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ABSTRACT: The ability of lipid-based formulations (LBFs) to
increase the solubilization, and prolong the supersaturation, of
poorly water-soluble drugs (PWSDs) in the gastrointestinal
(GI) fluids has generated significant interest in the past decade.
One mechanism to enhance the utility of LBFs is to prolong
supersaturation via the addition of polymers that inhibit drug
precipitation (polymeric precipitation inhibitors or PPIs) to the
formulation. In this work, we have evaluated the performance of
a range of PPIs and have identified PPIs that are sufficiently
soluble in LBF to allow the construction of single phase
formulations. An in vitro model was first employed to assess drug (fenofibrate) solubilization and supersaturation on LBF
dispersion and digestion. An in vitro−in situ model was subsequently employed to simultaneously evaluate the impact of PPI
enhanced drug supersaturation on drug absorption in rats. The stabilizing effect of the polymers was polymer specific and most
pronounced at higher drug loads. Polymers that were soluble in LBF allowed simple processing as single phase formulations,
while formulations containing more hydrophilic polymers required polymer suspension in the formulation. The lipid-soluble
polymers Eudragit (EU) RL100 and poly(propylene glycol) bis(2-aminopropyl ether) (PPGAE) and the water-soluble polymer
hydroxypropylmethyl cellulose (HPMC) E4M were identified as the most effective PPIs in delaying fenofibrate precipitation in
vitro. An in vitro model of lipid digestion was subsequently coupled directly to an in situ single pass intestinal perfusion assay to
evaluate the influence of PPIs on fenofibrate absorption from LBFs in vivo. This coupled model allowed for real-time evaluation
of the impact of supersaturation stabilization on absorptive drug flux and provided better discrimination between the different
PPIs and formulations. In the presence of the in situ absorption sink, increased fenofibrate supersaturation resulted in increased
drug exposure, and a good correlation was found between the degree of in vitro supersaturation and in vivo drug exposure. An
improved in vitro−in vivo correlation was apparent when comparing the same formulation under different supersaturation
conditions. These observations directly exemplify the potential utility of PPIs in promoting drug absorption from LBF, via
stabilization of supersaturation, and further confirm that relatively brief periods of supersaturation may be sufficient to promote
drug absorption, at least for highly permeable drugs such as fenofibrate.

KEYWORDS: fenofibrate, lipid-based formulation, drug flux, in vivo absorption, in vitro digestion, in situ perfusion,
polymer precipitation inhibitors, supersaturation

■ INTRODUCTION

Favorable solubility−permeability behavior in the gastro-
intestinal (GI) tract is a prerequisite for oral drug absorption.
Drug candidates with low water solubility and/or low
permeability, however, are increasingly frequent products of
contemporary drug discovery programs, and this has dictated
the need to employ bioavailability-enabling formulations to
mask problematic drug properties. For drugs with low water
solubility, lipid-based formulations (LBFs) circumvent the
dissolution limitations of traditional solid formulations and,
by integrating into endogenous lipid digestion and absorption
pathways, provide a means to enhance drug solubilization in the
GI tract.1,2 For LBFs, increased drug absorption results from an

increase in apparent drug solubility in the GI tract due to drug
solubilization in the colloids formed by dispersion and digestion
of the formulation. However, solubilization is also accompanied
by a reduction in thermodynamic activity. Simplistically, this
may be viewed as a reduction in the free drug concentration in
the GI fluids (since most of the drug is solubilized in colloidal
particles). In spite of the drop in free concentration, however,
drug absorption is typically maintained, albeit potentially
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suboptimally, since the equilibrium controlling transfer from
the solubilized reservoir to the free drug fraction is rapidly re-
established on drug absorption.
Formulation processing events that promote transient drug

supersaturation in the colloids in the GI tract result in transient
increases in thermodynamic activity and an increase in free drug
concentration. Formulation designs that promote drug super-
saturation in the GI fluids therefore provide an opportunity to
enhance drug absorption.3−8 One means by which drug
supersaturation can be enhanced is to formulate using polymers
that delay drug precipitationso-called polymeric precipitation
inhibitors or PPIs. PPIs have historically been demonstrated to
sustain periods of transient, metastable supersaturation that are
long enough to improve the absorption of PWSDs. Most
commonly, PPIs have been used in amorphous solid dispersion
formulations.9−14 More recently, the concept and under-
standing of PPIs has been transferred to LBFs.15,16 However,
improvements in supersaturation with polymers observed in
vitro have not always translated to large increases in oral
bioavailability.16−20 This suggests that our understanding of the
beneficial utility of PPIs is incomplete.
Several polymers have been found to delay the onset of drug

precipitation from supersaturated solutions.9,15,21 Hydroxypro-
pylmethyl cellulose (HPMC) appears to be one of the most
effective PPIs with respect to kinetic stabilization of super-
saturation both in solid dispersions22−25 and in LBFs.16,17,19

However, HPMC is not soluble in LBFs,17 and this raises the
question as to whether a PPI that can be dissolved in a LBF can
be effectively employed as a PPI in an LBF or whether a PPI
works more effectively when it is more soluble in the aqueous
phase of the GI content (and is relatively insoluble in LBF).
This may be a key aspect of formulation design, since ideally, all
components in the formulation should be soluble in the
formulation to allow for the generation of isotropic systems,
which typically have improved physical stability when
compared to two phase formulations.
Evaluation of PPI performance in vitro has historically been

performed using (relatively) high-throughput screening meth-
ods such as pH-shift or solvent-shift studies with drug
precipitation measured by visual or microscopic inspection,26,27

UV spectrophotometry,28 HPLC,29,30 nephelometric turbidity
measurements,15,31 X-ray scattering techniques,32 or in-line
Raman spectroscopy.33 Interpretation of the results from these
high-throughput methods using simplified models is often
difficult, especially when applied to LBFs, since the models lack
bile components and do not allow for the simultaneous process
of LBF digestion by lipase/colipase.
Assessment of PPI performance in LBFs can be conducted

under more biorelevant conditions using an in vitro digestion
apparatus that better mimics conditions in the small intestine.
This model accounts for the presence of the formulation and
lipid digestion products and allows for an estimation of drug
partitioning between the aqueous, oil, and solid precipitate
phases that are formed during formulation digestion.34,35

Although the in vitro digestion model gives improved insight
into LBF performance, efforts to correlate the in vitro data from
this model with in vivo exposure have proved elusive.1 This
likely reflects the simplicity of the in vitro digestion experiment
when compared to the intricacies of the in vivo environ-
ment.36,37 One of the biggest shortcomings of the “closed” in
vitro model is the absence of an absorption sink that serves to
remove drug and digestion byproducts from the GI fluids.
Removal of these components changes the GI solubilization

capacity and the drug concentration, simultaneously altering
the degree of drug supersaturation and the drivers for drug
precipitation. The lack of an absorption sink in most in vitro
models typically increases supersaturation and, in doing so,
provides an artificial trigger for drug precipitation. As such, the
in vitro digestion model likely underestimates drug solubiliza-
tion and drug absorption. To overcome this limitation, a
coupled in vitro digestion−in vivo absorption model has
recently been developed within our laboratory for the
assessment of PWSD absorption from LBFs.38 In this “open”
model, the simulated intestinal fluids contained within the
vessel used to conduct the in vitro digestion test are
continuously pumped through an externalized segment of rat
jejunum. This coupled model then allows for blood collection
from the mesenteric vein of the rat and direct measurement of
drug flux through the enterocytes that line the small intestine.
Previous studies using fenofibrate and simple LBFs38,39 show
that the coupled model can improve our understanding of the
interplay between solubility, supersaturation, and permeability
in drug absorption from LBFs.
The current study builds on our previous work to evaluate

the impact of PPIs on drug absorption using the coupled in
vitro digestion−in vivo absorption model. We investigated a
range of polymers for their ability to promote and stabilize the
supersaturation of fenofibrate and probed the importance of
polymer solubility in the LBF versus polymer solubility in
simulated intestinal fluids. The better performing PPIs were
subsequently tested in the coupled model to evaluate whether
sustained supersaturation in vitro translates to more effective
drug transport through the absorptive membrane. The data
suggest that, at least for fenofibrate, PPIs that are soluble in
lipid media (and therefore more suitable as LBF components)
are capable of precipitation inhibition and that prolonged in
vitro supersaturation is correlated with increased absorptive
drug flux.

