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In situ lipolysis and synchrotron small-angle X-ray scattering (SAXS) were used to directly detect and
elucidate the solid-state form of precipitated fenofibrate from the digestion of a model lipid-based
formulation (LBF). This method was developed in light of recent findings that indicate variability in
solid-state form upon the precipitation of some drugs during the digestion of LBFs, addressing the need
to establish a real-time technique that enables solid-state analysis during in vitro digestion. In addition,
an ex situ method was also used to analyse the pellet phase formed during an in vitro lipolysis experi-
ment at various time points for the presence of crystalline drug. Fenofibrate was shown to precipitate in
its thermodynamically stable crystalline form upon digestion of the medium-chain LBF, and an increase
in scattering intensity over time corresponded well to an increase in concentration of precipitated
fenofibrate quantified from the pellet phase using high-performance liquid chromatography. Crossed
polarized light microscopy served as a secondary technique confirming the crystallinity of the precipi-
tated fenofibrate. Future application of in situ lipolysis and SAXS may focus on drugs, and experimental
conditions, which are anticipated to produce altered solid-state forms upon the precipitation of drug (i.e.,
polymorphs, amorphous forms, and salts).

© 2016 Published by Elsevier Inc. on behalf of the American Pharmacists Association.
Introduction

Lipid-based formulations (LBFs) provide an effective means to
improve the oral absorption of poorly water-soluble compounds. In
particular, lipophilic drugs, or more generally Class 2 drugs as
defined by the Biopharmaceutics Classification System (BCS),1 are
well suited to LBF technology, as in these formulations the drug is
presented to the gastrointestinal tract in a solubilized form,
avoiding the rate-limiting dissolution step during gastrointestinal
transit.2 In addition, LBFs may also drive the lymphatic uptake of
some highly lipophilic drugs from the small intestine, which limits
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the effect of first-pass metabolism on bioavailability.3,4 The enzy-
matic degradation of lipidic components during digestion leads to
the formation of self-assembled structures in the small intestine,5,6

such as mixed micelles, which enable the transport of lipophilic
drugs to sites of absorption.7,8 Endogenous bile salts and phos-
pholipids interact with liberated fatty acids from the digestion of
lipids to form these self-assembled structures.9,10

There is, however, potential for a loss of solubilization capacity
of the formulation during dispersion and digestion.11 The drug may
then become rapidly supersaturated in the formulation, in which
case there is an increased risk of drug precipitation. The supersat-
uration of drug is in itself complex; some drugs persist in a
supersaturated state for an extended time interval while others
rapidly precipitate.12 Supersaturating formulations aim to extend
this time interval of drug supersaturation for as long as
possible,13-15 as a means to harness the driving force for absorption
sociation.
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of drug whilst in the supersaturated state. This inhibition of drug
precipitation to enhance absorption is commonly achievedwith the
use of polymeric materials.16,17 The use of non-ionic surfactants
with polyethylene glycol head groups, or “stealth” components, has
also recently been investigated as a means to address the rapid loss
of solubilization capacity seen with the digestion of medium-chain
(MC) lipids in particular.18

In vitro digestion experiments are used to detect drug precipi-
tation during digestion by centrifugation of the digesting medium
to sediment precipitated drug. Until recently, drug precipitation
during the digestion of LBFs was viewed as inherently detrimental
to drug absorption; hence, the strong focus on inhibiting drug
precipitation with the use of polymers in supersaturating formu-
lations. This paradigm, however, has come under question with a
number of studies showing that the precipitation of some drugs
during in vitro digestion is not limited to poorly water-soluble
crystalline forms. Most notable are the recent findings of Sassene
et al.,19 Stillhart et al.,20 and Thomas et al.,21 which all point to the
presence of non-crystalline cinnarazine,19 carvedilol,20 and hal-
ofantrine21 in the endpoint pellet phase of digested LBFs containing
these weakly basic drugs. The dissolution performance of these
noncrystalline drug precipitates, in bio-relevant media, was
significantly improved as compared with their thermodynamically
stable crystalline forms. Moreover, Williams et al.22 has shown
tolfenamic acid to precipitate as a high-energy polymorph during
the in vitro digestion of an LBF. The findings above indicate that the
solid state of the precipitated drug during digestion may play an
integral role in influencing the total amount of absorbed drug.

