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Abstract In order to characterize the in situ intestinal

permeability and in vivo oral bioavailability of celecoxib

(CXB), a poorly water-soluble cyclooxygenase (COX)-2

inhibitor, various formulations including the self-emulsi-

fying drug delivery system (SEDDS) and supersaturating

SEDDS (S-SEDDS) were compared. The S-SEDDS for-

mulation was obtained by adding Soluplus as a precipita-

tion inhibitor to SEDDS, composed of Capryol 90 as oil,

Tween 20 as surfactant, and Tetraglycol as cosurfactant

(1:4.5:4.5 in volume ratio). An in situ single pass intestinal

perfusion study in rats was performed with CXB-dissolved

solutions at a concentration of 40 lg/mL. The effective

permeability (Peff) of CXB in the control solution (2.5 v/v%

Tween 20-containing PBS) was 6.39 9 10-5 cm/s. The

Peff value was significantly increased (P \ 0.05) by the

lipid-based formulation, yielding 1.5- and 2.9-fold increa-

ses for the SEDDS and S-SEDDS solutions, respectively,

compared to the control solution. After oral administration

of various formulations to rats at the equivalent dose of

100 mg/kg of CXB, the plasma drug level was measured

by LC–MS/MS. The relative bioavailabilities of SEDDS

and S-SEDDS were 263 and 355 %, respectively, com-

pared to the CXB suspension as a reference. In particular,

S-SEDDS revealed the highest Cmax and the smallest Tmax,

indicating rapid and enhanced absorption with this for-

mulation. This study illustrates the potential use of the

S-SEDDS formulation in the oral delivery of poorly water-

soluble compounds.
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Introduction

Celecoxib (CXB) is a selective cyclooxygenase (COX)-2

inhibitor used to treat osteoarthritis, rheumatoid arthritis

and acute pain (Clemett and Goa 2000). CXB is hydro-

phobic (log P value of 3.5) and is categorized as a Class II

drug as it is a highly permeable and poorly soluble com-

pound according to the biopharmaceutical classification

system (BCS) (Amidon et al. 1995; Paulson et al. 2001). Its

limited solubility affects the extent and variability of

absorption after oral administration.

The self-emulsifying drug delivery system (SEDDS) has

been employed to enhance the solubilization capacity and

the oral bioavailability of poorly soluble drugs. However

the drug may precipitate out of solution when SEDDS

disperses in the gastrointestinal (GI) tract. Inhibition of drug

precipitation may be controlled by the addition of hydro-

philic polymers or surfactants to the emulsion pre-concen-

trate (Guzman et al. 2007; Vasconcelos et al. 2007). The

supersaturating SEDDS (S-SEDDS) formulation has the

characteristics to stabilize a drug in its supersaturated state

by inhibiting precipitation and by maintaining a metastable

state of the drug in the GI tract for a sufficient length of time

to allow its absorption (Brouwers et al. 2009). In our earlier

study, S-SEDDS composed of Capryol 90 as oil, Tween 20

as surfactant, Tetraglycol as cosurfactant, and Soluplus as a

precipitation inhibitor was proposed for the enhanced disso-

lution of CXB and improved oral delivery (Song et al. 2013).
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Even though the SEDDS formulation revealed improved

dissolution of CXB of up to about 20 % for the initial period

of 5 min, the dissolution decreased to half levels at 2 h. In

contrast, by the addition of 40 mg/mL Soluplus, the greatest

dissolution, of approximately 90 %, was obtained, and

delayed drug crystallization was achieved. And CXB dis-

solution by S-SEDDS was pH-independent, indicating its

potential for absorption throughout the whole GI tract.

Therefore, it is necessary to demonstrate whether these

enhanced performances in vitro correlate well with the

absorption behavior in vivo.

Investigation of drug absorption across intestinal mem-

branes is important when developing a strategy for

improving the oral bioavailability (BA) of drugs, and this

requires increased understanding of the basic mechanisms

involved in the membrane translocation of drugs across the

intestinal epithelium (Zakeri-Milani et al. 2005). Moreover,

it is very important to choose the most suitable model for

assessment of lipid-based formulations. A rat model would

be the first choice for in situ permeability and in vivo

pharmacokinetic studies because it is a reliable and ver-

satile model suitable for initial screening and identification

of the optimum prototype of lipid-based formulation

(O’driscoll and Griffin 2008). Lennernas et al. (1992)

evaluated the potential of the new perfusion technique as a

tool for investigation of drug absorption mechanisms in the

human intestine. Although a human in vivo study would be

the most desirable, it is not easy to carry out. So far, var-

ious animal models have been evolved to estimate the GI

absorption behavior of drugs and to establish the relation-

ship between the animal and the human (Karlsson and

Artursson 1991; Hillgren et al. 1995; Rubas et al. 1993;