■ MATERIALS AND METHODS
Materials. Fenofibrate (2-[4-(4-chlorobenzoyl)phenoxy]-2-

methylpropanoic acid isopropyl ester), fenofibric acid, and
meclofenamic acid were obtained from Sigma-Aldrich (St.
Louis, MO, U.S.A.).
Captex 300, a medium-chain triglyceride, composed mainly

of caprylic and capric acid, and Capmul MCM, a blend of
partially digested medium-chain glycerides, were donated by
Abitec Corporation (Columbus, OH, U.S.A.). Kolliphor EL
(polyoxyl 35 hydrogenated castor oil) was donated by BASF
Corporation (Washington, NJ, U.S.A.). Transcutol HP
(diethylene glycol monoethyl ether) was supplied by Gattefosse ́
(St . Pr ie s t , France) . Sodium taurodeoxycho la te
(>95%,NaTDC), 4-bromophenylboronic acid (4- BPB), and
porcine pancreatin extract (P7545, 8× USP specifications
activity) were all obtained from Sigma-Aldrich (St. Louis, MO,
U.S.A.). Phosphatidylcholine (PC) (Lipoid E PC S, approx-
imately 99.2% pure, lecithin from egg yolk) was obtained from
Lipoid (Lipoid GmbH, Ludwigshafen, Germany). Sodium
hydroxide (NaOH) was purchased from Merck (Darmstadt,
Germany). Water was obtained from a Milli-Q water
purification system (Millipore, Bedford, MA, U.S.A.). All
other chemicals and solvents were of analytical purity or
high-performance liquid chromatography (HPLC) grade.
Hypergrade solvents were used for UPLC−MS/MS analysis.
The following polymers were obtained from Sigma-Aldrich

Pty Ltd., Australia: hydroxylethyl cellulose ethoxylate quater-
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nized (HECEQ), poly(2-acrylamido-2-methyl-1-propanesul-
fonic acid) (PAAMPS), polyanetholesulfonic acid (PAESA),
poly(bis(2-chloroethyl) ether-alt-1,3-bis(3-(dimethylamino)-
propyl)urea) (PCEDPU), poly(2-ethyl 2-oxazoline) (PEOX),
poly(propylene glycol) bis(2-aminopropyl ether) (PPGAE),
poly(sodium 4-styrenesulfonate) (PSSS), poly(4-styrenesul-
fonic acid-co-maleic acid) (PSAMA), polyvinylpyrrolidone
(PVP-40), poly(1-vinylpyrrolidone-co-2 dimethylaminoethyl
methacrylate) (PVPDAM), poly(1 → 4)-β-N-acetyl-D-glucos-
amine (chitin, from shrimp shells), buckminsterfullerene
(fullerene (C60)). Eudragit E 100, E PO, L 100, and RL 100
were supplied by Evonik Degussa Pty Ltd., Australia.
Hydroxyethyl cellulose 30000S (HEC) was supplied by
Shandong Head Co Ltd. Hydroxypropylmethyl cellulose
(HPMC) E4M and hydroxypropylmethyl cellulose acetate
succinate (HPMCAS:HF) were supplied by ShinEtsu Chemical
Co.Ltd., c/o ANZChem Pty Ltd., Australia.
A complete listing of the abbreviations and structures used to

identify the polymers can also be found in the Supporting
Information (Table S1).
Preparation of LBFs Containing Fenofibrate. LBFs

consisted of the excipients and ratios presented in Figure 1 and
were prepared as previously described.38

Fenofibrate was incorporated into the formulations at 40 or
85% w/w of the saturated solubility of the drug in a specific
formulation (based on measured solubility values at 37 °C).
Drug solubility in each of the formulations was assessed using
standard methods, and all experiments were performed in
triplicate with samples taken at 2, 12, 24, 48, and 72 h.41

Equilibrium solubility was defined as the value attained when at
least three consecutive solubility sample values varied by less
than 5%. For fenofibrate, this value was typically reached
between 24 and 48 h, in agreement with previously reported
time frames.38 Polymer-containing formulations were made by
adding the stated concentrations (% w/w) of polymers to
preassembled and equilibrated blank formulations. Formula-
tions were vortex-mixed and stored at 37 °C to equilibrate for
at least 24 h prior to use.42

In Vitro (Polymer) Screening. Drug Solubilization and
Supersaturation during Formulation Dispersion and Diges-
tion. In vitro experiments were conducted using previously
reported methods, conditions, and apparatus.43 Briefly, 1.1 g of
drug-loaded LBF was dispersed using an overhead propeller
stirrer (length 96 mm) rotating at 450 min−1 (speed setting =
+3) in a jacketed and thermostatically controlled glass reaction
vessel (Metrohm AG, Hersiau, Switzerland) containing 40 mL
of digestion buffer at a constant temperature (37 °C). The
buffer was made in advance (equilibrated overnight) and
preheated to 37 °C prior to the dispersion−digestion

experiment and consisted of 2 mM Tris-maleate, 1.4 mM
CaCl2·2H2O, 150 mM NaCl adjusted to pH 6.5, to which 3
mM taurodeoxycholate (NaTDC) and 0.75 mM phosphocho-
line (PC) were added. The pH was manually adjusted during
the initial dispersion phase (15 min) using 0.1 M NaOH or
HCl. Digestion was initiated after formulation dispersion by
adding 4 mL of pancreatin extract to the digestion medium.
Pancreatin extract was prepared as described previously38 and
contained pancreatic lipase (and other pancreatic enzymes) and
had a pancreatic lipase activity of ∼40 000 TBU (to provide
approximately 1000 TBU per mL of digest). Aliquots were
removed from the media throughout the in vitro experiment at
time points of −10, −5, 0, 5, 15, 30, 45, and 60 min relative to
the start of digestion. Lipase inhibitor (4-BPB, 5 μL/mL of a
1.0 M in methanol) was added to the Eppendorf sample tubes
prior to the experiment to prevent further lipolysis after
sampling. Hereafter, samples were immediately centrifuged at
37 °C for 10 min using a benchtop centrifuge at 21 000g
(Heraeus Fresco 21, ThermoScientific, Langenselbold, Ger-
many) in order to spin down any precipitated material formed
upon dispersion and/or digestion and to generate an aqueous
solubilized phase and a precipitated pellet phase. During the
digestion phase (60 min), the pH was continuously monitored
and adjusted to a set point of pH 6.5 using a pH stat titrator via
automatic addition of 0.2 or 0.6 M NaOH for Type IV LBF and
medium-chain LBF (Type IIIA and Type IIIB), respectively.

Fenofibrate Solubility in Aqueous Pre (Dispersion) and
Postdigestion Phase. The solubility of crystalline fenofibrate in
the aqueous phase generated during dispersion and digestion of
each of the emulsified blank (i.e., drug-free) LBF was assessed
under the same in vitro conditions as described above. To
generate blank aqueous phase, aliquots were taken from the
digestion vessel after 5 and 10 min dispersion of blank
formulations and after 5, 15, 30, and 60 min postdigestion
initiation. Samples were centrifuged (10 min, 21 000g, 37 °C,
Heraeus Fresco 21), supernatants were pooled, and 1 mL of
this aqueous solution was added to an excess of fenofibrate
(10−15 mg) in three polypropylene tubes for each time point.
These were vortexed and placed in an orbital shaker incubator
(Orbital Mixer Incubator, Ratek Instruments, Melbourne,
Australia) at 37 °C. Samples were subsequently taken over
six hours at 1 h intervals, vortex-mixed, and centrifuged for 10
min. The supernatant was sampled and diluted with acetonitrile
prior to HPLC analysis. The apparent equilibrium solubility of
fenofibrate in the aqueous colloidal phase obtained after
dispersion (APDISP) and digestion (APDIGEST) was defined as
the mean solubility value over the last two time points, for
which the change in solubility was less than 5% (typically
achieved after 2−3 h of incubation). A measure of how

Figure 1. Schematic representation of the composition of the three LBF types employed during the in vitro digestion experiment (% content is % w/
w). The Type IIIA and Type IIIB formulations contained a medium-chain lipid phase comprising a mixture of Captex 300 and Capmul MCM, based
on the LFCS classification of LBFs proposed by Pouton et al.40
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effectively supersaturation was generated and maintained over
the duration of the experiment was gained by comparing the
AUC for the solubilized drug concentration (during dispersion
and digestion) as a function of time divided by the AUC of the
apparent equilibrium solubility of fenofibrate in the AP during
dispersion (APDISP) and digestion (APDIGEST). These values
were used to calculate the supersaturation ratio (S) as described
by Anby et al.17

HPLC−UV Quantification of Fenofibrate in Formulations
and in Samples from in Vitro Experiments. Aqueous
dispersion and digestion samples from the in vitro experiment
were diluted 1:100 (v/v) with acetonitrile and mobile phase
prior to HPLC−UV analysis. Drug quantification was
performed using a Waters Alliance 2695 Separation Module
and a Waters 486 tunable absorbance detector (Waters Alliance
Instruments, Milford, MA, U.S.A.) with a reverse-phase C18
column (150 × 3.9 mm, 5 μm, Waters Symmetry) coupled to a
C18 guard cartridge (4 × 2.0 mm, Phenomenex, Torrence, CA,
U.S.A.). The column was maintained at ambient temperature.
The injection volume was 50 μL, and UV absorbance was
monitored at 286 nm. The mobile phase consisted of
acetonitrile and water in an 80:20 v/v ratio with 0.1% (v/v)
formic acid and was pumped through the column at a flow rate
of 1 mL/min for 6 min. Fenofibrate eluted at 4 min.
The assay was validated by multiday matrix analysis of n = 6

