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25Purpose: The purpose of this study was to compare the dissolution behaviour of etoricoxib in different
26dissolution media and to establish in vitro/in vivo correlation (IVIVC) using computer simulations.
27Methods: Drug solubility was measured in different media. The dissolution behaviour of etoricoxib was
28studied in the USP Apparatus 2 using different dissolution media. A dissolution transfer model was used
29to investigate if the drug stays in solution when the pH of the medium changes. Drug permeability assess-
30ment was performed using the caco-2 cell culture technique. The in vitro data were used as input func-
31tions in GastroPlusTM to simulate the in vivo profiles of the drug.
32Results: Solubility of etoricoxib was highest at low pH, and there was no significant difference in the sol-
33ubility observed between blank buffers and biorelevant media of similar pH. The drug remained solubi-
34lised when transferred into simulated intestinal fluids. Using the in vitro data as input function in Gastro
35Plus, an IVIVC was established. FurtherQ1 simulations confirmed that the drug absorption occurs similar to
36the absorption of an oral solution.
37Conclusions: Due to the solubility behaviour within the physiological pH gradient of the gastrointestinal
38tract, etoricoxib can be classified as an intermediate class 1/2 drug rather than BCS class 2. In vitro results
39combined with in silico simulations using GastroPlus support scientifically that a biowaiver for immedi-
40ate release etoricoxib solid oral dosage forms is justified.
41! 2009 Elsevier B.V. All rights reserved.

42

43

44 1. Introduction

45 Etoricoxib, [5-chloro-2-(6-methylpyridin-3-yl)-3-(4-methylsulf-
46 onylphenyl) pyridine], (Fig. 1) is a novel orally active agent that
47 selectively inhibits cyclooxygenase-2 (COX-2) [1]. Etoricoxib is used
48 in the treatment of Rheumatoid arthritis, osteoarthritis, acute gout,
49 chronic musculoskeletal pain (including chronic low back pain),
50 postoperative dental pain and primary dysmenorrhoea [2]. The drug
51 is available as oral tablets, and the recommended dosage is between
52 60 and 120 mg/day. It is a poorly soluble, lipophilic drug with esti-
53 mated logP of 3.14 and pKa of 4.6. Etoricoxib behaves like a weak
54 base. Its aqueous solubility is low and highly pH-dependent. Phar-
55 macokinetic studies, however, show that when administered orally,
56 etoricoxib is completely and rapidly absorbed, with an oral bioavail-
57 ability of up to 100% [3].
58 Dissolution testing is an in vitro test used to assess and estimate
59 the in vivo behaviour of orally administered solid dosage forms [4].
60 Dissolution testing is an industry standard and is used both for

61quality control (QC) purposes and during drug product develop-
62ment (R&D). For R&D purposes, dissolution tests are intended to
63be an in vitro indicator of the in vivo performance of the dosage
64form [5]. Ideally, dissolution data can be used to establish
65in vitro/in vivo correlation with clinically observed plasma-time
66curves. This can be achieved using computer-based models such
67as the Advanced Compartmental Absorption and Transit (ACAT)
68model. The in vitro data are used as input function, and the soft-
69ware uses convolution algorithms to estimate the plasma-time
70curves observed in vivo.
71The rate and extent to which an orally administered dosage
72form is absorbed depend on various physiochemical and physio-
73logical factors [6–9]. Galia et al. demonstrated the use of biorele-
74vant dissolution media (BDM) in forecasting trends in the in vivo
75performance of BCS class 1 and class 2 immediate release drug
76products [10]. However, physiological pH changes that occur in
77the transfer from the stomach to the small intestine should not af-
78fect the solubility of class 1 drugs.
79In 2002, the FDA implemented a waiver of in vivo bioavailabil-
80ity and bioequivalence testing of immediate release solid dosage
81forms for class 1 highly soluble, highly permeable drugs based on
82the BCS [11]. In addition, biowaiver for certain class 2 and class 3
83drugs is scientifically justified using the BCS approach [12–14].
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F84 Concerns have been raised that the BCS class boundary may be
85 too strict for acidic drugs that show a high solubility at only high
86 pH values [15]. Tubic-Grozdanis et al. using selected weak acid
87 and weak base BCS class II drugs demonstrated that simulation
88 of oral drug absorption using physicochemical drug properties
89 can aid the justification of biowaiver for some BCS class II com-
90 pounds [16].
91 In this study, the dissolution behaviour of etoricoxib (Arcoxia")
92 was investigated in the USP Apparatus 2 using FaSSIF and SIF. Addi-
93 tionally, a dissolution media transfer model as described by Kos-
94 tewicz et al. [17] was used to investigate the solubility of the
95 drug when entering the small intestine. GastroPlusTM was used to
96 simulate the drug absorption and to establish an IVIVC.