Salphati et al. 2001; Chiou and Barve 1998). The in situ

single pass intestinal perfusion (SPIP) approach is one of

the most common techniques used to investigate the

intestinal absorption behavior of drugs. The SPIP technique

provides the following advantages: (1) a preserved micro-

climate above the intestinal membrane which makes it less

sensitive to pH variation; (2) easy experimental control of

drug concentration and intestinal perfusion rate; (3) ability

to study regional difference; (4) presence of an intact blood

supply in the experimental animals; and (5) high correla-

tion between human and rat intestinal permeability coef-

ficient (Fagerholm et al. 1996; Kang et al. 2012). The rat

jejunal permeability coefficient (Peff) obtained by the SPIP

technique is highly correlated with human intestinal per-

meability and the fraction absorbed of the compounds for

both low permeable and high permeable drugs (Zakeri-

Milani et al. 2007). Therefore, a SPIP technique using rat

jejunum can be a useful approach to investigate the effect

of the S-SEDDS vehicle on CXB absorption.

The present study aimed to compare the formulation

effect of SEDDS and S-SEDDS on CXB solubilization and

oral absorption in rats. Both an in situ permeability study

using rat’s SPIP model and an in vivo pharmacokinetic

study after oral administration were performed to charac-

terize the intestinal absorption behavior and to evaluate the

potential use of these formulations in the oral delivery of

CXB. The correlation between in situ permeability and the

in vivo BA of CXB was investigated.

Materials and methods

Materials

CXB was purchased from Cadila Pharmaceuticals Ltd.

(Gujarat, India). CXB-d4 was purchased from Toronto

Research Chemicals (Toronto, Canada). Tween 20

(polyoxyethylene 20 sorbitan monolaurate), Tetraglycol,

sodium carboxymethyl cellulose and phenol red were

purchased from Sigma-Aldrich (St. Louis, MO, USA).

Capryol 90 (propylene glycol monocaprylate) was sup-

plied by Gattefosse (Saint Priest, France). Soluplus

(polyvinyl caprolactam-polyvinyl acetate-polyethylene

glycol graft copolymer) was supplied by BASF (Lud-

wigshafen, Germany). Acetonitrile and methanol of

HPLC grade were purchased from J. T. Baker (Phil-

lipsburg, NJ, USA). All other chemicals used were of

analytical grade.

Animals

All animal experiments were performed in accordance with

the National Institute of Health (NIH) guidelines ‘‘Princi-

ples of laboratory animal care’’ (NIH publication

No. 85-23, revised 1996) and were approved by the Insti-

tutional Animal Care and Use Committee of Chung-Ang

University in Seoul, Korea. Sprague–Dawley rats (male;

200 * 250 g; 7–9 weeks) were purchased from Orient Bio

(Kyungki-do, Korea). Rats were fasted for approximately

12–18 h with free access to water to clear the gut prior to

the SPIP and pharmacokinetic studies.

Preparation of SEDDS and S-SEDDS formulations

The SEDDS and S-SEDDS formulations were prepared as

reported earlier (Song et al. 2013). The CXB-containing

SEDDS was prepared by dissolving the drug to the mixture

of oil (10 % Capryol 90), surfactant (45 % Tween 20), and

cosurfactant (45 % Tetraglycol). The mixture was vortexed

to get a clear homogenous solution. The S-SEDDS for-

mulation was obtained by addition of Soluplus as a pre-

cipitation inhibitor to the SEDDS prepared at the

concentration of 40 mg/mL. CXB was solubilized at the

level of 200 mg/mL in both formulations.
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In situ permeability study

Preparation of perfusion solution

Phosphate buffered solution (PBS) was used in the SPIP

and it comprised 33 mM of sodium phosphate monobasic,

33 mM of sodium phosphate dibasic and 80 mM of sodium

chloride, and pH was adjusted to 7.4 with phosphoric acid.

Phenol red as a non-absorbable marker was added to the

perfusion solution to correct for any water absorption and

secretion that may occur during the experiment. Four kinds

of perfusion solution containing CXB at the concentration

of 40 lg/mL were prepared as follows: (1) control solution,

CXB was dissolved in 2.5 v/v% Tween 20-containing PBS;

(2) S-Control solution, Soluplus was added (160 lg/mL) to

control solution; (3) SEDDS solution, CXB-dissolved

SEDDS was diluted 250 times with PBS; (4) S-SEDDS

solution, CXB-dissolved S-SEDDS was diluted 250 times

with PBS.