(per concentration group) quality control (QC) standards at
low (1 μg/mL), medium (12.5 μg/mL), and high (50 μg/mL)
concentrations on three different days. Intra-assay validation
was accurate to 101.4, 94.9, and 96.1% and precise to ±2.9, 1.9,
and 2.9% RSD for 1.0, 12.5, and 50.0 μg/mL QC samples,
respectively. Interassay validation (over 3 days) was accurate to
101.9, 99.1, and 98.8% and precise to ±2.7, 2.7, and 3.5% RSD
for 1.0, 12.5, and 50 μg/mL, respectively. Linearity, R2 = 1;
matrix recovery, assessed from blank digest samples (n = 6),
was oil 91%, pellet 107%, aqueous phase 96.5% (Type IIIA)
and 96.9% (Type IV); specificity, no interfering peaks at RT of
fenofibrate; system precision, 1.9% RSD (n = 6).
Polarized Light Microscopy for Solid-State Analysis of

Precipitated Fenofibrate. The pellet from dispersion (0 min)
and digestion (30 min) samples were carefully removed from
polypropylene tubes after phase separation by centrifugation,
transferred onto a microscope slide, and analyzed using a Zeiss
Axiolab microscope (Carl Zeiss, Oberkochen, Germany)
equipped with crossed polarizing filters. Images were obtained
using a Canon PowerShot A70 digital camera (Tokyo, Japan)
and processed using ImageJ (Fiji).44 Pellets were analyzed
within 1 h of sampling to minimize the risk of any changes in
drug solid-state properties due to storage.
In Vitro Digestion−in Vivo Absorption Model. Based

on the results from the in vitro dispersion−digestion
experiment, formulations containing different polymers were
chosen for in situ perfusion experiments to examine if the
addition of the PPIs led to increased drug flux across the
intestinal membrane. All surgical procedures and model
parameters were as described by Crum et al.38,39

Animals. All animal studies were performed in accordance
with the Australian and New Zealand Council for the Care of
Animals on Research and Teaching guidelines and approved by
the institutional animal experimentation ethics committee
(Monash Institute of Pharmaceutical ScienceMonash Uni-
versity). Male Sprague−Dawley rats (290−330 g) were allowed
to acclimatize in the institutional animal housing facility for at
least 3 days with free access to standard food and water ad

libitum. Animals were fasted overnight (12−18 h) prior to
surgery. Anaesthesia was induced in rats by subcutaneous
injection (1.0 mL/kg) of anesthetic “Cocktail I” (37.3 mg/mL
ketamine, 9.8 mg/mL xylazine, 0.4 mg/mL acepromazine in
saline) and maintained throughout the study with subcutaneous
doses (0.44 mL/kg) of “Cocktail II” (90.0 mg/mL ketamine,
0.9 mg/mL acepromazine in saline) when required.45 Rats were
maintained on a 37 °C heated pad throughout surgery, and
experiments were conducted under general anesthesia. At the
end of all experiments, rats were euthanized via an intravenous
or intracardiac injection of sodium pentobarbitone (100 mg)
(Virbac Pty. Ltd., Milperra, New South Wales, Australia).

Surgical Procedures. In situ rat jejunal perfusion experi-
ments with simultaneous mesenteric blood collection were
conducted to assess drug flux across the corresponding isolated
segment of a rat jejenum without the confounding effects of
hepatic first-pass metabolism. For animals undergoing in situ
intestinal perfusion with mesenteric cannulation, a vertical
incision was made above the right breastbone (above the right
collarbone) to provide access to the jugular vein, which was
subsequently cannulated to enable infusion of donor blood via a
peristaltic pump (as described previously).38,46 To expose the
small intestine, a midline incision was made in the abdomen,
and a section of the jejunum was externalized and moistened
with saline. Incisions were made at the proximal and distal ends
of the jejunum segment (∼10 cm) by electrocautery, and the
segment was flushed using prewarmed saline to remove
intestinal contents. This segment was cannulated with elbow
propylene fittings and ligated using silk sutures. The mesenteric
vein draining the cannulated jejunum segment was prepared for
catheterization by blunt dissection of the surrounding
connective tissue and flushed with heparinized saline (90 IU/
kg) through the jugular vein prior to mesenteric vein
cannulation. A fluorinated ethylene propylene catheter (BD
Angiocath i.v. catheter, 24G) attached to silicone tubing was
employed to cannulate the mesenteric vein and collect venous
blood draining from the cannulated segment. This blood was
continuously collected into heparinized polypropylene tubes.
The externalized jejunum section was kept moist (with warm
saline), and the rat was maintained at 37 °C using a heated pad
and heated light source. Fresh heparinized donor blood was
collected from donor rats immediately before surgery by cardiac
puncture and employed for infusion of donor blood throughout
the experiment at 0.3 mL/min.

Assessment of Fenofibric Acid Absorptive Flux into the
Mesenteric Vein. After surgery, animals were equilibrated for
30 min, during which time heparinized (5 units/mL) donor rat
blood was infused via the jugular vein at a rate of 0.3 mL/min
via an infusion pump (Pump 11, Harvard Apparatus, Holliston,
MA, U.S.A.). Experiments were performed in a heated cabinet,
and during re-equilibration, blood from the cannulated
mesenteric vein was collected for reinfusion through the
jugular vein, while saline (37 °C) solution was pumped through
the jejunum segment to clear any residual content. In vitro
dispersion and digestion experiments were carried out as
detailed above, and the contents of the dispersion/digestion
vessel were pumped through the inlet tube of the jejenum using
a peristaltic pump (Pump P-1, Pharmacia Biotech, Amersham
Biosciences, Piscataway, NJ, U.S.A.) at a flow rate of 0.3 mL/
min. The infusion was started at the time of digestion initiation.
Samples (0.5 mL) were taken from the digestion vessel to
quantify fenofibrate concentrations during dispersion and
digestion. Samples were also collected from the perfusate
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after passage through the jejenum to measure the fenofibrate
concentrations in the perfusate post absorption. These samples
were analyzed by HPLC using the conditions and methods
detailed above. Blood from the cannulated mesenteric vein was
continuously collected into preweighed Eppendorf tubes over 5
min intervals. These samples were immediately centrifuged
(6708g, Minispin, Thermo Fisher Scientific, Massachusetts,
U.S.A.) for 10 min to separate the plasma from whole blood
and stored at −80 °C until sample analysis by UPLC−MS2 for
fenofibric acid (FFA) concentrations.
Validation of Jejunum Membrane Integrity. The integrity

of the jejunum membrane of the rat absorption model was
validated using radiolabeled passive permeability markers, for
para- (mannitol) and trans-cellular (antipyrine) routes. The
permeability of these validation markers was assessed during
perfusion of the Type IV LBF loaded at 85% fenofibrate
saturation in the presence of 5% w/w of HPMC E4M, PPGAE,
and EU RL100 to investigate the potential disruptive effect of
the formulation and the polymers on the intestinal membrane.
The validation study was conducted using 5 μCi [14C]-
antipyrine and 0.5 μCi [3H]-mannitol with 1 mM of unlabeled
antipyrine and mannitol in the digestion media in addition to
the LBF. The digestion experiment was performed as described
above. Samples were withdrawn from the digestion vessel at
−10 and 0 min (prior to initiation of digestion) and at 10, 20,
30, 40, 50, 60 min (post digestion). Blood from the mesenteric
vein was continuously collected over 5 min intervals as
described above, and plasma was separated from whole blood
as described above. For quantification of 14C and 3H radiolabel
within the perfusate and plasma samples, 200 μL of the sample
was placed in liquid scintillation vials, to which 2 mL of
scintillation liquid (Ultima Gold, PerkinElmer) was added and
vortexed for 10 s. Quantification of 14C and 3H radiolabel
concentration in the perfusate and blood samples was achieved
using a Packard Tri-Carb 2000CA liquid scintillation analyzer
(Packard, Meriden, CT, U.S.A.).
The apparent permeability coefficients of the markers were

calculated as described previously for perfusion models,47,48

using the appearance of the markers in the mesenteric vein
blood, as per eq 1 below.46

= ×
·

P
C
t

V
A C

appearance
d
dapp

r

d (1)

where V (cm3) is the volume in the receptor chamber (in this
case, the plasma volume in the scintillation vials), A (cm2) is
the surface area of the perfused jejunum segment, Cd is the
initial activity in the donor chamber (cpm), and dCr/dt is the
rate of change of the permeant concentration in the receptor
chamber (in this case, venous blood) determined from the
linear portion of a cumulative receptor chamber activity versus
time plot. The surface area of perfusion was standardized to 10
cm2. The apparent permeability coefficients of antipyrine and
mannitol from the appearance in venous blood are listed in
Table 1 and were within the range of previously reported values
from the literature.38,47,49

Plasma Sample Preparation. Calibration standards for FFA
were prepared by spiking 50 μL aliquots of blank plasma with 5
μL of an acetonitrile solution containing 0.47−30 μg/mL FFA.
This provided spiked plasma concentrations in the range of
15.6−1000 ng/mL FFA. A volume of 5 μL of an internal
standard (IS) solution of meclofenamic acid (MFA) (150 μg/
mL) was also added to each 50 μL plasma sample (unknown)

or standard, the tubes were vortexed, and 90 μL of ACN was
added (an additional 5 μL of ACN was added to unknown
samples to match the spiking volume in the plasma standards of
150 μL). The tubes were vortexed again and centrifuged for 10
min at 21 000g (20 °C, Fresco 21, Heraeus, Thermo Fisher
Scientific, Massachusetts, U.S.A.). The supernatant (organic
phase) was transferred into another Eppendorf, diluted 10-fold
with mobile phase, and centrifuged again, after which the
supernatant was transferred into autosampler vials and injected
onto the LC−MS/MS.