In vitro lipolysis testing and subsequent characterization tech-
niques may be used to examine the solid-state aspects of drug
precipitation. The solid-state characterization of precipitated drug
from in vitro digestion experiments has, thus far, been largely
limited to X-ray diffraction (XRD), crossed polarized light micro-
scopy (CPLM) and dissolution testing, performed on the pellet
phase of endpoint digested contents. Although XRD and CPLM can
reveal the crystallinity and morphology of precipitated drug at the
endpoint of in vitro digestion, these techniques provide no real-
time information with regard to the solid-state aspects of drug
precipitation during digestion. Another drawback of performing
XRD and CPLM on pellet phases produced during in vitro digestion
experiments is the extensive sample handling and time required to
produce the pellet phase containing the solid drug material in
question, which often involves ultracentrifugation of samples for
up to 90 min, as well as analysis time with benchtop XRD in-
struments requiring at least 10 min per sample. This extensive
sample treatment and analysis time needed for the conventional
XRD and CPLM methods brings into question the relevance of the
solid drug material measured with respect to what actually takes
place during digestion, and highlights the need for developing
suitable real-time methods capable of monitoring the precipitation
of drug and its solid state during digestion.

In-line Raman spectroscopy was recently applied to monitor the
precipitation kinetics of the neutral and poorly water-soluble drug
fenofibrate, in real-time, during the in vitro digestion of an LBF.23

Raman spectroscopy proved effective in this instance; however,
extensive data analysis was necessary to distinguish precipitated
drug from the hydrolysis products of digestion, and the analysis
relied on a priori knowledge of the reference crystalline form to
correlate with the solid state of precipitated drug. Hence, the need
to develop a method that provides the in situ lipolysis of LBFs with
real-time determination of the solid-state formof the drug becomes
apparent. Boetker et al.24 have recently demonstrated the direct in
situ elucidation of transitions between different solid-state forms of
drugs in a suspension using synchrotron X-ray scattering. Warren
et al.25 have also recently established the use of in situ lipolysis and
small-angle X-ray scattering (SAXS) for the purpose of following the
formation of colloidal structures during the digestion of lipids. In
this study, we demonstrate the potential for convergence of these
approaches to enable the real-time solid-state structural elucida-
tion of precipitated drug (fenofibrate) during the digestion of a
typical LBF (self-nano-emulsifying drug delivery systems, SNEDDS).
The precipitation kinetics was also independently measured by
high performance liquid chromatography (HPLC), and the presence
of crystalline material was verified using CPLM.

Experimental

Materials

Fenofibrate was purchased from AK Scientific (Union City, CA).
Captex 355® (MCT composed of 59% caprylic acid [C8], 40% capric
acid [C10], <1% lauric acid [C12] as stated in the product infor-
mation), and Capmul MCM® (mono- and diglycerides composed of
caprylic acid [C8] in glycerol), were obtained from Abitec Cor-
poration (Janesville, WI). Cremophor EL® was purchased from
BASF Corporation (Washington, NJ). Tris maleate (reagent grade),
bile salt (sodium taurodeoxycholate, >95%), and
4-bromophenylboronic acid (4-BPBA, >95%) were purchased from
Sigma-Aldrich (St. Louis, MO). Calcium chloride dihydrate (>99%)
was obtained from Ajax Finechem (Seven Hills, New South Wales,
Australia). Sodium chloride (>99%) was purchased from Chem
Supply (Gillman, South Australia, Australia). HPLC grade methanol
and acetonitrile were purchased from Merck (Boston, MA). Phos-
pholipid (1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPC) was
obtained from Trapeze Association Pty. Ltd. (Clayton, Victoria,
Australia). USP grade pancreatin extract was purchased from
Southern Biologicals (Nunawading, Victoria, Australia).