Single pass intestinal perfusion (SPIP) experiment

Preliminary studies are required before commencing SPIP

study to ensure that the losses of drug during the perfu-

sion resulted only from absorption or from other causes

such as nonspecific binding to the tubing and/or degra-

dation. In order to evaluate the effect of binding to the

tubing, the perfusion solution of CXB was incubated

37 �C with tubing for 2 h. Samples were collected after

2 h and analyzed by HPLC. In order to evaluate stability,

the perfusion solution containing CXB was incubated at

37 �C for 2 h. Aliquots were withdrawn and analyzed by

HPLC.

The in situ SPIP technique was applied as previously

reported (Zakeri-Milani et al. 2007; Berggren et al. 2004;

Kang et al. 2012). Briefly, rats were anaesthetized using an

intraperitoneal injection of urethane (0.75 g/kg), and a

heating pad and lamp was used to maintain body temper-

ature. The abdomen was opened with a midline incision,

and the proximal rat jejunum of approximately 10 cm was

isolated and cannulated with plastic tubing (1 mm in id and

2 mm in od). The intestinal segment was rinsed with PBS

maintained at 37 �C for approximately 30 min until the

outlet solution was visually clear. The remained PBS was

completely removed by idling the peristaltic pump

(BT100-2J, Baoding Longer Precision Pump, China). The

perfusion fluids were infused at a rate of 0.2 mL/min into

the jejunal segment for 120 min. The perfusate was col-

lected every 20 min and centrifuged (Micro 17TR, Hanil

Science) at 15,000 rpm for 10 min. The upper layer was

filtered through a membrane filter (0.45 lm, PVDF,

Smartpor�) and subjected for HPLC assay.

HPLC assay of CXB in perfusate

The concentrations of CXB and phenol red in perfusate

solution were simultaneously determined by HPLC. The

HPLC systems consisted of a pump (W2690/5, Waters,

USA), UV detector (W2489, Waters, USA), and a data

station (Empower3, Waters, USA). Chromatographic sep-

aration was performed using a Kromasil 100-5C18 column

(150 9 4.6 mm, 5 lm, AkzoNobel, Sweden) at the flow

rate of 1.0 mL/min. The isocratic mobile phase consisted

of acetonitrile and pH 6.0 phosphoric acid with 0.5 v/v%

triethylamine (55:45, v/v). 10 lL of each sample was

injected onto the column and the UV detection was per-

formed at 251 nm.

Permeability calculation

The intestinal effective permeability was calculated from the

steady-state concentration of the compound in the collected

perfusate as described elsewhere (Komiya et al. 1980; Fag-

erholm et al. 1996; Kang et al. 2012). The ratio of outlet to

inlet drug concentration (C0out=C0in) was obtained to substitute

the concentration of phenol red for correcting water

flux: ðC0out=C0inÞ ¼ ðCout=CinÞ � ðCin phenol red=Cout phenol redÞ,
where Cout is the concentration of CXB in the outlet per-

fusate, Cin is the CXB concentration in entering perfusate,

and Cin phenol red and Cout phenol red are the inlet and the outlet

concentration of phenol red, respectively. The effective

permeability coefficient (Peff, cm/s) was calculated accord-

ing to a parallel tube model: Peff ¼ �Q ln C0out=C0in
� �� �

=A, in

which Q is the flow rate (0.2 mL/min) of the entering per-

fusate and A is the surface area (cm2) of the intestinal seg-

ment assumed to be the area of a cylinder (2prL) with the

length (L) of 10 cm and radius (r) of 0.21 cm for the jejunum.

The apparent first-order absorption rate constant (Ka, min-1)

was calculated as follows: Ka ¼ 1� C0out=C0in
� �� �

Q=pr2L.

In vivo oral absorption study

Oral administration and plasma sampling

After fasting the rats for approximately 12–18 h, test sam-

ples were administered via oral gavage at a dose of

100 mg/kg as CXB. Four kinds of test sample (CXB 40

mg/mL) were prepared and administered to four groups as

follows: Group (1) CXB suspension, CXB crystalline pow-

der was suspended in water containing 0.2 w/v% sodium

carboxymethyl cellulose; Group (2) Celebrex suspension,

granular content of Celebrex� capsule was suspended in

water; Group (3) SEDDS, CXB-containing SEDDS formu-

lation was five times diluted with water; Group (4) S-SED-

DS, CXB-containing S-SEDDS formulation was five times
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diluted with water. Blood samples of about 0.3 mL were

collected from the retro-orbital plexus at predetermined time

points of 0.5, 1, 2, 3, 5, 8, and 12 h using heparinized tubes,

and centrifuged at 13,000 rpm for 15 min. Plasma samples

were stored at -80 �C until analysis by LC–MS/MS.

