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Abstract: This study aimed to prepare the aminoclay—lipid hybrid composite to enhance the
drug release and improve the oral bioavailability of poorly water-soluble fenofibrate. Antisol-
vent precipitation coupled with an immediate freeze-drying method was adopted to incorporate
fenofibrate into aminoclay—lipid hybrid composite (ALC). The optimal composition of the ALC
formulation was determined as the ratios of aminoclay to krill oil of 3:1 (w/w), krill oil to feno-
fibrate of 2:1 (w/w), and antisolvent to solvent of 6:4 (v/v). The morphological characteristics
of ALC formulation were determined using scanning electron microscopy, differential scanning
calorimetry, and X-ray powder diffraction, which indicated microcrystalline state of fenofi-
brate in ALC formulation. The ALC formulation achieved almost complete dissolution within
30 minutes, whereas the untreated powder and physical mixture exhibited less than 15% drug
release. Furthermore, ALC formulation effectively increased the peak plasma concentration (C, )
and area under the curve (AUC) of fenofibric acid (an active metabolite) in rats by approximately
13- and seven-fold, respectively. Furthermore, ALC formulation exhibited much lower moisture
sorption behavior than the lyophilized formulation using sucrose as a cryoprotectant. Taken
together, the present findings suggest that ALC formulation is promising for improving the oral
absorption of poorly soluble fenofibrate.

Keywords: aminoclay, omega-3 phospholipids, fenofibrate, drug release, oral absorption

Introduction

Pharmaceutical research and formulation development often struggle with issues related
to the low aqueous solubility limiting the dissolution rate, resulting in poor oral bioavail-
ability of new drug candidates.! Therefore, there is need for continuous development of
more efficient delivery systems to improve the dissolution and bioavailability of poorly
soluble drugs. Among them, micro- or nanodrug crystals,*® lipid-based formulations,” !
and aminoclay'>"* have demonstrated their potential for the effective formulation of
poorly water-soluble drugs. Particularly, size reduction to the submicron range is often
adopted to improve the dissolution rate by either a “top—down” approach from the large
coarse drug particles (milling and high-pressure homogenization) or a “bottom—up”
method from drug solution (liquid antisolvent precipitation, supercritical fluid technol-
ogy, etc).'*!15 For example, the dissolution of fenofibrate, a poorly water-soluble drug has
been significantly enhanced by particle size reduction. Although an early formulation,
Lipanthyl® (Fournier, Dijon, France) capsules, exhibited high variability in the plasma
profiles and a pronounced food effect, Lipidil-Ter® (Abbott Arzneimittel, Hannover,
Germany) tablets having micronized fenofibrate in a particle size of 5—15 um leads to
a higher dissolution rate.'* Consequently, Lipidil-Ter® tablets containing 160 mg of
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fenofibrate was bioequivalent to the 200 mg coarse powder
capsule, exhibiting less pharmacokinetic variability as well as
reduced food effect.!® In other formulations (Tricor® [Abbott,
Lake Bluff, IL, USA], Lipidil 145 ONE® [Abbott Arzneim-
ittel]), the particle size of fenofibrate was further reduced
to less than 500 nm using a novel wet-milling technique.'’
These formulations exhibited better bioavailability, and
thus the formulation containing 145 mg of fenofibrate was
bioequivalent to the 200 mg conventional capsule. Therefore,
micro- or nanosized formulation can be an effective approach
to enhance the dissolution of poorly soluble drugs. However,
micro- or nanoparticles in the suspension face issues of crystal
growth and agglomeration.'®"” Thus, they are often processed
into solid state by spray drying, freeze-drying, palletization,
or granulation.?-%2

