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Abstract Lipid-based drug delivery systems, a well-tolerated
class of formulations, have been evaluated extensively to en-
hance the bioavailability of poorly soluble drugs. However, it
has been difficult to predict the in vivo performance of lipid
dosage forms based on conventional in vitro techniques such
as cell monolayer permeability studies because of the com-
plexity of the gastrointestinal processing of lipid formulations.
In the current study, we explored the feasibility of coupling
Caco-2 and Madin-Darby canine kidney monolayer perme-
ability studies with lipolysis, a promising in vitro technique
to evaluate lipid systems. A self-emulsifying lipid delivery
system was formulated using a blend of oil (castor oil), sur-
factant (Labrasol® or PL497), and co-surfactant (lecithin).
Formulations demonstrating high drug solubility and rapid
self-emulsification were selected to study the effect of lipoly-
sis on in vitro cell permeability. Lipolysis of the formulations
was carried out using pancreatin as the digestive enzyme. All
the digested formulations compromised monolayer integrity
as indicated by lowered trans-epithelial electrical resistance
(TEER) and enhanced Lucifer yellow (LY) permeability.
Further, the changes in TEER value and LYpermeability were
attributable to the digestion products of the formulation rather

than the individual lipid excipients, drug, digestion enzyme, or
the digestion buffer. The digested formulations were fraction-
ated into pellet, oily phase, and aqueous phase, and the effect
of each of these on cell viability was examined. Interestingly,
the aqueous phase, which is considered important for in vivo
drug absorption, was responsible for cytotoxicity. Because
lipid digestion products lead to disruption of cell monolayer,
it may not be appropriate to combine lipolysis with cell mono-
layer permeability studies. Additional in vivo studies are need-
ed to determine any potential side effects of the lipolysis prod-
ucts on the intestinal permeability barrier, which could deter-
mine the suitability of lipid-based systems for oral drug
delivery.
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Introduction

The oral route of administration continues to be the preferred
route of drug delivery for most chronic diseases. Therapeutic
effectiveness of an orally administered drug is critically de-
pendent upon its bioavailability, which in turn is affected by
drug solubility. However, poorly water-soluble drug candi-
dates have become increasingly prevalent. It has been
projected that approximately 60–70% of newly discovered
drug candidates lack adequate aqueous solubility and/or per-
meability [1, 2]. The poor aqueous solubility of a drug mole-
cule leads to insufficient solubilization in the gastrointestinal
(GI) fluids, resulting in low and variable oral bioavailability
[3]. In recent years, numerous lipid-based delivery systems
have been developed to improve the oral bioavailability of
poorly water-soluble drugs. These formulations include
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simple lipid solutions or dispersion of drugs [4] to more ad-
vanced delivery systems such as microemulsions [5, 6], solid
lipid nanoparticles [7, 8], and self-emulsifying drug delivery
systems (SEDDS) [9–11].

Of particular interest in our studies are the SEDDS, which
have been used extensively to increase solubility and oral ab-
sorption of hydrophobic compounds [12, 13]. SEDDS are com-
posed of one or more surfactants dispersed in an oil phase [10,
13–15]. These formulations, when added to an aqueous phase
under gentle agitation (either prior to dosing or in situ in the gut),
result in thermodynamically stable nano-emulsions [16]. These
nano-emulsions disperse readily in the gut, and their small drop-
let size contributes to large interfacial surface area and better
drug absorption [17]. Several SEDDS have been investigated
for the delivery of lipophilic drugs such as halofantrine [18],
vitamin E [19], and coenzyme Q10 [20], and are used in com-
mercially available formulations such as Neoral® [21].

The primary mechanism through which lipids and lipophil-
ic excipients increase bioavailability following oral adminis-
tration is a unique combination of dispersion, digestion, and
solubilization of the co-administered drug in formulation-
derived lipids in the GI milieu [22]. Stimulation of bile salt
secretion in the presence of lipids and lipid-digestion products
promotes emulsification and increased drug solubility in the
GI fluid [23]. The lipid excipients can further improve the
bioavailability of co-administered drugs by prolonging the
GI residence time [24, 25], increasing the intestinal permeabil-
ity [26], facilitating the lymphatic passage [27], and inhibiting
the efflux transport [28] or pre-systemic metabolism [23].

