax. The average duodenal Tmax was slightly but not signifi-
cantly lower for nano- versus microsized fenofibrate (59 ± 20
versus 86 ± 25 min). Overall, duodenal concentrations did not
exceed previously reported solubility data of fenofibrate, indicat-
ing that administration of micro- or nanoparticles does not gener-
ate concentrations exceeding apparent solubility of fenofibrate in
FaHIF (Augustijns et al., 2014).

For all five volunteers, the plasma AUC0–8h of the active metabo-
lite fenofibric acid was higher following administration of the
nanoparticles compared to the microparticles. On average, the
3.5-fold higher duodenal exposure for nano- versus microsized
fenofibrate resulted in a 3.4-fold higher systemic exposure. Also
the increase in average plasma Cmax and decrease in average
plasma Tmax for the nano- versus microparticles reflected the duo-
denal behavior of both formulations (Table 1). Overall, the
observed difference in systemic performance between Lipanthyl�

and Lipanthylnano� was in line with literature data and can be
attributed to the improved dissolution rate of the nanoparticles
(Hanafy et al., 2007; Jia et al., 2002).

The intake of a liquid meal significantly increased duodenal
fenofibrate concentrations for both formulations: compared to
fasting conditions, a 10-fold increase in duodenal AUC0–230min

was observed for the microsized formulation, whereas a 7-fold
increase was observed for the nanosized formulation. As men-
tioned before, no dissolved fenofibrate concentrations were mea-
sured in the stomach, regardless of formulation or prandial state.
The mean duodenal Tmax-values in postprandial conditions
(167 ± 17 and 155 ± 17 min for Lipanthylnano� and Lipanthyl�,
respectively) were significantly increased compared to fasting con-
ditions (p < 0.05). Despite the strong increase in intraluminal con-
centrations, the intake of food did not significantly enhance the
systemic exposure for both formulations, as can be seen in
Fig. 1A and B. The observed food-induced differences in plasma
AUC (slight increase for microparticles, slight decrease for
nanoparticles) were not statistically significant. Literature data
indicate a positive food effect for the microparticles, and no food
effect for the nanoparticles (Table 1) (Guivarc’h et al., 2004;
Sauron et al., 2006).

The fact that the food effect on intraluminal fenofibrate concen-
trations cannot be translated into an effect on the systemic perfor-
mance of these formulations indicates that another mechanism is
affecting absorption in postprandial conditions. Different scenarios
of food–drug interactions have been described in literature, alter-
nating in a positive versus negative outcome on drug bioavailabil-
ity (Schmidt and Dalhoff, 2002). In this respect, the increased
amount of secreted bile, lipid degradation products and phospho-
lipids in postprandial conditions may result in improved micellar
entrapment of lipophilic drugs, leading to an increase in apparent
solubility, but a decrease in drug permeability (Holmstock et al.,
2013; Miller et al., 2011). This so-called solubility–permeability
interplay is not uncommon for BCS class 2 and 4 compounds, with
a high affinity for the hydrophobic core of mixed micelles (Amidon
et al., 1982; Frank et al., 2012a; Fischer et al., 2012). For instance,
despite an increased apparent solubility of the BCS class 2 model
drug ABT-102 in FaSSIF compared to Hanks’ Balanced Salt
Solution, its permeation across the Caco-2 monolayer was not
increased, due to micellar entrapment (Frank et al., 2012b). We
therefore assessed the potential of fenofibrate to permeate across
a membrane, starting from intestinal fluid samples aspirated in
fasting and fed conditions.

Fig. 2 demonstrates the concentration accessible for absorption
of fenofibrate from selected samples of HV 3, covering micro- and
nanoparticles in both nutritional states. For both micro- and
nanoparticles, measured concentrations of dissolved fenofibrate
were higher in fed versus fasted state samples (micro: 24.61 versus
3.20 lM, nano: 123.10 versus 2.77 lM). Regardless of the higher
fenofibrate concentrations in postprandial conditions, the fraction
accessible for absorption appeared to be comparable to the fraction
in fasting conditions. These results thus suggest that increased
concentrations of fenofibrate in complex postprandial intestinal
fluids do not directly enhance the driving force for absorption
due to entrapment in the mixed micelles consisting of lipid degra-
dation products, bile salts and phospholipids. This may explain the
absence of a positive food effect on systemic concentrations of
fenofibric acid.

3.2. In vitro simulation of fasting and postprandial fenofibrate
absorption

Nowadays, the optimization of biopharmaceutical tools in order
to accurately predict the in vivo performance of dosage forms
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Fig. 1. (A) Duodenal (upper part) and systemic (lower part) concentration–time profiles for fenofibrate (fenofibric acid) following administration of 145 mg nanosized
fenofibrate in fasted (s) and fed (j) conditions. (B) Duodenal (upper part) and systemic (lower part) concentration–time profiles fenofibrate (fenofibric acid) following
administration of 200 mg microsized fenofibrate in fasted (}) and fed (N) conditions (mean ± S.E.M., n = 5).