Meanwhile, several previous studies have indicated that
3-aminopropyl functionalized magnesium phyllosilicate
(aminoclay) was very useful at improving the bioavailability
of poorly water-soluble drugs in rats.'>'*** When dispersed in
water, aminoclay is delaminated to cationic and water-soluble
nanosheets (about 30—150 nm in size and about 2—4 nm in
thickness). Therefore, in water, it can interact with negatively
charged drug molecules to produce the drug—clay complex and
modulate in vitro drug release characteristics. To expand their
application to drug molecules other than negatively charged
drugs, this study developed the micro- or nanocrystals stabilized
by a novel aminoclay—lipid hybrid composite (ALC) system. In
this formulation, krill oil was used as the lipid matrix, which is
rich in phospholipids decorated with omega-3 fatty acids (doco-
sahexaenoic acid [DHA] and eicosapentanoic acid [EPA]). In
krill oil, phospholipid has a role as a biocompatible and water
dispersible surfactant, while EPA and DHA may have potential
cardiovascular health benefits.>*2* More importantly, as krill oil
has a negative charge, the oil-coated drug crystals may be fur-
ther stabilized by cationic aminoclay nanosheets. Furthermore,
micro- or nanocrystals stabilized by a novel ALC system may
offer the advantages of improved physicochemical stability, such
as lower moisture sorption compared to conventional sucrose-
based lyophilized formulation. Therefore, ALC loaded with
fenofibrate was prepared and evaluated for its physicochemical
properties and in vitro drug release profiles under sink conditions
as well as supersaturating conditions. In vivo performance of
the formulation was also evaluated in rats.

Materials and methods

Materials
Fenofibrate, aminopropyltriethoxysilane (APTES, 99%),
sucrose, polyoxyethylene (20)-sorbitan monooleate (Tween®

80), pancreatin (8x US Pharmacopeia [USP] standard), and
sodium taurodeoxycholate (NaTDC) were purchased from
Sigma-Aldrich (St Louis, MO, USA). Lecithin (~99.2%
soybean-phosphatidylcholine) was purchased from Avanti
Polar Lipids (Alabaster, AL, USA). Superba™ Krill Oil was
kindly supplied by Aker BioMarine AS (Oslo, Norway). Ter-
tiary butyl alcohol (TBA), magnesium chloride hexahydrate,
sodium chloride, hydrochloric acid, potassium dihydrogen
phosphate, sodium hydrogen phosphate, and phosphoric acid
were obtained from Junsei Chemical Co. Ltd. (Tokyo, Japan).
Acetonitrile was high-performance liquid chromatography
(HPLC) grade (Merck, Darmstadt, Germany).

Preparation of aminoclay

3-Aminopropyl functionalized magnesium phyllosilicate
(aminoclay) was prepared as described in a previous report.'?
In brief, 3-aminopropyltriethoxysilane (2.6 mL, 11.7 mmol)
was added dropwise with rapid stirring to magnesium
chloride (1.68 g, 7.24 mmol) dissolved in ethanol (40 g).
A white precipitate formed almost immediately and was
stirred overnight. The resulting product was separated by
centrifugation, washed with ethanol (3x50 mL), and dried
in air at 40°C. For the exfoliation of obtained aminoclay, the
bulk powder was dispersed in water and subject to ultrasoni-
cation for 10 minutes.

Preparation of ALC formulations

Drug crystals stabilized by ALC formulations were prepared by
antisolvent precipitation coupled with immediate freeze-drying
process.”” In brief, two separate solutions were prepared: one
was aminoclay aqueous suspension, and the other was krill oil
and fenofibrate dissolved in TBA. The ratios of aminoclay—krill
oil, krill oil-fenofibrate, and water—-TBA were varied, while the
drug amount and the total volume of the solution were fixed
as 40 mg and 10 mL, respectively (Table 1). The exfoliated
aminoclay aqueous suspension was mixed with the TBA
solution in glass vials under vigorous stirring. Immediately
after mixing, it was rapidly frozen at —80°C and subsequently
lyophilized. Lyophilization was performed using a lyophilizer
(LYOPH-PRIDE 10R; Ilshin BioBase Co. Ltd, Dongducheon,
South Korea). The frozen mixture was lyophilized at a shelf
temperature of —39°C and a condenser temperature of —65°C
for 24 hours. Thereafter, the shelf temperature was gradually
increased to 20°C over 24 hours.

Scanning electron microscopy
The morphological characteristics of ALC formulation were
determined using scanning electron microscopy (SEM).
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Table | Process and formulation parameters for single-factor analysis

Group Aminoclay/krill oil (w/w) Krill oil/fenofibrate (w/w) Water/TBA (viv) (CICeq)mx (fold) AUC (% X min)
| I:1 31 6:4 33 3,960+1,820
2:1 3:1 6:4 6.0 6,530+502
31 3:1 6:4 8.3 7,950+1,380
2 3:1 I:1 6:4 1.7 1,510+20.0
31 2:1 6:4 9.7 7,880+1,510
3 3 6:4 8.3 7,950+1,380
3 3 2:1 4:6 7.7 6,510+1,780
3:1 21 6:4 9.7 7,880+1,510
31 2:1 8:2 4.0 3,320+440

Note: AUC values presented as mean = standard deviation.
Abbreviations: TBA, tertiary butyl alcohol; AUC, area under the curve; (C/Ceq)m

ALC formulation was spread on specimen stub using double-
sided sticky tape, coated with platinum, and analyzed by
a field-emission scanning electron microscope (S-4700;
Hitachi, Tokyo, Japan).