97 2. Materials and methods

98 2.1. Materials

99 Etoricoxib API powder (Form-V unmilled) and etoricoxib tablets
100 (Arcoxia"-60 mg film-coated talets) were provided by Merck
101 Frosst, Canada. Sodium taurocholate (crude bile salts batch #
102 015K0585), high purity sodium taurocholate (batch # 115K1109,
103 95% purity), sodium lauryl sulfate (batch # 084K0187), Lucifer yel-
104 low and trifluoroacetic acid were purchased from Sigma–Aldrich
105 (St Louis, MO); soy lecithin (phosphatidycholine Lot # 5568H)
106 was purchased from MP Biomedicals Inc. (Solon, Ohio, USA); egg
107 phosphatidycholine, Lipoid E PC 99.1% pure (HQ), was purchased
108 from Lipoid GmbH (Ludwigshafen, Germany); and potassium
109 phosphate monobasic monohydrate, potassium chloride, sodium
110 phosphate monobasic monohydrate, sodium acetate monohydrate,
111 sodium hydroxide, sodium chloride, hydrochloric acid (ACS grade)
112 and glacial acetic acid were purchased from Fisher Scientific (Fish-
113 er scientific Canada Inc.). Dichloromethane, methanol and acetoni-
114 trile were all of HPLC grade, 25 mm–0.45 lm Whatman glass
115 microfibre filter and 25 mm, 1 lm Acrodisc glass fibre filter were
116 purchased from Life Sciences (Life Sciences Canada Inc).
117 Dulbecco’s modified eagle’s medium (DMEM), L-glutamine,
118 trypsin with 0.25% EDTA, HEPES and minimum essential medium
119 (MEM) containing non-essential amino acids were purchased from
120 GIBCO BRL (Carlsbad, California, USA). Fetal bovine serum (FBS)
121 and Hanks Balanced Salts Solution (HBSS) were purchased from
122 Sigma–Aldrich (St. Louis, Missouri, USA). Phosphate buffer saline
123 (PBS) containing 140 mM NaCl, 8.1 mM Na2PO4.H2O, and
124 1.47 mM KH2PO4.H2O, pH 7.2, was prepared using chemicals ob-
125 tained from Sigma (St. Louis, Missouri, USA). Cell culture flasks
126 (75 cm2, 25 cm2 growth surface area) and Transwell" inserts
127 (24 mm, 0.4 lm pore size, and 4.7 cm2 growth surface areas) were
128 purchased from Corning Costar (Acton, MA, USA).

129 2.2. Media preparation

130 Simulated gastric fluid (SGF)- 0.01 M HCl, pH 1.2 (without en-
131 zymes), containing 2 g/L NaCl, acetate buffer, pH 4.0, and simulated
132 intestinal fluid (SIF), pH 6.8 (without enzymes), were prepared fol-
133 lowing the USP 27. Simulated gastric fluid (SGF-SLS), pH 2.0, with-

134out enzymes but with 0.25% SLS was prepared as proposed by
135Dressman et al. [4].
136The biorelevant media containing bile salts and lecithin were
137prepared following the procedure and modification outlined by
138Marques [18], which was adopted from the composition proposed
139by Galia et al. [10]. The Q2recommended volume for simulating fasted
140state conditions (FaSSIF) in the upper small intestine is 500 ml, and
141that for simulating fed state conditions (FeSSIF) in the upper small
142intestine [10] is 1000 ml.