Quantification of Fenofibric Acid in Plasma by UPLC−
MS2. Previous studies have shown that the hydrolysis of
fenofibrate to fenofibric acid occurs rapidly in the enterocyte
with only fenofibric acid detectable in the portal blood and
systemic blood circulation.50,51 Plasma samples were thus
prepared to quantitate fenofibric acid concentrations.
Plasma samples were analyzed on an LCMS-8050 triple

quadrupole mass spectrometer (Shimadzu, Kyoto, Japan),
including a LC-30AD binary pump, a SiL30AC refrigerated
autosampler, a mobile phase vacuum degassing unit (DGU-
20A5R), and a temperature-controlled column compartment
(CTO-20AC), coupled to a triple quadrupole mass spectro-
metric (MS) detector equipped with an electrospray ionization
source. The autosampler temperature was 4 °C, and the
column was heated to 40 °C. Chromatographic separation was
achieved using a Kinetex C18 column (50 × 2.1 mm, 2.6 μm)
(Phenomenex, Torrence, CA, U.S.A.), coupled to a Kinetex
C18 guard cartridge (4 × 2.0 mm). The injection volume was 2
μL, and the mobile phase consisted of 0.1% v/v formic acid in
Milli Q water (A) and 0.1% formic acid in acetonitrile (B).
Under these conditions, the retention times of FFA and the
internal standard, MFA, were 1.85 and 2.96 min, respectively.
Samples were eluted using gradient elution at a constant flow
rate of 0.25 mL/min and conducted as follows: the initial
composition was 50% solvent B, and this was linearly increased
to 95% B over 3.7 min and then held at 95% B. After 4.9 min,
solvent B was decreased to 30% over 0.5 min and then returned
back to 50% by the end of the 6.4 min run time to equilibrate.
The optimized MS/MS conditions are displayed in Table 2.
The nebulizing gas flow was set to 2.2 L/min, the desolvation
line temperature was set to 225 °C, the interface temperature
was set to 300 °C, the interface voltage was set to 3.5 kV, and
the heat block temperature was set to 400 °C. Data acquisition
and peak integration were performed using LabSolutions
LCMS version 5.6 software package for LCMS 8050. Unknown
plasma concentrations were determined by interpolation from a
weighted (1/concentration) calibration curve of FFA/IS peak
response plotted as a function of fenofibric acid concentration.
The plasma assay was validated using n = 6 spiked plasma

QC standards, prepared at low (15.6 ng/mL), medium (250
ng/mL), and high (1000 ng/mL) concentrations. Intra-assay

Table 1. Apparent Permeability Coefficients of Antipyrine
and Mannitol Based on the Appearance in the Mesenteric
Venous Blood in the Absence and Presence of 5% w/w
PPGAE, EU RL100, and HPMC E4M

formulation
mannitol Papp (×10

−6

cm·sec−1)
antipyrine Papp (×10

−5

cm·sec−1)

Type IV, 85%
fenofibrate

3.43 1.62

+ PPGAE 3.74 1.35
+ EU RL100 3.01 1.62
+ HPMC E4M 3.39 1.07
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variability was accurate to 104.1, 90.8, and 93.0% and precise to
±3.0, 2.5, and 5.9% of the low, medium, and high QC samples,
respectively. Interassay variability was assessed over two
separate days and was accurate to 87.0, 98.7, and 98.5% and
precise to ±10.3, 4.4, and 4.1% at low, medium, and high QC,
respectively. For the assay specificity, no interfering peaks were
observed in blank plasma extracts at the retention times of FFA
and MFA. To calculate the fenofibric acid flux, i.e., the total
transport into blood, the mean blood/plasma ratio was
determined (0.78 ± 0.03) and was used to convert plasma
concentrations into blood concentrations.
Statistical Analysis. All statistical analysis was performed

using Graphpad Prism for windows (Version 7.01, Graphpad
Software Inc., CA, U.S.A.). Statistically significant differences
were determined by one-way ANOVA followed by a Dunnett’s
multiple comparisons test at a significance level of α = 0.05.

■ RESULTS

In Vitro Screen of PPIs. The equilibrium solubility of
fenofibrate in the three formulations is shown in Table 3 and is
comparable to the results obtained previously for fenofibrate in
similar LBFs.38 Solubility values ranged from 128.2 mg/g in the
Type IIIA formulation to 154.4 mg/g in the Type IV.
The increase in equilibrium solubility from the Type IIIA to

the Type IV formulation suggests a trend toward increasing
drug solubility with increasing LBF polarity. It is perhaps
counterintuitive that a highly lipophilic drug, such as
fenofibrate, is more soluble in formulations containing a
smaller amount of lipid (i.e., Type IV); however, this
observation has been reported previously35,43 and is consistent
with the fact that fenofibrate is highly soluble in cosolvents.52

The presence of surfactant (Kolliphor EL) also assists in drug

solubility in the formulation. Formulations were subsequently
made up at drug loads of 40 and 85% of saturated solubility in
the formulation to investigate the effect of drug loading on PPI
performance. The effective drug load was confirmed by
formulation assay, resulting in loading at 95.2, 96.4, and
99.4% of target for Type IIIA, Type IIIB, and Type IV,
respectively, and 98.1, 95.1, and 98.4% of target for the 40 and
85% drug loads, respectively. The apparent equilibrium
solubility values of fenofibrate in the aqueous dispersion and
digestion phases obtained from drug-free LBFs (Table 3) show
that solubility is generally lower in the digested colloids than in
the colloids generated during dispersion. This can be attributed
to the lower solubilization capacity of mixed micelles containing
lipid digestion products such as fatty acids (FA) and
monoglycerides (MG), compared to microemulsion droplets
containing triglycerides (TG) and diglycerides (DG). During
dispersion of the Type IV formulation, water-miscible
components such as surfactant and cosolvent are diluted,
which consequently leads to an immediate drop in solubiliza-
tion capacity of the colloids, resulting in a low apparent
equilibrium solubility upon dispersion when compared to the
Type III formulations that contain larger quantities of
nonwater-miscible lipids. Since much of the Type IV
formulation is nondigestible, only small changes in equilibrium
solubility are evident after digestion of the Type IV
formulation.

Effect of Drug Saturation on the in Vitro Performance
of LBFs Containing PPIs. Three PPIs (Eudragit E100,
HPMCAS:HF, and HPMC E4M) were initially selected to
provide proof of concept that PPIs were able to effectively
prolong the duration of fenofibrate supersaturation for each
LBF type and drug load. By way of example, fenofibrate

Table 2. Experimental Optimized MS/MS Conditions on the LCMS 8050 for Fenofibric Acid (FFA) and Meclofenamic Acid
(MFA)a

aWith Q1 and Q3 being, respectively, the first and the third quadrupole mass filters and CE being the collision energy.

Table 3. Equilibrium Solubility of Fenofibrate in the Three Examined LBFsa and in Blank Dispersed and Digested Aqueous
Phase Obtained during Lipid Digestionb

apparent equilibrium solubility (mg/mL) in aqueous phase during lipid
dispersion and digestion

formulation types equilibrium solubility in formulation (mg/g) APDISP (−10 min) APDIGEST (5 min) APDIGEST (60 min)

Type IIIA−MC 128.2 ± 4.3 1.63 ± 0.04 0.37 ± 0.03 0.26 ± 0.03
Type IIIB−MC 144.4 ± 3.7 1.05 ± 0.06 0.83 ± 0.03 0.62 ± 0.02
Type IV (no PPI) 154.4 ± 3.1 0.34 ± 0.02 0.39 ± 0.03 0.24 ± 0.05
+ EU RL100 0.29 ± 0.02 0.15 ± 0.07 0.14 ± 0.05
+ HPMC E4M 0.25 ± 0.01 0.31 ± 0.01 0.32 ± 0.05
+ PPGAE 0.30 ± 0.06 0.31 ± 0.08 0.23 ± 0.08

aAttained after 72 h at 37°C. bMean ± SD, n = 3.
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concentration profiles during dispersion and digestion of LBFs
containing 1% w/w E100 are displayed in Figure 2.
The solubility of fenofibrate in the colloids produced during

formulation dispersion and digestion is detailed in Table 2 and
shown in Figure 2 as the black dashed line. Figure 2 also shows
the drug concentrations measured during kinetic evaluation of
drug solubilization during lipid formulation digestion in the
absence (gray) and presence (blue) of polymer (in this
example, Eudragit E100). Concentrations above the black
dashed line are therefore “supersaturated.” To give an
indication of the thermodynamic instability generated by
formulation dispersion or digestion, the ratio of the APMAX

