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Abstract 1 

Phospholipids are amphiphilic lipids with versatile properties making them promising 2 

excipients for enabling formulations for oral drug delivery. Unfortunately, systematic studies 3 

on how phospholipid type and content affect oral absorption are rare. Often, only one 4 

phospholipid type is used for the formulation development and only one formulation, 5 

optimized according to in vitro parameters, is included in oral bioavailability studies. Using 6 

this approach, it is unclear if a certain in vitro parameter is predictive for the in vivo 7 

performance. In this study, a labor-saving in vitro permeation screening method was 8 

combined with a pharmacokinetic study in rats to for the first time systematically compare 9 

two types of phospholipid-based solid dispersions. The dispersions contained the drug 10 

celecoxib and monoacyl or diacyl-phosphatidylcholine at different drug-to-phospholipid 11 

ratios. The in vitro screening revealed; 1) none of the formulations with high phospholipid 12 

content increased permeation, 2) phospholipid content was negatively correlated with 13 

permeation, and 3) mono and diacyl-phosphatidylcholine formulations performed equally. 14 

The pharmacokinetic study revealed; 1) At low phospholipid content absorption was 15 

enhanced, 2) phospholipid content was negatively correlated with absorption, and 3) mono 16 

and diacyl-phosphatidylcholine formulations performed equally. Apart from the reference 17 

(suspension), the in vitro permeation screening thus predicted the formulations in vivo 18 

performance.  19 

Keywords 20 

Phospholipid; lipid-based formulation; in vitro/in vivo correlation (IVIVC); intestinal 21 

absorption; supersaturation; amorphous solid dispersion; permeability; pharmacokinetics; 22 

poorly water-soluble drug; in vitro model   23 
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1. Introduction  24 

Phospholipids (PLs), the main constituent of cell membranes, are the most abundant class of 25 

amphiphilic lipids in nature. The interest in phospholipids as pharmaceutical excipients is still 26 

increasing due to their natural origin, biocompatibility, and due to their versatile 27 

physicochemical properties, which make it possible to use them in various dosage forms and 28 

formulation types. Surprisingly, their use in formulations for oral administration – by far the 29 

most common administration route – is still in its infancy. In contrast, phospholipids are 30 

frequently used in formulations for intravenous application (i.e. emulsions and liposomes) or 31 

topical application (i.e. emulsions and creams). For a recent review on the use of 32 

phospholipids in oral drug delivery the interested reader is referred to van Hoogevest 2017.1  33 

Due to their amphiphilic nature and the resulting excellent solubilization properties, 34 

phospholipids are considered as promising excipients to be incorporated into enabling 35 

formulations for poorly soluble, amphiphilic, and lipophilic drugs, i.e. biopharmaceutical 36 

classification system (BCS) class II and IV drugs. Solid phospholipid dispersions (SPDs), in 37 

some literature also denoted ‘proliposomes’, are an example of a phospholipid containing 38 

enabling formulation for oral drug delivery. In SPDs, the (amorphous) drug is finely or 39 

molecularly dispersed in a phospholipid matrix. In that way, SPDs represent a sub-type of the 40 

well-known amorphous solid dispersions (ASDs), where the matrix material in most cases 41 

consists of polymer(s). SPDs are prepared by dissolving phospholipid and drug in a common 42 

solvent and subsequently removing the solvent by e.g. rotary evaporation, spray drying or 43 

freeze drying.2    44 

                                                        
 
Abbreviations: ACN, acetonitrile, ASD, amorphous solid dispersion, BCS, biopharmaceutical classification 
system, CCK, cholecystokinin, CXB, celecoxib, FaSSIF, fasted state simulated intestinal fluid, L-PC, lyso-
phosphatidylcholine, PBS, phosphate buffered saline, PC, phosphatidylcholine, PL, phospholipid, SDS, sodium 
dodecyl sulfate, SPD, solid phospholipid dispersion, TFA, trifluoroacetic acid    
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A comprehensive meta-analysis has demonstrated that SPDs were able to enhance the 45 

biopharmaceutical performance of a variety of drugs.2 Major discrepancies were observed 46 

between solubility-, permeability- and oral bioavailability-enhancement.2 Unfortunately, the 47 

meta-analysis revealed that different drug-to-phospholipid ratios were rarely compared 48 

within the same study. Even more surprisingly, in none of the cited studies were different 49 

types of phospholipids systematically compared.  50 

Following up on this, Fong and co-workers studied SPDs containing the BCS class II drug 51 

celecoxib (CXB) at various drug-to-phospholipid mass ratios (1:2.5-1:250). In this study, Fong 52 

et al. used Lipoid E80, which consists of at least 80% phosphatidylcholine from egg, as the 53 

phospholipid matrix. The evaluation of the celecoxib SPDs was based on in vitro solubility and 54 

permeability studies and confirmed the complex biopharmaceutical behavior of SPDs. In the 55 

study reported by Fong and coworkers, celecoxib solubilization increased with increasing 56 

phospholipid concentration reaching complete solubilization of the dose at a drug-to-PL ratio 57 

of 1:50. Celecoxib permeability only increased up to a drug-to-PL ratio of 1:10 and decreased 58 

to a lower permeability than the control celecoxib suspension at higher phospholipid 59 

concentrations.3 Based on these findings, a systematic comparison of two types of 60 

phospholipids, diacyl phosphatidylcholine (PC) and monoacyl phosphatidylcholine (i.e. lyso-61 

phosphatidylcholine; L-PC), was conducted in vitro. Here, monoacyl PC was found to be a 62 

more efficient solubilizer. However, in a dynamic permeation study, SPDs containing 63 

monoacyl PC or diacyl PC performed equally.4 It was recognized that the complex 64 

biopharmaceutical behavior of SPDs likely is a result of two interconnected mechanisms: 1) 65 

amorphization and  recrystallization propensity, and 2) solubilization of the drug in 66 