CXB determination in plasma samples by LC–MS/MS

The concentrations of CXB in rat plasma were determined

by LC–MS/MS. A stock solution of CXB was prepared in

mobile phase at 100 mg/mL. Using this stock solution,

plasma calibration solution was prepared at concentrations

of 0.1, 0.2, 0.5, 1, 5, and 10 lg/mL. Briefly, an aliquot of

each plasma sample (250 lL) was pipetted into an Ep-

pendorf tube, followed by the addition of 25 lL of CXB-d4

as an internal standard (IS) solution (20 lg/mL) and 1 mL

of acetonitrile as extraction solvent. The mixture was

vortexed and centrifuged at 10,000 rpm for 4 min. 100 lL

of the upper layer was pipetted into an Eppendorf tube and

1 mL of the mobile phase was added. Samples were

transferred to autosampling vials and 10 lL aliquots were

injected into the LC–MS/MS system. An API 3200 Triple-

quadrupole mass spectrometer (Applied biosystems/MDS

SCIEX, USA) with electrospray ionization (ESI) in nega-

tive ion mode for ion production was used for CXB

detection. Chromatography was performed on an X-Terra

C18 column (50 9 2.1 mm, 5 lm, Waters, USA). The

mobile phase was 10 mM ammonium acetate (pH 4.0)-

acetonitrile (10:90, v/v) at a flow rate of 0.25 mL/min. The

ion-spray voltage was set at -4.5 kV and the source tem-

perature was 500 �C. Multiple reactions monitoring

(MRM) was performed using nitrogen as the collision gas.

The analytes were detected by monitoring the transitions

m/z 380.0 ? 316.0 and 384.0 ? 320.0 with collision

energy of -32 V for CXB and CXB-d4, respectively.

Pharmacokinetic assessment

Data analysis was performed using a BA Calc 2007 phar-

macokinetic analysis program (Korea Food & Drug

Administration, Korea). Area under the curve (AUC) from

0 to 12 h was calculated using the program’s linear trap-

ezoidal rule. Maximum plasma concentration (Cmax) and

time needed to reach the maximum plasma concentration

(Tmax) were determined directly from concentration–time

data. The relative bioavailability (BA) was calculated as

the ratio of the AUCs of test samples to CXB suspension.

Statistical analysis

All data were expressed as the mean ± standard deviation

(SD). Statistical significance was determined by Student’s

t test with a threshold of P \ 0.05.

Results

Formulation characteristics

Previously, we developed the optimal S-SEDDS formula-

tion for enhanced dissolution of CXB, a poorly water-sol-

uble drug (Song et al. 2013). Since the SEDDS formulation

used in this study contains an oil of less than 20 and 45 %

surfactant (HLB [ 12), it is classified as Type IIIb, based

on the lipid formulation classification system (LFCS). This

formulation can induce the formation of a microemulsion

that is smaller and faster than other types of LFCS, by

virtue of its increased hydrophilic property (Pouton 2006).

This formulation had the characteristics of small droplet size

and great solubility which were 208 nm and 556.7 mg/mL

on average, respectively. The addition of Soluplus to

SEDDS did not influence the dispersion characteristics, but

significantly increased the dissolution level and delayed the

criticial precipitation time, as reported earlier (Song et al.

2013). Reference solutions of CXB for the perfusion or

absorption study were successfully prepared by either

solubilizing CXB in PBS with 2.5 v/v% Tween 20 or

suspending in water with 0.2 w/v% sodium carboxymethyl

cellulose, respectively.

Analytical method establishment

The HPLC method proposed provided a simultaneous

determination of CXB and phenol red in the perfusate. The

retention times of a collected sample containing CXB and

phenol red were 9.9 and 1.5 min, respectively. The sepa-

ration of the representative chromatogram was sufficient

enough for no interfering peak to be observed on chro-

matogram. The selectivity parameter calculated by the ratio

of the respective capacity factor of two components

(Zakeri-Milani et al. 2005) was found to be 19.8, indicating

successful separation of phenol red and CXB. The cali-

bration curves displayed excellent linearity (r2 [ 0.999)

over the concentration range from 10 to 80 lg/mL that was

investigated. The inter-day precision and accuracy data are

listed in Table 1. This concentration range was selected

based on the drug concentration used in permeability

studies. Meanwhile, the analytical method of LC–MS/MS

showed good validity, revealing acceptable linearity

(r2 [ 0.999) over the concentration range of 0.1–10 lg/mL

as shown in Table 1.