X-ray powder diffraction

X-ray powder diffraction (XRPD) patterns were obtained
on an X-ray diffractometer (X’Pert APD; PHILIPS,
Amsterdam, the Netherlands) with CuKao radiation at
20 mA and 40 kV. Each sample (fenofibrate, aminoclay, and
ALC) was mounted on a glass X-ray sample holder. Scans
were recorded between 3° and 70° (26) with a step size of
0.05° and scanning speed of 2°/min. XRPD experiments
were conducted at Korea Basic Science Institute (Daegu
Center, Daegu, South Korea).

Differential scanning calorimetry

The differential scanning calorimetry (DSC) measurements
were performed using a DSC Q2000 (TA Instruments, Ghent,
Belgium). The samples were accurately weighed (5—15 mg)
and placed into a hermetically sealed aluminum pan. The
thermograms were obtained at the scanning rate of 2°C/min
over a temperature range of —40°C to 200°C under an inert
atmosphere flushed with nitrogen at a rate of 30 mL/min. The
extent of relative drug crystallinity in each formulation was
calculated based on the following equation:

i AH ALC 1
Degree of crystallinity = X (1)
fenofibrate Drug load
where AH, . and AH, are the measured heat of fusion

ALC
from ALC formulation and from untreated fenofibrate (100%

crystalline), respectively. AH

ALC
peak area of the melting endotherm in ALC formulation.

fenofibrate

was calculated from the

was measured in a separate experiment of untreated

fenofibrate

fenofibrate.

the maximum in vitro supersaturation level.

Supersaturated dissolution study under
pH-shift conditions

To select the optimal ALC formulations, drug release studies
were conducted using the USP paddle method with 50 rpm
at 37°C10.5°C in the dissolution tester DT 1420 (ERWEKA,
Heusenstamm, Germany). To mimic the pH transition from
stomach to intestine, drug release studies were performed
under varying pH conditions. Samples equivalent to 10 mg of
fenofibrate were filled into hard gelatin capsules and exposed
to 750 mL of 0.1 N HCl solution. After 2 hours, 250 mL of 0.2
M Na,PO, solution preheated to 37°C£0.5°C was added to the
vessel, adjusting the medium pH to approximately 6.8. One
milliliter of each sample was collected at the predetermined
time points (30, 60, 120, 130, 140, 150, 180, 240, 360, and
480 minutes) and filtered through syringe filters (0.2 wm).
After sample collection, I mL of fresh medium was added to
the vessel to maintain the constant volume of release media.
Each filtrate was appropriately diluted with mobile phase,
and the released drug amount was analyzed by an ultra-
performance liquid chromatography (UPLC) assay.

Drug release characteristics of the

optimal ALC formulation

After finalizing the optimal composition of ALC formula-
tion, the dissolution characteristics of the optimal ALC
formulation were examined by comparison with those of
untreated drug and physical mixture (PM). Each formulation
was filled into hard gelatin capsules, and drug amount in
each formulation was equivalent to 40 mg of fenofibrate to
reflect the commercially available dose strength. Dissolution
studies were conducted as described earlier, except that
the dissolution medium included 2% (w/v) Tween-80 to
maintain the sink condition. Samples were collected at the
predetermined time points (30, 60, 120, 130, 140, 150, 180,
240, 360, and 480 minutes), filtered, diluted, and analyzed
by UPLC assay.
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Dissolution studies in simulated intestinal

fluid

Drug release profiles of ALC formulation were also exam-
ined in fasted state simulated intestinal fluid (FaSSIF) with/
without pancreatin. Drug release studies were conducted
using the USP paddle method with 50 rpm at 37°C£0.5°C
in the dissolution tester DT 1420. FaSSIF with/without
pancreatin was prepared as described by a previous report.?
Prewarmed media (100 mL, 37°C) was added to a 250 mL
glass beaker containing ALC formulation (equivalent to
10 mg fenofibrate) and constantly stirred (50 rpm) at 37°C.
The theoretical concentration of fenofibrate in the release
medium was 100 pg/mL, representing a supersaturated
state, as fenofibrate solubility in FaSSIF was 13.7 pg/mL.*
One milliliter of each sample was withdrawn at each
selected time point (5, 15, 30, 60, 120, 180, 240, and
360 minutes), filtered through PTFE syringe filters (0.2 um),
diluted appropriately with mobile phase, and analyzed by
UPLC assay.