(different) lipidic colloidal structures.4       67 
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After the publication of van Hoogevest’s review in 2017, several other studies on solid 68 

phospholipid dispersions have been published where different phospholipid types were 69 

compared within a single study.5–8 However, the performance assessment of the different 70 

phospholipids was in all cases solely based on physicochemical characterization such as 71 

solubility, dissolution, drug loading and/or entrapment efficiency. Typically, only one of the 72 

formulations was then selected for additional biopharmaceutical evaluations e.g. permeability 73 

studies or pharmacokinetic studies. Considering the complex biopharmaceutical behavior of 74 

solid phospholipid dispersions, this approach may be misleading to rank formulation 75 

performance.  76 

In the present study, a systematic comparison of solid phospholipid dispersions containing 77 

either diacyl phosphatidylcholine or monoacyl phosphatidylcholine was conducted. The 78 

comparison was based on an in vitro permeability screening and an in vivo pharmacokinetic 79 

study in rats, to resolve some of the discrepancies that have previously been reported in the 80 

literature.  81 

For the pharmacokinetic study, the physiological processes of phospholipid digestion and 82 

absorption need to be considered. After oral administration to rats, the phospholipids derived 83 

from the formulation pass through the gastrointestinal tract. In the stomach of the rat, the 84 

phospholipids are exposed to relatively low pH that can initiate hydrolysis of the 85 

phospholipid’s acyl chain(s). The pH in the rat stomach is approximately 3.9 Further down, in 86 

the small intestine of the rat, enzymatic degradation of the phospholipids occurs via the action 87 

of phospholipase A2 that specifically cleaves the phospholipid at the sn2-acyl chain. This is a 88 

fast and extensive reaction which releases 1-acyl lyso-phospholipid and free fatty acid.10,11 1-89 

acyl lyso-phospholipids and the free fatty acids are taken up by the intestinal mucosa cells. In 90 
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the mucosal cells, a minor part of the 1-acyl lyso-phospholipid (approximately 20%) is 91 

reacylated to diacyl phospholipid whereas the major part is further degraded and e.g. used in 92 

the synthesis of triglycerides (approximately 80%) and packed into chylomicrons.12–14 93 

For the current study it was decided to focus on SPDs with high phospholipid contents (drug-94 

to-PL ratios 1:50, 1:100 and 1:250). There were two main reasons for this. Firstly, high 95 

phospholipid contents may increase the probability that differences between mono and diacyl 96 

phospholipid formulations can be detected in the pharmacokinetic study, even though diacyl 97 

phospholipids are prone to rapid and extensive enzymatic/metabolic hydrolysis to monoacyl 98 

phospholipid, which in turn is absorbed relatively rapidly. Secondly, high phospholipid 99 

contents in combination with equilibration were chosen in order to reduce the complexity of 100 

the experiment by ensuring complete celecoxib solubilization. Thereby, the complex 101 

processes of supersaturation and recrystallization, which are relevant at lower phospholipid 102 

contents3,4,  are excluded from the current study. This should enable for the first time to 103 

directly compare the two phospholipid types with each other.  104 

The digestion and absorption of lipids are important parameters to consider when studying 105 

lipid-based formulations, therefore highly relevant, but fairly complex, in vitro models were 106 

developed to study permeation and lipolysis simultaneously.15,16 However, a lipolysis step 107 

was not included in the current in vitro study for the sake of simplicity. As stated above, 108 

monoacyl PC is the primary digestion product of diacyl PC, which justifies the simple study 109 

design. It is a widely debated topic how far simple in vitro (permeation) studies can reflect the 110 

complex drug absorption process from lipid-based formulations in vivo. The current study 111 

may shed light on this ongoing controversial discussion by combining a straight-forward in 112 

vitro permeability screening and an in vivo pharmacokinetic study.  113 
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2. Methods and Materials 114 

2.1 Chemicals  115 

For the preparation of solid phospholipid dispersions (SPDs), celecoxib was purchased from 116 

abcr GmbH (Karlsruhe, Germany) and chloroform was purchased from Merck KGaA 117 

(Darmstadt, Germany). As an example of a diacyl phospholipid, Lipoid E80 that contains 80-118 

85% phosphatidylcholine from egg, 7-9.5% phosphatidylethanolamine and not more than 3% 119 

lyso-phosphatidylcholine was used. As an example of a mono acyl phospholipid (i.e. lyso-120 

phospholipid), Lipoid P LPC 80 (non-GMO) that contains at least 80% lyso-121 

phosphatidylcholine and not more than 20% phosphatidylcholine from soybeans was used. 122 

Lyso-phosphatidylcholine is obtained by enzymatic modification of diacyl phospholipids and 123 

primarily contains 1-acyl phospholipids. Both phospholipids were kindly donated by Lipoid 124 

GmbH (Ludwigshafen, Germany).  125 

For liquid chromatography, acetonitrile (HPLC-grade) was purchased from VWR Chemicals 126 

(Villers-lés-Nancy, France) and trifluoroacetic acid (HPLC-grade) was purchased from either 127 

Thermo scientific (Rockford, Illinois, USA) or from VWR Chemicals (Villers-lés-Nancy, France). 128 

Ibuprofen used as internal standard was purchased from SI group UK Ltd (Orangeburg, UK). 129 

FaSSIF/FeSSIF/FaSSGF powder was purchased from Biorelevant.com Ltd (London, UK). 130 

Sodium chloride was purchased from VWR international (Leuven, Belgium). Sodium dodecyl 131 

sulfate was purchased from Caelo (Hilden, Germany). Sodium hydroxide was purchased from 132 

Merck KGaA (Darmstadt, Germany) and sodium phosphate monobasic dihydrate was 133 

purchased from Sigma-Aldrich® Denmark ApS (Brøndby, Denmark). If not stated otherwise, 134 

chemicals were of analytical grade. 135 
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Purified water was prepared using either a Milli-Q® reference A+ water purification system 136 

(Merck KGaA, Darmstadt, Germany) or a Milli-Q® Advantage A10 water purification system 137 

(Merck KgaA, Darmstadt, Germany). 138 

2.2 Preparation of buffer and media 139 

Fasted state simulated intestinal fluid (FaSSIF) was prepared according to ‘How to make 140 

FaSSIF, FeSSIF/FaSSGF’ (biorelevant.com, 2019). For this, phosphate buffered saline (PBS; 141 

‘FaSSIF blank buffer’) pH 6.5 was prepared by dissolving 0.42 g/L of sodium hydroxide, 4.47 142 

g/L sodium phosphate monobasic dihydrate and 6.19 g/L sodium chloride in purified water. 143 

The pH was adjusted to pH 6.50±0.05 with 1 M sodium hydroxide. FaSSIF was prepared by 144 

dispersing 2.24 g/L FaSSIF powder in PBS pH 6.5. The dispersion was stirred for 2 hours after 145 

which a slightly opalescent solution was obtained. A 1 % (w/V) sodium dodecyl sulphate 146 

(SDS) solution in PBS pH 6.5 was prepared by dissolving 10 g/L SDS in PBS pH 6.5. 147 