1432.3. Solubility studies in different media

144An excess of the drug powder was added into 10 mL of the dif-
145ferent media in glass vials. The vials were sealed and placed into a
146shaking incubator water bath (Dubnoff Metabolic Shaking Incuba-
147tor- Precision scientific), and the temperature was maintained at
14837 ± 0.5 #C. Samples were taken at 1, 4, 24 and 48 h, filtered using
149a 0.45 lm Whatman glass microfibre filter (Life Sciences, Canada
150Inc.) and analysed by HPLC.

1512.4. X-ray powder diffraction (XRPD) pattern

152To assess the impact of pressure and dwell time on the powder
153property, about 60–70 mg of the active pharmaceutical ingredient
154(API) powder was compressed at three different compression pres-
155sures and dwell times using a hydraulic lab press (Enerpac P142,
156Globe Pharma, USA). X-ray diffraction patterns were performed
157on the compacts using the Scintag XDS-2000 X-ray diffractometer
158(Scintag Inc. USA). Measurements were taken at a voltage of 45 kV
159and 40 mA using Si (Li) Peltier-cooled solid state detector. The
160compression pressure and dwell time which caused the minimum
161change in powder property were chosen to compress the discs that
162were used for the intrinsic dissolution tests.

1632.5. Intrinsic dissolution test

164The intrinsic dissolution tests were performed using the static
165disc intrinsic dissolution apparatus (Distek Inc., New Brunswick,
166NJ, USA). Compact powder discs of 0.5 cm2 surface area were pre-
167pared by compressing between 60 and 70 mg of etoricoxib drug
168powder at 2000 PSI for 2 min using a hydraulic lab press (Enerpac
169P142, Globe Pharma, USA).
170The USP Apparatus 2 (paddle) and a flat-bottomed vessel (Dis-
171tek, New Brunswick, NJ, USA) were used. The distance between
172the top of the disc and the bottom of the paddle was adjusted to
173about 2.5 cm before adding the test media. The water bath temper-
174ature was maintained at 37 ± 0.5 #C. The test was performed with a
175spindle operated at 50 RPM, at specified time intervals 5-ml sam-
176ples were removed from the vessels and replaced with an equal
177amount of pre-warmed media. Samples were filtered using What-
178man glass microfibre filter (25 mm, 0.45 lm, Life Sciences, Canada
179Inc.), discarding the first 3 ml. The intrinsic dissolution rate (IDR)
180was estimated by dividing the initial slope of the plot of concentra-
181tion versus time by the surface area of the compact exposed to the
182dissolution media.

1832.6. Dissolution tests using the USP Apparatus 2

184Dissolution tests in the USP Apparatus 2 (Erweka DT 6, Ger-
185many) were performed using SGF and the conventional USP-SIF,
186pH 6.8, using media volumes of 900 mL. The biorelevant media
187used were FaSSIF, pH 6.5, at the recommended volumes of
188500 mL [10,18], and an additional test was performed with
189900 mL FaSSIF medium volume. The paddle speed used in all the
190tests was 75 RPM. At pre-determined time intervals, 5-mL samples

Fig. 1. Etoricoxib chemical structure.
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191 were taken, and were replaced with 5 mL of pre-warmed medium.
192 The samples were filtered using Whatman glass microfibre filter
193 (25 mm, 0.45 lm, Life Sciences), the first 3 mL was discarded and
194 the remainder was analysed by HPLC.