Stability study

Storage stability of ALC formulation was evaluated at room
temperature. After a 3-month storage, samples were collected
and subjected to the drug release study under supersaturated
condition to examine whether the drug release behavior of
the ALC formulation was changed during storage.

Moisture sorption analysis

Moisture sorption analysis was performed on ALC formula-
tion for comparison with the corresponding sucrose-based
formulation (formulation composition was the same as with
ALC, except replacing aminoclay by sucrose as a stabilizer).
Freeze-dried sucrose-based formulation was prepared as
reported previously.?” To set the 100% weight value, 100 mg
of each sample was weighed in dried state. Then, each sample
was exposed to 25°C and 53% relative humidity (RH), and
its weight change was monitored for 10 hours.

Animal studies

The animal studies were carried out in accordance with the
“Guiding Principles in the Use of Animals in Toxicology”
adopted by the Society of Toxicology (USA) and the study
protocol was approved by the review committee of Dongguk
University. Male Sprague—Dawley rats (220-250 g) were
supplied by Samtako Bio Co., Ltd (Osan, South Korea).
All rats were given free access to tap water and a normal
standard chow diet (Superfeed Company, Wonju, South
Korea). Prior to the experiments, all rats were fasted for

18 hours and given free access to tap water. On the day of
the experiment, rats were divided into two groups (six per
group). Each formulation (untreated fenofibrate and ALC)
was administered to rats via oral gavage at the dose equivalent
to 20 mg/kg of fenofibrate. Untreated fenofibrate and ALC
were dispersed in 0.5% methylcellulose solution and distilled
water, respectively. Blood samples were collected from the
femoral artery at 0.5, 1, 2, 3, 4, 8, 12, and 24 hours postdose
and centrifuged at 9,900x g for 10 minutes. The obtained
plasma samples were stored at —80°C until analyzed.

Analytical assay

In vitro samples

Drug concentration was measured by an established UPLC
assay. The UPLC assay was conducted by using a Waters®
ACQUITY UPLC® System (Hertfordshire, UK) and a reverse-
phase C18 column (Kinetex 1.7 u XB-C18 100A, 50x2.10
mm; Phenomenex, Torrance, CA, USA) with an injection vol-
ume of 5 uL. The mobile phase consisted of acetonitrile:water
(80:20, v/v, pH adjusted to 3.5 with phosphoric acid). The flow
rate was 0.2 mL/min, and the ultraviolet (UV) wavelength
was set at 287 nm. Calibration curves were linear over the
concentration range of 0.1-10 pg/mL (R?=0.999).

In vivo samples

The plasma concentration of fenofibric acid (an active
metabolite of fenofibrate) was measured using a previously
reported HPLC method.?” The HPLC system (Flexar; Perkin
Elmer, Waltham, MA, USA) consisted of a UV detector,
an automatic injector, two solvent delivery pumps, and an
octadecylsilane column (Gemini C18, 4.6x150 mm, 5 um;
Phenomenex, Torrance, CA, USA). The mobile phase was
composed of acetonitrile:0.2% phosphoric acid solution
(50/50, v/v). The detection wavelength was 286 nm and flow
rate was 1.0 mL/min at 40°C.

The plasma sample (150 uL) was mixed with 15 uL
of ketoprofen (100 pg/mL) as an internal standard and
vortexed for 5 minutes. Then, 415 pL of acetonitrile was
added and mixed vigorously, followed by centrifugation
at 10,000x g for 10 minutes. The supernatant was evapo-
rated under vacuum, and the residue was reconstituted
with 150 uL of the mobile phase. After vigorous mixing
for 10 minutes, 20 UL of the supernatant was injected into
the HPLC system. Calibration curves were linear over the
concentration range of 0.05-100 pg/mL (R?=0.998). At three
different concentration levels (0.1, 5.0, and 80 pg/mL), the
intraday and interday variabilities were less than 9% and
12%, respectively.

submit your manuscript

1070

Dove

International Journal of Nanomedicine 2016:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

International Journal of Nanomedicine downloaded from https://www.dovepress.com/ by 137.108.70.14 on 19-Jan-2020
For personal use only.