In situ permeability in SPIP study

The intestinal permeability of CXB in various types of

solutions was studied with the rat’s jejunum segment using

the SPIP technique, which examines diffusion of a drug

molecule across the intestine at steady state. The steady
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state is confirmed by plotting the ratio of the outlet to inlet

concentrations as corrected for water uptake against time.

As shown in Fig. 1, the ratio reached a plateau within

20 min in all test solutions. Meanwhile, in the preliminary

study on nonspecific binding of the drug to the tubing and/or

drug, and stability in the perfusion solution, no adsorption

of CXB was observed while the aqueous stability of the

drug was maintained for the whole period of the experi-

ment (data not shown).

The Peff and Ka values of the different perfusion solu-

tions were calculated using average (C0out=C0in) data gath-

ered for all subsequent 20 min intervals over 2 h, and these

values are listed in Table 2. In comparison to the control

solution that contained solubilized CXB, all test solutions

including Soluplus-added control solution (S-Control),

SEDDS, and S-SEDDS showed significant difference at

P \ 0.05. The decreasing order in the permeability was

observed as S-SEDDS [ SEDDS [ S-Control [ Control.

The permeability of CXB was affected by the formulation

factor. Compared to the control solution, Soluplus addition

or the SEDDS formulation increased intestinal permeabil-

ity about 1.2 or 1.5 times, respectively. Moreover, by the

combination of both the Soluplus addition and SEDDS

formulation (S-SEDDS), the permeability of CXB was

further increased; there was an approximately 2.9-fold

increase versus the control solution; a 2.4-fold increase

versus S-Control; a 1.9-fold increase versus the SEDDS

solution. As a result, enhancement of the effect of Soluplus

was dependent on the solubilized state of CXB, and this

finding could be interpreted as stabilization of the emulsion

droplet with the polymeric intercalation.

In vivo oral absorption through pharmacokinetic study

In order to find the formulation’s effect on oral absorption

behavior, four different samples, CXB suspension (Goup 1),

Celebrex suspension (Group 2), SEDDS (Group 3), and

S-SEDDS (Group 4), were administered. The plasma level

of CXB was measured and plotted as shown in Fig. 2. Both

the CXB suspension and Celebrex suspension groups

revealed a similar pattern of an increase of the plasma level

over 5 h, even though the increment of the Celebrex sus-

pension was much greater than that of the CXB suspension.

In contrast, both the SEDDS and S-SEDDS formulations

(Group 3 and 4) yielded a faster and greater increase than

Table 1 Inter-day precision and accuracy for CXB assay in either

HPLC analysis for SPIP experiment or LC–MS/MS analysis for

pharmacokinetic study

Nominal concentration

(lg/mL)

Measured conc.

mean ± SD (lg/mL)

RSDa

(%)

Accuracy

(%)

Celecoxib in HPLC

10 10.25 ± 0.219 2.13 102.53

20 19.56 ± 0.099 0.50 97.79

40 40.12 ± 0.308 0.76 100.29

60 60.20 ± 0.404 0.67 100.33

80 79.87 ± 0.457 0.57 99.83

Phenol red in HPLC

5 4.84 ± 0.052 1.07 96.75

10 9.75 ± 0.238 2.44 97.50

20 19.95 ± 0.680 3.40 99.75

40 40.81 ± 1.191 2.92 102.03

80 79.65 ± 1.187 1.49 99.55

Celecoxib in LC–MS/MS

0.1 0.10 ± 0.001 4.16 100.44

0.2 0.20 ± 0.001 2.42 98.17

0.5 0.51 ± 0.006 4.79 99.90

1 1.03 ± 0.004 1.76 100.39

5 5.14 ± 0.033 2.67 100.02

10 10.40 ± 0.039 1.56 100.82

a Relative standard deviation calculated by SD 9 100/mean

concentration
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Fig. 1 Representative plots for the ratio of outlet to inlet drug

concentration (C0out=C0in) versus time in the SPIP using different

samples. Values represent mean ± SD (n = 3). Filled triangle

Control solution, open triangle S-Control solution, filled circle

SEDDS solution, open circle S-SEDDS solution

Table 2 Effective permeability coefficient (Peff) and apparent first-

order absorption rate constant (Ka) of different perfusion solutions

determined by SPIP study in rats

Perfusion solution Peff (cm/s, 910-5) Ka (min-1, 910-3)

Control 6.39 (±0.64) 32.24 (±2.82)