195 2.7. Investigating possible in vivo precipitation under physiological
196 conditions

197 A transfer model described by Kostewicz et al. [17] was used to
198 investigate a possible in vivo precipitation of etoricoxib. An amount
199 of etoricoxib drug powder equivalent to the highest recommended
200 dose (120 mg) was dissolved in 120 ml of SGF to produce a 1.0 mg/
201 ml solution. Using a peristaltic pump (Piper Pump, Dungey Inc.
202 Agincourt, Ontario.), the dissolved drug was pumped into 500 ml
203 of FaSSIF or SIF maintained at 37 ± 0.2 #C in a dissolution vessel (Er-
204 weka DT 6, Germany) and stirred at 75 RPM. The pH in the acceptor
205 vessel was monitored and adjusted using 1 N NaOH solution to
206 maintain pH 6.5. Possible drug precipitation was monitored using
207 HPLC.

208 2.8. Drug permeability assessment using cell culture technique

209 Drug permeability assessment was performed as previously de-
210 scribed by Wei and Loebenberg [19]. Briefly, caco-2 cells (ATTC,
211 Rockville, MD, USA), passages 50–55, were maintained at 37 #C in
212 Dulbecco’s modified eagle’s medium (DMEM) with 4.5 g/L glucose,
213 10% fetal bovine serum (FBS), 1% non-essential amino acids, 2 mM
214 L-glutamine and HEPES buffer, in an atmosphere of 5% CO2 and 95%
215 relative humidity. About 5 ! 104 cells were seeded in each apical
216 chamber (medium volume 1.5 mL) of transwell" inserts (4.7 cm2

217 area per insert), and 3 mL of transport medium was transferred
218 to the basal (receiver) side.
219 The integrity of the cell mononlayer was determined by mea-
220 suring the Trans epithelial electrical resistance (TEER) value using
221 EndOhm volt-ohm meter (World Precision Instruments, Sarasota,
222 FL, USA). The resistance of the bare filter insert was determined
223 and subtracted from the monolayer resistance values, and the re-
224 sults obtained were multiplied by the membrane area of the in-
225 serts to obtain a TEER value for each monolayer (X cm2).
226 Transport experiments were initiated and performed when the
227 TEER values were about 400 X cm2 or higher. Lucifer yellow,
228 100 lM, which was used as a quality control fluorescence marker
229 to verify the integrity of the tight junctions, was measured at
230 485 nm excitation and at 530 nm emission using a spectrofluorom-
231 eter (Model: FLUOROMAX, SPEX industries inc., USA). Its effective
232 permeability should be less than 2 ! 10"7 cm/s.
233 The test compound assay consisted of 100 lM etoricoxib solu-
234 tion prepared in HBSS, and the pH was adjusted to 6.5 for the apical
235 side, while the pH of the receiver side was adjusted to 7.4. The cells
236 were incubated at 37 #C in an atmosphere of 5% CO2 and 95% rela-
237 tive humidity; the concentration of etoricoxib in both the cham-
238 bers was analysed by HPLC at pre-determined time intervals. In
239 order to maintain sink condition, the transwell" inserts were
240 moved to pre-incubated wells that contained fresh transport med-
241 ium. After each experiment, the TEER values were measured in all
242 inserts and the integrity of the cell monolayer was verified.
243 The apparent permeability coefficient (Peff) was calculated using
244 the following equation:

Peff #
V

A! C0
! dC

dt
$cm=s%246246

247 where dc/dt is the flux across the monolayer (lM/s), and is obtained
248 from the linear slope of the plot of the drug concentration in the
249 acceptor chamber vs. time, A is the area of the transwell inserts used
250 in this experiment (4.7 cm2), V is the volume of the receiver cham-
251 ber (cm3), and C0 is the initial drug concentration (lM).