2.3 Preparation of solid phospholipid dispersions by rotary evaporation 148 

To prepare the SPDs, celecoxib and mono- or diacyl PC were weighed into a round bottom 149 

flask and dissolved in 50 mL chloroform as described in Table 1. Glass beads (5mm diameter, 150 

100 g) were added to the solution. Subsequently, the solvent was removed by rotary 151 

evaporation at 50 °C with a rotation speed of 120 rpm. During the evaporation, the pressure 152 

was changed as described in Table 2. Afterwards, the formulations were exposed to nitrogen 153 

for 15 min to remove any residual solvent.  154 

[Table 1] 155 

[Table 2] 156 
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2.4 Solid state characterization by powder X-ray diffraction 157 

PXRD analysis was carried out using a X’PertPRO MPD diffractometer (PANanalutical, Almelo, 158 

Netherlands) equipped with a Cu LFF X-ray tube using Cu Kα radiation. All SPDs and as 159 

reference crystalline celecoxib, diacyl PC, and monoacyl PC were measured within 3°-35° 160 

2Theta, with a step size of 0.02°/step under the following conditions: generator amperage 161 

40 mA, generator voltage 45 kV, and 10° 2Theta/sec. Samples were spread on a zero 162 

background sample holder and measured in reflection mode. 163 

2.5 In vitro permeation screening 164 

The SPDs were prepared as described in section 2.3 but without addition of glass beads to 165 

ease the collection of the formulations. The permeation screening was carried out using a 96-166 

well Permeapad® Plate permeation set-up (innoME GmbH, Espelkamp, Germany) and based 167 

on a previously described screening approach,17 which was adjusted as described in the 168 

following. During the permeation screening, celecoxib moved from the donor compartment 169 

across the Permeapad® barrier and into the acceptor compartment. Permeapad® is a 170 

biomimetic barrier that consist of cellulose-based support sheets enclosing a layer of 171 

phospholipids. The celecoxib concentration in the acceptor compartment at the end of the 172 

experiment (24 h) was used to rank the SPDs. 173 

A day prior to the permeation screening, the SPDs and crystalline celecoxib as reference were 174 

dispersed in FaSSIF at a celecoxib concentration corresponding to 1 mg/mL. The dispersed 175 

SPDs were stirred on a magnetic stirrer at 400 rpm and 37 °C until fully dissolved/dispersed. 176 

The monoacyl PC formulations did not dissolve at 37 °C. Therefore, the temperature was 177 

slowly increased until the formulation dissolved at approximately 60 °C. To decrease the 178 

heterogeneity of the vesicle sizes, the dissolved formulations were sonicated for 5 min and the 179 
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particle size was subsequently reduced using a Bandelin sonopuls HD 2070 probe sonicater 180 

(Bandelin electronic GmbH and Co. KG, Berlin, Germany) by 3 sonication cycles with following 181 

settings: Amplitude 20 %, pulse on 0.7 sec, and pulse off 0.3 sec. Each sonication cycle lasted 182 

for 2 min and between each cycle there was a 1 min break. Sonication followed by probe 183 

sonication has previously been found suitable to produce homogenous liposome dispersions 184 

that were stable after overnight equilibration.3  The suspension of crystalline celecoxib in 185 

FaSSIF was stirred on a magnetic stirrer at 400 rpm and 37 °C but was not sonicated. The 186 

formulations and the suspension were stored overnight in closed containers at room 187 

temperature.  188 

To conduct the permeation screening, the SPDs were shaken thoroughly before they were 189 

transferred to the donor compartment. The celecoxib suspension was magnetically stirred 190 

before it was transferred to the donor wells. After agitation, 400 µL of the donor dispersions 191 

were transferred to the wells of the bottom-plate (n=3-4). Subsequently, 150 µL acceptor 192 

medium, which consisted of 1 % SDS in PBS pH 6.5, was transferred to the corresponding 193 

wells of the insert-plate. The compatibility of the Permeapad® barrier in the presence of 1% 194 

SDS has previously been validated.18 The insert-plate was sealed with adhesive aluminum foil 195 

(VWR international, Darmstadt, Germany) and incubated under shaking at 300 rpm and at 37 196 

°C in a PHMP-4 microplate thermo-shaker (Grant instruments, Cambridge, UK). After 24 h, 80 197 

µL samples were withdrawn from the acceptor compartments and transferred to HPLC-vials.  198 

The celecoxib content in the samples was determined by UHPLC-UV using a Thermo Fisher 199 

Ultimate 3000 UHPLC system that was connected to a diode array detector and was equipped 200 

with a reserve phase Kinetex® EVO C18 LC column (150 x 2.1 mm; particle size 1.7 µm; pore 201 

size 100Å). The samples were analyzed using isocratic elution at a flow rate of 0.30 mL/min 202 
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with a mobile phase consisting of 55 % acetonitrile (ACN) and 45 % of 0.1 % trifluoracetic 203 

acid (TFA) in purified water. The column oven was set to 50 °C. Celecoxib was detected at 251 204 

nm and eluted after 2.15 min. For quantification of celecoxib, a standard curve (10-5000 205 

ng/mL) was prepared by diluting a celecoxib stock solution in ACN (24.95 µg/ml) with 206 

adequate volumes of 1:1 (v:v) ACN:PBS. To ensure that SDS from the acceptor samples did not 207 

interfere with the analysis, two additional celecoxib standards that contained SDS were 208 

prepared. The additional standards with concentrations of 50 and 1000 ng/mL were prepared 209 

by diluting the celecoxib stock solution with adequate volumes of 1:1 (v:v) ACN:1 % SDS in 210 

PBS. The difference in terms of areas under the peaks of the standards with and without SDS 211 

was under 10 %. Therefore, it was assumed that the presence of SDS did not interfere with the 212 

quantification of celecoxib. Based on multiple runs of the standard with a concentration of 213 

100 ng/ml, the precision of the assay was 3%.  214 

2.6 In vivo pharmacokinetic study   215 

The procedure for the in vivo study was approved by the local Animal Welfare Committee. All 216 

animal procedures were carried out in compliance with EU Directive 2010/63/EU, NIH Guide 217 

for the Care and Use of Laboratory Animals, and with the Belgian laws regulating experiments 218 

on animals. Male Sprague-Dawley rats weighing between 275-325 g on the day of the 219 

experiment were purchased from Charles River Laboratories (Sulzfelt, Germany). The rats 220 

were acclimatized for minimum 12 days prior to the study. To avoid food effects, the rats 221 

were fasted 16-18 h prior to administration but allowed free access to water at all times. The 222 

animals were fasted until 4 h after administration when standard rodent food was offered. A 223 

total of 24 animals randomly divided into 6 groups (CXB:PC 1:50, CXB:PC 1:100, CXB:PC 224 