(blue dashed line representing the maximum AP concentration
that would be attained if no drug precipitated on formulation
dispersion) and the equilibrium solubility of the drug in the
aqueous phase after dispersion and digestion (APDISP or
APDIGEST, black dotted line) was calculated as a measure of
the maximal degree of supersaturation during dispersion and
digestion (i.e., SM). SM provides an indication of the maximal
driver for precipitation. The SM values are annotated in Figure 2
for both dispersion (SMDISP) and digestion (SMDIGEST) phases.
From previous reports (in the absence of PPIs), it has been
established that supersaturation is typically stable (and
therefore precipitation avoided) when the SM is below ∼317,53
and that SM values during the digestion phase (Figure 2) are
generally higher than those calculated during the dispersion
phase (since the solubilization capacity of digested colloids is
typically lower than that of dispersed colloids containing
undigested glycerides). Consistent with these previous results,
loading formulations at lower drug saturation (40% saturation,
upper panels) resulted in the generation of lower degrees of

supersaturation (and lower SM) and therefore lower precip-
itation. In contrast, at higher drug loads (85% saturation, lower
panels), SM was higher, and precipitation was more evident.
Formulation dispersion also led to lower supersaturation than
that obtained after initiation of digestion (except for the Type
IV formulation where digestion was limited). Formulations
containing drug at high (85%) drug loading showed high initial
levels of supersaturation (significantly greater than the
previously observed limit of 3), and as such, this was followed
by rapid precipitation toward the apparent equilibrium
solubility. In general, however, even though drug precipitation
was rapid from the formulations loaded at 85% saturation, the
increased drug load did lead to the attainment of higher
solubilized drug concentrations when compared to the
formulations loaded at 40% saturationat least at early time
points. The solubilization capacity of the Type IIIA and IIIB
formulations dropped sharply after initiation of digestion, while
the Type IV formulation rapidly lost solubilization capacity
upon dispersion. This is consistent with previously published
concentration profiles of fenofibrate for Type IIIB and Type IV
formulations at high drug load.38,43

The Type IV formulation did not follow the same general
trend where higher drug loads generated higher solubilized
drug concentrations. Instead, the Type IV formulation with a
drug load of 85% resulted in very rapid precipitation over the
first 5 min of formulation dispersion. When the drug load was
lowered to 40%, the formulation was able to retain drug in a
supersaturated state for 30 min during digestion prior to
subsequent precipitation over the last 30 min of digestion. A
similar observation for a Type IV formulation at various drug
loadings was made by Williams et al.43 From the concentration

Figure 2. In vitro evaluation of the drug concentration profile of fenofibrate during dispersion and digestion of three LBFs, [mean ± SD (n = 3)] in
the presence and absence of Eudragit E100 (EU E100). Fenofibrate was incorporated at 40% (upper row) and 85% (lower row) of the equilibrium
solubility in the formulation and in the absence (gray circles) and presence (blue circles) of 1% w/w EU E100. The horizontal (blue) dashed line
represents the APMAX, and the black circles (dashed black line) represent the apparent equilibrium solubility of fenofibrate in the aqueous colloidal
phase, produced during drug-free LBF dispersion (APDISP) and digestion (APDIGEST). The blue shaded section represents the experimental duration
of the dispersion phase.
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profiles in Figure 2, in the absence of PPI (gray symbols), it is
possible to establish a rank order of formulation solubilization
performance where, in general, Type IIIA > Type IIIB > Type
IV.
At high drug load, the addition of a PPI led to a delay in the

onset of drug precipitation for the Type IIIB and Type IV
formulations that contained lower lipid/surfactant + cosolvent
ratios. The trend toward greater proportional prolongation of
supersaturation for Type IV LBFs was not replicated for the
formulations loaded at 40% saturation, where the addition of a
PPI only slightly increased periods of supersaturation and in
some cases even led to increased drug precipitation (E 100 and
HPMC E4M). HPMCAS:HF and HPMC E4M followed a
similar trend, whereby the increase in fenofibrate solubilization
and supersaturation ratio was more pronounced in the Type IV
formulation at 85% drug loading. The impact of the three PPIs
on fenofibrate solubilization during dispersion and digestion of
the three LBFs is summarized in Figure 3.
The high initial solvent capacity of the Type IV formulation

for FFB, the loss of solvent capacity on dispersion and
digestion, and the potential ability of the PPI to protect against
that loss, at least at high drug loading, made the Type IV
formulation an attractive starting point to assess the potential
beneficial effect of the addition of a broader range of PPIs.
Therefore, the Type IV formulation at 85% saturation was
chosen as a candidate to conduct a screening study to explore
the effect of polymer (and polymer solubility) on performance.
A fixed drug saturation ratio, rather than a fixed drug
concentration, was employed in the screening experiments to
ensure consistent initial drug thermodynamic activity across the
formulations.
Effect of Polymer Solubility on Supersaturation

Prolongation. While PPI are well described to limit drug
precipitation from lipid formulations,19,20 it is less clear whether

the “site of action” of the polymer is in the aqueous phase, the
lipid phase, or at the interface. To investigate whether PPIs
perform more effectively when they are soluble in the LBF
(lipid) or in the micellar solution (aqueous), a range of PPIs
was selected that had previously been reported as being
“superior” precipitation inhibitors for nonelectrolyte drugs,
such as fenofibrate.15,31 Each polymer was assessed to
determine whether it was soluble in the Type IV LBF at a
limit of 1% w/w and whether the equivalent mass was soluble
in the volume of 40 mL of micellar solution employed in the
digestion test. The solubility data for the PPIs tested is
summarized in Figure 4.
The impact of polymer solubility on the ability to promote

supersaturation is summarized in Figure 5 for the Type IV LBF
loaded at 85% fenofibrate saturation solubility. The figure

Figure 3. Fenofibrate solubilization and supersaturation during in vitro dispersion and digestion of LBFs. The AUC of solubilized fenofibrate during
in vitro dispersion and digestion, calculated using the linear trapezoidal method is shown in the bars, with data obtained using formulations loaded at
40% of saturation solubility in the open bars and data at 85% saturation in the gray bars (left axis). The degree of fenofibrate supersaturation during
dispersion, and digestion is shown as the blue squares (data at 40% saturation loading) or blue triangles (data at 85% saturation loading) (right axis).
Data expressed as the supersaturation ratio (S) and calculated with AUCDISPandDIGEST of the concentration profiles [mean ± SD (n = 3)].

Figure 4. Venn diagram showing the solubility of PPIs in the Type IV
LBF (yellow) and micellar solution (blue), respectively. Polymers
displayed outside the diagram were not soluble in either of the media,
whereas those in the overlapping region were soluble in both media.
Polymer solubility was tested at 1% w/w in the formulation, and the
corresponding mass was used to assess solubility in 40 mL micellar
solution.
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shows the increase in drug solubilization afforded by the
presence of PPI across a range of polymers, and these are color
coded to display those polymers that are soluble in the
formulation (and therefore were dissolved in the formulation),
those that were only soluble in micelles (and therefore
predispersed in the micellar solution), and those that were
not soluble in the lipid formulation and were therefore
suspended in the LBF. An overview of the in vitro solubilization
profiles of the individual polymers is shown in the Supporting
Information (Figure S1).
Suspensions of HPMC AS:HF resulted in a high-viscosity

system containing polymeric aggregates, making sampling
difficult. Suspensions of HPMC E4M in LBFs were more
stable and were therefore employed in later experiments. Even
though HPMC E4M was not soluble in the Type IV LBF, it
formed a stable suspension, where polymer particles did not
sink to the bottom of the vial but rather remained suspended.
This observation was not apparent for the other lipid-insoluble
polymers. The polymethacrylates, such as E100, were not
soluble in the micellar solution, which was unexpected, since
previous studies suggest that they are soluble in a simple
aqueous buffer (phosphate buffered saline).15,31 Interestingly
therefore, the composition of the fasted intestinal fluid used in
the current series of experiments appears to decrease polymer
solubility. A formulation dependent solubility phenomenon was
observed for HPMC AS:HF, where increasing solubility was
apparent with decreasing lipid content of the formulations
(Type IIIA < Type IIIB < Type IV).
Data above the dashed line in Figure 5A show polymers that

generated increased drug solubilization compared to the
control formulation. The addition of PPIs, whether predis-
persed in the formulation or in the micellar solution, in all cases
led to a reduction in drug precipitation and maintained drug
solubilization for an extended period of time. Interestingly, not
all polymers from the same “class” performed equally well. For
example, HEC and HECEQ, both cellulose-based polymers,
were not as effective as HPMC E4M or HPMC AS:HF. This

was also apparent for the polymethacrylates (Eudragit), where
EU RL100 prolonged supersaturation approximately twice as
effectively as EU E100 or L100. Polymers containing a
sulfonate functional group, such as PAESA, PSSS, or PAAMPS,
resulted in variable performance. Thus, PSSS predispersed in
the formulation and was able to increase fenofibrate
solubilization to a greater extent than PAESA, which did not
perform much better than the control formulation, even though
the two polymers are structurally similar. Likewise, PPGAE,
which contains two amino groups, was one of the best
performing polymers, whereas other amino-containing poly-
mers such as PVP-DAM or PVP-40 were much less effective.
The utility of both PPGAE (positively charged) and PSSS
(negatively charged) suggests that charge had little specific
effect on the ability of fenofibrate to interact with the polymers
and promote supersaturation, consistent with the lack of
ionization sites on fenofibrate.
To provide a broad indication of the impact of polymer

solubility on PPI performance, the ability of PPIs to maintain
supersaturation throughout dispersion and digestion (as
indicated by the supersaturation ratio (S)) was averaged for
polymers that were either soluble in micellar solution, soluble
in the LBF, or suspended in the LBF. These data are
summarized in Figure 5B. Polymers that were soluble in the
LBF exhibited the larger supersaturation ratio (mean of ∼3);
however, no statistically significant difference was obtained
when compared to the two other groups, i.e., PPIs predissolved
in micellar solution and PPIs suspended in LBF. None of the
PPIs were able to fully maintain supersaturation over the
duration of the digestion phase (60 min). A full list of the drug
concentration profiles obtained in the presence of the
individual polymers is provided in Figure S1.
From this in vitro screen, three polymers (EU RL100,