2522.9. HPLC assay

253The analytical column used for the analysis of etoricoxib was
254Metachem Inertsil-ODS2 10 cm ! 3.0 mm, 5 lm (Metachem Tech-
255nolgies Inc.). The column temperature was maintained at 40 #C
256using an external column heater (Eppendoff model TC-50), and
257the mobile phase consisted of double distilled water with 0.1% tri-
258fluoroacetic acid (TFA) and acetonitrile with 0.1%TFA in the ratio
259H2O:ACN of 77:23. The chromatograms were acquired using Clar-
260ityTM (version. 2.4.4.83, Data Apex, Prague, Czech Republic) data
261acquisition software, using a Shimadzu LC-600 pump, with SIL-
2629A auto sampler (Shimadzu, Japan) and Dynamax UV detector
263(Dynamax Corporation, Elkhart, IN). The injection volume was
2645 lL and the flow rate was 0.6 mL/min with UV detection at
265280 nm. Analyses for the intrinsic dissolution test were performed
266using Agilent HPLC systems (Agilent 1100, USA) equipped with a
267UV detector, auto sampler, built-in column heater and Atlas TSTM

268data acquisition software.

2692.10. Computer simulations using GastroplusTM

270Results obtained from the in vitro tests were used as input func-
271tions in GastroplusTM version. 5.2.0 (Simulations Plus Inc., Lancaster,
272CA, USA) to simulate the absorption profile of the drug. The three
273main interfaces (tabs) used for data input are the compound, phys-
274iology and pharmacokinetic tabs. In the compound tab, the basic
275data pertaining to the physicochemical properties of the drug such
276as bulk density, solubility, pKa, dose and particle radius were en-
277tered. The human effective permeability for etoricoxib used in
278the simulations was estimated using caco-2 data obtained from a
279study described in the previous section. The human jejunum effec-
280tive permeability (Peff) value was also estimated using the ADMET
281PredictorTM (version 2.0, Simulations Plus Inc, Lancaster, CA, USA),
282and was compared with the in vitro caco-2 value. The logP value
283and diffusion coefficient were estimated using the ADMET Predic-
284torTM and GastroplusTM.
285The in vitro dissolution profiles of etoricoxib tablets were used
286as input functions in GastroplusTM using the tabulated in vitro disso-
287lution data input function together with the controlled release-dis-
288persed dosage form function (CR-dispersed). The drug release
289profiles were used by the software to calculate the drug concentra-
290tion in each compartment. The human logD absorption model was
291used to estimate the changes in permeability as the drug travels
292along the GI tract. A simulation was performed using the software
293preset ‘‘solution model”, and the profiles were compared with that
294using the dissolution profiles.
295The clinical data used in the simulations provided by the man-
296ufacturer included those for 60 mg tablets for the oral data and
29725 mg for the IV data. Values for the pharmacokinetic inter-com-
298partmental rate constants (k1k2, k2k1, etc.), volume of distribution
299(Vd) and clearance were estimated using the clinical data and the
300PK Plus module in GastroplusTM and were directly imported into
301the pharmacokinetic tab to enable the software to calculate the
302plasma concentration-time curves. In the physiology tab, the de-
303fault values for the transit times were selected. The outputs ob-
304tained include the fraction of oral dose absorbed and the plasma
305concentration-time profile.

3062.11. Statistical analysis

307Regression analysis values were automatically generated by
308GastroplusTM. Values displayed included the regression coefficient
309(r2), the sums of square error (SSE), the root mean square error
310(RMSE), and the mean absolute error (MAE) of prediction . The per-
311cent prediction error (PE) was estimated using the equation given
312below [20]:
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315 3. Results

316 3.1. Solubility studies in different media

317 The drug equilibrium solubility results (Table 1) indicate that
318 etoricoxib has a high solubility in the gastric media at low pH,
319 and that solubility decreases as pH increases. The presence of bile
320 salts and lecithin in biorelevant media does not appear to impact
321 its solubility. The dose/solubility ratio calculated using solubility
322 value at each pH for the three dosage strengths shows that from
323 pH 5.0 and above, etoricoxib exceeds the critical value of 250 mL
324 for all the three strengths and does not meet the BCS class 1
325 definition.