1:250, CXB:L-PC 1:50, CXB:L-PC 1:100, CXB:L-PC 1:250) were included in the study (n=4).  225 
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A day prior to the in vivo study, the SPDs were dispersed in 25 mL water yielding a celecoxib 226 

concentration of 1 mg/mL. For this, water was added to the round bottom flasks and the 227 

flasks were rotated for 15 min at 120 rpm and 60 °C until the glass beads loosened. Similar to 228 

the in vitro study, the dispersions were subsequently bath sonicated for 5 min and the particle 229 

size was reduced using a Branson 450 digital sonifier (Emerson electric, Missouri, USA) by 3 230 

cycles with following settings: Amplitude 20 %, pulse on 2 sec, and pulse off 1 sec. Each cycle 231 

run was 2 min and between each cycle there was a 1 min break. The formulation CXB:L-PC 232 

1:250 was not probe sonicated due to the formation of air bubbles during sonication. It was 233 

uncertain if the air bubbles would disappear before the in vivo study. The dispersed 234 

formulations were stored in closed vials at room temperature until the in vivo study the next 235 

day.  236 

Before administration to the rats, the formulations were shaken thoroughly before 237 

administration. CXB:L-PC 1:250 was not shaken because the formation of air bubbles would 238 

complicate the dosing. This formulation was too viscous to settle in the short time prior to 239 

dosing. The animals were dosed individually corresponding to 10 mL/kg by oral gavage. 240 

Blood samples of 200 µL were collected at 0.5, 1, 2, 4 and 8 h by serial tail vein puncture. The 241 

blood samples were collected in Multivette 600 K3E tubes (Sarstedt AG & Co. Kg, Nümbrecht, 242 

Germany) to prevent coagulation and placed on ice. Within 1 h, the blood samples were 243 

centrifuged in a Sigma 4-16K centrifuge (Sigma Laborzentrifugen GmbH, Osterode am Harz, 244 

Germany) for 10 min at 1900 g and 4 °C. The plasma was transferred to individual vials and 245 

stored at -20 °C until bioanalysis. After completed study, the animals were euthanized.  246 
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2.7 Bioanalysis of celecoxib in plasma samples 247 

Quantification of celecoxib in plasma samples was conducted on an Acquity UPLC system 248 

(Waters corporation, Milford, MA, USA) that was equipped with an Acquity UPLC BEH C18 249 

column (50x2.1 mm; particle size 1.7 µm; pore size 130 Å) (Waters corporation, Milford, MA, 250 

USA). Chromatographic separation was achieved using gradient elution as described in Table 251 

3 with the mobile phases consisting of ACN and 0.1 % TFA in purified water and a flow rate of 252 

0.60 mL/min. The column oven was set to 55 °C. The run time was 4 min and the injection 253 

volume was 2 µL.  254 

[Table 3] 255 

In order to correct for inevitable loss of analyte during processing of the in vivo samples, an 256 

internal standard was used. The internal standard, which was added to all plasma samples 257 

and used quantification, was 0.1 mg/mL ibuprofen in ACN as previously described by Knopp 258 

et al 2016.19 Celecoxib and ibuprofen were detected at 251 nm. The retention times of 259 

celecoxib and ibuprofen were 1.57 min and 1.47 min, respectively.  260 

Prior to the analysis, 20 µL plasma sample was mixed with 20 µL internal standard in a 261 

microcentrifuge tube. To precipitate the proteins, 100 µL ACN was added and the mixture was 262 

vortex-mixed for 1 min. The precipitated proteins were separated by centrifugation using an 263 

Eppendorf centrifuge 5430 R (Eppendorf AG, Hamburg, Germany). Separation was achieved 264 

after centrifugation for 10 min at 16100 g. The supernatant was transferred to a HPLC-vial 265 

and analyzed by UPLC-UV as described above.  266 

To quantify the amount of celecoxib in the plasma samples, two standard curves (10-267 

5000 ng/mL) were prepared, one with and one without blank plasma. These standard curves 268 

were compared to each other to test the influence of the presence of plasma. Standards used 269 
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for both standard curves were prepared by dilution of a celecoxib stock solution in ACN 270 

(24.46 µg/mL) with ACN. The standard curve containing blank plasma was prepared by 271 

mixing 20 µL blank plasma, 20 µL internal standard and 100 µL standard in a microcentrifuge 272 

tube. Subsequently, the plasma proteins were precipitated and separated as described above. 273 

The supernatant was finally analyzed by UPLC-UV as described above. The standard curve 274 

without blank plasma was prepared by mixing 20 µL ACN, 20 µL internal standard and 100 µL 275 

standard in a microcentrifuge tube. This mixture was vortex-mixed and finally analyzed by 276 

UPLC-UV as described above. Because the standard curves with and without blank plasma 277 

yielded the same result, standard curves without blank plasma were used for quantification of 278 

all samples. A standard curve was freshly prepared and analyzed on each day of analysis. 279 

Based on multiple runs of the standards with concentrations of 50 and 5000 ng/ml, the 280 

precision of the assay was 10% and 14%, respectively.  281 

2.8 Data analysis 282 

The statistical analysis of the in vitro and in vivo data was performed using GraphPad Prism 283 

8.4.0 software (GraphPad Software, San Diego, CA, USA). The in vivo pharmacokinetic 284 

parameters (i.e. area under the curve (AUC), maximal plasma concentration (Cmax) and the 285 

time where the maximal plasma concentration was reached (tmax)) were obtained from a non-286 

compartmental analysis of the plasma data. The AUC was calculated by the linear trapezoidal 287 

rule. A one-way analysis of variance (ANOVA) followed by a pairwise multiple comparison 288 

Tukey test was performed on untransformed data to identify significant differences of in vitro 289 

permeation, AUC, Cmax and tmax between the groups of diacyl PC formulations and monoacyl PC 290 

formulations.  291 
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3. Results  292 

