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A B S T R A C T

A novel proliposomal formulation for improved oral delivery of celecoxib (CXB) was developed using a solid
dispersion technique. CXB, soy phosphatidylcholine (SPC), sorbitol, and poloxamer 188 were dissolved in a
water/ethanol binary solvent system. Subsequent solvent-evaporation and lyophilization steps produced CXB-
loaded proliposomes (CXBPLs) with high lipid content (as SPC, ≈20% [w/w]). Powder X-ray diffractometry and
differential scanning calorimetry analyses revealed that the physical state of CXB was transformed from crys-
talline to amorphous after the preparation process. Reconstitution of CXBPLs with gentle shaking by hand
generated CXB-loaded liposomes with nano-sized mean diameter, negative zeta potential, vesicular-shaped
morphology, and high CXB entrapment efficiency (≈84.7%). CXBPLs exhibited improved dissolution rate and
permeability compared with free CXB and Celebrex (a commercial product of CXB). In the pharmacokinetic
study performed in rats, the CXBPL-treated group showed a 1.7-fold increase in the bioavailability of CXB
compared with the free CXB-treated group (p < 0.05). The histological observation with hematoxylin and eosin
staining demonstrated no additional detrimental effect of CXBPLs on the intestinal epithelia of rats compared
with that of free CXB. These results suggest that the developed proliposomes provide an efficient and safe way of
enhancing the oral bioavailability of poorly water-soluble drugs.

1. Introduction

Celecoxib (CXB) is a selective cyclooxygenase (COX)-2 inhibitor,
which is used to treat osteoarthritis, rheumatoid arthritis, ankylosing
spondylitis, primary dysmenorrhea, and acute pain [1]. Although CXB
possesses superior pharmacological effects over non-selective COX in-
hibitors (375-fold improved selectivity) [2], its poor water-solubility
(≈5 μg/mL) and slow dissolution rate resulted in the low and variable
oral bioavailability, thereby limiting its therapeutic efficacy [3,4]. As
CXB belongs to the biopharmaceutical classification system (BCS) class
II (low solubility and high permeability), increasing its solubility and
dissolution rate may improve the oral bioavailability [5,6]. In the
previous studies, several formulation techniques, such as solid disper-
sion [7], spherical agglomeration [8], nanosuspension [9], nano-
particles [10], and spray-drying [11], were employed to overcome this
limited dissolution of CXB, and all of those strategies successfully

enhanced systemic exposure of CXB in the in vivo pharmacokinetic
studies.

Liposomes, together with the above approaches, could also be useful
to address the dissolution problem of CXB. Liposomes are spherical
vesicles composed of phospholipid bilayers, which are conventionally
made by hydration of thin lipid film. By virtue of the characteristic
structure, liposomes can accommodate both hydrophobic and hydro-
philic drugs within the phospholipid membrane and the internal aqu-
eous compartment, respectively, with high loading capacity [12]. Ex-
tensive studies on liposomal drug delivery systems suggest that this
formulation can improve the solubility and gastrointestinal (GI) per-
meability of the loaded drugs, which may result in an enhanced oral
bioavailability [12–14]. However, liposomes also have drawbacks, such
as complexity of the preparation methods, instability during storage
(aggregation, precipitation, fusion, and decomposition of phospholi-
pids), high cost compared with the low product yield, and poor
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reproducibility of the final products, all of which hamper their use in
clinical applications [15–18].

Proliposomes (PLs) are a solid formulation that can rapidly trans-
form into liposomal structures when dispersed in aqueous media [16],
of which pharmaceutical characteristics make up for the demerits of
liposomes. For example, the preparation methods of PLs are relatively
simple and cost-effective than those of liposomes [16]. Given the dry
and solid properties, PLs are also more stable than the conventional
liposomes during storage [19]. Moreover, the proliposomal powder has
free-flowing property [20], so that it can be further modified into
various dosage forms including tablets and capsules [19,21]. Along
with these advantages, PLs exhibited promising results in enhancing the
oral bioavailability of poorly water-soluble drugs [17,22,23].

Conventionally, PLs were prepared by coating water-soluble mate-
rials (e.g., carbohydrates or proteins) with phospholipids using a rotary
evaporator [24], a coating pan [19], or a fluidized bed [25]. The PLs
made by these techniques exhibited low lipid contents and can only
generate the micro-sized liposomes (or liposomal agglomerates)
without further processes like sonication or high-pressure homo-
genization, limiting their production in large-scale and application in
clinics [24,25]. In this work, PLs with a high lipid content (≈20%, w/
w) were prepared for effective oral delivery of CXB by applying the
solid dispersion technique consisting of only simple mixing, evapora-
tion, and lyophilization steps. The developed PLs were able to produce
nano-sized liposomes without the above-mentioned manipulations,
suggesting their feasibility for a scaled-up production [26,27]. Physi-
cochemical properties of the CXB-loaded PLs were characterized in both
the solid and liposomal states. Meticulous studies on the in vitro Caco-2
permeability and in vivo pharmacokinetic properties in rats were per-
formed, as well as the in vitro dissolution tests.