An important challenge associated with the development of
effective lipid-based formulations is the lack of a satisfactory
in vitro model for oral bioavailability prediction [29]. This is
primarily due to the complex relationship between formula-
tion dispersion and digestion in the gut, and the subsequent
absorption of the solubilized drug and lipid components.
Numerous studies have attempted to characterize the physico-
chemical properties of lipid digestion products in humans fol-
lowing lipid-rich test meals [30–32]. Traditionally, lipid-based
formulations are often designed to optimize the solubility of
the drug in lipid vehicle, enhancing its in vitro dispersion
ability [18] and increasing the digestibility of the lipid excip-
ients [33]. However, the digestion and phase behavior of typ-
ical lipid excipients and the fate of co-administered drugs as
the digestion progresses remain key variables that can affect
drug absorption. Interactions between lipid excipients and co-
administered drug when the formulation is exposed to and
digested in the GI environment will largely depend on the
nature of lipids involved as well as the physicochemical char-
acteristics of the individual drug molecule. Therefore, addi-
tional mechanistic studies are required to predict the biological
performance of lipid-based formulations.

The goal of the current study was to explore the feasibility
of coupling cell monolayer permeability studies with lipolysis,

an in vitro technique that has been shown to be of value in
predicting the in vivo absorption for some drugs. Elacridar, a
P-glycoprotein (P-gp) inhibitor [34], was selected as the mod-
el drug. The low bioavailability of elacridar, which is due to its
low aqueous solubility and poor permeability, limits its clini-
cal use as P-gp inhibitor. A SEDDS formulation of elacridar
has been shown to improve its oral bioavailability [35], hence
making it a suitable candidate for our studies. In the current
studies, SEDDS formulations were prepared by dispersing
elacridar in a blend of suitable oils, surfactant, and co-surfac-
tants. In order to test the feasibility and limitations of coupling
lipolysis with in vitro permeability models, we evaluated the
permeability of the drug from digested lipid formulations
across Caco-2 and Madin-Darby canine kidney (MDCK) cell
monolayers. These two cell lines are well-established in vitro
models to screen the drugs for oral absorption and evaluate the
mechanism of drug transport [36–39].

Materials and methods

Materials

Castor oil, sodium deoxytaurocholate, pancreatin, calcium
chloride, magnesium chloride, and phosphatidyl choline were
purchased from Sigma (St. Louis, MO, USA). Plurol®
Oleique CC497 (PL497) and Labrasol® were received as a
gift from Gattefosse (Paramus, NJ, USA). Solec® 70 SB (pre-
mium refined soy lecithin) was received from Solae LLC (St.
Louis, MO, USA). Elacridar was purchased from Hangzhou
Sage Chemical Co., Ltd. (Hangzhou, China).

Preparation of lipid formulations

Lipid formulations comprising castor oil as the oily vehicle
and PL497, Labrasol®, or lecithin as surfactant/co-surfactant
were prepared based on partial factorial design and at concen-
trations that were within the inactive ingredient limits (IIG) set
by the FDA. Table 1 lists the chemical composition, function,
and IIG limits for each of the excipients used. The range of
concentrations tested for the different excipients is provided in
Table 2. For lecithin-containing formulations, castor oil and
lecithin were warmed at 37 °C and mixed first by gentle
vortexing. PL497 or Labrasol® was then added and mixed
by vortexing. For other formulations, castor oil, PL497, and
Labrasol® were added together and mixed by vortexing. For
drug-loaded formulations, a calculated amount of premixed
blank formulation was added to elacridar and mixed by soni-
cation using a probe sonicator set at 10 W power output for
30 s. Drug-loaded formulations were freshly prepared on the
day of the study. Blank formulations were usedwithin 2 weeks
of preparation.

376 Drug Deliv. and Transl. Res. (2018) 8:375–386



Solubility of elacridar in the individual excipients and lipid
formulations

Solubility of elacridar in each lipid excipient as well as in
different formulations was determined using the shake flask
method [40]. Briefly, 4 mg of elacridar was added to 500 μL
of the lipid or the formulation being tested and mixed by
magnetic stirring at 500 rpm at room temperature. At the
end of 24 h, the mixture was centrifuged at 16,000×g for
15 min to remove undissolved elacridar. Then, 50 μL of the
supernatant was withdrawn, diluted in methanol, and the con-
centration of elacridar was quantified by high-performance
liquid chromatography (HPLC) or liquid chromatography
tandem-mass spectrometry (LC-MS/MS). Due to the high sol-
ubility of elacridar in Labrasol®, 10 mg of elacridar was added
to 500 μL of Labrasol® and processed as described above.