Selection and Preparation of Drug and Formulation

Fenofibrate was chosen as the poorly water-soluble model com-
pound for this study, as it has previously been shown to precipitate
extensively at the endpoint of in vitro digestion in its thermody-
namically stable crystalline form.22,23,26 Hence, it was deemed suit-
able for the purpose of validating the proposed in situ lipolysis and
SAXSmethod, as characteristic diffraction peaks were anticipated to
appear when the drug first precipitates during the experiment and
increase in scattering intensity over time, to correspond with the
progressive precipitation of drug. Moreover, the use of fenofibrate
allowed for a comparison of the in situ technique described here, and
the in situ Raman technique described by Stillhart et al.23

The formulation was a MC-SNEDDS, and was prepared in 1 g
batches with 0.3 g of Captex® 355, 0.3 g of Capmul® MCM, 0.3 g of
Cremophor EL®, and 0.1 g of ethanol all weighed into the same
20 mL glass scintillation vial. The resultant mixture was vortexed
for 1 min before the drug was incorporated. This produced a
formulation that was an optically clear solution, which self-
emulsified upon agitation in the lipolysis vessel to form a nano-
emulsion. MC lipids were selected because of their higher
solubilization capacity for fenofibrate compared with LC lipids,27

and because the rapid enzymatic breakdown of the MC lipids was
expected to result in the rapid precipitation of drug.

The loading of fenofibrate in the formulation was selected ac-
cording to previously established equilibrium solubility values for
the drug in a similar MC-SNEDDS formulation, where the equilib-
rium solubility was shown to be 143.1 mg/g.22 The drug loading
(200% of solubility)was chosen in order to provide a large fraction of
precipitated drug and increase the likelihood of detection. The term
“super-SNEDDS” has been used to describe such formulations con-
taining supersaturated levels of drug.28 Hence, 286.2 mg of
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fenofibrate was weighed and added to the scintillation vial con-
taining the blank MC-SNEDDS formulation. The vial was vortexed
for 1 min, then placed in a 70�C oven for approximately 5 h, and
finally placed in a 40�C roller oven overnight. The formulation was
visually examined for the absence of crystals before use, and placed
back into the 70�C oven until the solutionwas clear. The formulation
was vortexed for 1 min prior to performing lipolysis experiments.
Extent of LBF digestedð%Þ ¼ Ionized fatty acid ðmolÞ þ unionized fatty acid ðmolÞ
Theroretical fatty acid in LBF ðmolÞ � 100 (1)

Figure 1. Configuration used for the in situ lipolysis and SAXS experiment, where the
solid state of precipitated drug was monitored in real time during the digestion of a
MC-SNEDDS containing fenofibrate.
Preparation of Digestion Medium and Pancreatic Lipase

The digestion buffer was used to prepare both the digestion
medium and pancreatic lipase solutions. Digestion buffer was
prepared with 2 mM Trisdmaleate, 1.4 mM CaCl2$2H20, 150 mM
NaCl and adjusted to pH 6.5 using NaOH and HCl solutions.
Digestion medium consisted of the above buffer solution, sup-
plemented with 5 mM of NaTDC and 1.25 mM of DOPC to
represent fasted-state simulated conditions. Briefly, the DOPC
was dissolved in a suitable amount of chloroform in a round-
bottom flask, before the chloroform was removed under vac-
uum to leave an evenly coated lipid film at the bottom of the flask.
The required amount of digestion buffer and NaTDC was added.
Sonication was then used to dissolve any remaining solid parti-
cles. The digestion medium was kept refrigerated at 4�C before
use.

Pancreatic lipase was prepared at the equivalent of approxi-
mately 1000 TB units/mL of digest by weighing 2 g of pancreatin
extract into a small glass beaker, and adding 5 mL of digestion
buffer to form a suspension. The suspension was stirred for 5
min and then transferred to a 12-mL plastic centrifuge tube and
centrifuged at 2205g at 4�C for 15 min. This produced roughly
4.5 mL of supernatant, which was stored at 4�C prior to use, and
4 mL of this solution was used to initiate each lipolysis
experiment.