2. Materials and methods

2.1. Materials

Celecoxib (CXB) and Celebrex were gifted from Hanlim Pharm. Co.,
Ltd. (Seoul, Korea). Soy phosphatidylcholine (SPC; Lipoid S75, fat-free
soybean phospholipids with 70% PC, Lipoid GmbH, Ludwigshafen,
Germany) was donated by Phytos (Anyang, Korea). Ethanol and di-
methyl sulfoxide (DMSO) were purchased from Daejung Chemicals &
Metals Co., Ltd. (Seoul, Korea). Poloxamer 188 was obtained from BASF
(Ludwigshafen, Germany). Sorbitol, sodium dodecyl sulfate (SDS), DiI,
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), Hank’s
balanced salt solution (HBSS), sodium bicarbonate, and D-glucose were
purchased from Sigma–Aldrich (St. Louis, MO, USA). Dulbecco's mod-
ified Eagle medium (DMEM), penicillin, streptomycin, and fetal bovine
serum (FBS) were obtained from Gibco Life Technologies, Inc.
(Carlsbad, CA, USA). All other reagents were of analytical grade.

2.2. Preparation of CXB-loaded proliposomes (CXBPLs)

CXBPLs were prepared according to the method previously reported
by our group with modification (Fig. 1) [28]. Briefly, SPC (800mg),
poloxamer 188 (40mg), and CXB (100mg) were dissolved in ethanol
(8.75mL) by vortex-mixing to obtain a clear yellow solution. Sorbitol
(3160mg) was dissolved in double-deionized water (DDW; 3.75mL).
The two solutions were mixed in a round-bottom flask with gentle
stirring for 30min. The mixture was then evaporated under vacuum for
10min at 40 °C using a rotary evaporator. After the removal of ethanol,
the resulting solution was immediately lyophilized. The obtained
CXBPLs were ground using a pestle and mortar. The powder that had
the size between the US sieve No. 25 and 100 was collected. The pale-
yellow powder was stored at −20 °C for further experiments. The blank
PLs were prepared with the same method except for the absence of CXB
in the ethanol phase.

2.3. Characterization of CXBPLs in solid state

The morphology of CXBPLs was observed by using a field emission-
scanning electron microscopy (FE-SEM; JSM-6700F; JEOL, Tokyo,
Japan) at an accelerating voltage of 10 kV. Before the observation, the
samples were placed on a carbon-taped stub and sputter-coated with
platinum under vacuum for 120 s.

To measure the CXB content (%), CXBPLs (10mg) were dissolved in
a co-solvent composed of acetonitrile (ACN) and DDW (50:50, v/v) with
sonication for 30min. The solution was diluted with a mobile phase
consisting of ACN with 0.1% triethylamine (TEA) and phosphate buffer
(10mM; pH 9.0) with 0.1% TEA (70:30, v/v). The CXB concentration of
the sample was determined using high-performance liquid chromato-
graphy (HPLC) system, equipped with a Waters e1525 separation
module and a Waters 2487 dual λ absorbance detector (Waters Co.,
Milford, MA, USA). The wavelength for the detection was set at 260 nm.
The separation was carried out using an isocratic elution at a flow rate
of 1.0 mL/min. An aliquot (20 μL) of the sample was injected into a C18
Gemini-NX column (250×4.6mm, 5 μm; Phenomenex, Torrance, CA,
USA) with a C18 guard column (4×2.0mm; Phenomenex), and the
retention time of CXB was 5.2min. The standard sample of 200 ng/mL
was selected as the lowest concentration of the calibration curve for this
quantification method.

Differential scanning calorimetry (DSC) analysis was conducted
using a DSC-Q1000 (TA Instrument, New Castle, DE, USA) to evaluate
the physical state of CXB in the formulations. CXB, Celebrex, CXBPLs,
blank PLs, and the excipients used were weighed and sealed in alu-
minum pans, and the thermal transition was scanned from 0 to 200 °C at
a heating rate of 10 °C/min. An empty pan was used as a reference.
Powder X-ray diffractometry (PXRD) was used to assess the degree of
crystallinity of CXB and the other excipients before and after the pre-
paration of PLs. The analyses were performed using a D8 ADVANCE
with DAVINCI (BRUKER, German) equipped with Cu Kα1 radiation
(1.5418 Å). An acceleration voltage and tube current were 40 kV and
40mA, respectively. Samples were scanned over a 2θ range of 3° to 60°
with a step angle of 0.02° at a scan speed of 0.5 sec/step. The physical
stability of CXBPLs under the storage condition (kept at −20 °C for 3.5
and 5months) was also evaluated using these DSC and PXRD methods.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy (JASCO FT/IR 4200; JASCO Company Ltd., Hachioji,
Japan) analyses were conducted to evaluate the molecular interactions.
The FTIR spectra of CXB, Celebrex, CXBPLs, and the excipients were
recorded over a scanning range of 4000–600 cm−1 (resolution:
4.0 cm−1).