HPLC method for quantification of elacridar

HPLC analysis of elacridar was performed using a Shimadzu
HPLC system equipped with SCL-10A VP controller, SIL-
10AD VP autosampler, LC-10AT VP pump, CTO-10AS VP
column oven, SPD-10AV VP UV-Vis absorbance detector,
and RF-10A XL fluorescence detector. Chromatographic sep-
aration was achieved using a Zorbax Eclipse XDB-C18 col-
umn (4.6 mm × 50 mm, particle size 1.8 μm; Agilent
Technologies, CA, USA). The isocratic mobile phase
consisted of a mixture of acetonitrile and 20 mM ammonium

formate with 0.1% (v/v) formic acid (42:58, v/v). The injection
volume was 10 μL and the elution was carried out at a flow
rate of 0.25 mL/min. The ultraviolet detection of elacridar was
performed at 260 nm wavelength and fluorescence detection
carried out using an excitation wavelength of 413 nm and
emission wavelength of 491 nm.

LC-MS/MS method for quantification of elacridar

LC-MS/MS was used to measure the elacridar concentrations
that were below the detection limit of the HPLC method
(10 ng/mL). A simple liquid-liquid extraction procedure was
used for extraction of elacridar from formulation. To an ali-
quot of 100 μL sample, internal standard (IS) solution (10 μL
of 2 μg/mL tyrphostin AG 1478) along with 150 μL of pH 10
buffer was added and mixed thoroughly. After the addition of
1.2 mL of ethyl acetate, the mixture was vortexed for 5 min,
followed by centrifugation at 10,000 rpm for 10 min
(Centrifuge 5810 R; Eppendorf AG, Hamburg, Germany).
The organic layer (1 mL) was transferred to a glass tube and
evaporated to dryness at room temperature using a gentle
stream of nitrogen (N-EVAP™; Organomation, Berlin, MA,
USA). The residue was reconstituted in 100 μL of mobile
phase. The LC system consisted of an Aquity UPLC®
System (Waters, Milford, MA, USA) coupled with a degasser,
quaternary pump, and a temperature-controlled autosampler
maintained at 10 °C. Five microliters of the processed sample
was injected onto a Zorbax Eclipse XDB-C18 column. The
isocratic mobile phase consisted of a mixture of acetonitrile
and 20 mM ammonium formate with 0.1% (v/v) formic acid
(42:58, v/v) at a flow rate of 0.25 mL/min. Quantification was
performed by MS/MS detection in positive ion mode using a
Quattro Ultima triple quadrupole mass spectrometer (Waters,
Milford, MA, USA) equipped with an electrospray ionization
source operating at a capillary voltage of 3000 V. The sheath
gas pressure and auxiliary gas pressure was maintained at 50
and 20 arbitrary units, respectively. The capillary temperature
was maintained at 300 °C throughout the run. The collision
energy for elacridar and IS was 40 and 33 V, respectively.
Detection of the ions was performed inmultiple-reactionmon-
itoring mode. The mass spectrometer was programmed to
monitor the transition pair of elacridar at the m/z 564.6

Table 1 Description of lipid
excipients used in formulations Lipid Description Function IIG limits

Castor oil Triglycerides of ricinoleic acid (~90%) Vehicle 599.4 mg

Labrasol® Caprylocaproyl polyoxyl Surfactant 274.7 mg
Caprylocaproyl macrogol

Plurol® Oleique CC497 Polyglyceryl-3 dioleate NF Surfactant 199.9 mg

Solec® 70 SB Refined soy lecithin Co-surfactant 325 mg

NF National Formulary, EP European Pharmacopeia

Table 2 Compositions of the oil, co-surfactant, and surfactant for lipid-
based elacridar formulations

Component Oil Surfactant Co-surfactant

Formulation Castor
oil
(% w/w)

Labrasol®
(% w/w)

PL497
(% w/
w)

Lecithin
(% w/w)

Labrasol®
(% w/w)

I 67–90 10–30 0.5–3

II 40–90 10–30 10–30

III 67–90 10–30 0.5–3
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precursor ion to the m/z 251.99 product ion and m/z 316.01
precursor ion to the m/z 299.97 product ion for the IS. Data
acquisition and analysis were achieved by MassLynx soft-
ware, version 4.1.