3.1 Solid state analysis by powder X-ray diffraction 293 

PXRD was performed to investigate if the solid state of celecoxib was changed from crystalline 294 

to amorphous during the preparation of SPDs using rotary evaporation as it was the case 295 

when the SPD was prepared by freeze-drying.3 Fig. 1a and 1b show the diffraction pattern of 296 

crystalline celecoxib where several sharp high intensity peaks are seen. Further, Fig. 1a shows 297 

the diffractograms of pure monoacyl PC and the monoacyl PC formulations, and Fig. 1b shows 298 

the diffractograms of pure diacyl PC and the diacyl PC formulations. 299 

The diffractograms of all formulations showed a diffuse halo appearance at the Bragg angles 300 

of crystalline celecoxib. The diacyl formulations showed a Bragg peak at 2Theta of 6° which 301 

matches the Bragg peak seen for pure diacyl PC. In the monoacyl PC formulations, Bragg 302 

peaks were seen at 2Theta of 6° and 7.5°, which did not match any peaks seen in the pure 303 

monoacyl PC sample or the crystalline celecoxib. However, as the formulations did not show 304 

any of the characteristic peaks of crystalline celecoxib, it indicated that celecoxib was fully 305 

amorphously distributed and/or molecularly dissolved in the phospholipid matrix. 306 

Amorphous formulations were obtained by rotary evaporation with both mono and diacyl PC.  307 

[Fig. 1] 308 

 309 

3.2 In vitro permeation screening 310 

The results of the in vitro permeation screening of the various studied solid phospholipid 311 

dispersions containing either mono or diacyl phosphatidylcholine are presented in Fig. 2. The 312 

results are shown as the celecoxib concentration in the acceptor compartment after 24 h of 313 

incubation. Compared to the reference (i.e. celecoxib suspension in FaSSIF), none of the solid 314 

phospholipid dispersions enhanced the permeation of celecoxib. On the contrary, the 315 
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permeation of celecoxib was reduced in all cases. For both mono and diacyl formulations, very 316 

high phospholipid contents (i.e. CXB-to-PL ratio 1:100 and 1:250) resulted in a significantly 317 

lower celecoxib concentration in the acceptor chamber (p<0.05) and thus permeation 318 

compared to the formulations with the lowest phospholipid content (i.e. CXB-to-PL ratio 319 

1:50). For the diacyl formulations, there was no significant difference between the 320 

formulations CXB:PC 1:100 and CXB:PC 1:250 (p>0.05). In contrast, the formulation CXB:L-PC 321 

1:250 had a significantly lower celecoxib concentration than CXB:L-PC 1:100 (p<0.05). When 322 

comparing mono and diacyl formulations with the same CXB-to-PL ratios, there was no 323 

significant difference between the mono and diacyl formulations (p>0.05) except for the 324 

formulation with a CXB-to-PL ratio of 1:100 (p<0.05). In this case, the mono acyl formulation 325 

yielded a lower celecoxib concentration than the diacyl counterpart.  326 

[Fig. 2] 327 

 328 

3.3 In vivo pharmacokinetic study 329 

The oral uptake of celecoxib from solid phospholipid dispersions with different drug-to-PL 330 

ratios containing either mono or diacyl phosphatidylcholine was evaluated in a 331 

pharmacokinetic study in rats, which were dosed with 10 mg celecoxib per kg bodyweight. 332 

The SPDs were evaluated based on the celecoxib plasma concentration profiles and the 333 

pharmacokinetic parameters (AUC0-8h, Cmax, and tmax) derived from these plasma 334 

concentration profiles by a model-free analysis. The celecoxib plasma concentration profiles 335 

of all formulations are shown in Fig. 3 and the corresponding pharmacokinetic parameters are 336 

given in Table 4. As a reference, Fig. 3 and Table 4 include the plasma concentration profile 337 

and the pharmacokinetic parameters for a suspension of crystalline celecoxib in FaSSIF taken 338 

from literature.19  339 
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[Fig. 3] 340 

[Table 4] 341 

As seen from the plasma concentration profiles shown in Fig. 3 and pharmacokinetic 342 

parameters, AUC0-8h and Cmax, shown in Table 4, the oral uptake of celecoxib was increased 343 

when administered as solid phospholipid dispersions with drug-to-PL ratios of 1:50 and 344 

1:100 independent of the phospholipid type. When comparing mono and diacyl PC 345 

formulations with the same drug-to-PL ratio, there was in all cases no significant difference 346 

(p>0.05) in terms of AUC0-8h and Cmax. Still, a trend could be seen in Fig. 3 and Table 4 (AUC0-8h 347 

and Cmax) suggesting that the values of the monoacyl formulations generally were slightly 348 

lower than the values of their diacyl PC counterparts. When comparing formulations with 349 

different drug-to-PL ratios, it can be seen in Fig 3 and Table 4 (AUC0-8h and Cmax) that lower 350 

phospholipid contents yielded higher uptake of celecoxib. However, the difference between 351 

the 1:50 and 1:100 formulations was not significant. The time to reach the maximum plasma 352 

concentration when administering CXB SPDs was 3-4.5 h, where higher tmax values were 353 

observed with higher phospholipid content. However, there was no significant difference in 354 

tmax (p>0.05). In summary, the solid phospholipid dispersions could be ranked in terms of bio-355 

enhancement: 1:50≥1:100>1:250, irrespective of phospholipid type. 356 

4. Discussion 357 

Amorphous solid dispersions of celecoxib and phospholipid (CXB SPDs) with different 358 

phospholipid contents were prepared by rotary evaporation from chloroform solutions. The 359 

SPDs with high phospholipid concentrations investigated here were designed with the aim to 360 

systematically investigate how phospholipid type and content affected celecoxib absorption 361 

and not with the aim to develop dosage forms. Hence, preparation by rotary evaporation was 362 

chosen due to its simplicity and widespread use. When a final dosage form is desired, 363 
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preparation by spray drying would be suitable.20 In this context it is worth mentioning that 364 

the properties of SPDs can be enhanced by conversion into powders by loading the dispersion 365 

on inert carrier material.20,21 For this study, mono- and diacyl PC were chosen as examples 366 

because these phospholipids previously were compared in vitro4,22. Phospholipids that are 367 

well-studied and compared in vitro are an optimal starting point for the first in vivo 368 

comparison of different phospholipid types.  369 

Powder x-ray diffraction showed that the SPDs prepared by rotary evaporation were 370 

amorphous and celecoxib was thus fully solubilized in the phospholipid matrix. The 371 

amorphous solid state was not surprising when considering the formulations’ high 372 

phospholipid content and following thereof the high dilution of celecoxib in the phospholipid 373 

matrix. In accordance with our findings and already at much lower phospholipid contents (i.e. 374 

drug-to-PL ratio 1:1), Gautschi and co-workers previously showed that CXB SPDs, which 375 

contained either mono or diacyl PC and were prepared by rotary evaporation, were fully 376 

amorphous and celecoxib was thus fully solubilized in the matrix.22              377 