2.4. Characterization of liposomes generated by CXBPLs

A liposomal dispersion was generated by reconstituting the PLs
(10mg) in DDW (1mL) with shaking for 5min by hand. For the
transmission electron microscopy (TEM) observation, a drop of the
dispersion was placed onto the surface of a 200-mesh carbon-coated
copper grid (Electron Microscopy Sciences, Hatfield, PA, USA) and
negatively stained with uranyl acetate. Excess liquid was removed with
a filter paper and dried at room temperature. The sample was observed
using JEM 1010 (JEOL, Tokyo, Japan) at an accelerating voltage of
80 kV. The mean particle size, polydispersity index (PDI), and zeta
potential of the reconstituted liposomes were determined by electro-
phoretic light-scattering method (ELS-Z; Otsuka Electronics, Tokyo,
Japan).

To determine the entrapment efficiency (EE), the liposomal dis-
persion was filtered through a syringe filter (pore size: 0.45 μm;
Minisart RC15; Sartorius, Goettingen, Germany) after the reconstitution
process. An aliquot (100 μL) of the filtrate was diluted with ACN
(900 μL) to disrupt the liposomal structure. The concentration of CXB in
the sample was determined by the HPLC method in Section 2.3.
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2.5. In vitro dissolution studies

Dissolution studies of free CXB, Celebrex, and CXBPLs were per-
formed under sink conditions, where the compositions of dissolution
media were determined based on the solubility of CXB in those media.
To measure the solubility, CXB (3mg) was dispersed in the buffered
solution (1.5mL) at various pH values (pH 1.2, 4.0, 6.8 and 12.0) with
different SDS concentrations (0, 0.1, 0.4, 0.7, and 1.0% [w/v]) in a
sample tube by vortex-mixing for 30min. The tubes were incubated in a
shaking water bath (50 rpm) for 48 h at 37 °C, followed by centrifuga-
tion at 16,000g for 15min. An aliquot (1mL) of the supernatant was
filtered through a syringe filter (pore size: 0.45 μm; Minisart RC15;
Sartorius), and the filtrate was diluted before the analysis by using the
HPLC method in Section 2.3.

The dissolution studies were conducted using USP type II dissolu-
tion apparatus (TDT-08L; Electrolab, Mumbai, India) with paddle ro-
tating at a speed of 50 rpm. The studies were conducted under various
pH conditions (pH 1.2, 4.0, 6.8, and 12.0) at 37.0 ± 0.2 °C. The dis-
solution media (500mL) contained SDS (0.4%, w/v) to maintain sink
conditions. Each formulation equivalent to 2mg of CXB was en-
capsulated into a hard gelatin capsule. The capsule was then immersed
into the dissolution media with a sinker. Aliquots (1mL) of the media
were collected from the vessels at predetermined time points (15, 30,
45, 60, 90, and 120min), and an equal volume of fresh medium was
replenished after each sampling. The collected samples were im-
mediately filtered through a 0.45 μm syringe filter (Minisart RC15;
Sartorius). The filtrate was diluted and analyzed by the HPLC method in
Section 2.3.

2.6. Caco-2 permeability test

The Caco-2 cell monolayer model was used to evaluate the in vitro
permeability of the developed formulations. Caco-2 cells were pur-
chased from Korean Cell Line Bank (Seoul, Korea) and cultured with
DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/
mL streptomycin in a 5% CO2 atmosphere and 95% relative humidity at
37 °C. The cells were harvested at approximately 90% confluency using
0.5% trypsin-EDTA (Gibco Laboratories, Grand Island, NY, USA) and
seeded onto the collagen-coated polytetrafluoroethylene (PTFE) mem-
brane (growth area of 1.12 cm2 and pore size of 0.4 μm) of the 12-well
insert (Transwell®; Corning Inc., Corning, NY, USA) at 2.5× 105 cells/
insert. The cell monolayer was used for the experiment after reaching
the trans-epithelial electrical resistance (TEER) values over 500Ω cm2,
which were measured using a Millicell® ERS-2 (Millipore Corporation,
Billerica, MA, USA). The TEER values were measured again im-
mediately after the experiment was finished to assess the damage to the
cell monolayers during the test.

Absorptive (apical-to-basolateral [A-to-B]) transport studies were
carried out in the transport medium (TM) consisting of HBSS, HEPES,