S-Control* 7.60 (±0.33) 37.49 (±1.40)

SEDDS solution*,# 9.85 (±1.84) 46.41 (±6.96)

S-SEDDS solution#,? 18.27 (±1.78) 74.20 (±4.83)

Values represent mean ± SD (n = 3–4)

Significantly different at P \ 0.05: * versus control; # versus

S-Control; ? versus SEDDS solution

630 W. H. Song et al.

123



the other suspension systems (Group 1 and 2), possibly due

to the solubilization capacity of self-emulsifying delivery

systems. Furthermore, S-SEDDS brought a sharp increase

in the earlier phase compared to SEDDS, which resulted in

the highest CXB level throughout the whole period of

observation.

The pharmacokinetic parameters including Tmax, Cmax,

and AUC are listed in Table 3. As expected, S-SEDDS

(Group 4) was superior to the other samples in all param-

eters; the parameters were significantly different at

P \ 0.05. The AUC and Cmax values of CXB suspension

(Group 1) were much lower than those of the others.

Insignificant differences between the Celebrex suspension

and SEDDS were found in all parameters. The AUC value

of S-SEDDS was 1.4-fold greater than that of Celebrex or

SEDDS and 3.5-fold greater than that of CXB suspension.

The Cmax value of S-SEDDS was about 1.3- to 3.9-fold

higher than that of other samples. In the comparison of the

Tmax values, S-SEDDS showed the fastest absorption with

a 2.2 times smaller Tmax on average than the others. As a

result, the oral BA of CXB was greatly improved by the

S-SEDDS formulation.

Discussion

Lipid-based formulations provide positive influences on

drug absorption through various mechanisms including; (1)

enhanced solubilizing capacity, (2) inhibition of drug pre-

cipitation on intestinal dilution, (3) enhanced intestinal

permeability, (4) inhibition of efflux transporters, (5)

reduced cytochrome enzymes, and (6) enhanced lymphatic

transport (O’driscoll and Griffin 2008). As CXB is cate-

gorized as a BCS Class II drug, the S-SEDDS formulation

can contribute greatly to the increased dissolution of CXB

in the GI tract, and it can also have an additive influence on

intestinal permeability (Gursoy and Benita 2004; Gao et al.

2003). Meanwhile, the inhibition of efflux transporters is

not a major concern in the CXB absorption study because

CXB is not a substrate of P-glycoprotein, which is one of

the representative efflux transporters (de Vries et al. 2007).

Our previous study demonstrated that S-SEDDS formula-

tions provided increased maximum dissolution as well as

delayed drug precipitation compared with both the CXB

capsule dosage formulation and conventional SEDDS for-

mulation. In this study, in situ intestinal permeability and

in vivo pharmacokinetics of various kinds of CXB-con-

taining formulations including SEDDS and S-SEDDS were

evaluated in order to demonstrate the influence of these

ingredients on drug absorption and oral BA.

For a successful SPIP experiment, the drug molecule

should be in solubilized form and there should be no

adsorption to the tubing for accurate estimation of the

intestinal permeability of the drug (Zakeri-Milani et al.

2007; Kang et al. 2012). In this study, all perfusion solu-

tions were maintained in the solution state without drug

crystallization or precipitation throughout the experiment,

as CXB was solubilized by micelle formation or the

SEDDS formulation. CXB is a poorly water-soluble drug

since its solubility in water is 3–7 lg/mL (Subramanian

et al. 2004). The use of a cosolvent like 30 v/v% methanol

increased the solubility of CXB up to 10 lg/mL (Shakeel

et al. 2007). In contrast, by the addition of 2.5 v/v% Tween

20 as a surfactant, its solubility was increased over 40 lg/mL

due to micellar solubilization: the critical micelle concen-

tration of Tween 20 in aqueous solution was reported as

60 mg/L (Ullah et al. 2011). Self-emulsification further
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Fig. 2 Plasma concentration profiles in rats after oral administrations

of various formulations at a dose of 100 mg/kg of CXB. Values

represent mean ± SD (n = 4–8). Circle CXB suspension, triangle

Celebrex suspension, diamond SEDDS, square S-SEDDS

Table 3 Pharmacokinetic parameters of various CXB formulations administered to rats

Parameters CXB suspension Celebrex suspension SEDDS S-SEDDS

AUC0–12 (lg h/mL) 17.99 ± 8.85 46.74 ± 12.26* 47.06 ± 9.92* 63.70 ± 17.32*,#,?

Cmax (lg/mL) 2.05 ± 1.00 5.51 ± 1.12* 6.00 ± 1.03* 7.90 ± 2.07*,#,?