HPMC E4M, and PPGAE) were identified as PPIs that
increased fenofibrate solubilization by more than 35% and were
chosen to probe the impact of polymer concentration on the
duration of drug supersaturation. Across these three polymers,

Figure 5. In vitro evaluation of the impact of the presence of PPIs predispersed in different media on fenofibrate solubilization and supersaturation
after dispersion (15 min) and digestion (60 min) in a Type IV formulation at 85% saturated solubility [mean ± SD (n ≥ 3)]. Panel A: Shows the %
drug solubilized over the period of formulation dispersion and digestion, calculated by dividing the AUC of the concentration versus time profile
obtained in the in vitro test by the AUC of the APMAX over the same time period (representing 100% solubilized). The horizontal black dotted line
represents the extent of drug solubilization obtained from the formulation in the absence of polymer (also shown as the black (control) bar). Data
above the line represent formulations where polymer addition leads to lower drug precipitation during formulation dispersion and digestion (and
therefore greater drug solubilization). The green panel highlights the area where the % solubilized fenofibrate exceeds that of the formulation without
polymer (control). Panel B: Mean supersaturation ratio (S) obtained over the period of dispersion and digestion of the formulations; data grouped
for polymers with different solubility profiles in the LBF.
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only HPMC E4M was used as a suspension in the LBF, while
EU RL100 and PPGAE were soluble and used as a solution. In
light of the fact that predispersion in the formulation versus
dissolution in the micellar solution had no significant impact on
performance, polymers were predispersed in the LBF, since this
more closely reflects the likely mode of use in a drug product.
To evaluate the optimal polymer concentrations, a Type IV
formulation was loaded at two different polymer concen-
trations, i.e., 1 and 5% w/w, and the drug solubilization
advantage obtained was calculated over the dispersion (15 min)
and digestion phases (60 min) (Figure 6). To investigate

whether the increased drug solubilization obtained by enhanced
supersaturation in the presence of the PPIs reflected a kinetic
stabilization of the supersaturated state or changes to the
inherent solubilization capacity of the postdigestion AP, the
apparent equilibrium solubility of fenofibrate in blank (drug-
free) AP was also measured in the presence of these polymers
at the experimental concentrations (Table 1). The addition of
5% w/w EU RL100 to the Type IV LBF resulted in a highly
viscous formulation. However, no significant difference was
evident in drug solubility in the presence and absence of the
three PPIs, loaded at 5% w/w. The impact of the polymer on
drug solubilization during digestion was therefore to stabilize
supersaturation via a kinetic mechanism rather than to enhance
intrinsic solubility (i.e., to change system thermodynamics).
Figure 6 shows that a higher polymer concentration did not

correlate with improved drug solubilization for PPGAE and EU
RL 100. In this case, 1% w/w polymer loading resulted in
similar or better drug solubilization than 5% w/w. Formulations
loaded with 5% w/w HPMC E4M resulted in a greater delay in
precipitation compared to a 1% w/w polymer loading,
consistent with previous studies.17,20 Based on these results,
polymer concentrations of 1, 5, and 1% w/w were chosen for
EU RL100, HPMC E4M, and PPGAE, respectively, to pursue
further in vivo studies. At these loading levels, HPMC E4M was
not soluble in the formulation (Type IV). As such, the
formulations employed allowed further examination in the
formulation of the impact of polymer solubility on precipitation
inhibition and in vivo ability to increase drug absorption across
the intestinal membrane.
In Situ Absorption Evaluation. The in vitro solubilization

profiles of fenofibrate during the conduct of in vitro digestion−
in situ absorption studies for the Type IV LBF containing the
three selected polymers are shown in Figure 7.

All three PPIs were able to extend the period of fenofibrate
supersaturation to an extent, although rapid precipitation
toward the apparent equilibrium solubility upon digestion
initiation could not be prevented (Figure 7A). Supersaturation
was extended for approximately 10 min in the presence of EU
RL100 and HPMC E4M, while PPGAE extended the duration
of fenofibrate supersaturation for approximately 15 min when
compared to the absence of PPIs. Drug concentrations
measured in samples collected postjejunum were consistent
with the values obtained from samples in the digestion vessel,
suggesting insignificant drug loss in the pump or tubing.
Prolongation of supersaturation is summarized in Figure 7B,
confirming a significantly higher supersaturation ratio, and thus
thermodynamic activity, obtained in the presence of PPIs.
To evaluate the impact of prolonged fenofibrate super-

saturation in vitro (in the presence of PPI) on drug absorption
across the intestinal wall in vivo, fenofibric acid flux (as a
surrogate for fenofibrate absorption, since fenofibrate is
completely hydrolyzed to fenofibric acid on transport across
the enterocyte) was determined during simultaneous perfusion
experiments for each formulation through the jejunum segment
(Figure 8A). The plasma concentrations of fenofibric acid in
the mesenteric blood over time (60 min) were subsequently
measured (Figure 8A), and the AUC from 0 to 60 min was
calculated (Figure 8B). The IVIVC between the in vitro
supersaturation ratio and in vivo plasma AUC is shown in
Figure 8C.
Consistent with previous results, where high fenofibrate drug

loading resulted in rapid precipitation from a Type IV
formulation, in the absence of PPI, absorptive drug flux after
perfusion of the Type IV formulation resulted in low levels of
fenofibric acid in the mesenteric blood.39 In comparison, for the
Type IIIB formulation where in vitro solubilization was
improved (Figure 2) drug absorption into the mesenteric
blood was enhanced (Figure 8A).39

The addition of the PPIs to the Type IV formulations led to
a > 4-fold increase in absorption (AUC, Figure 8B), with
PPGAE being the most effective, consistent with the most
effective prolongation of supersaturation in vitro. This resulted
in a significant increase in drug flux (p = 0.0282) with PPGAE,
whereas variability in absorption precluded attainment of
significance for the other PPIs (p = 0.0631 and 0.1320 for
HPMC E4M and EU RL100, respectively) compared to the
Type IV control (p-values for a one-way ANOVA with
Dunnett’s multiple comparisons test with comparison to
control). The addition of the PPIs to the formulation
prolonged absorptive flux for up to 60 min, although peak
absorption rates reduced from 20 min onward. Fenofibric acid
levels in the mesenteric blood were therefore increased for a
longer period than the period of prolongation of super-
saturation in vitro (15 min). As described previously, transient
periods of supersaturation therefore appear to be able to
promote ongoing absorption for up to 1 h.39

From Figure 8C, it can be seen that there is a reasonable
correlation between fenofibrate absorption and the degree of
supersaturation of fenofibrate during in vitro dispersion and
digestion (R2 = 0.74). This was particularly true when
evaluating the effect of PPI on the same formulation (e.g.,
the Type IV formulation), resulting in an R2 value of 0.87.
Interestingly, the additions of the PPIs to the Type IV
formulation resulted in improved performance such that the
absorptive flux obtained was greater than that obtained from
the Type IIIB LBF in the absence of PPI. Attribution of the

Figure 6. Impact of PPI concentration (1 and 5% w/w) on the extent
of fenofibrate solubilization. Percentage (%) drug solubilized over the
period of formulation dispersion and digestion was calculated by
dividing the AUC of the concentration versus time profile obtained in
the in vitro test by the AUC of the APMAX over the same time period
(representing 100% solubilized). PPIs were incorporated at 1 and 5%
w/w, predispersed in the LBF (Type IV) [mean ± SD (n = 3)].
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increases in flux to increases in supersaturation are supported
by the fact that the flux of the passive permeability markers,
antipyrine and mannitol, was unchanged in the presence of the
formulation, consistent with limited effects on intrinsic
permeability.
To investigate whether changes in drug flux, obtained in the

presence of PPIs in the LBFs, reflected a propensity toward
increased phase separation (precipitation) of drug in the
amorphous form in the presence of polymer, and therefore the
potential for enhanced redissolution of amorphous fenofibrate
precipitate, centrifuged pellet phases collected during dis-
persion and digestion were examined by crossed-polarized light
microscopy. Figure 9 shows the physical form, in which
fenofibrate precipitated during in vitro dispersion and digestion
when formulated in a Type IV LBF in the presence of the
polymers HPMC E4M, EU RL100, and PPGAE. Character-
ization of the pellet phase confirms the presence of crystalline
fenofibrate. An increasing number of crystals can be observed
from dispersion (0 min) to digestion, consistent with the
solubilization profiles. The crystals obtained during the
dispersion phase were smaller than those obtained in the
digestion phase.