sodium bicarbonate, and D-glucose in DDW (pH 7.4). After 30min of
pre-incubation with TM at 37 °C, CXB, Celebrex, or CXBPLs dispersed in
TM (500 μL) at a CXB concentration of 500 μM was added to the apical
side (A-side) of the insert. The insert was placed into a well filled with
fresh TM (1500 μL; B-side) and incubated at 37 °C with continuous
agitation (50 rpm). To maintain sink conditions, the insert was moved
into another well with fresh TM every 30min. After 2 h of the total
incubation period, each B-side sample was collected, and its CXB con-
centration was analyzed using HPLC-tandem mass spectrometry (HPLC-
MS/MS) system. Each sample (50 μL) was vortex-mixed with ACN
(450 μL) containing valsartan (VST; 100 ng/mL as an internal standard
[IS]) and loaded into a sample vial. Chromatographic separation was
achieved using an Agilent Technologies 1260 Infinity HPLC system
(Agilent Technologies, Inc., Palo Alto, CA, USA) equipped with an
Agilent Poroshell 120 EC-C18 column (50×4.6mm, 2.7 μm; Agilent
Technologies) with a C18 guard column (4mm×2.0mm;
Phenomenex), a G1312B binary pump, a G1367E autosampler, a
G1316C thermostatted column compartment, and a G1330B thermo-
stat. The isocratic mobile phase consisting of ACN and 5mM ammo-
nium formate buffer (95:5, v/v) was run at a flow rate of 0.4mL/min.
The injection volume was 5 μL, and the total run time was 3min. Mass
spectrometric detection was performed on an Agilent Technologies
6430 Triple Quad LC/MS system with negative electrospray ionization
(ESI) mode. The optimized mass transitions from precursor to product
ion, fragmentor voltage, and collision energy values were m/z 380.2→
316.2, 170 V, and 19 eV for CXB and m/z 434.1→ 350.0, 140 V, and
18 eV for VST, respectively. The data acquisition and processing were
performed using MassHunter Workstation Software Quantitative
Analysis (Version B.05.00; Agilent Technologies, Inc.). The retention
times of CXB and VST were 1.8 and 1.5min, respectively. The limit of
detection (LOD) and lower limit of quantitation (LLOQ) values were
determined as 0.5 and 5 ng/mL, respectively, based on the signal-to-
noise (S/N) ratio method in the ICH guideline [29]. The apparent
permeability value (Papp) of each formulation was calculated using the
following equation:

=P Q
t A C

· 1
·

(cm/sec),app
0

where δQ/δt is the amount of CXB transported across the cell mono-
layer per unit time, A is the surface area of the monolayer (1.12 cm2),
and C0 is the initial CXB concentration of the A-side.

2.7. In vivo pharmacokinetic studies

Male Sprague-Dawley (SD) rats with body weights of 235 ± 5 g
were obtained from Orient Bio (Sungnam, Korea). The rats were housed
in a light-controlled room (12 h of light [07:00–19:00] and 12 h of dark
[19:00–07:00] cycles) at a temperature of 22 ± 2 °C and a relative
humidity of 55 ± 5% (Animal Center for Pharmaceutical Research,

Fig. 1. Schematic illustration of the preparation method of CXBPLs.
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College of Pharmacy, Seoul National University, Seoul, Korea).
Protocols for the animal studies were approved by the Animal Care and
Use Committee of the College of Pharmacy, Seoul National University.
The femoral artery was cannulated with Intramedic™ polyethylene
tubing (PE-50; Becton Dickinson Diagnostics, Sparks Glencoe, MD,
USA) under anesthesia with Zoletil® 50 (Virbac, Carros, France) at a
dose of 50mg/kg via intramuscular injection. CXB, Celebrex, or CXBPLs
was encapsulated into a hard gelatin capsule (size 9; Torpac Inc.,
Fairfield, NJ, USA) and administered orally at a CXB dose of 2mg/kg.
Blood samples (≈150 μL) were collected from the femoral artery at 1,
5, 15, 30, 45, 60, 90, 120, 240, 360, 480 and 1440min after the ad-
ministration, and the same volume of 0.9% sodium chloride injectable
solution containing heparin (20 IU/mL) was replenished at each time
point. After centrifugation at 16,000g for 2.5min at 4 °C, aliquots
(50 μL) of the supernatants (plasma samples) were collected and stored
at −20 °C. For the preparation of analytical samples, the plasma sam-
ples (50 μL) were vortex-mixed with ACN (200 μL) containing VST
(100 ng/mL; IS) for 5min and centrifuged at 16,000g for 5min. Each
supernatant was transferred to a sample vial and analyzed using the
HPLC-MS/MS method in section 2.6. Pharmacokinetic parameters were
calculated using non-compartmental analysis (WinNonlin, version 3.1,
NCA 201; Pharsight, Mountain View, CA, USA): total area under the
plasma concentration-time curve from time zero to infinity (AUC), peak
plasma concentration (Cmax), and time to reach Cmax (Tmax).

2.8. Histological assay

Histological observations were conducted to evaluate the toxicity of
CXB, Celebrex, and CXBPLs to the rat intestinal epithelium. Each for-
mulation was orally administered to SD rats at a CXB dose of 2mg/kg,
and the jejunum was dissected 24 h after the administration. After 24 h
of fixation with 4% (v/v) formaldehyde solution, the tissue samples
were rinsed with DDW, dehydrated with alcohol, and embedded into
paraffin. The paraffin blocks were sliced (5 to 10 µm thick), and the
sectioned samples were stained with hematoxylin and eosin (H&E) re-
agent. Microscopic images were acquired using an OLYMPUS IX70
(Tokyo, Japan) microscope.

2.9. Statistical analysis

All the experiments were repeated at least three times, and the data
were expressed as the mean ± standard deviation (SD). The statistical
analyses (Student's t-test and one-way analysis of variance with
Bonferroni’s multiple comparison test) were performed using the SPSS
statistics software (Version 21.0; IBM Corp, NY, USA).