Dove

Aminoclay-lipid hybrid composite as a novel drug carrier of fenofibrate

Pharmacokinetic analysis and statistical
analysis

Noncompartmental analysis was performed using
WinNonlin® (Pharsight Co., Sunnyvale, CA, USA). All
the data are expressed as mean * standard deviation (SD).
Statistical analysis was performed using Student’s #-test or
one-way analysis of variance followed by Dunnett’s cor-
rection. Statistically significant difference was ascribed at
P-values <0.05.

Results and discussion

Optimization of formulation variables
Fenofibrate is a highly lipophilic (log P=5.24) and neutral
drug without ionizable groups,®' and its solubility is not
affected by pH change.?? Fenofibrate belongs to a Bio-
pharmaceutics Classification System (BCS) class II drug
(low solubility and high permeability), and its poor aque-
ous solubility limits the oral absorption of fenofibrate.’>*
Therefore, in this study, ALC formulation was developed to
improve the drug release profiles of fenofibrate. Single-factor
analysis was used to optimize the formulation variables for
the preparation of ALC formulation based on drug release
profiles. The formulation variables and their compositions
are summarized in Table 1.

Under the sink condition, all three test formulations
released fenofibrate in a similar pattern — that is, an initial
gradual release of 65%—-85% in the first 60 minutes and
complete drug release within 2 hours (data not shown). As
the ability of drug release study under sink condition to
discriminate the performance of different formulations was
limited, drug release characteristics were evaluated under
supersaturated condition.

The degree of supersaturation is defined as the concentra-
tion (C) of drug dissolved in the release media divided by the
equilibrium solubility (C,) of crystalline drug in the release
media (C/ Ceq).35 While (C/ Ceq)max indicates the maximum in
vitro supersaturation levels, the area under the concentra-
tion time profile of the supersaturation drug release curve
represents an overall estimate of the extent of supersaturation
that takes into account both the degree and the duration of
supersaturation.®® As shown in Figure 1 and Table 1, ALC
formulations appeared to be useful to obtain and maintain
supersaturated solution of fenofibrate. As seen in Figure 1, all
the formulations had similar supersaturation profiles, reach-
ing their maximum supersaturation at pH 1.2 and beginning
to precipitate out of solution slowly after the pH shift to 6.8.
Although the maximum supersaturation was not maintained
after the pH shift to 6.8, supersaturation was maintained

throughout the incubation period. ALC formulations could
achieve supersaturation probably because of particle size
reduction as well as improved wettability. As a surfactant and
stabilizer during antisolvent crystallization, omega-3 phos-
pholipids in krill oil could effectively coat the surface of drug
particles and inhibit the growth of particles, leading to the
smaller particles of fenofibrate.>**” In addition, drug particles
coated by the phospholipids were interdispersed and further
stabilized in the aminoclay matrix to prevent aggregation
during lyophilization.*** Aminoclay could also enhance the
wettability.'>!*?3 Considering the continuous drug movement
across the intestinal membrane during the absorption process
in vivo, the supersaturation achieved by ALC formulations
could be maintained for longer time in vivo.

Taking together all the results of the single-factor experi-
ments, the optimal composition of the ALC formulation was
determined to be a 3:1 (w/w) ratio of aminoclay to krill oil, a
2:1 (w/w) ratio of krill oil to fenofibrate, and a 6:4 (w/w) ratio
of antisolvent to solvent to maximize the drug dissolution.

Structural and morphological

characteristics

The morphological characteristics of the ALC formulation
were investigated by SEM. As shown in Figure 2, the ALC
formulation exhibited a homogeneous blend of all ternary
components in microparticles, which was about 1-2 pum, indi-
cating that fine drug particles were formed by an antisolvent
precipitation coupled with immediate freeze-drying.

XRPD diffractograms in Figure 3 indicated the charac-
teristic crystalline peaks of untreated fenofibrate at 20 of
12, 14.5, 16.2, 16.8, and 22.4. For the ALC formulation,
the crystalline peaks of fenofibrate were still maintained
with decreased intensity, demonstrating the presence of
fenofibrate microparticles in the crystalline state. In addi-
tion, the characteristic peak of aminoclay was found at the
same 20 position, revealing that the structural framework of
aminoclay was retained in the antisolvent precipitation with
freeze-drying process.