Tmax (h) 4.3 ± 1.5 4.4 ± 2.0 3.9 ± 2.6 1.9 ± 0.8*,#,?

Relative BA (%) – 261 263 355

Values represent mean ± SD (n = 4–8)

Significantly different at P \ 0.05: * versus CXB suspension; # versus Celebrex suspension; ? versus SEDDS
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contributed to solubilize the drug. Even though the total

amount of surfactant added to the SEDDS or S-SEDDS

solutions was considerably less than the amount of Tween

20 added to the control solution, the formation of emulsion

droplets improved CXB solubility. This result is highly

consistent with the dissolution behavior reported earlier

(Song et al. 2013).

The selected SEDDS has the desirable properties of

small droplet size upon dispersion and high solubilization

capacity. The spontaneous formation of an emulsion in

the GI tract maintains drug molecules in their dissolved

state to a high degree and the small droplet size provides

a large interfacial surface area for drug absorption

(Charman et al. 1992; Shah et al. 1994). It was reported

that surfactants used in the SMEDDS formulation not

only improve solubilization of a drug but also increase

drug permeability by causing reversible injury in bio-

logical cell membranes and reducing the thickness of the

unstirred aqueous layer (Swenson and Curatolo 1992;

Yao et al. 2008). Similarly, as listed in Table 2, the Peff

value of CXB was significantly increased by the SEDDS

formulation. Since CXB belongs to the BCS Class II,

with drugs in this class having the property of low sol-

ubility and high permeability, solubilization is a crucial

factor for enhancing CXB absorption. Nevertheless, per-

meation enhancement also could contribute to the

increase in the oral BA of CXB. The Peff value of CXB

(6.39 9 10-5 cm/s) is similar to that of other BCS Class

II drugs such as ketoprofen (9.7 9 10-5 cm/s) and

naproxen (11.7 9 10-5 cm/s), which were measured by

an SPIP study as a surfactant-free solution state (Zakeri-

Milani et al. 2005). Although CXB was micellar solubi-

lized in this experiment, its Peff value still remained at a

similar level with other anti-inflammatory drugs. There-

fore, we assumed that the surfactant alone was less

effective in enhancing the intestinal permeation of CXB.

On the other hand, the permeability of CXB was signif-

icantly increased (P \ 0.05) by the lipid-based formula-

tion, yielding a 1.5- to 2.9-fold increase for the SEDDS

or S-SEDDS formulations, respectively, compared to the

control solution.

Stabilization of the micellar structure or emulsion

droplet by the employment of amphiphilic polymers is well

recognized to enhance not only the solubilization capacity

but also the intestinal absorption of hydrophobic drug

molecules (Brusewitz et al. 2007; Chen et al. 2013). Sol-

uplus which is a recently introduced supersaturating agent

for inhibiting drug crystallization acts like a surfactant,

since it possesses both hydrophilic and hydrophobic groups

in its structure. In this regards, a stabilizing mechanism of

Soluplus at the interface of the dispersed droplets was

proposed in our earlier report (Song et al., 2013). Tween 20

(surfactant) and Tetraglycol (cosurfactant) played the most

important role in stable self-emulsification, and Soluplus

further contributed to optimize the S-SEDDS formulation

through the formation of mixed micellar structures. The

polycaprolactam moiety of the Soluplus hydrophobic group

intercalates to the hydrophobic tail packing, and the

hydrophilic head group of polyethylene glycol is arranged

on the surface of the emulsion droplets. In the aspect of

CXB dissolution, with S-SEDDS, the maximum level of

drug dissolution increased by a large factor (to approxi-

mately 90 %) compared with SEDDS (maximum dissolu-

tion was about 20 %). Chen et al. (2013) reported that

Pluronic P105/F127 mixed micelles used for the delivery

of docetaxel improved drug solubilization and increased

the plasma concentration. Linn et al. (2012) reported that

Soluplus improved intestinal absorption of BCS Class II

drugs including danazol, fenofibrate and itraconazole for

which both the in vivo absorption in beagle dogs and

in vitro transport across Caco-2 cell monolayers were tes-

ted. It was reported that polymers may interact with sur-

factants and enhance their solubility properties (Saito 1967;

Attwood and Florence 1983; Jones 1968; Arai et al. 1971).

The synergic interaction of Soluplus and the SEDDS

vehicle including Tween 20 might enhance the dissolution

profile and intestinal permeability as well.