3. Results and discussion

3.1. Preparation and characterization of CXBPLs

Both the solvent evaporation and lyophilization methods were used
for the preparation of CXBPLs whereby ethanol and DDW in the in-
termediate mixture were removed stepwise (Fig. 1). Without the pri-
mary solvent evaporation process, the ethanol in the mixture melted
down during the lyophilization step (triple point of ethanol: 150 K and
4.3×10−4 Pa), extracting out the lipid from the lyophilisate, which

compromised the homogeneity of the product (Figure S1a). To over-
come this issue, ethanol was evaporated first using the rotary eva-
porator, and the remaining DDW was removed by subsequent lyophi-
lization. The evaporation temperature was optimized to 40 °C; higher
evaporation temperatures increased the mean diameters of liposomes
generated from the products (e.g., 1.4-fold increase at 60 °C), and lower
temperatures required much longer evaporation time (data not shown).

For the enhancement of the CXB EE and reduction in the total
weight of the formulation, a high ratio of lipid to sugar is desired.
However, the SPC content over 20% resulted in a product with un-
favorable properties including stickiness and low flowability after pul-
verization (Figure S1b). Thus, the lipid content was set at 20%. In ad-
dition, the poloxamer 188 was supplemented to improve the stability of
the liposomes after reconstitution [30]. The weight ratio of SPC/sor-
bitol/poloxamer 188 (blank PLs) in the final formulation was set at 20/
79/1 (Table 1). CXBPLs were prepared by adding CXB to the blank
proliposomal composition, where the added amount of CXB was opti-
mized by the mean diameter and EE values of the liposomes after re-
constitution. As shown in Figure S2a, only the PLs with the CXB amount
of 110mg or below maintained their liposomal mean diameter after
reconstitution. In addition, the PLs with the CXB amount of 100mg or
below prevented rapid CXB precipitation, where their EE values were
above 80% even 30min after reconstitution (Figure S2b). Therefore,
the CXB amount of 100mg was finally selected for the preparation of
CXBPLs (Table 1).

SEM images of sorbitol, CXB, Celebrex, and CXBPLs are shown in
Fig. 2. CXB has more than four types of crystalline polymorphs, and the
form III has the most stable structure among them [5]. In our ob-
servation, not only CXB but also Celebrex exhibited rod-shaped mor-
phology with the characteristic pinstriped patterns on the particle
surface, implying the presence of the crystalline structure [3]. Sorbitol
possessed a characteristic acicular-textured surface. Of note, these

Table 1
Composition of the developed proliposomal formulations.

Component Blank PLs CXBPLs

SPC 20.0% (800mg) 19.5% (800mg)
Sorbitol 79.0% (3160mg) 77.1% (3160mg)
Poloxamer 188 1.0% (40mg) 1.0% (40mg)
CXB – 2.4% (100mg)

Fig. 2. SEM images of sorbitol, CXB, Celebrex, and CXBPLs. The lengths of the
scale bars are 10 μm (left panel) and 1 μm (right panel).
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distinctive morphologies of CXB and sorbitol completely disappeared in
the CXBPL granules, which implies that amorphization occurred during
the preparation processes.

More detailed investigations on the crystallinity of CXB were per-
formed using the DSC and PXRD analyses. The DSC curves of CXB,
Celebrex, CXBPLs, blank PLs, and the excipients used were presented in
Fig. 3a. In general, a crystalline compound exhibits a sharp en-
dothermic peak in the DSC thermogram at its melting temperature,
whereas an amorphous one shows no (or gradual) depression [31,32].
Both CXB and Celebrex exhibited sharp endothermic peaks at around
160 °C, which correspond to the melting temperature of CXB crystal
(form III) [33]. Sorbitol (γ anhydrous form) and poloxamer 188 also
showed endothermic peaks at their melting temperatures [34,35].
However, all of these characteristic sharp peaks disappeared in the
thermograms of blank PLs and CXBPLs, indicating the loss of crystal-
linity during the preparation processes. Instead, a single broad en-
dothermic depression was observed at around 75–79 °C, which could be
originated from the residual solvent (i.e., ethanol; boiling point:
78.4 °C). According to the USP 38 General Chapter 〈467〉 Residual Sol-
vents, ethanol is a Class 3 solvent (i.e., no human health hazard at
pharmaceutical levels), suggesting this issue could hardly be of any
toxicity concerns.

The X-ray diffractograms of CXB, Celebrex, CXBPLs, blank PLs, and
the excipients were shown in Fig. 3b. As expected from the DSC data,
the CXB and Celebrex exhibited the characteristic diffraction peaks of
CXB form III (2θ values of 5.4°, 10.7°, 13.0°, 14.8°, 16.1°, 19.6°, and

21.5°), which is in good accordance with the previous report [3].
However, the CXBPLs exhibited a series of broad peaks, of which pat-
terns are almost identical to those of blank PLs. This absence of the
distinctive peaks of CXB in the diffractogram of CXBPLs indicates that
amorphization of CXB occurred during the preparation of CXBPLs,
supporting the above DSC data [31,36]. As shown in Figure S3, the
diffractogram of CXBPLs is comparable to that of the physical mixture
of crystalline CXB and blank PLs (as CXB, 0.025% [w/w]), indicating
approximately 99% of the drug molecules in CXBPLs were in the
amorphous state. Moreover, the signals of sorbitol and poloxamer 188
were attenuated in the diffractograms of PLs, which could be under-
stood in a similar context.