Thermograms of untreated fenofibrate, aminoclay, krill
oil, and ALC formulation between —40°C and 200°C are
presented in Figure 4. As can be seen, both aminoclay and
ALC formulation showed an endothermic peak of about
150°C. Untreated fenofibrate exhibited a melting peak at
81°C, while the melting peak was shifted to 77°C in the ALC
formulation. The degree of crystallinity of fenofibrate in the
ALC formulation was calculated to be approximately 70%,
indicating that fenofibrate microparticles are, to a certain
extent, in amorphous state.
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Abbreviations: SD, standard deviation; TBA, tertiary butyl alcohol; min, minutes.
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Figure 2 SEM image of ALC formulation.
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Figure 3 XRPD diffractograms of aminoclay, fenofibrate, and ALC formulation.
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composite.

Dissolution of the optimized ALC

formulation

Dissolution profiles of fenofibrate from the ALC formulation
were evaluated in water-under-the-sink condition and
compared to those from the untreated powder formulation
and the PM. As shown in Figure 5, the ALC formulation
significantly improved drug dissolution rates as well as the
extent of drug release. The ALC formulation achieved almost
complete dissolution within 30 minutes, while the untreated
drug and the PM exhibited drug release less than 15%.

In the present formulation, phospholipids in krill oil could
improve the solvation of dissolved drug molecules, thereby
increasing the activation energy required for desolvation dur-
ing nucleation and crystal growth.* In addition, adsorption of
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Figure 4 DSC thermograms of aminoclay, krill oil, fenofibrate, and ALC
formulation.

Abbreviations: DSC, differential scanning calorimetry; ALC, aminoclay-lipid
hybrid composite.
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Figure 5 Dissolution profiles of untreated fenofibrate, physical mixture, and ALC
formulation under pH-shift conditions (mean * SD, n=3).

Note: Dissolution medium included 2% Tween 80.

Abbreviations: ALC, aminoclay-lipid hybrid composite; SD, standard deviation;
min, minutes.

phospholipid molecules to the surface of embryonic crystals
of fenofibrate (with hydrophobic tails and anionic sulfate
groups oriented toward the crystal and the surrounding water,
respectively) may provide electrostatic repulsion to prevent
agglomeration. Furthermore, drug particles coated by the phos-
pholipids were dispersed in the aminoclay matrix, leading to
the prevention of particle aggregation during lyophilization.**
Therefore, the enhanced drug dissolution from ALC for-
mulation may be explained by the reduced particle size and
increased surface area. The improved surface-wetting by the
phospholipids and aminoclay in the formulation may also
contribute to further enhancement in drug dissolution.!?!323
To evaluate the impact of lipolysis, drug release profiles of
ALC formulation were also examined in FaSSIF with/without
pancreatin. As shown in Figure 6, the release profile of ALC
formulation in FaSSIF with pancreatin was significantly lower
than the corresponding release profile in FaSSIF without pan-
creatin. The presence of pancreatin greatly slowed down drug
release. Given that phospholipids in ALC formulation would
help solubilization of fenofibrate, the presence of pancreatin
would facilitate the digestion of phospholipids, which affects
the solubilization capacity and decreases the extent of drug
release. However, as lipase activity in vivo may be lower,
particularly in the fasted state, compared to that in vitro, the
impact of lipolysis on the drug release can be overestimated
in vitro.** It has been reported that the specific activities of
human pancreatic lipase on a test meal of triglyceride are up to
800-fold lower in vivo compared to in vitro assay conditions.*!
In FaSSIF without pancreatin, supersaturation was achieved
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Figure 6 In vitro drug release profiles of ALC formulation in FaSSIF with/without

pancreatin (mean * SD, n=3).