Four types of different samples such as CXB suspen-

sion, Celebrex suspension, SEDDS, and S-SEDDS were

administered orally to rats and their pharmacokinetic

parameters were compared. The relative BA of SEDDS

was 263 % compared to CXB suspension, used as a ref-

erence. SEDDS also produced relatively higher plasma

concentrations up until 3 h later than Celebrex suspension.

This might be induced by the enhanced dissolution and

permeability of CXB. However, the relative BA of SEDDS

was similar to that of Celebrex suspension. In the SPIP

experiment, a surfactant-free simulated intestinal fluid

(pH 7.4) was used for the evaluation of supersaturation, but

this medium can not reflect the physiology of the GI tract.

Rats have no gall bladder and always secret bile salt

regardless of food intake. Bile salt usually plays a crucial

role in the solubilization of poorly water soluble drugs. It

was reported that CXB can be absorbed throughout the

whole GI tract (Paulson et al. 2001). Besides, it was

reported that the Celebrex� capsule was designed to

improve the oral absorption of CXB in the following ways:

(1) particle size reduction of CXB by milling; (2) enhanced

wettability of CXB by the addition of an adjuvant, sodium

lauryl sulfate, as a surfactant; (3) enhanced dissolution by

the help of a hydrophilic polymer and superdisintegrant

(Gao et al. 2003). Therefore, the BA of the Celebrex sus-

pension was significantly higher than that of CXB sus-

pension but similar with that of SEDDS. Meanwhile,

Soluplus improved not only the intestinal permeability but

also the supersaturating state in the CXB-dissolved SEDDS
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formulation. The essential steps of supersaturating drug

delivery systems comprise the enhancement of the disso-

lution level (spring) and the inhibition of drug precipitation

(parachute). The S-SEDDS formulation showed fast Tmax

and significantly improved oral absorption of CXB com-

pared to CXB suspension, Celebrex suspension, and

SEDDS. The increased plasma concentration in the upper

GI tract resulting in the fast Tmax may be attributed to the

spring effect. This result may indicate the fast onset of the

pharmacological effect, especially useful in the treatment

of acute pain.

There are numerous reports that BA enhancement gen-

erally correlates with increase in intestinal permeability of

a drug. Kang et al. (2012) found strong correlation between

in situ jejunal permeability and in vivo AUC of olmesartan

medoxomil in rats. Zakeri-Milani et al. (2007) observed a

high correlation of rat jejunum permeability with the

fraction of the oral dose absorbed in humans for 13

different drugs covering all types of BCS classes. We

observed that in situ jejunal Peff values were linearly cor-

related with in vivo AUC in rats (r2 = 0.853), as shown in

Fig. 3a. On the other hand, correlations between BA

increase and solubility enhancement should be taken into

consideration. Especially for poorly soluble drugs like BCS

Class II drugs, aqueous solubilization becomes more

important since dissolution is the rate-limiting step for drug

absorption in the gut. Biorelevant dissolution can be used

to successfully predict the in vivo behavior of poorly sol-

uble drugs such as danazol, ketoconazole, atovaquone and

troglitazone (Dressman and Reppas 2000). Based on the

dissolution data reported earlier (Song et al. 2013), the

dissolution efficiency of CXB in various formulations were

calculated according to the equation proposed by the lit-

erature (Khan and Rhodes 1975). As depicted in Fig. 3b,

excellent correlations (r2 = 0.996) between in vivo oral

BA expressed as AUC values and in vitro dissolution

efficiency for 2 h were obtained. In particular, S-SEDDS

revealed the highest value in all aspects covering in vivo

oral BA, in situ intestinal permeability, and in vitro dis-

solution efficiency. Therefore, the self-emulsifying lipid-

based DDS, particularly S-SEDDS, would be a selectable

candidate for the formulation of poorly soluble compounds

by virtue of its ability to produce significant improvements

in both aqueous solubility and intestinal permeability. In

future, this study would be possibly extended to the for-

mulation of various kinds of poorly water-soluble drugs

such as itraconazole, albendazole, paclitaxel, tacrolimus,

dutasteride, and etc.

Conclusion

An in situ intestinal permeability study and an in vivo

absorption study in rats were successfully performed with

CXB-dissolved SEDDS and S-SEDDS formulations. The

addition of Soluplus as a supersaturating agent to SEDDS,

composed of Capryol 90, Tween 20 and Tetraglycol, resulted

in a positive effect on the intestinal permeability as well as

the dissolution of CXB, as shown by a significantly higher

oral BA compared to other formulations including CXB

suspension, Celebrex suspension, and SEDDS. This study

illustrates the potential use of the S-SEDDS formulation in

the oral delivery of poorly water-soluble compounds.
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