The amorphous form of CXB can provide increased solubility and
dissolution rate compared with its crystalline form because of weaker
intermolecular forces [37]. However, due to this metastable property,
the amorphous structure can also be converted into the crystals during
storage [38]. As the re-crystallization occurs between glass transition
temperature and melting temperature, the storage condition at −20 °C
was adopted in this study. As evidenced by the DSC and XRD analyses,
no signals of evolving crystals were observed even after five months of
storage, indicating that CXBPLs was physically stable during this period
(Fig. 3a and b).

The FTIR analysis with ATR method was performed to investigate
the intermolecular interactions among the components consisting of
CXBPLs. The FTIR spectra of CXB, SPC, sorbitol, poloxamer 188, and
CXBPLs are shown in Fig. 3c. CXB exhibited symmetric and asymmetric

Fig. 3. Characterization of CXBPLs by (a) DSC, (b) PXRD, and (c) FTIR analyses.
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sulfoxide (S]O) stretching bands at 1156 and 1346 cm−1, respectively
[6]. The N-H stretching bands at 3335 and 3229 cm−1 were also ob-
served [39]. The SPC spectrum showed peaks at 2924 cm−1 (aliphatic
CeH stretching), 2854 cm−1 (olefinic CeH stretching), 1058 cm−1

(CeO stretching), and 968 cm−1 (CeC stretching). Sorbitol exhibited a
broad peak spanning from 3000 to 3500 cm−1 (O-H stretching), along
with other peaks at 2930 cm−1 (aliphatic CeH stretching) and
1047 cm−1 (CeO stretching) [40]. Poloxamer 188 also showed its ab-
sorption bands at 1467 cm−1 (HeCeH in-plane scissoring), 1097 cm−1

(CeOeC asymmetric stretching), 1060 cm−1 (CeO stretching), and
961 cm−1 (CeC stretching) [41,42]. In the CXBPL spectrum, however,
the characteristic peaks of the above compounds were shifted, which
could be attributed to the intermolecular interactions that occurred
during the preparation of PLs.

3.2. Characterization of liposomes generated by CXBPLs

Reconstitution of blank PLs and CXBPLs with gentle shaking by
hand generated nano-sized liposomal dispersions with mean diameters
of around 370 and 540 nm, respectively (Table 2). The characteristic
vesicular structures were confirmed by TEM and confocal laser scan-
ning microscopy (CLSM), indicating the successful conversion from PLs
to liposomes (Figures 4 and S4). The morphology of the vesicles ex-
hibited a spherical shape, which is in good accordance with the pre-
vious report on the sorbitol-based PLs [43]. The PDI values of blank and
CXB-loaded liposomes were revealed to be 0.30 ± 0.02 and
0.36 ± 0.01, respectively (Table 2), suggesting the presence of micron-
sized liposomes. However, as can be seen in Figure S4, the sizes of those
vesicles were not more than a few microns. This result is in good
agreement with the size distribution data acquired by the dynamic light
scattering method (Fig. 4). Moreover, it is known that the PDI value of
0.3 is the criterion of particle size homogeneity of liposomal formula-
tions [44]. Both of the PLs showed negative zeta potential values of
around −60mV, which guarantees the high physical stability of the
liposomes after reconstitution [45]. The EE of the CXB-loaded lipo-
somes exhibited relatively high values of 84.7 ± 1.2% (Table 2). No-
teworthy is that the EE values can vary according to the pore size of the
filter used (70.9 ± 4.2% for 0.20 µm and 92.0 ± 4.8% for 5.0 µm),
which can be explained by the polydisperse nature of the liposomes.
However, the effective EE values (i.e., determined with the 0.45 µm
filters) are important for understanding the bioavailability of CXBPLs,
as the liposomes that are able to pass through this pore size may exhibit
the maximum absorption efficiency [46].

3.3. In vitro dissolution studies

The in vitro dissolution profiles of free CXB, Celebrex, and CXBPLs
are shown in Fig. 5. The dissolution tests were performed at various pH
values of 1.2 (enzyme-free simulated gastric fluid), 4.0, 6.8 (enzyme-
free simulated intestinal fluid), and 12.0. The sink condition was
maintained by adding 0.4% of SDS in the dissolution media, where the
CXB solubility values were at least 40-times of the highest theoretical
concentration that could be achieved in the dissolution test (Table S1).
As shown in Fig. 5, the dissolved CXB amount of free CXB group was no