Abbreviations: ALC, aminoclay-lipid hybrid composite; FaSSIF, fasted state
simulated intestinal fluid; SD, standard deviation; min, minutes.

with maximum drug release at 60 minutes, followed by a
gradual decline, and maintained supersaturation for 6 hours.
In contrast to in vitro experiments, drug absorption process
in vivo may reduce drug precipitation from supersaturated
solutions via the continuous drug movement across intesti-
nal membrane. Particularly, if absorption is fast enough to
precede drug precipitation, the high degree of supersaturation
may be beneficial to improve the bioavailability of highly
permeable drugs such as fenofibrate.*

Stability test and moisture sorption study
As shown in Figure 7, the drug release behavior of the ALC
formulation was unchanged after a 3-month storage at room
temperature. Although amorphous solid dispersion often
suffers from recrystallization during storage and subsequent

351
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Drug release (%)

0 . . . . .
0 100 200 300 400 500
Time (min)

Figure 7 Drug release profiles of ALC after a 3-month storage at 25°C (mean =+ SD,
n=3).

Abbreviations: ALS, aminoclay-lipid hybrid composite; SD, standard deviation;
min, minutes.
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Figure 8 Moisture sorption analysis (mean £ SD, n=3).
Abbreviations: ALC, aminoclay-lipid hybrid composite; SD, standard deviation;
min, minutes.

changes in drug release behavior, the drug in ALC formula-
tion is mainly in stable crystalline state.

For the freeze-drying process, sugar is commonly used as a
cryoprotectant agent. However, as sugar is amorphous, hygro-
scopic, and tends to absorb moisture, it may negatively affect
the flowability and drug release characteristics of the formu-
lation.”® Therefore, in this study, stability of ALC formulation
was compared to a conventional sucrose-based formulation,
the composition of which was the same as ALC except that it
had sucrose instead of aminoclay. As shown in Figure 8, ALC
formulation exhibited a significantly lower moisture sorption
compared to the sucrose-based formulation. Gas barrier property
of aminoclay layers may also provide additional advantage.*

In vivo pharmacokinetics

Oral pharmacokinetics of fenofibrate was evaluated based
on the plasma concentration of fenofibric acid, an active
metabolite, since oral fenofibrate is completely metabolized
to fenofibric acid.** The plasma concentration—time profiles of
fenofibric acid after the oral administration of untreated feno-
fibrate or ALC formulation are illustrated in Figure 9. The
pharmacokinetic parameters are summarized in Table 2.

Table 2 Pharmacokinetic parameters of fenofibric acid after
an oral administration of ALC or untreated fenofibrate in rats
(mean *+ SD, n=6)

Formulation AUC (ug-h/mL) C.. (ng/mL) T, .. (h)
Untreated drug 56.7+16.5 4.42+1.53 3.0£0.7
ALC 438+74.6* 58.6+10.2* 2.3+0.5

Notes: *P<<0.05, compared to untreated fenofibrate. Dose equivalent to 20 mg/kg
of fenofibrate.

Abbreviations: SD, standard deviation; AUC, area under the curve; ALC,
aminoclay—lipid hybrid composite; C_ , peak plasma concentration; T, time to

‘max’ m;

reach the peak plasma concentration.
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Figure 9 Plasma concentration—time profiles of fenofibric acid after an oral
administration of ALC or untreated drug in rats (mean * SD, n=6).

Note: Dose was equivalent to 20 mg/kg of fenofibrate.

Abbreviations: ALC, aminoclay-lipid hybrid composite; SD, standard deviation;
h, hours.

Although untreated fenofibrate achieved low systemic
exposure (peak plasma concentration [C_]and area under the
curve [AUC] of 4.42+1.53 ug/mL and 56.7+16.5 ug-h/mL),
ALC formulation significantly (P<<0.05) increased C__and
AUC (58.6+£10.2 pg/mL and 438+74.6 pug-h/mL, respec-
tively). Consequently, the ALC formulation achieved an
approximately seven- to eight-fold higher oral exposure
of fenofibric acid compared to the untreated fenofibrate.
In addition, drug absorption was more rapid with the ALC
formulation. In conjunction with in vitro dissolution study,
rapid and enhanced drug dissolution via the ALC formulation
led to faster and greater drug absorption in vivo.

Conclusion

ALC formulation of fenofibrate was prepared by the
antisolvent precipitation method coupled with immediate
freeze-drying. The optimal composition of the formulation
was determined as the ratios of aminoclay to krill oil of
3:1 (w/w), krill oil to fenofibrate of 2:1 (w/w), and anti-
solvent to solvent of 6:4 (v/v). Drug in ALC formulation
was mainly present in crystalline form, with the particle
size of 1-2 um. The ALC formulation of fenofibrate was
effective at increasing the drug dissolution rate as well as
the extent of drug release, enhancing the oral bioavailability
of fenofibrate in rats.
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