Emulsification of SEDDS formulations in water
and particle size analysis

Self-emulsification time for the different formulations was
assessed by determining the time taken for the dispersion of
the formulation in a large volume of water. In a beaker con-
taining 25 mL of deionized water at 37 °C, ~0.5 g of the
formulations was added under mechanical shaking at
125 rpm. The time taken for the emulsion droplets to form
(the dispersion turning cloudy) was recorded as self-
emulsification time.

The particle size of the different formulations following
emulsification in water was measured by Delsa™ Nano C
Particle Analyzer (Beckman, Brea, CA, USA) operating at a
165° constant scattering angle at 25 °C.

Digestion of lipid formulations

In vitro lipolysis of selected formulations was carried out
using a method described by Porter et al. [22]. The lipol-
ysis medium consisted of a digestion buffer (150 mM
NaCl , 2 mM Tris , pH 6.5) , b i le sa l t s (sodium
taurodeoxycholate, 20 mM), and phosphatidylcholine
(5 mM). For simulation of fasted state condition, 5 mM
phosphatidylcholine was used. Test formulations
(250 mg) containing 1 mg of elacridar was added into
9 mL digestion medium, and digestion was initiated by
adding 1 mL of pancreatin extract (containing 1000
tributyrin units of pancreatic lipase activity). The diges-
tion experiment was carried out for 20 min at 37 °C. The
fatty acids produced during lipid digestion were titrated
with 0.2 M NaOH solution. The total volume of NaOH
added to adjust the pH of digestion medium to 7.4 and the
rate of addition were recorded. The NaOH addition rate
was used as the primary estimate of the rate of lipid di-
gestion. Following the completion of lipolysis, digested
formulations were tested for permeability in Caco-2 and
MDCK monolayer models.

Cell lines

Caco-2 cells were purchased from American Type Culture
Collection (Rockville, MD, USA) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 1% (v/v) non-essential amino acids, 15%
(v/v) fetal bovine serum (FBS), 1× sodium pyruvate, and
1% (v/v) penicillin–streptomycin antibiotic solution at
37 °C under 5% carbon dioxide. MDCK cells were

received as a kind gift from Dr. William Elmquist,
University of Minnesota. MDCK cells were propagated
in DMEM containing 10 mM HEPES, 1% (v/v) non-
essential amino acids, 10% (v/v) FBS, 1× sodium pyru-
vate, and 1% (v/v) penicillin–streptomycin antibiotic solu-
tion at 37 °C and 5% carbon dioxide.

Caco-2 and MDCK monolayer formation and integrity
determination

Caco-2 cells (84,000 cells/well) were suspended in
200 μL of growth medium and placed on the top cham-
ber of a 24-well HTS Transwell plate with a 0.2-μm
polyester membrane (Corning Life Sciences, Lowell,
MA, USA). The bottom chamber was filled with
800 μL of growth medium. Cells were incubated with
fresh medium every 3 days and cultured at 37 °C and
5% carbon dioxide for 21 days to allow for the formation
of a confluent monolayer. Similarly, MDCK cell mono-
layer was formed by adding 65,000 cells in the top
chamber of the 24-well HTS Transwell plate and supple-
mented with MDCK cell growth media. Cell media was
changed on day 3 and permeability assay was performed
on day 5. The Caco-2 cells grow slowly compared to
MDCK cells, which increases the time required for
Caco-2 cells to form a confluent monolayer with tight
junctions [37, 41].

Monolayer integrity was tested by measuring the trans-
epithelial electrical resistance (TEER) values of the wells
across the monolayer after equilibrating the plate to room
temperature for 10 min. In general, MDCK cells exhibited
lower TEER values than Caco-2 cells, which is attributed
to the relatively loose junctions between adjacent MDCK
cells [37]. However, it is a commonly used alternative
permeability model because cell confluency is reached
within 3–5 days and the TEER values are more compara-
ble to the intestinal TEER values [42]. Typical Caco-2
monolayers have a TEER value in the range of 300 to
800 Ω.cm2 [43–46] and MDCK monolayers have a
TEER value about 200 Ω.cm2 [47]. Improperly formed
or compromised monolayers demonstrate a lower TEER
value compared to the well-formed monolayers.