In Vitro Lipolysis Experiments

Lipolysis experiments were performed according to previ-
ously established methods.29,30 A pH stat apparatus was used
and coupled to a 5-mL dosing unit with autoburette, stirring unit
and a glass pH electrode (iUnitrode) (Metrohm® AG, Herisau,
Switzerland). Tiamo 2.0 software was used to operate the pH
stat. A thermostatted glass reaction vessel (37�C) was connected
to the stirring unit, with a small magnetic stirrer. Digestion
medium (36 mL) was added to the glass vessel, followed by 1 g
of the MC SNEDDS containing fenofibrate. An initial dispersion
duration of 5 min allowed for thorough mixing of the digestion
medium and formulation, and for adjusting the pH to 6.5 ±
0.003. The pH was set to 6.5 as a compromise between the
recommended range for pancreatic lipase activity (pH 6e10)31

and duodenal pH (5.9e6.5).32 Lipolysis was then initiated by
transferring 4 mL of the previously prepared pancreatic lipase
solution into the glass vessel, and a 0.6 M NaOH solution was
used as titrant to maintain a pH environment of 6.5. The titrant
countered the decrease in pH resulting from the liberation of
ionized-free fatty acids upon the digestion of lipids in the
formulation. The duration of all lipolysis experiments was set to
60 min. At the end of the 60-min digestion period, the pH of the
contents in the glass vessel was rapidly increased to pH 9.0,
using the NaOH titrant, to ionise all fatty acid molecules present
in the digestion mixture. The amount of unionized fatty acid
molecules was thereby determined from the amount of titrant
required to reach pH 9.0. The extent of LBF digested was calcu-
lated according to Equation 1.
In Situ Lipolysis and SAXS

The SAXS measurements were performed at the SAXS/WAXS
beamline at the Australian Synchrotron.33 The physical setup of the
experiment was similar to those previously conducted with
coupled in situ lipolysis and SAXS experiments, which have
focussed on the evolution of colloidal structures during digestion.25

Figure 1 depicts the in vitro lipolysis and SAXS configuration. A
peristaltic pump was used to move the contents of the digestion
vessel through silicone tubing (total volume <1 mL), which led to
a 1.5-mmdiameter quartz capillarymounted in the X-ray beam, at a
flow rate of approximately 10 mL/min. An X-ray beam with a
wavelength of 1.1271 Å (11 keV) was used. A variation in detector
configuration comparedwithWarren et al.25 was introduced in this
study to increase sensitivity to the detection of small quantities of
precipitated drug, with a short sample to detector distance of 567.5
mm providing the q-range 0.03 < q < 1.7 Å�1, where q is the length
of the scattering vector, defined by q ¼ 4p/l sin (q/2), l being the
wavelength and q the scattering angle. A 5-s acquisition period was
used with a 15-s delay between frames, providing a diffractogram
every 20 s during digestion. The 2D SAXS patterns were acquired
using a Pilatus 1 M detector with a pixel size of 172 mm integrated
into the one-dimensional scattering function I(q) using the



Figure 2. Titration profile of ionized and unionized fatty acid produced during in vitro
lipolysis of the MC-SNEDDS formulation (mean ± SD, n ¼ 3 different digestions). The
profile also shows the extent of LBF digested over the 60-min lipolysis.
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in-house developed software package ScatterBrain. The pancreatic
lipase solution was added using a remotely actuated syringe driver
during acquisition.

Ex Situ Lipolysis and SAXS

The ex situ lipolysis and SAXS method was designed as an
alternative technique to the in situ flow-through method for
comparative purposes, as it mimics the sample handling of “offline”
approaches (retrieval and centrifugation) while still providing
structural information in real time. The technique involved the
analysis of pellet phases in real time, by taking samples at various
time points throughout digestion, immediately centrifuging and
acquiring the scattering from the pellet within 5 min of taking the
sample. Samples (200 mL) were collected from the lipolysis vessel at
predetermined time points (0, 5, 10, 15, 20, 25, 30, 40, 50, and 60
min after the addition of pancreatic lipase), and placed in HPLC
glass insert vials that were treated with lipase inhibitor (10 mL of 0.1
M 4-BPBA in methanol). After collecting a specific time point
sample, the glass vial was immediately placed inside a 1.5-mL
Eppendorf tube and centrifuged for 30 s at 7378g. The vial was
then placed inside a custom-built holder in the path of the X-ray
beam at the SAXS/WAXS beamline. The beam was adjusted to
penetrate the center of the pellet phase for a 5-s acquisition time.
This process was repeated for all time point samples, effectively
providing real-time measurements with potentially greater sensi-
tivity to detect precipitation of drug comparedwith the in situ flow-
through approach by concentrating precipitated material in the
bottom of the vial.