more than 26% at the physiologically relevant pH values (i.e., pH 1.2,
4.0, and 6.8), although its dissolution was markedly increased at pH
12.0 because of the weak acidity (pKa ≈ 11.1) [6]. This result is in good
agreement with the previous report [37], where the crystalline CXB
showed a slow dissolution rate. Celebrex exhibited an improved its
dissolution rate than free CXB at pH 4.0 and above, notwithstanding its
crystallinity found in the DSC and PXRD analyses (see Section 3.1). This
phenomenon may have resulted from SDS (solubilizing agent) and
croscarmellose sodium (disintegrant) contained in the Celebrex capsule.
At pH 1.2, however, there was no significant difference in dissolution
rate between free CXB and Celebrex, which can be explained by the
poor swelling property of croscarmellose sodium at this pH value [47].
Interestingly, the dissolved CXB amount from CXBPLs was more than
50% in 30min even at pH 1.2, and 100% in 120min at every tested pH
value. When compared with the other groups, the dissolved CXB
amount of CXBPL group in 120min was significantly higher (p < 0.05)
at the physiologically relevant pH conditions (pH 1.2, 4.0, and 6.8).
This enhancement in apparent dissolution may be because the recon-
stitution process of CXBPLs can take place rapidly even with low shear
stress, such as gentle shaking by hand. Thus, the CXB in CXBPLs can
also be dispersed quickly in the form of CXB-loaded liposomes under
the dissolution condition. In addition, the amorphous state of CXB in
CXBPLs, as evidenced by the DSC and PXRD studies (see Section 3.1),
may have increased its apparent solubility and dissolution rate [39,48].
However, it should be noted that the portion of CXB dissolved at the
molecular level (i.e., true solution) was negligible even after the com-
plete dissolution: approximately 0.1% and 2.4% for pH 1.2 and 6.8,
respectively, at 120min (Figure S5). These results suggest that most
CXB molecules were in the liposomal membrane after the reconstitution
of CXBPLs in the dissolution media. Nonetheless, as CXB is in BCS class
II (i.e., high-permeability and low-solubility), the enhancement in ap-
parent dissolution may lead to the improvement in oral bioavailability
of CXB as shown in previous reports [5,6,9,49].

3.4. Caco-2 permeability test

Free CXB, Celebrex, and CXBPLs were evaluated for their absorptive
transport behavior in the in vitro Caco-2 cell monolayer model (Fig. 6),
where each formulation was administered to the A-side at a CXB con-
centration of 500 μM. The average Papp value of free CXB was calculated
to be 22.8 ± 1.9 nm/sec, which was similar to the result of a previous
report (Papp=15.4 ± 10.9 nm/sec) [50]. Of note, significant increases
in permeability were observed in Celebrex (Papp=33.2 ± 3.6 nm/sec)
and CXBPLs (Papp=101.1 ± 8.0 nm/sec) compared with free CXB
(p < 0.05). Considering the enhancement in their dissolution proper-
ties (see Section 3.3), these results may be due in part to the increased
amounts of dissolved CXB in the A-side. Similarly, the significant dif-
ference in Papp values between Celebrex and CXBPLs (p < 0.05) could
be explained by the difference in their dissolution properties, as well as
the enhancing effects of SPC and poloxamer 188 [51,52].

The TEER measurement was performed before and after the trans-
port experiment to evaluate the damage to the Caco-2 cell monolayer.
The average TEER value changes (%) of free CXB-, Celebrex-, and
CXBPL-treated monolayers were 78.4 ± 10.9%, 70.3 ± 16.2%, and

Table 2
Characterization of the developed proliposomal formulations.

Formulation Mean diameter (nm) Polydispersity index Zeta potential (mV) Entrapment efficiency (%)a Drug content (%)b

Blank PLs 365.6 ± 14.5 0.30 ± 0.02 −59.00 ± 0.09 – –
CXBPLs 537.1 ± 10.2 0.36 ± 0.01 −64.15 ± 0.26 84.7 ± 1.2 2.35 ± 0.09

Data are presented as the mean ± SD (n=3).
a = ×Entrapmentefficiency(%) 100.µCXBamountinliposomaldispersionafterfiltration(poresize : 0.45 m)

totalCXBamountinliposomaldispersionbeforefiltration
b = ×Drugcontent(%) 100.CXBamountinproliosomes

totalamountofproliposomes
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Fig. 4. Size distribution and TEM images of the liposomes generated by the reconstitution of blank PLs and CXBPLs. The length of the scale bar is 500 nm.

Fig. 5. In vitro dissolution profiles of free CXB, Celebrex, and CXBPLs at pH 1.2, 4.0, 6.8, and 12.0. Data are presented as the mean ± SD (n=3).
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70.1 ± 3.9%, respectively, showing no significant difference among all
groups (p > 0.05). Therefore, the permeability enhancement observed
in this experiment was not because of the detrimental effect of the
formulations on the cell monolayer.

3.5. In vivo pharmacokinetic studies

The in vivo pharmacokinetic property of the CXB formulations was
evaluated in SD rats. Each formulation (free CXB, Celebrex, or CXBPLs)
was administered orally to rats at a CXB dose of 2mg/kg. The plasma
CXB concentration versus time profiles were plotted in Fig. 7, and the
corresponding pharmacokinetic parameters (AUC, Cmax, and Tmax) were
listed in Table 3. The systemic exposure of CXB in the CXBPL-treated
group significantly increased by 1.73-fold (as AUC; p < 0.05) com-
pared with that of the free CXB-treated group. As the dissolution is the
rate-limiting step for the oral absorption of CXB [5,6,37], the im-
provement in the apparent dissolution rate by the formation of CXB-
loaded liposomal dispersion could be the main reason for this en-
hancement in oral bioavailability (see Section 3.3). Also, this phe-
nomenon can be partly attributed to other mechanisms previously
proposed, such as the mixed-micelle formation with endogenous bile
acids and the transformation into mesophases [53,54]. The Celebrex-
treated group also exhibited a significant increase in AUC (1.67-fold;
p < 0.05) compared with the free CXB-treated group, which may also
have resulted from the improvement in apparent dissolution properties.
Comparing the Celebrex- and CXBPL-treated groups, no significant
differences in AUC and Cmax values were observed (p > 0.05).