In addition to TEER measurement, monolayer integrity
was also determined by measuring the permeability of
Lucifer yellow (LY) (Sigma-Aldrich, St. Louis, MO, USA)
across the monolayer. LY solution (100 μM) was added on
the top chamber of the Transwell and maintained under gentle
agitation at 37 °C. After 90 min, the media was withdrawn
from the bottom chambers to measure LY concentration. The
typical LY permeability across intact MDCK and Caco-2
monolayers is approximately 1.5 to 3 ⨯ 10−6 cm/s and 1 to
7 × 10−7 cm/s, respectively [37].
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Permeability of elacridar-containing formulations

Caco-2 and MDCK monolayers were washed with the
assay buffer comprising Hank’s Balanced Salt Solution
containing 10 mM HEPES. The wells were filled with
200 μL of assay buffer on the apical side and 800 μL of
assay buffer containing 4% bovine serum albumin in the
basal side. The plates were maintained in a 37 °C incuba-
tor. Permeability samples comprised digested or undigest-
ed test formulations, solution, and suspension having a
final elacridar concentration between 0 and 5 μM.
Elacridar solution was prepared by dissolving elacridar
in a vehicle comprising dimethyl sulfoxide, propylene
glycol, and saline in 2:2:1 (v/v/v) ratio, and a suspension
formulation was prepared by suspending elacridar in an
aqueous mixture of 0.5% hydroxypropylmethylcellulose
and 1% Tween 80 [48]. For each set of samples, one well
received 100 μM LY in addition to the test formulations.
The test formulations were incubated for 2 h and the con-
centrations of drug in the apical and basolateral side was
analyzed using HPLC or LC-MS/MS. The apparent per-
meability (Papp) was calculated using following formula
(1):

Papp ¼ dQ=dt
C0 � A

ð1Þ

where dQ/dt is the mass transport rate obtained from the
slope of the amount transported versus time plot, A is the
surface area of the cell monolayer, and C0 is the initial
donor concentration. Integrity of the monolayer was de-
termined by recording the TEER value of the monolayer
in the treatment wells, before and after the study.

Effect of different digested formulations on viability
of MDCK cells

The cytotoxicity of digested and undigested formulations
was assessed by MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazoli-
um) assay. MDCK cells were seeded onto a 96-well plate
(65,000 cells/well) in 200 μL of complete growth medium
and cultured for 5 days. Cells were then treated with 1 μL
of the test formulation diluted with 200 μL medium and
incubated for different time periods (1, 2, 5, and 24 h).
After incubation for designated time periods, the medium
was replaced with 200 μL of MTS-containing medium.
The MTS medium consisted of complete growth medium,
MTS solution (2 mg/mL in Dulbecco’s phosphate-
buffered saline (DPBS); Promega, Madison, WI, USA),
and phenazine methosulfate (0.92 mg/mL in DPBS) in
the ratio of 100:20:1. The cells were then incubated at
37 °C under 5% carbon dioxide for 2 h, allowing

conversion of MTS tetrazolium into aqueous soluble col-
ored formazan product by NAD(P)H-dependent dehydro-
genase enzymes found in metabolically active cells. The
optical density (OD) of the formazan product was mea-
sured at 490 nm using a microplate reader (Biotek Inc.,
Winooski, VT, USA). Cells without test formulation treat-
ment were used as controls. The cell viability was calcu-
lated using the following Eq. (2):

Cell viability %ð Þ ¼ ODsample

ODcontrol
� 100 ð2Þ

where ODsample is the optical density of treated cells and
ODcontrol is the optical density of control cells.

Digestion inhibitor and component separation

In vitro digestion of CPL4 formulation was carried out using
the procedure described earlier. At 5, 10, 15, 20, 25, and
30 min, the excess pancreatin was inhibited by addition of
the lipase inhibitor 4-bromobenzeneboronic acid (BBBA)
[49]. The resulting mixture was used to study the effect of
digestion inhibitor on cell viability. MDCK cells were cul-
tured in a 96-well plate (65,000 cells/well) in 200 μL of com-
plete growth medium for 5 days. Cells were then treated with
1 μL aliquot (diluted in 200 μL of assay buffer) of above
digested CPL4 formulations (5 min BBBA, 10 min BBBA,
15 min BBBA, 20 min BBBA, 25 min BBBA, and 30 min
BBBA). In addition to BBBA-mediated inhibition, enzyme
activity was also blocked by incubating cells at 4 °C and/or
by increasing the medium pH to 9. Digested formulations
without BBBA, with BBBA, and at pH 9 were used as posi-
tive controls. Additional controls included cells incubated
with BBBA, BBBA at pH 9, at 4 °C, 4 °C at pH 9, and
pancreatin. After 24 h, the presence of metabolically active
MDCK cells after treatment with digested formulations was
determined using the MTS assay.