326 3.2. Intrinsic dissolution test

327 X-ray diffraction patterns obtained by compressing etoricoxib
328 pure drug powder at various compression pressures and dwell
329 times were evaluated to select the appropriate parameter to pre-
330 pare compressed samples for intrinsic dissolution measurements.
331 The reduction in the sizes of the peaks with increasing pressure
332 and dwell time indicates loss in crystalline structure or conversion
333 to different polymorphic forms [21]. Yu et al. suggested that high
334 compression forces might induce polymorphic changes as well,
335 which might result into an incorrect measurement [22]. The com-
336 pression pressure of 2000 PSI for 2 min was chosen to prepare the
337 compacts that were used for the intrinsic dissolution test, because
338 it provided a compact whose X-ray diffraction pattern closely
339 matched that of the raw powder (XRDP not shown).
340 The results (Table 2) show the intrinsic dissolution rate (IDR)
341 data from the studies of etoricoxib in four different media. The
342 IDR is highest in the USP-SGF without enzymes, pH 1.2, followed
343 by SGF with 0.25% SLS, pH 2.0 (5.99 and 3.06 mg/min/cm2, respec-
344 tively). The IDRs are 0.026 and 0.023 mg/min/cm2 in FeSSIF, pH 5.0,
345 and FaSSIF, pH 6.5, respectively, which compared with the low pH
346 media are 130-to 260-fold lower.

347 3.3. Dissolution tests results

348 Fig. 2 shows the mean dissolution profile of etoricoxib (60 mg
349 tablets) in the USP Apparatus 2. In all the tests, disintegration
350 was fast and complete in less than 5 min. The dissolution rate
351 is fast in SGF, with complete dissolution in about 5 min, and is
352 slowest in FaSSIF-500 mL compared with FaSSIF-900 mL and
353 SIF-900 mL. At the end of the dissolution test (90 min), the
354 percentages of the drug dissolved in the different media were-
355 SGF-100%, FaSSIF-500 mL, 79.7%; the USP-SIF, 84.7% and FaSSIF-
356 900 mL, 91.6%.

3573.4. Investigating a possible in vivo precipitation under physiological
358conditions

359Fig. 3 shows the mean concentration-time profile of etoricoxib
360when dissolved in simulated gastric fluid and added into 500 mL
361of SIF and FaSSIF at 2.2 ml/min. Another test was done in which
362the drug solution in SGF was added into FaSSIF at a higher flow rate
363of 4.8 ml/min. The final concentration of the drug after transfer
364into FaSSIF and SIF was higher than the solubility of the drug in
365FaSSIF or in SIF by itself, with no precipitation observed within
366two hours. The flow rates were chosen to cover the range of gastric
367emptying rates under fasting conditions that have been suggested
368in the literature [23,24].

3693.5. Cell culture permeability studies

370The caco-2 cell culture permeability results showed that the api-
371cal/basolateral (A/B) transport was 5.23 ! 10"5 cm/s and that the
372basolateral/apical (B/A) transport was 5.07 ! 10"5 cm/s. The per-
373meability directional ratio (PDR), which is the ratio of BA/AB trans-
374port, was estimated to be 0.969. The human jejunum effective

Table 1
Solubility and dose/solubility ratio at 37 #C of the three strengths of etoricoxib in different media.

pH Solubility (mg/mL) Dose (mg)

60 90 120

Dose/solubility ratio

SGF (Without enzymes) 1.2 13.21 ± 1.39 4.5 6.8 9.1
Acetate Buffer 4.1 0.60 ± 0.12 100.0 150.0 200.0
Blank FeSSIF 5.0 0.22 ± 0.04 272.7 409.1 545.5
FeSSIF (with bile salts and lecithin) 5.0 0.28 ± 0.03 214.3 321.4 428.6
Blank FaSSIF 6.5 0.16 ± 0.04 375.0 562.5 750.0
FaSSIF (with bile salts and lecithin) 6.5 0.14 ± 0.03 428.6 642.9 857.1
SIF pH 6.8 6.8 0.14 ± 0.02 428.6 642.9 857.1

Table 2
Intrinsic dissolution rate (IDR) of etoricoxib in different media and pH values.