The performance of the formulations was evaluated by an in vitro permeation screening using 378 

a 96-well permeation approach. Using this tool, the amount of celecoxib transported across 379 

the Permeapad® barrier was measured at a predefined time-point. For the sake of simplicity, 380 

the celecoxib concentration in the acceptor compartment was measured as the total amount 381 

of drug permeated and the results used to rank the formulations. The in vitro permeation 382 

screening showed that SPDs with high phospholipid contents significantly decreased 383 

celecoxib permeation as compared to the reference. Furthermore, the phospholipid content 384 

was found negatively correlated with celecoxib permeation. Previously, Fong and co-workers 385 

prepared celecoxib SPDs containing diacyl PC with various drug-to-PL ratios, in the range 386 
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1:2.5 to 1:250, by freeze drying. They evaluated the performance, amongst others, by in vitro 387 

permeation experiments using a dialysis membrane in a Franz-cell diffusion set-up. In 388 

agreement with the results presented in the current study, they found that SPDs with high 389 

diacyl PC content (i.e. 1:50 and 1:250) significantly decreased celecoxib permeation as 390 

compared to a suspension of crystalline celecoxib.3 Furthermore, the comparison of CXB SPDs 391 

containing mono or diacyl PC, with the same drug-to-PL ratio, revealed that they performed 392 

equally in the current in vitro permeation screening. This is in agreement with a recent study 393 

on CXB SPDs containing either mono or diacyl PC, yet with lower phospholipid content (i.e. 394 

1:2.5, 1:10 and 1:50). In this recent study the permeation was studied in a side-by-side set-up 395 

employing Permeapad® as permeation barrier.4 Also in this study, a negative relationship 396 

between phospholipid content and in vitro permeation was observed. 397 

Fong and Jacobsen concluded that the permeation enhancement that was observed for 398 

celecoxib SPDs was governed by at least two concurrent mechanisms: 1) Amorphization of 399 

celecoxib, which induces (molecular) supersaturation upon dissolution of the formulations 400 

and 2) Incorporation of celecoxib into micelles and/or liposomes, which by itself does not 401 

enhance permeation, but rather stabilizes the amorphous state and/or prolongs 402 

supersaturation by acting as precipitation inhibitor.3,4 Jacobsen and coworkers suggested that 403 

at higher phospholipid contents celecoxib incorporation into colloidal species would 404 

dominate and thus the gain in solubility through supersaturation would be overcompensated 405 

by partitioning into colloidal species, which could lead to a reduction in in vitro permeation. 406 

The current study that focused on formulations with high phospholipid contents is exemplary 407 

for the scenario where incorporation of the drug into colloidal species dominates with 408 

complete celecoxib solubilization. Such a phenomenon, which has been observed for various 409 

enabling formulations, both in vitro and in vivo, has been designated ‘solubility-permeability 410 
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interplay’,23 and may serve as an explanation of the decreased celecoxib permeation observed 411 

here.  412 

From an early stage formulation development perspective, the current study has uncovered 413 

valuable insights. The in vitro permeation screening employed here yielded basically the same 414 

information as the Franz-cell and side-by-side permeation experiments that previously were 415 

conducted. At the same time, the approach described here has at least three important 416 

advantages over the previous methods: 1) Due to the 96-well design, the number of 417 

formulations that can be investigated simultaneously is considerably higher, 2) The amount of 418 

formulation needed for each experiment is smaller, and 3) Due to the single measurements at 419 

the end of the experiment, the number of samples for quantitative analysis is considerably 420 

reduced. Thereby the approach employed here is much less labor intensive. How far such in 421 

vitro permeation results can reflect the complex in vivo situation, where phospholipids are 422 

digested and taken up concurrently with celecoxib dissolving and getting absorbed, is 423 

discussed below.  424 

The in vivo pharmacokinetic study in rats showed that celecoxib absorption increased when 425 

celecoxib was administered as SPDs with drug-to-PL ratios of 1:50 and 1:100, irrespective of 426 

phospholipid type (i.e. mono- or diacyl PC). In contrast, celecoxib absorption was unchanged 427 

or even reduced at a drug-to-PL ratio of 1:250, also irrespective of phospholipid type. In 428 

literature, several examples of increased drug absorption from solid phospholipid 429 

formulations, by some authors also denoted ‘proliposomes’, have been reported. Typically, the 430 

drug absorption was found increased by approximately 1.5- to 3-fold.2 In the present study, 431 

both Cmax and AUC0-8h were increased 1.6- to 2.4-fold, which was in line with earlier reported 432 

studies. Previous studies typically investigated formulations with lower phospholipid 433 
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contents (i.e. drug-to-PL ratios between 1:0.5 and 1:15). Only one study was identified that 434 

investigated a formulation with a higher phospholipid content. Xu and co-workers reported a 435 

3.5-fold increase in AUC0-∞ for a proliposomal formulation of vinpocetine containing PC and 436 

cholesterol (drug:PC:cholesterol 1:35:4) compared to pure vinpocetine in rabbits.24 437 

Noteworthy, one difference between the in vitro and in vivo results presented here was thus 438 

observed: In vitro the reference suspension performed best, whereas in vivo some 439 

formulations performed better than the pure drug. However, the in vitro permeation 440 

screening was biopredictive in terms of formulation performance ranking. The correlation 441 

between the in vitro and in vivo experiment is discussed in detail below (see Section 4.1). 442 

How phospholipid content and drug absorption enhancement are related to each other has 443 

been difficult to evaluate from previous studies because these typically only included a single 444 

formulation in the in vivo studies. Therefore, potential relations between phospholipid 445 

content and impact on absorption could only be established by comparing different studies 446 

with different drugs. Using this approach by employing meta-analysis methods, Fong and co-447 

workers concluded that there was: “no ‘optimal’ phospholipid to drug ratio for maximum 448 

bioavailability enhancement”.2 In the current study, formulations with different phospholipid 449 

contents were thus tested and the results showed that that the formulations with the lowest 450 

phospholipid content (i.e. drug-to-PL ratio 1:50) yielded the highest absorption enhancement 451 

and that the highest phospholipid content investigated here (i.e. drug-to-PL ratio 1:250) did 452 

not improve absorption. The current study is thus the first study that included several 453 

different phospholipid-contents in a pharmacokinetic study.  454 

To the best of our knowledge, the current study is also the first to include different 455 

phospholipid types (i.e. mono vs diacyl PC) in the same pharmacokinetic study. Therefore, it 456 