Table 1
Mean descriptive parameters of the duodenal and systemic concentration–time profiles following administration of micro- and nanosized fenofibrate (Lipanthyl� and
Lipanthylnano�) to five healthy volunteers (mean ± S.E.M.).

Micro fasted Micro fed Nano fasteda Nano feda

Duodenal AUC0–230min (lM h) 4.11 ± 0.91 41.1 ± 21.2 14.7 ± 5.10 103 ± 37.2
Duodenal Cmax (lM) 8.21 ± 2.54 44.6 ± 14.0 36.3 ± 13.5 237 ± 89.6
Duodenal Tmax (min) 86.0 ± 25.4 155 ± 17.7 59.0 ± 20.4 167 ± 17.4
Plasma AUC0–8h (lM.h) 35.8 ± 12 47.8 ± 13.4 121 ± 12.5 75.7 ± 16.3
Plasma Cmax (lM) 7.02 ± 2.71 11.7 ± 3.94 23.2 ± 2.27 19.2 ± 3.77
Plasma Tmax (h) 8.60 ± 3.97 9.40 ± 3.74 4.20 ± 1.11 4.40 ± 0.24

a Dose-corrected.
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Fig. 2. Permeation potential of fenofibrate from four selected intestinal fluid
samples, aspirated from HV 3 in each condition (i.e. micro- and nanosized
fenofibrate in fasting and postprandial conditions). The permeation potential is
expressed as the bioaccessible concentration measured after 4 h in the acceptor
compartment of a dialysis setup (mean ± S.D., n = 3). Stars represent the dissolved
concentration of fenofibrate in the selected fluids at the time of aspiration.

44 B. Hens et al. / European Journal of Pharmaceutical Sciences 77 (2015) 40–47
deserves considerable interest (Kostewicz et al., 2014). To achieve
this goal, reference in vivo data is indispensable. In this study, the
observed duodenal exposure for micro- and nanoparticles of
fenofibrate was reflected in the systemic exposure in fasting condi-
tions. The food-induced increase in duodenal concentrations of
fenofibrate, however, was not associated with increased systemic
exposure of fenofibric acid. Therefore, it can be expected that
predicting the in vivo exposure based on the simulation of concen-
trations (dissolution testing) could overestimate the food effect
for these formulations. Indeed, simple dissolution experiments
clearly demonstrated an approximate 6-fold increase in dissolved
fenofibrate concentrations in FeSSIF-V2 compared to FaSSIF for
both micro- and nanoparticles (Fig. 3). As observed using aspirated
intestinal fluid samples (Fig. 2), micellar encapsulation of
fenofibrate in fed state conditions limits the permeation potential
despite increasing concentrations. To accurately predict the
behavior of micro- and nanoparticles of fenofibrate, especially in
fed conditions, drug permeation should therefore be integrated in
dissolution testing.

Although great efforts have recently been made to study the
effect of food on intestinal absorption by using Caco-2 cells
(Markopoulos et al., 2014), it is still questionable how biorelevant
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concentrations of bile salts and phospholipids can be applied in
this setup without compromising the monolayer integrity. In addi-
tion, practical issues (e.g. customizable volumes, time-consuming
and resource-intensive cell culture) may hamper the coupling of
dissolution testing with Caco-2 permeation for early formulation
evaluation. Consequently, there is a need of simple setups combin-
ing dissolution with permeation. In the present study, we simu-
lated the effect of food on the intestinal absorption of fenofibrate
by implementing a permeation bag with sink conditions (i.e. to
simulate intestinal uptake) in a dissolution vessel (i.e. to simulate
the intestinal lumen).

To simulate fasting and fed conditions, dissolution experiments
in combination with permeation were performed by making use
of FaSSGF and FaSSIF & FeSSGFFortimel and FeSSIF-V2, respectively.
The use of Fortimel Extra� to prepare FeSSGFFortimel is in
accordance with the liquid meal administered in the in vivo study.
The formulations were allowed to disintegrate for 15 min in 50 ml
of simulated gastric fluids, followed by transfer to 150 ml of
simulated intestinal fluids (4-fold dilution). As a function of time,
samples were taken from the dissolution vessel and from the per-
meation bag. Fig. 4 depicts the measured concentrations of feno-
fibrate in the dissolution vessel and in the permeation bag for
Lipanthyl� and Lipanthylnano� in fasting conditions. No feno-
fibrate dissolution was observed in FaSSGF or FeSSGFFortimel, in line
with the in vivo situation.

Considering the apparent solubility of fenofibrate in FaSSIF
(26.6 ± 3.8 lM) (Augustijns et al., 2014), neither of the formula-
tions generated concentrations exceeding this solubility. Only a
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Fig. 4. Dissolution and permeation of micro- and nanosized fenofibrate in FaSSIF
using a dissolution vessel with sink permeation bag. Fenofibrate concentrations
inside the dissolution vessel are indicated by s (nano) and } (micro). Fenofibrate
concentrations inside the permeation bag are indicated by j (nano) and N (micro)
(mean ± S.D., n = 3).
relatively small difference in dissolution kinetics could be observed
between micro- and nanoparticles. It is, however, worth mention-
ing that the dissolution kinetics will depend on the specifications
of the dissolution setup. For example, in a USP Apparatus 2 (paddle
rotation speed set at 75 rpm), the solubility of fenofibrate was still
not reached after 60 min dissolution of microsized particles (Zuo
et al., 2013). In our study, applying a magnetic stirrer with a rota-
tion speed of 400 rpm, the solubility was already achieved after
30 min (Fig. 4), presumably due to altered hydrodynamics and a
stronger comminution mechanism.