However, the Tmax values of the CXBPL-treated group were significantly
shorter than those of the other groups (p < 0.05). Noteworthy is that
the rank order of the average Tmax values of the formulations
(CXBPLs < Celebrex < free CXB, from the shortest to the longest) is
closely related to those of the dissolution rate and Papp values (see
Sections 3.3 and 3.4). As the absorption of CXB took place throughout
the GI tract [4], more rapid dissolution and higher permeability of CXB
may have caused its faster absorption. A similar approach with CXB-
loaded proniosomes consisting of cholesterol, span 60, and dicetyl
phosphate was reported by Nasr [49], where the retarded dissolution of
CXB from the niosomes delayed its oral absorption with 1.6-fold longer
Tmax than that of Celebrex. For the management of acute pain, however,
CXBPLs with shorter Tmax would be more desirable, providing rapid
onset of analgesic effect [55].

3.6. Histological assay

The toxicity of the CXB formulations (free CXB, Celebrex, and
CXBPLs) to the intestinal epithelia of rats was evaluated based on the
histological assessment by H&E staining (Fig. 8). Although the degree of
acute intestinal toxicity caused by the high doses of CXB (50–60mg/kg)
is controversial [37,56], in our investigation with the low dose of CXB
(2mg/kg), no evidence of pathological sign was found in all groups.
Moreover, the excipients comprising the CXBPLs (i.e., SPC, sorbitol, and
poloxamer 188) are approved by the U.S. FDA for their Generally Re-
cognized as Safe (GRAS) status. SPC is regarded as a non-toxic and non-
irritating material. According to a previous report [57], this lipid even
reduced the GI toxicity of a COX inhibitor, indomethacin, without
lowering the therapeutic efficacy of the drug. Sorbitol, which is a
commonly used food additive, also exhibited negligible intestinal

Fig. 6. Cumulative transported amount of CXB across the Caco-2 cell mono-
layer vs. time after the administration of free CXB, Celebrex, or CXBPLs. A
simple linear regression method was used to calculate the Papp value of each
formulation. Data are presented as the mean ± SD (n=4).

Fig. 7. Plasma concentration vs. time profiles of CXB after a single oral ad-
ministration of free CXB, Celebrex, and CXBPLs at a dose of 2 mg/kg (inset: an
expanded view from time 0 to 250min). Data are presented as the mean ± SD
(n≥3).

Table 3
Pharmacokinetic parameters after oral administration of free CXB, Celebrex,
and CXBPLs at a CXB dose of 2mg/kg in rats.

Parameter Free CXB Celebrex CXBPLs

AUC (μg min/mL) 464 ± 117 774 ± 165* 803 ± 139*

Cmax (μg/mL) 0.56 ± 0.17 1.05 ± 0.44 1.12 ± 0.23*

Tmax (min) 240 165 ± 90 64 ± 19*,+

Relative bioavailability (%) 100 167 173

Data are presented as the mean ± SD (n≥3).
* p < 0.05, compared with free CXB group.
+ p < 0.05, compared with Celebrex group.

Fig. 8. Morphology of rat intestinal epithelium 24 h after an oral administration
of free CXB, Celebrex, or CXBPLs at a dose of 2mg/kg (H&E staining). The
length of the scale bar is 500 μm.
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toxicity at its high dose (675–3000mg/kg) [58]. Thus, the dose ad-
ministered in our study (around 65mg/kg) is highly unlikely to be
associated with meaningful toxicity in the GI tract. With around
0.85mg/kg of poloxamer 188, no significant toxicity could be induced,
based on the previous report that the exposure to this material up to 5%
in the diet caused no adverse effect [59]. Overall, these results suggest
that CXBPLs can be used as a biocompatible vehicle for the oral delivery
of CXB.

4. Conclusions

A novel proliposomal formulation for the oral delivery of CXB was
prepared using solvent-evaporation/lyophilization methods. In the
solid-state evaluation with DSC and PXRD analyses, the amorphous
state of CXB was observed, which resulted in the increased dissolution
rate and apparent permeability of CXBPLs compared with those of free
CXB and Celebrex. Pharmacokinetic studies in rats revealed the en-
hanced oral bioavailability and shorter Tmax of CXBPLs than those of
free CXB and Celebrex. The histological observation confirmed no
harmful effect of CXBPLs on the intestinal epithelia of rats in all groups.
Taken together, the developed proliposomal system could be a bio-
compatible platform for enhancing the oral bioavailability of drugs
with poor water solubility like CXB.
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