Jo
urn

al 
Pre-

pro
of



 
 

20 
 

yielded the first head-to-head comparison of these types of phospholipids in terms of in vivo 457 

performance. The pharmacokinetic study showed that there was no difference in celecoxib 458 

absorption between mono and diacyl PC formulations. As mentioned above, Jacobsen and co-459 

workers have previously shown that mono and diacyl formulations performed equally in 460 

terms of celecoxib permeation, whereas they differed in solubilization capacity, where 461 

monoacyl PC yielded the highest solubilization.4 Gautschi and co-workers also reported that 462 

monoacyl PC greatly enhanced drug dissolution compared to diacyl PC.22   463 

The numerous previous studies generally followed the common approach to include only a 464 

single formulation that had been ‘optimized’ according to one or several in vitro parameters 465 

(typically including solubility and/or dissolution) in the final in vivo study. This approach 466 

must presuppose that the in vitro parameter(s) were predictive for the in vivo performance. 467 

However, different in vitro parameters and designs can yield very different results for solid 468 

phospholipid-based formulations. The in vitro comparison of mono and diacyl PC 469 

formulations by Jacobsen et al. demonstrated this very well. Generally, in many cases evidence 470 

is lacking if certain in vitro parameters, as e.g. particle size, entrapment efficiency, dissolution, 471 

permeability, are predictive for the in vivo performance of SPDs. The comprehensive 472 

approach presented here that combined in vitro permeation screening and in vivo testing of 473 

all prepared formulations provided the insight if and to which degree the permeation 474 

screening was predictive for the in vivo performance. 475 

4.1 In vitro in vivo correlation 476 

The in vitro permeation screening did not show increased celecoxib permeation, in contrast to 477 

the absorption of SPDs with drug-to-PL ratios of 1:50 and 1:100. In vitro all formulations 478 

decreased permeation compared to the pure drug. This failed prediction was suspected to be 479 
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related to at least three factors: 1) Differences viscosity in vitro and in vivo, 2) digestion and 480 

absorption of phospholipids in vivo and 3) physiological responses triggered by the presence 481 

of phospholipids or their digestion products in the gastro-intestinal tract. Considering 482 

viscosity, the formulations may increase the viscosity of the donor media to a degree that 483 

celecoxib diffusion rate was disproportionally low when compared to the reference. The 484 

viscosity conditions in vivo are expected to be very different from the in vitro conditions due 485 

to the complex physiology of the intestinal tract. Considering the fast processes of digestion 486 

and absorption of phospholipids, the removal of phospholipids and their digestion products 487 

from the intestinal fluid may release incorporated celecoxib from lipidic colloidal structures 488 

and thereby transient states of molecular celecoxib supersaturation may be generated in vivo. 489 

Such a supersaturation is expected to increase celecoxib absorption. In the current case, only 490 

the absorption of phospholipids, not the digestion, is expected to induce supersaturation 491 

because monoacyl PC more efficiently solubilizes celecoxib than diacyl PC.4,22 In the in vitro 492 

permeation screening experiment, phospholipids could not be digested or absorbed. For the 493 

sake of simplicity and because diacyl PC was compared to its primary digestion product, 494 

monoacyl PC, in vitro lipolysis was not included here, even though useful in vitro models exist 495 

that combine lipid digestion and permeation.15,16,25 However, simulating the absorption of 496 

phospholipids and their digestion products in vitro remains a challenge. Even though fatty 497 

acids as digestion products usually are precipitated using calcium, digested phospholipids 498 

cannot be completely removed from the combined in vitro lipolysis/permeation systems that 499 

are reported in literature. Considering physiological responses, phospholipids are an essential 500 

food constituent. Celecoxib is subject to a modest positive food effect. In the fed-state, a 3- to 501 

5-fold increase in systemic exposure was reported in dogs.26 In humans, however, AUC0-∞ 502 

increased only slightly in the fed-state (11%).26 Various physiological responses have been 503 
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reported to cause unspecific food effects as recently reviewed by Koziolek and co-workers.27 504 

In the case of SPDs, the secretion of the gastrointestinal hormone cholecystokinin (CCK) may 505 

specifically be responsible for a food effect. CCK secretion is triggered by the presence of fatty 506 

acids, a digestion product of phospholipids, in the small intestine.28 This hormone stimulates 507 

gall bladder contraction and pancreatic enzyme secretion, processes that are essential for 508 

food digestion and absorption and thus can influence drug absorption rates. Although rats do 509 

not have a gall bladder, it has been shown that secretion of gastrointestinal hormones 510 

increased bile flow and bile excretion in rats.29 Interestingly, Miles and co-workers showed 511 

that pre-treatment with a CCK antagonist inhibited meal-enhanced absorption of poorly 512 

soluble phenytoin in dogs.30 It is worth mentioning that drug absorption via the lymphatic 513 

system, a mechanism that is relevant for highly lipophilic drugs (clogP>5), is another 514 

physiological parameter that cannot be simulated in vitro. However, celecoxib (log P~3.5) is 515 

likely not absorbed via the lymphatic system. Clearly, the in vitro permeation screening 516 

cannot simulate all these complex physiological factors named above (i.e. phospholipid 517 

digestion and absorption, food effects and lymphatic transport).  518 

Disregarding the comparison between the formulations and the reference, the simple in vitro 519 

permeation screening yielded an impressively precise prediction of the formulations’ 520 

performance compared to each other. Fig. 4 shows the correlation between the in vitro 521 

permeation and the in vivo AUC0-8h (R2=0.76) and Cmax (R2=0.78) of all CXB SPDs. Thereby, the 522 

in vitro permeation screening correctly predicted that 1) the lowest phospholipid content 523 

yields the best performance and 2) mono- and diacyl-PC formulations perform equally. 524 

Therefore, in vitro permeation screening may be a useful tool for developing solid 525 

phospholipid-based drug formulations. 526 

[Fig. 4]  527 
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5. Conclusion 528 