Regarding the fenofibrate concentrations inside the permeation
bag after one hour, an approximate two-fold increase in concentra-
tion was observed in favor of the nanoparticles, which is in line
with the ratio of plasma Cmax between Lipanthylnano� and
Lipanthyl�, as seen in the in vivo study (Table 1). The implementa-
tion of an absorptive sink in dissolution testing is thus required to
simulate the dynamic interplay of dissolution and absorption and
allows for an improved discriminative power between micro-
and nanosized fenofibrate.

To simulate formulation performance in postprandial condi-
tions, the same setup was applied, with the exception of using
fed state instead of fasted state simulated media. Two sets of
experiments were performed to demonstrate if the presence of a
liquid meal is required to predict the food effect on fenofibrate
absorption. In a first set of experiments, postprandial conditions
were simulated without the presence of a liquid meal. Both formu-
lations resided for 15 min in 50 ml of FaSSGF and, subsequently,
the content was transferred to 150 ml of FeSSIF-V2. After transfer,
concentrations of fenofibrate were measured inside the dissolution
vessel and inside the permeation bag (Fig. 5). A comparison
between fed and fasted state results was made in order to assess
a possible food effect.

Inside the dissolution vessel, fenofibrate concentrations from
both formulations were strongly increased in fed conditions, in line
with the in vivo situation. The approximately 6-fold increase in
fenofibrate concentrations, observed for both formulations after
60 min, seemed to enhance the driving force for passive diffusion
through the permeation bag, resulting in higher concentrations
inside the acceptor compartment compared to fasting conditions.
In vivo, however, the food-induced increase in duodenal fenofibrate
concentrations was not accompanied with a similar increase in
systemic exposure. This suggests that the in vitro setup with an
absorptive sink but without a liquid meal does not capture the
impact of the micellar entrapment observed in vivo.

In order to further optimize our setup, Fortimel Extra�was added
to FaSSGF in a 1:1 ratio, in order to become FeSSGFFortimel, as
described by Jantratid et al. (Jantratid et al., 2008). Employing this
setup, fenofibrate concentrations inside the dissolution vessel were
still enhanced in fed conditions (Fig. 6). Remarkably, the presence
of this liquid meal resulted in a proper distinction between disso-
lution behavior of both formulations, as also observed in vivo; the
two-fold increase of fenofibrate concentrations starting from
nanoparticles compared to microparticles are in accordance with
a similar increase of duodenal Cmax and AUC0–230min (as depicted
in the mean concentration-time profiles, Fig. 1). Inside the
permeation bag, however, a non-significant decrease in fenofibrate
concentrations was observed compared to fasting state conditions:
after 60 min, fenofibrate concentrations were 2.1-fold lower for the
nanoparticles, and 1.7-fold lower for the microparticles (p > 0.05).
In agreement with the in vivo situation, assessing the permeation
potential did not reveal a significant food effect on fenofibrate
absorption, despite increased intraluminal concentrations.

These results clearly demonstrate that the use of a liquid meal is
critical to simulate the impact of micellar entrapment on postpran-
dial fenofibrate absorption. The formed patterned colloidal species
(i.e. micelles, uni- and mulitlamellar vesicles) can upload a high
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Fig. 6. (A) Dissolution and permeation of microsized fenofibrate in FeSSIF-V2 following transfer from FeSSGFFortimel, using a dissolution vessel with sink permeation bag.
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amount of drug, resulting in an increased apparent solubility
(Porter et al., 2007). However, the high affinity of a lipophilic drug
to the core of these species may reduce the fraction accessible for
absorption (i.e. bioaccessible fraction) compared to fasting condi-
tions (Holmstock et al., 2013; Stappaerts et al., 2014). To conclude,
the combination of FeSSGFFortimel and FeSSIF-V2 in a simple
dissolution/permeation setup enables the qualitative prediction
of postprandial fenofibrate absorption.
4. Conclusion

For the first time, this study simultaneously monitored the
intraluminal behavior and systemic exposure of micro- and nano-
sized fenofibrate in man. The results clearly demonstrate that
enhancing the concentration of lipophilic drugs in complex intesti-
nal fluids is not always reflected in improved absorption. Especially
in postprandial conditions, the encapsulation of a lipophilic drug in
micelles and vesicles may limit the drug’s permeation potential
despite increasing intraluminal concentrations (solubility–perme
ability interplay). Whereas a full mechanistic understanding
requires an in-depth analysis of the dynamic equilibrium between
free and encapsulated drug, we introduced dissolution testing
using biorelevant media in combination with permeation assess-
ment into a sink permeation bag as a simple yet pragmatic
approach to capture this interplay in early formulation evaluation.
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