To investigate the effect of each phase of the lipolytic prod-
ucts onMDCK cell viability, the different phases of the digested
samples were separated following the procedure described by
Sek et al. [50]. The digested CPL4 formulation was ultra-
centrifuged at 35,000 rpm for 30 min (Beckman Optima™
LE-80K, Palo Alto, CA, USA) to separate the digested lipid
into an upper oily layer, an aqueous phase in the middle, and an
insoluble pellet at the bottom. Each of the components was
diluted in assay buffer and added to the cells in 96-well plates.
After 24 h, cell viability was determined by MTS assay.

Statistical analysis

All results were expressed as mean ± SD. Statistical analysis
was performed using two-tailed Student’s t test. A probability
level of p < 0.05 was considered significant.
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Results and discussion

Lipid-based drug delivery systems provide an exciting formu-
lation strategy for poorly water-soluble, lipophilic drugs. The
primary role of lipids is to dissolve the drug in the formulation
and keep it in a solubilized form in the GI tract. Therefore, any
incidence of precipitation before reaching the duodenum is
likely to reduce bioavailability of incorporated drug molecule
by reintroducing the need for drug solubilization in the GI
fluids [51]. Even in the case of physically stable formulations,
the drug precipitation may occur upon digestion of the formu-
lation owing to lower solvation of the drug in digested com-
ponents than in the undigested parent formulation [52]. This is
particularly important for drug molecules with poor aqueous
solubility and low bioavailability [53]. Thus, subjecting the
lipid formulation to an in vitro digestion test is important for
predicting the GI absorption and bioavailability of the drug
from lipid-based delivery systems.

In a typical lipolysis experiment, in vivo digestion condi-
tions are simulated by the addition of a lipase enzyme (typi-
cally pancreatin) in a temperature-controlled reactor contain-
ing the lipid formulation dispersed in bile salt–lecithin mixed
micelles [54, 55]. Lipid digestion results in the release of fatty
acids, which in turn causes a drop in pH of the reaction mix-
ture. The fatty acids are titrated using a base of known molar-
ity to allow indirect quantification of the rate and extent of
digestion.

The digested product is composed of three phases, which
can be separated by high-speed ultracentrifugation. These in-
clude an undigested or partially digested oil phase on top (the
Boil phase^); an aqueous micellar phase in the middle com-
prising of bile salt, cholesterol, phospholipid, and digested
lipids (the Baqueous phase^); and a solid precipitate at the
bottom (the Bpellet phase^) [51]. Traditionally, the ability to
maximize aqueous phase drug concentration (and minimize
drug precipitation) following digestion is considered an indi-
cator of the formulation’s ability to increase drug absorption
in vivo [51]. However, the correlation between in vitro solu-
bilization and in vivo absorption has been found to be highly
dependent on the property of the drug being investigated [49,
56, 57]. In addition, accurate measurement of the free drug
concentration (i.e., the fraction accessible for absorption) in a
dynamic digestion setting is difficult as separation of free drug
from solubilized drug is not trivial. Thus, the in vitro digestion
testing may not be sufficient as a stand-alone characterization
technique for screening of lipid-based formulations. We hy-
pothesized that combining lipolysis with in vitro cell perme-
ability studies will allow direct determination of the effect of
lipid digestion on drug permeability and eliminate the need to
measure the rate of change of drug concentrations in various
phases. Based on this rationale, we evaluated the feasibility of
combining lipolysis with in vitro Caco-2 and MDCK mono-
layer permeability models.

Formulation and characterization of lipid formulations

A series of lipid formulations were prepared using an appro-
priate combination of oil (castor oil), surfactants (Labrasol®
and PL497), and co-surfactant (lecithin) (Table 2). The initial
study design consisted of 27 unique formulations
manufactured using different concentrations of each excipient
as outlined in Table 2. Development of a suitable formulation
having maximum solubilizing potential for the drug molecule
is critical to achieve high drug loading. In order to identify an
appropriate lipid blend, the saturation solubility of the model
drug elacridar was determined in each of the excipients.
Saturation solubility of elacridar in castor oil, Labrasol®,
PL497, and castor oil containing 2% lecithin was 0.43,
12.50, 0.22, and 0.54 mg/mL, respectively. Solubility of
elacridar in different formulations is presented in Table 3.
Elacridar had significantly higher solubility in all the formu-
lations tested than in water (aqueous solubility of elacridar is
1 μg/mL [58]).