■ DISCUSSION

Formulation technologies that increase the proportion of the
drug dose that is delivered to the systemic circulation after oral

administration (oral bioavailability), and therefore reduce the
required dose, are actively sought. The low absorption of
PWSDs, resulting from low aqueous solubility and slow
dissolution, dictates that PWSDs are common targets for
such technologies. In recent years, increasing attention has been
directed toward formulation approaches that provide a “spring
and parachute” approach to enhance drug solubility in the GI
tract. In this method, some means of rapidly enhancing drug
solubilization, often above the solubility limit (the spring), is
employed, followed by a mechanism to maintain drug
solubilization and prevent precipitation (the parachute).54,55

Inclusion of PPIs in drug delivery systems as a means to delay
the onset of precipitation has received increasing attention over
the past decade; although to this point, the use of PPIs in LBFs
has been studied less thoroughly. The ability of a PPI to induce
and kinetically stabilize a supersaturated state is typically
screened in vitro, due to higher throughput and lower cost.
While in vitro evaluation methods have identified polymers
with appreciable precipitation inhibition abilities,15,28,56 it is
unclear how predictive these assays are of intraluminal drug
behavior and, more precisely, how effective they are in
estimating the propensity for precipitation or absorption in
vivo. The transferability of in vitro estimates of drug
solubilization patterns to in vivo absorption is hampered by
several factors,1 with the lack of an absorption sink being
suggested as a key limitation to in vitro model utility. To
address this, in the current study, a new model, developed by

Figure 7. In vitro impact of PPIs on drug solubilization and supersaturation. Panel A: Drug concentration profiles of fenofibrate in Type IV
formulations at 85% fenofibrate loading pre-perfusion of the jejunum (i.e., in the digestion vessel) during dispersion and digestion in the absence
(gray circles) and presence (black circles) of three different polymers predispersed in the LBF [mean ± SD (n = 4−5)]. The drug concentration
profiles of fenofibrate postjejunum, i.e., exiting the perfused segment (orange open symbols) are plotted in the presence of polymers. Polymer
concentrations in the LBFs were 1, 5, and 1% w/w for EU RL100, HPMC E4M, and PPGAE, respectively. Blue panels represent the dispersion
stage. The black circles and dashed line shows fenofibrate solubility in the aqueous colloidal phase produced by dispersion (APDISP) and digestion
(APDIGEST) of the formulation, and the upper horizontal dotted black line represents the APMAX. Panel B: Fenofibrate supersaturation in the absence
and presence of polymers, expressed by the supersaturation ratio (S) calculated with AUCDISPandDIGEST of the solubilization profiles in panel A [mean
± SD]. **** = Statistically significant difference (p < 0.0001), compared to the Type IV control (no PPI) LBF.
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Crum et al.,38 has enabled evaluation of the impact of PPI on
drug solubilization in vitro and drug absorption in vivo after
administration of a range of LBFs. This coupled in vitro
digestion−in vivo absorption model enables drug flux

quantitation through an intact, vascularized jejunum segment
and, unlike many in vitro cell-based systems, is able to tolerate
relatively high concentrations of bile salts, surfactants, and
lipids. The mechanisms by which supersaturation from LBFs is
triggered in vivo include loss of formulation solubilization
capacity upon dispersion, initiation of lipid digestion, and entry
into the unstirred water layer.57,58 A biorelevant model is thus
required to fully capture the intraluminal events that are
expected to contribute to the balance between precipitation and
increased absorption after transient supersaturation. However,
since these models require relatively complex surgical
procedures, they are not well suited to high-throughput
screening of large numbers of formulations. Screening of the
ability of different PPI to prolong the duration of fenofibrate
supersaturation was therefore initially conducted using an in
vitro digestion model.35

Effect of Drug Saturation on LBF Performance with
PPI. HPMCAS:HF, HPMC E4M, and Eudragit E 100 were
initially chosen as representative PPIs to assess the impact of
drug load in the formulation on drug precipitation after
formulation dispersion and digestion and the potential for PPIs
to protect against drug precipitation during this process. The
choice of these polymers was based on the chemical diversity of

Figure 8. Fenofibric acid absorption assessment using the coupled in vitro digestion−in vivo absorption model for Type IIIB LBF and Type IV LBFs
in the absence and presence of PPIs (HPMC E4M, PPGAE, EU RL100) with fenofibrate incorporated at 85% saturated solubility [mean ± SEM (n
= 4−5)]. Panel A: Overlaid fenofibric acid flux into mesenteric vein blood across an ∼10 cm segment for the Type IIIB LBF and Type IV LBFs (with
and without PPIs). Panel B: Calculated AUC of fenofibric acid flux into the mesenteric vein over time (t = 0−60 min, data from Panel A). Data
represent mean ± SEM (n = 4−5). Panel C: IVIVC of in vivo absorptive drug flux of fenofibric acid and the in vitro supersaturation ratio (S) and
data from in vitro digestion tests in Figure 7. The linear regression for all five formulations was R2 = 0.74; for the Type IV LBFs, it was R2 = 0.87
(regression line for fit to Type IV LBFs only shown). * = Statistically significant difference (p < 0.05) compared to the control, Type IV LBF (no
PPI).

Figure 9. Crossed-polarized light micrographs of precipitated
fenofibrate generated during dispersion and digestion of a Type IV
formulation loaded at 85% saturation, in the presence of PPIs. Images
of the pellet phase were obtained at 0 min (end of dispersion phase)
and at 30 min after initiation of digestion.
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E 100, HPMCAS:HF, and HPMC E4M and the fact that they
have previously been shown to maintain drug supersaturation
for extended periods in vitro.15,31,59

A significant body of work has been published describing the
properties of cellulose-based polymers, and these have been
widely used for film coating and more recently as PPI, not only
in amorphous and solid dispersion formulations60 but also in
LBFs.16,17,19 Various characteristics of these polymers have
been reported to be responsible for precipitation inhibition,
such as hydrogen bonding capacity,61 van der Waals
interactions, and hydrophobic interactions.62 The acetate
succinate analogue of HPMC (HPMCAS), which was originally
developed as an enteric polymer for aqueous dispersion
coating,63 has received increasing attention in drug delivery
and has been reported to be an effective PPI for many
structurally different drugs covering a wide variety of physical
properties. To this point, however, evidence of utility has been
provided primarily with polymeric amorphous solid dispersion
formulations.24,64,65 According to Friesen et al., HPMCAS:HF
has unique characteristics that underpin superior utility as a
drug precipitation inhibitor in solid dispersion formulations.66

First, the high glass transition temperature of the polymer
results in low drug mobility and hence improved physical
stability of amorphous drug within the formulation. Second,
above pH 5, HPMCAS:HF is at least partially ionized (pKa of
succinate groups ≈ 5), and this reduces the formation of large
aggregates and instead stabilizes the polymer as nanosized
amorphous drug−polymer aggregates. This inhibits conversion
of drug to the low-energy−low-solubility crystalline form.
Finally, the amphiphilic nature of this PPI enables PWSD to
interact with the hydrophobic regions of the polymer, and these
association structures remain stable as colloidal species in
aqueous solution. HPMCAS:HF therefore has many character-
istics that make it an ideal PPI. Its utility in LBFs, however, is
restricted by very low solubility in LBFs, at least in medium-
chain lipid-rich formulations, such as the Type IIIA and Type
IIIB formulations employed here. This requires the generation
of nonhomogenous suspensions of polymer in LBFs. This
drawback complicates homogeneous sampling, a limitation
alleviated when using HPMC, which although poorly soluble in
LBF, results in a stable suspension of the polymer in all LBFs
used. Polymethacrylates (e.g., Eudragits), which were also
originally used for enteric coatings (moisture protection and
odor/taste masking), have also recently been shown to possess
precipitation inhibition properties.15,31 Polymethacrylates have
the advantage of supply in highly reproducible forms (when
compared to some cellulosic derivatives, which may have
different physicochemical properties depending on the source
of raw material), are relatively easy to polymerize, and have
significant synthetic flexibility such that the ratio and
composition of the side chains can be varied. Eudragit E100
was initially employed here, since it is one of a limited number
of polymers that have some solubility in LBFs. Surprisingly, in
our study, while E100 was soluble in the formulation, it was not
soluble at the levels examined in simulated fasted intestinal fluid
(whereas previous studies suggest solubility in aqueous buffers).
Takemura et al. have previously reported an interaction of E100
with taurocholate bile salt, and this may explain its observed
precipitation in the micellar solution employed here.67

Takemura et al. attributed this detrimental interaction to an
electrostatic and/or hydrophobic contact between the anionic
amphiphile (bile salt) and the hydrophobic backbone of the
cationionic copolymer.