Crossed Polarized Light Microscopy

A Nikon ECLIPSE NieU upright microscope fitted with crossed
polarizing filters and a DS-U3 digital camera control unit (Nikon,
Tokyo, Japan) was used for CPLM imaging of pellet phases. CPLM
was performed on the pellet phases of selected time point samples
from ex situ in vitro lipolysis experiments, as a secondary technique
to confirm the presence of precipitated drug (fenofibrate crystals).
Crystalline fenofibrate exhibits birefringence under crossed polar-
ized light; hence, CPLM provided an indication of when the drug
first crystallized during lipolysis and was correlated to the SAXS
data.

HPLC Quantification of Drug and Sample Treatment

High-performance liquid chromatography was performed ac-
cording to a previously reported method22 to determine the phase
distribution behavior of fenofibrate upon digestion of the model
SNEDDS formulation. The HPLC system included a Shimadzu CBM-
20A system controller, LC-20AD solvent delivery module, SIL-20A
auto sampler and a CT0-20A column oven set at 40�C, coupled
to an SPD-20A UV-detector (Shimadzu Corporation, Kyoto, Japan). A
reverse-phase C18 column was used (4.6 � 75 mm2, 3.5 mm; Waters
Symmetry®, Milford, MA), and the UV detector was set to 286 nm for
detection of fenofibrate. The mobile phase consisted of acetonitrile
andwater in an 80:20 (v/v) ratiowith 0.1% (v/v) formic acid, eluted at
a flow rate of 1 mL/min. A standard curve was constructed from
fenofibrate in acetonitrile at concentrations of 40, 20, 10, 4, 2, 1 and
0.1 mg/mL, which were diluted from a stock solution of 1 mg/mL.

The lipolysis samples (200 mL) were taken from the reaction
vessel at time points identical to those used in the ex situ scattering
experiment, and transferred to 1.5 mL Eppendorf tubes treated
with lipase inhibitor (10 mL of 0.1 M 4-BPBA in methanol). The
samples were immediately centrifuged (30 s at 7378g), before the
supernatant was transferred to a separate Eppendorf tube. A
second set of HPLC data was obtained by collecting samples at the
same time points as above, but centrifuging for 1 h at 7378g, to
force as complete sedimentation of drug as possible. In all cases, the
aqueous phase was diluted 10-fold in acetonitrile, and the pellet
phase was diluted 100-fold in acetonitrile before injecting (50 mL)
into the HPLC.

Results

The MC-SNEDDS formulation immediately dispersed upon
addition to the digestion medium in the glass vessel. Rapid hy-
drolysis of the lipid components in the formulation was evident
upon addition of pancreatic lipase at the end of the 5-min disper-
sion period (lipase added at time ¼ 0 in Fig. 2).

Previous studies have shown that SNEDDS formulations, such as
the one used in this study, composedmostly of MC lipids, digest to a
high degree in in vitro lipolysis experiments with similar fasted-
state conditions.20,22 The lipolysis curve shown in Figure 2 re-
sembles the curves of the MC lipid formulations in the studies
mentioned above. From Figure 2, 60% of the MC-SNEDDS was
digested within the first 10 min of the experiment, demonstrating
the fast kinetics of lipid hydrolysis associated with MC lipids. At the
end of the 60-min digestion, approximately 82% of the MC-SNEDDS
was digested, taking into account both ionized fatty acid titrated
during the 60-min lipolysis and unionized fatty acid titrated during
the increase to pH 9.0 after the 60-min lipolysis. The calculated
extent of formulation digested (82%) is reflected by the shape of the
lipolysis curve, which appeared to be still drifting upwards at the
end of the 60-min digestion period. A plateau in the lipolysis curve
was not observed, which indicated that the formulation had not yet
digested completely.

Phase Distribution of Fenofibrate During Lipolysis

The concentration of fenofibrate in both the aqueous colloidal
phase and pellet phase from samples taken at various time points
throughout in vitro lipolysis was measured by HPLC.

The phase distribution of fenofibrate on lipolysis is presented in
Figure 3.