Self-emulsification time is an indicator of the efficien-
cy of emulsion formation. Lipid-based formulations
should disperse rapidly and completely when they en-
counter aqueous dilution under mild agitation. Therefore,
self-emulsification time was determined for each of the
formulations, and the formulations that emulsified within
a minute were selected for further studies. Table 3 sum-
marizes the physical characteristics evaluated for each of
the formulations. The self-emulsification time study dem-
onstrated that the selected formulations could emulsify
within 45 s, which indicates rapid emulsification. In ad-
dition, we studied the particle size of the emulsion
formed. Particle size plays an important role in enhancing
the available surface area (for a given volume) for absorp-
tion and the bioavailability of the drug. All the formula-
tions resulted in micron-sized emulsions when introduced
in water. The results are presented in Table 3.

Lipolysis

Since the small intestine is the primary site of lipid diges-
tion and the target for drug absorption, the in vitro lipol-
ysis studies were performed under simulated intestinal
conditions. We first studied the effect of lipid composition
on the rate of lipid digestion. It has been reported that the
composition of lipid formulation (i.e., long chain vs. me-
dium chain glycerides, type and amount of surfactants,
and presence of cosolvent) can affect the rate and extent
of lipid digestion and thereby influence the absorption of
incorporated drug molecule [59]. The rate of lipid diges-
tion was estimated from the time and volume of NaOH
used for the lipolysis as described in previous reports
[22]. The plots of 0.2 M NaOH volume versus time
(Fig. 1a–c) were similar for the different groups of lipids
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as well as for different compositions of the same lipid
components. This suggests that there are no discernible

differences in the digestion rates for the various formula-
tions tested.

Fig. 1 The consumption of
0.2MNaOH as a function of time
for different aCPL, bCLeP, and c
CLeL lipid formulations. The
lipolysis was carried out for
20 min at 37 °C using pancreatin
extract. The pH was maintained
constant at 7.4

Table 3 Compositions and
physical characterization of
different lipid-based elacridar
formulations

Formulation Compositions (castor oil/
lecithin/PL497/Labrasol®)

Solubility (mg/mL)
(mean ± SD)

Self-
emulsification
time (s)

Particle size (μm)
(mean ± SD)

C1 100:0:0:0 0.43 NA NA

L1 0:0:0:100 12.50 NA NA

PL1 0:0:100:0 0.22 NA NA

CLe1 98:2:0:0 0.54 NA NA

CPL1 60:0:15:25 2.56 ± 0.02 30 5.87 ± 1.60

CPL2 60:0:30:10 2.52 ± 0.03 30 8.04 ± 2.54

CPL3 60:0:25:15 1.95 ± 0.01 30 0.34 ± 0.05

CPL4 70:0:5:25 1.52 ± 0.02 37 4.46 ± 0.52

CPL5 80:0:5:15 1.22 ± 0.01 32 2.07 ± 0.32

CLeP1 73:2:25:0 0.71 ± 0.01 25 2.96 ± 0.16

CLeP2 87:3:10:0 0.61 ± 0.01 20 2.93 ± 0.27

CLeP3 83:2:15:0 0.62 ± 0.01 25 2.16 ± 0.11

CLeL1 73:2:0:25 2.80 ± 0.02 20 7.86 ± 2.08

CLeL2 83:2:0:15 2.03 ± 0.02 25 1.96 ± 0.18

CLeL3 87:3:0:10 1.64 ± 0.03 35 3.45 ± 0.57

CLeL4 67:3:0:30 3.42 ± 0.03 25 8.07 ± 1.31

Data represents mean ± SD (n = 3)

NA Not Applicable
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Caco-2 permeability assay

The intestinal permeability of both digested and undigested
lipid formulations was determined using Caco-2 monolayer as
an in vitro model. The permeability of the different formula-
tions is shown in Fig. 2a. Among the different digested for-
mulations, CPL4, CPL5, CLeP1, CLeP2, CLeL2, CLeL3, and
CLeL4 showed significantly (p ˂ 0.05) higher permeability
compared to their respective undigested formulation.