Solid mono- and diacyl-phospholipid dispersions of celecoxib with moderate to high 529 

phospholipid contents were systematically evaluated in an in vitro permeation screening and 530 

an in vivo pharmacokinetic study. All solid phospholipid dispersions decreased permeation as 531 

compared to pure crystalline celecoxib. By comparing the in vitro permeation of the CXB SPDs 532 

to each other, two main observations were made: 1) phospholipid content was negatively 533 

correlated with in vitro permeation (in other words: higher phospholipid content, lower 534 

permeation rate), and 2) phospholipid type did not influence in vitro permeation. In the in 535 

vivo study, CXB SPDs with CXB-to-PL ratios of 1:50 and 1:100 enhanced celecoxib absorption 536 

as compared to non-formulated drug, but higher phospholipid content (i.e. 1:250) did not 537 

enhance celecoxib absorption, rather the opposite. The first systematic in vivo head-to-head 538 

comparison of mono- and diacyl-phosphatidylcholine based SPDs revealed that there was no 539 

significant difference between these, which corresponds to the results of the in vitro 540 

permeation screening. The in vitro permeation screening also indicated that there is local 541 

maximum of phospholipid content where absorption is optimal. The actual API/excipient 542 

ratio at which the maximum occurs was, however, different when comparing in vitro and in 543 

vivo – probably due to fast and extensive digestion and absorption of the excipient. The time 544 

and cost effective in vitro formulation screening method employed here appeared useful for 545 

the evaluation of different phospholipid types and contents in the early development of solid 546 

phospholipid dispersions as indicated by a generally good correlation between in vitro 547 

permeation and the pharmacokinetic parameters, AUC and Cmax. 548 

  549 
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Figure captions 655 

Fig. 1. PXRD diffractograms of A) crystalline celecoxib, L-PC, CXB:L-PC 1:50, CXB:L-PC 1:100, 656 

CXB:L-PC 1:250 and B) crystalline celecoxib, PC, CXB:PC 1:50, CXB:PC 1:100, CXB:PC 1:250. 657 

Fig. 2. In vitro permeation screening of celecoxib solid phospholipid dispersions with mono 658 

or diacyl phosphatidylcholine. The celecoxib concentration in the acceptor compartment after 659 

24 h of incubation. The data is presented as mean ± SD (n=4). 660 

Fig. 3. Celecoxib (CXB) plasma concentration profiles after oral administration of solid 661 

phospholipid dispersions with mono or diacyl phosphatidylcholine to rats at a CXB dose of 10 662 

mg/kg body weight: CXB:PC 1:50 (●), CXB:PC 1:100 (■), CXB:PC 1:250 (▲), CXB:L-PC 1:50 663 

(○), CXB:L-PC 1:100 (□) and CXB:L-PC 1:250 (△). The plasma concentration profile after oral 664 

administration of a CXB suspension in FaSSIF dosed at 12.5 mg/kg body weight to rats (✕) 665 

was taken from Knopp et al. 2016. The data is presented as mean ± SEM (n=4). 666 

Fig. 4. Correlation between the in vitro permeation screening (i.e. the celecoxib concentration 667 

in the acceptor compartment after 24 h of incubation) and A) the in vivo AUC0-8 h and B) the in 668 

vivo Cmax for solid phospholipid dispersions: CXB:PC 1:50 (●), CXB:PC 1:100 (■), CXB:PC 1:250 669 

(▲), CXB:L-PC 1:50 (○), CXB:L-PC 1:100 (□) and CXB:L-PC 1:250 (△). The correlations were 670 

fitted to a linear regression model with R2 at 0.76 and 0.78, respectively. All data is presented 671 

as the mean ± SD (n=4).  672 
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Table 1  

Composition of the solid phospholipid dispersions prepared by rotary evaporation. 

Sample name 

Mass (mg) 
Molar ratio 

(CXB:PL) Celecoxib 
Diacyl PC 

(Lipoid E80) 

Monoacyl PC 

(Lipoid S LPC 80) 

CXB:PC 1:50  25 1 250 - 1:25 

CXB:PC 1:100  25 2 500 - 1:50 

CXB:PC 1:250  25 6 250 - 1:125 

CXB:L-PC 1:50  25 - 1 250 1:36 

CXB:L-PC 1:100  25 - 2 500 1:72 

CXB:L-PC 1:250  25 - 6 250 1:180 

 

  

Jo
urn

al 
Pre-

pro
of



Page 2 of 4 

 

Table 2  

Pressure change during rotary evaporation. 

Time [min] 
Pressure 

[mbar] 

0 450 

10 350 

20 200 

25 70 

55 Atm 
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Table 3  

Gradient change of mobile phase in UPLC-UV analysis. 

Time [min] 
Gradient [%] 

ACN 0.1 % TFA 

0.00 40.0 60.0 

0.80 40.0 60.0 

2.80 100.0 0.0 

3.10 100.0 0.0 

3.20 40.0 60.0 

4.00 40.0 60.0 
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Table 4  

Pharmacokinetic parameters of solid phospholipid dispersions with mono or diacyl 

phosphatidylcholine administered orally to rats at a celecoxib dose of 10 mg/kg body weight. The 

values are presented as mean ± SD (n=4). 

Sample name  AUC0-8 h (µg h mL-1) Cmax (µg mL-1) tmax (h) 

CXB suspension  8.79 ± 2.62* 1.5 ± 0.3* 6.0 ± 1.8* 

CXB:PC 1:50  20.75 ± 1.37 3.67 ± 0.08 3.0 ± 1.2 

CXB:PC 1:100  16.13 ± 3.06 2.73 ± 0.67 3.5 ± 1.0 

CXB:PC 1:250  10.10 ± 1.20a,b 1.68 ± 0.21a 4.0 ± 0.0 

CXB:L-PC 1:50  19.30 ± 1.90 3.26 ± 0.38 3.0 ± 1.2 

CXB:L-PC 1:100  14.35 ± 3.85c 2.37 ± 0.85c 4.0 ± 0.0 

CXB:L-PC 1:250  8.21 ± 0.94a,d 1.20 ± 0.19a,b 4.5 ± 2.5 
* Values from Knopp et al. 2016. Celecoxib dosed at 12.5 mg/kg bodyweight; AUC0-8h calculated by the 

same method as in current study. 
a significantly lower (p<0.05) than CXB:PC 1:50 and CXB:L-PC 1:50  
b significantly lower (p<0.05) than CXB:PC 1:100 
c significantly lower (p<0.05) than CXB:PC 1:50 
d significantly lower (p<0.05) than CXB:PC 1:100 and CXB:L-PC 1:100 
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