The HPLC data demonstrates the rapid precipitation of drug,
with an increasing amount of drug in the pellet phase, and a par-
allel decrease in the aqueous colloidal phase. From Figure 3, the
concentration of fenofibrate increased in the pellet phase up until



Figure 3. Distribution of fenofibrate in the aqueous colloidal phase and pellet phase during lipolysis with (a) centrifugation of samples for 30 s at 7378g and (b) centrifugation for 1
h at 7378g. Where (O) ¼ wt % fenofibrate in the aqueous colloidal phase; (D) ¼ wt % fenofibrate in the pellet phase; (;) ¼ wt % fenofibrate recovered in total; and (:) ¼ wt %
fenofibrate after the 5-min dispersion period (before lipolysis). Samples taken at the various time points throughout lipolysis were diluted with acetonitrile and then analyzed using
HPLC. Experiments were performed in triplicate (n ¼ 3 different digestions, mean ± SD).
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10 min into digestion. Thereafter, for the remaining 50 min of
lipolysis, the concentration of fenofibrate in the pellet phase pla-
teaued. Concurrently, the concentration of fenofibrate in the
aqueous colloidal phase decreased in the first 10 min after starting
lipolysis, and similarly reached a plateau for the remaining 50 min
of digestion. This trend of a decreasing amount of drug in the
aqueous colloidal phase and an increasing amount in the pellet
phase within the first 10 min of lipolysis indicated that precipita-
tion of fenofibrate occurred in this time period, and then levelled
off for the remainder of the experiment. The rapid precipitation
kinetics can be attributed to the high drug loading in the formu-
lation and the rapid hydrolysis of MC lipids driving a loss of solu-
bilization capacity and precipitation of fenofibrate. Although it may
appear that the recovery for the time zero data point from HPLC in
Figure 3a is similarly low compared with the time-resolved sam-
ples, which may indicate a systematically low recovery, the
inherent variability in the data resulting from the short centrifu-
gation time makes it difficult to test whether there is any statistical
significance between the 2 data sets.

Both centrifugation methods yielded similar concentrations of
fenofibrate in the respective phases over time (comparing Figs. 3a
and 3b), and hence justified the use of the shorter centrifugation
time during the ex situ scattering experiment for the purpose of
obtaining qualitative information on the solid state of precipitated
drug during digestion. However, a higher and less variable con-
centration of fenofibrate was recovered in the pellet phases with
the longer centrifugation time. From Figure 3b, more than 50 wt %
of the total fenofibratewas present in the pellet phase after 1min of
lipolysis, which suggested that drug precipitation ensued very
shortly after the addition of pancreatic lipase, an observationwhich
has been reported for fenofibrate in the past using similar centri-
fugation methods of isolating the pellet phase for analysis.23

The centrifuged pellet phases collected at selected time points
throughout lipolysis were visualized under crossed polarized light,
as ameans to examine the presence and crystallinity of precipitated
drug.

The CPLM images in Figure 4 showed that fenofibrate precipi-
tated in a crystalline form, and followed the trend that was
observed with the HPLC data discussed above, where precipitated
drug was evident immediately after commencing lipolysis (1 min
was the earliest time point for both HPLC and CPLM). An increasing
number of crystals could also be observed from the images with a
small number present at 1 min, increasing in number up to 10 min.
The images also showed that although the number of crystals
increased, the size of the crystals appeared to stay the same.

Solid-State Structural Elucidation in Real Time Using SAXS

In Situ Lipolysis and SAXS
Synchrotron SAXS was used to follow the solid state of precip-

itated fenofibrate during the lipolysis of the MC-SNEDDS formula-
tion. The scattering of the buffer solution was subtracted from the
raw intensity values obtained during the lipolysis of the formula-
tion. The kinetic profile during the lipolysis is presented in
Figure 5a. Crystalline material was first detected at 4 min after the
addition of pancreatic lipase. Fenofibrate precipitated in its ther-
modynamically stable crystalline form, evident by the character-
istic diffraction peaks of the drug, in accordance with the scattering
from the crystalline reference fenofibrate (Fig. 5b). Further inter-
rogation of the data in Figure 6 through integration of the major
diffraction peak at q ¼ 1.15 Å�1 and comparison with titration data
reveal that there is a critical percentage digestion at which the bulk
of the precipitation occurred at approximately 60%.