To determine the effect of different formulations on the
integrity of Caco-2 cell monolayer, we monitored TEER
values of the monolayer before and after the permeability
studies. Figure 2b demonstrates that the digested formu-
lations resulted in compromised monolayer integrity as
shown by decreased TEER values at the end of the study.
Since a compromised monolayer offers little resistance to
drug transport, an accurate evaluation of the permeability
of digested formulation was, thus, not possible.

MDCK permeability assay

MDCK cells form monolayers more quickly than Caco-2 cells.
However, similar to Caco-2 cells, they form tight junctions and
serve as an alternate model for studying intestinal permeability
[37]. Hence, the MDCK monolayer was also used to estimate
the permeability of elacridar from digested and undigested lipid
formulations. Similar to that seen in the Caco-2 study, digested
CPL2, CPL5, and CLeL2 had significantly (p < 0.05) higher
permeability compared to the respective undigested

formulations (Fig. 3a). We next examined the effect of different
formulations on the integrity ofMDCK cell monolayer bymea-
suring the TEER values and LYpermeability. Digested formu-
lations demonstrated lower TEER values and higher LYperme-
ability compared to the respective undigested formulations
(Fig. 3b, c). MDCK monolayers treated with various digested
lipid formulations showed LY permeability higher than
4 × 10−6 cm/s, which clearly indicates the presence of compro-
mised monolayer [37]. However, in the case of elacridar solu-
tion, no significant difference in LYpermeability was observed
under digested and undigested conditions. This data suggest
that the digestion products of the lipid formulation rather than
the drug or the digestion buffer were responsible for changes in
LY permeability and TEER values.

Effect of different digested formulations on cell viability

Since digestion products appeared to affect the cell monolayer
integrity, we determined the effect of digested and undigested
formulations on cell viability using the MTS assay. The
MDCK cell monolayer was used for this experiment because
of its short culture time relative to Caco-2 cells. Time-
dependent effect of digested and undigested formulations on
cell viability is shown in Fig. 4. Incubation with digested
formulations resulted in rapid loss of cell viability, with about
60% loss within 1 h. These results suggest that digested for-
mulations induce some kind of catastrophic cell damage that
results in rapid cell death in these cells.
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Effect of digestion inhibitors on cell viability

To investigate the possible cause of cytotoxicity of the
digested formulations, MDCK cells were treated with formu-
lations undergoing lipid digestion and the digestion was
inhibited at different time intervals by the addition of

BBBA, by elevating pH to 9, or lowering temperature to
4 °C. The results from this study (Fig. 5) suggested that lipol-
ysis results in rather rapid generation of toxic byproducts, as
shown by more than 50% reduction in cell viability even after
neutralizing the excess pancreatin by the addition of lipolysis
inhibitor BBBA, elevating pH, or lowering temperature. The
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control cells treated with BBBA, pH 9, low temperature, or a
combination of these parameters showed no reduction in cell
viability. Finally, treatment with pancreatin alone had no effect
on the cell viability, suggesting that the digestion products are
responsible for cell death and not the digestion enzyme.

Effect of digested formulation components on cell viability

The digested formulations were divided into a pellet phase
(containing insoluble fatty acids), an oily phase (containing
fatty acids and mono-, di-, and triglycerides), and an aqueous
phase (containing soluble fatty acids, surfactants, and some
monoglycerides). MTS assay revealed that the aqueous solu-
ble part of the digested lipid formulations was responsible for
toxicity (Fig. 6). Surfactants are known to induce acute cell
damage by compromising the cell membrane integrity [60,
61]. Such an effect of surfactants would explain the rather
rapid effect of digested formulations on cell monolayer

viability. Similarly, monoglycerides can exhibit significant cy-
totoxicity at high concentrations. A study by Jia and Wasan
showed that monoolein induced ~80% loss in cell viability at
concentrations greater than 500 μM [62].

Conclusions

Lipolysis is considered an important in vitro method to eval-
uate the in vivo performance of lipid-based drug delivery sys-
tems [63]. However, our studies indicate that the lipid diges-
tion products lead to disruption of cell monolayer, and thus, it
may not be appropriate to combine lipolysis with cell mono-
layer permeability studies. Further, it would be of importance
to determine whether the cytotoxicity of lipolysis products
observed in our in vitro studies translates into negative effects
on intestinal epithelial barrier in vivo. There are a number of
protective mechanisms in vivo such as the presence of a thick
mucus layer as well as rapid dilution and clearance of these
byproducts that could mitigate some of the side effects.
Additional in vivo toxicology studies are needed to evaluate
any potential toxicity of lipid formulations.
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