The polymers E 100, HPMCAS:HF, and HPMC E4M were
therefore employed in initial experiments to determine whether
drug loading significantly affected PPI performance. The in
vitro concentration profiles of fenofibrate after dispersion and
digestion of the three formulations (Type IIIA-MC, IIIB-MC,
and IV) at high drug load (85% saturation), resulted in more
precipitation than those obtained at low (40% saturation) drug
load, in agreement with previous studies using fenofi-
brate38,39,43,68 and other PWSDs17,53,69 in LBFs. This can be
attributed to the higher APMAX reached at higher drug load,
which increases the maximum supersaturation ratio (SM) and
therefore the pressure applied on the formulation to maintain
supersaturation without drug precipitation. The other determi-
nant of supersaturation is the apparent equilibrium solubility of
the drug in the colloids formed by formulation dispersion and
digestion. In this regard, Type IIIA formulations typically
provide intestinal colloidal species with higher intrinsic drug
solubilities when compared to Type IIIB or Type IV
formulations. In addition, the lower ratio of surfactant and
cosolvent to lipid in Type IIIA formulations usually results in
lower drug solubility in the formulation and therefore a lower
APMAX. Together, the reduction in APMAX and increase in
equilibrium solubility (APDIGEST and APDISP) often reduce SM

and decrease the potential for precipitation during dispersion
and digestion of Type IIIA LBF. In contrast, the presence of
surfactants and cosolvents in Type IIIB and Type IV
formulations, while beneficial in increasing drug load, also
result in higher APMAX and reduced equilibrium solubility,
thereby increasing SM values and increasing the potential for
precipitation. The lower equilibrium solubility of drugs in the
colloids produced by dispersion and digestion of Type IV and
Type IIIB formulations reflects the water miscibility of many of
the formulation components and the lower lipid content. As
such, on dilution in the GI fluids, solubilization capacity is
typically lost. This is especially true of Type IV formulations
that typically have the highest capacity to load drug into the
formulation but have the lowest ability to retain drug in a
solubilized state on dispersion and digestion.
When comparing drug precipitation profiles in the presence

and absence of polymer, the impact of the PPIs was highly
dependent on drug load and the formulation employed. Thus,
the effect of PPIs on formulation performance was limited for
the Type IIIA formulation, which was the most effective
formulation in the absence of polymer. In the case of the Type
IIB and Type IV formulations, where drug precipitation was
more evident, the PPIs had little effect at 40% drug load (again
where performance was reasonable in the absence of polymer).
At high drug loads (80%), however, where drug precipitation
was most significant, the PPIs had the largest effect. This is the
opposite trend to that reported previously for the PWSD
danazol, where beneficial PPI performance in LBFs was more
apparent at lower drug loads.59 The data suggest that PPIs need
to be treated as drug-specific tools and should be assessed on a
case-by-case basis, rather than regarded as general, nonspecific
tools.
In light of the data obtained, further studies focused on the

ability of PPIs to overcome the limitations to performance for
the Type IV LBFs (poor ongoing solubilization) at high drug
load.

Effect of Polymer Solubility on Supersaturation
Prolongation. Having identified a test system to explore in
more detail, subsequent studies focused on the importance of
drug solubility in either the formulation or the aqueous phase
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of the in vitro digest. These studies were conducted to test the
hypothesis that polymer solubility in the GI fluids may be a
critical determinant of utility and that those polymers with
limited or no aqueous solubility may be poor PPI. The data also
sought to evaluate whether PPI that were soluble in the LBF
(and therefore more practical formulation excipients) may be
less effective PPIs by virtue of segregation from the aqueous
phase. Finally, the studies evaluated whether water-soluble
polymers that were suspended in a LBF were as effective as
they were when predissolved in the digestion media. From
Figure 5A, it is apparent that all the polymers tested were able
to inhibit fenofibrate precipitation from the Type IV
formulation (85% saturation) to some extent and that the
solubility characteristics of the PPI in aqueous versus lipidic
media did not significantly affect performance (Figure 5B). The
supersaturation ratio (S) was used to quantify supersaturation
stabilization (Figure 5B), and similar mean values were
obtained for polymers with differing solubility characteristics
(∼2.5−3). The screening method employed here therefore
suggests that the location of the polymer was not a critical
determinant of PPI utility and that even polymer suspended in
LBFs performed well.
The in vitro screen of PPI for fenofibrate provided a rank

order classification for the PPI and identified three superior
polymers (Eudragit RL 100, HPMC E4M, and PPGAE) that
could be dissolved or stably suspended in the LBFs for in vivo
studies. Subsequent studies examined the likely optimal
concentration at which the PPI should be employed and
revealed that higher levels of polymer were not necessarily
ideal, perhaps resulting in precipitation seeding. The polymer
concentrations employed in the in vivo experiments were
therefore 1% w/w for EU RL100 and PPGAE and 5% w/w for
HPMC E4M. In all cases, while the addition of PPI was able to
significantly enhance the degree of supersaturation, stabilization
only persisted for relatively brief time scales (15−30 min,
Figure 7A). Across these polymers, supersaturation values of up
to 3.8 were evident over the period of dispersion and digestion
(Figure 7B). This approximates the value of 3, which has
previously been suggested to represent the limit beyond which
significant precipitation is usually evident in the absence of
PPI.17,53

The extent of precipitation inhibition observed here is
substantially less than that observed previously using solvent-
shift methods of supersaturation generation.15,31 In these
previous studies, for example, the rates of precipitation of the
nonelectrolyte drugs danazol, carbamazepine, and ethinylestra-
diol were reduced by 100-fold compared to control (no PPI), in
the presence of low concentrations (0.001 and 0. 1% w/v) of E
100, HPMCAS:HF, and PSSS. Other studies, on the other
hand, reported similar values to the current study for in vitro
polymer-mediated supersaturation performance for nonelec-
trolyte drugs, such as fenofibrate,30 benzamide, and phenace-
tin.56 All these studies, however, utilized solvent-shift methods
to promote supersaturation generation (i.e., dilution of
solutions of drug in cosolvents into aqueous buffer), did not
employ biorelevant media, and did not include the dispersion
and digestion of LBFs. These discrepancies in in vitro polymer
performance raise the question as to whether PPI-mediated
stabilization of solubilized drug concentrations is dependent on
the technique employed to generate the initial supersaturation,
i.e., solvent-shift versus formulation digestion.
In Situ Absorption Evaluation. The polymer-loaded

formulations were subsequently examined in the coupled in

vitro digestion−in situ perfusion model to gain a better
mechanistic insight into the relationship between prolonged
supersaturation and enhancements in drug flux. In all cases,
delaying precipitation in vitro resulted in higher fenofibrate
absorption during the infusion period of 60 min. The data
suggest that while the PPIs led to relatively moderate increases
in supersaturation in vitro that this was able to maintain
supersaturation sufficiently to increase thermodynamic activity
and therefore absorption in vivo (Figure 8A). This is consistent
with the findings of Crum et al., in which even transient
supersaturation (in the absence of PPI) was sufficient to
maintain drug flux up to 1 h.39

The PPIs used in this study had no effect on membrane
disruption, as demonstrated by the lack of impact on the
permeability of the para and transcellular markers, antipyrine
and mannitol, and the PPIs also had no impact on the
polymorphic form of precipitated drug. This supports the
contention that the PPIs enhance drug absorption by
promoting supersaturation and that increases in thermody-
namic activity rather than changes to intestinal permeability or
crystal form are responsible39,70,71 The (albeit limited) IVIVC
between absorptive drug flux and in vitro supersaturation ratio
(Figure 8) provides additional support for this contention. The
improved IVIVC obtained for the Type IV formulations alone
(R2 = 0.87), rather than the combination of Type IIIB and
Type IV, is highly consistent with recent data from McEvoy et
al., in which the correlation between absorption and super-
saturation was better within a formulation type rather than
across different formulations.72 The current data also suggest
that the addition of PPIs to Type IV LBF is sufficient to
“recover” performance to levels similar to, e.g., Type IIB
formulations, where drug loading may be lower.

■ CONCLUSION

Previous studies have demonstrated the utility of polymers in
delaying the onset of drug precipitation (“parachute” behavior)
from formulations that promote supersaturation. The majority
of these studies have been performed with solid dispersion
formulations as the “spring” to promote supersaturation.12,73,74

A more limited number have started to explore the utility of
PPIs, where supersaturation is generated via the use of
LBFs.16,18,20,59 Here, these studies have been extended to
better understand the ability of PPI to promote drug absorption
from LBFs using an in vitro digestion−in situ perfusion model.
The data suggest that PPIs can support prolonged drug
supersaturation and that this results in improved absorptive
drug flux in vivo. The data also suggest that polymers that can
be dissolved in LBFs can work equally well as PPIs when
compared to those that are readily water-soluble. This provides
an additional benefit in formulation design, since the need to
suspend polymers in LBFs leads to additional downstream
stability concerns.
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