Ex Situ Lipolysis and SAXS
The SAXS profiles of the pellet phases collected and analyzed

using SAXS immediately after centrifugation at certain time points
during lipolysis are shown in Figure 7.

Precipitated fenofibrate was evident at 5 min, which was the
first time point sample collected, centrifuged and analyzed.
Although the scattering intensity of precipitated fenofibrate
increased during the experiment, there was an inconsistency in the
scattering data that were not observed with the in situ experiment
discussed above, which utilized the flow-through capillary. This
inconsistency in the scattering data is proposed to arise from in-
homogeneity in the centrifuged pellet phase, and differences in the
background scattering from the individual vials. In contrast, during
the flow-through method, an average of the volume was irradiated
in the capillary yielding more consistent and representative scat-
tering at various time points. The ex situ technique, therefore, is not
well suited for following the progress of drug precipitation during
digestion, as there will inevitably be an element of uncertainty



Figure 4. Crossed polarized light microscopy images of the pellet phase obtained at various time points over the 60-min lipolysis. Crystalline fenofibrate was observed 1 min after
starting lipolysis, and the number of fenofibrate crystals increased over the duration of the experiment. The blank pellet was shown to consist only of calcium fatty acid soaps in the
absence of the drug in the formulation.
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around whether the precipitated drug is present in the section of
the pellet phase measured by SAXS, and whether there is a uniform
distribution of precipitated drug within the pellet phase. From the
ex situ data shown in Figure 7, it was apparent that the drugwas not
uniformly distributed within the pellet phase, as care was taken to
ensure the center of the pellet was measured for each sample. The
Figure 5. (a) In situ SAXS profiles during the lipolysis of the MC-SNEDDS formulation contain
lipase, with the characteristic diffraction peaks for fenofibrate (b, shows crystalline reference
drug precipitation occurs.
ex situ technique may be useful for obtaining a general qualitative
perspective of the solid state of precipitated drugs during lipolysis,
but accurate and consistent scattering that can reveal information
on the kinetics and progression of precipitation, as well as solid-
state transformations requires the use of the in situ flow-through
SAXS technique discussed above.
ing fenofibrate. Drug precipitation was evident at 4 min after the addition of pancreatic
material) visible and steadily increasing in intensity as lipolysis continues and further



Figure 6. (a) Change in peak area of the most pronounced diffraction peak for precipitated fenofibrate (q ¼ 1.15 Å�1) over the 60-min digestion period (the x-axis is presented in
1 min intervals from 0 to 15 min, 5 min intervals from 15 to 30 min and 10 min intervals from 30 to 60 min). (b) Change in peak area of precipitated fenofibrate against the extent of
LBF digested during lipolysis.
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Discussion

The in situ flow-through approach to studying the kinetics of
drug precipitation presents a powerful approach for resolution of
fast kinetic processes. Precluding this approach from the study
of these types of systems, acquiring a diffractogram for a solid form
could take longer than 10 min using regular XRD methods. In
contrast, in the in situ study here, the scattering data were obtained
for 5 s every 20 s (for clarity only the data at 1 min intervals was
presented in Fig. 5a); thus, much higher time resolution for pre-
cipitation could easily be obtained.

The use of a highly supersaturated drug load of fenofibrate,
which was 200% of its equilibrium solubility in the formulation, in
conjunction with the use of rapidly digesting MC lipids in the
formulation, promoted rapid precipitation of fenofibrate shortly
after the addition of lipase. The onset of drug precipitation at 4 min
into the lipolysis is comparable to the results obtained using in situ
Figure 7. Ex situ SAXS profiles during the lipolysis of the MC-SNEDDS formulation
containing fenofibrate. Drug precipitation was evident at 5 min after the addition of
pancreatic lipase, which was the first time point sample, with the characteristic
diffraction peaks for fenofibrate visible.
lipolysis combined with Raman spectroscopy,23 where precipita-
tion of fenofibrate was first detected between 3 and 6 min of
initiating digestion. When studied using Raman spectroscopy, this
initial 3-6 min prior to the precipitation of fenofibrate was attrib-
uted to a brief period of drug supersaturation, and is likely what
was observed here as well, using the in situ diffraction approach. In
contrast, this delayed onset of drug precipitation was not apparent
in both studies when centrifugation and HPLC was used, where in
both studies fenofibrate was present in the pellet phase after 1 min
of commencing lipolysis. The discrepancy between the precipita-
tion kinetics observed with HPLC data and the in situ diffraction
technique used here may be attributed to sample handling, with
the centrifugation accelerating the precipitation of drug. If centri-
fugation of the digested samples does accelerate the precipitation
of drug, then the kinetics of drug precipitation over the course of
in vitro digestion determined using HPLC may be misleading.

The limit of detection for the in situ lipolysis and SAXS technique
for measuring precipitated drug over time may also contribute to
the interpretation of the early kinetics of precipitation. The in-
tensity of scattering from fenofibrate increased after the drug was
first detected 4 min into the lipolysis experiment (Fig. 6a). A clear
increase in peak area was observed in the 4-15 min time frame
during lipolysis. This increase in peak area over time corresponded
to the trend observed with the increasing concentration of
precipitated fenofibrate in the pellet phase measured by HPLC.
Therefore, an increase in scattering intensity over time could be
attributed to concentration effects, because the amount of precip-
itated fenofibrate remained constant after 15 min of lipolysis from
HPLC data (Fig. 3). The data further inform the sensitivity of the
methoddthe peak area at 4 min was 12.3% of that at 30 min, cor-
responding to an approximate drug concentration of 4 mg/mL,
representing a practical limit for detection under the current
configuration. Further optimization of the detector configuration
may improve this limitation.

The change in relative peak area for precipitated fenofibrate was
also clearly dependent on the extent of formulation digested
(Fig. 6b). Although the characteristic diffraction peaks for fenofi-
brate were first observed 4 min into lipolysis, which corresponds to
approximately 50% digestion of the MC-SNEDDS, a drastic increase
in relative peak area occurred once the formulation was approxi-
mately 60% digested (10 min into lipolysis). This finding suggests
that the MC-SNEDDS used in this study could keep fenofibrate
solubilized until the formulation was 50% digested, and that the
formulation drastically lost its solubilization capacity at approxi-
mately 60% digested, at which point fenofibrate crashed out of the
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system and the relative peak area for precipitated fenofibrate
increased significantly. More broadly, this finding alludes to a
threshold amount digested inherent in LBFs, above which there is a
drastic loss in solubilization capacity of the formulation and an
increased risk of drug precipitation. Moreover, the relationship
between the extent of formulation digested and drug precipitation
may be utilized in future studies to reveal the colloidal lipid
structures present at the time where the majority of drug has
precipitated during digestion.

The application of the in situ lipolysis and SAXS to drug pre-
cipitation studies will be of increasing interest in systems that
display polymorphic transitions on precipitation, or exhibit pre-
cipitation in different polymorphic forms with changes in formu-
lation. In particular, there is a growing interest in understanding the
propensity for precipitation of ionizable drugs in an amorphous
form, which may over time crystallize. Ionizable drugs may
potentially interact with charged species that are present during
digestion, where the charged species may be endogenous compo-
nents such as bile salts, or products of digestion such as fatty
acids.20 The in situ formation of these complexes is proposed to
induce amorphous solid precipitates that may have high re-
dissolution potential compared with precipitation of the drug in a
crystalline form.

Conclusion

In situ lipolysis and real-time synchrotron SAXS were used to
provide a powerful time-resolved approach for directly elucidating
the solid-state form of precipitated drug (fenofibrate) during
in vitro digestion of LBFs. Although this proof-of-concept study
utilized a simple MC-SNEDDS formulation where the drug has a
high propensity to precipitate and crystallize during digestion,
future application of the technique would suit formulations and
conditions where variability in the solid-state form upon precipi-
tation of the drug is anticipated. Raman spectroscopy has been
proven to provide similar utility in such studies, but the lipid
colloidal background and indirect correlation with solid-state form
complicate the data analysis. In situ lipolysis and synchrotron SAXS
as a direct approach therefore offers an unambiguous alternative,
and further studies with more complex systems are underway.
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