Medium pH Intrinsic dissolution rate (IDR) (mg/min/cm2)

USP-SGF (without enzymes) 1.2 5.990
SGF-0.25% SLS 2.0 3.060
FeSSIF 5.0 0.026
FaSSIF 6.5 0.023

Fig. 2. Comparison of dissolution profiles in the USP Apparatus 2 (n = 3 and all tests
were performed at 75 RPM.).
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375 permeability (Peff) was estimated using the permeability converter
376 utility in GastroplusTM, using the in vitro caco-2 permeability data.
377 The value obtained was 4.07 ! 10"4 cm/s. The human effective per-
378 meability value estimated using ADMET PredictorTM version. 2.0
379 (Simulations Plus Inc, Lancaster, CA, USA) was 3.5 ! 10"4 cm/s,
380 and is close to the value estimated using the in vitro caco-2 cell cul-
381 ture technique.

382 3.6. Computer simulations using dissolution data

383 Fig. 4 shows the observed and simulated plasma profiles using
384 dissolution data from the USP Apparatus 2 in SGF, FaSSIF-900 mL,
385 the USP-SIF and FaSSIF-500 mL. TheQ3 profile in SGF and FaSSIF-
386 900 mL appears to simulate the in vivo profile better compared
387 with that in SIF and FaSSIF-500 mL. The Cmax (maximum plasma
388 concentration) is lower in profiles simulated using the USP-SIF

389and FaSSIF-500 mL compared to that in profiles simulated using
390FaSSIF-900 mL.
391To investigate whether etoricoxib behaves like an oral solution,
392a set of simulations were performed using the preset software
393model, where the software assumes that all drug is dissolved and
394behaves like a solution. The simulated profile was compared with
395the simulated profile using FaSSIF-900 mL. The simulated profiles
396were similar and superimposable (data not shown) indicating that
397there is no difference between the oral absorption of a tablet and of
398a drug solution.

3993.7. Statistical analysis

400Results from regression analysis to compare the simulated and
401observed profiles are shown in Table 3. The results indicate that
402the best in vitro/in vivo correlations can be established using the
403solution model (r2 = 0.90). Dissolution profiles from SGF and FaS-
404SIF-900 mL as input function provide a similarly good IVIVC
405(r2 = 0.899 and 0.898, respectively). Dissolution profiles from SIF
406and FaSSIF-500 mL provide weak correlations with the in vivo
407profile (r2 = 0.676 and 0.593, respectively). The percent prediction
408error (PE) shown in Table 4 indicates that the SGF and the FaS-
409SIF-900 mL dissolution data predicted both the AUC and Cmax sim-
410ilar to solution, and better than the USP-SIF and FaSSIF-500 mL,
411respectively.

4124. Discussion

4134.1. Solubility studies

414The drug equilibrium solubility of etoricoxib between pH 5.0
415and 6.8 indicates that it does not meet the current FDA criteria
416for high solubility to be classified as class 1 drug. The values
417(0.28 and 0.14 mg/mL) are lower than the required solubility of
4180.48 mg/mL to dissolve the highest dose strength of 120 mg in
419250 mL. These solubility values were obtained using the equilib-
420rium solubility at a constant pH. Increasing the dose volume to
421500 mL as suggested by Yu et al. [13] will not change the classifi-
422cation of etoricoxib. However, at pHs 1.2 and 4.1, the solubility
423of etoricoxib is high enough to completely dissolve the entire high-

Fig. 4. Etoricoxib: comparison of simulated profiles and observed in vivo data
(10 mg tablet) using dissolution data as input function in GastroPlus. The simulated
curves of 0.01 M HCl and 900 mL FaSSIF are superimposable and predict the
observed data well, however, the simulated curves using SIF or 500 mL FaSSIF as
input function show lower Cmax values.

Table 3
Etoricoxib: regression analysis output.

Medium/method Power of prediction values

r2 SSE RMSE MAE

Solution 0.900 0.193 0.101 0.054
FaSSIF-900 mL 0.899 0.195 0.101 0.058
0.01 M HCl 0.898 0.197 0.102 0.054
USP-SIF 0.676 0.613 0.180 0.093
FaSSIF-500 mL 0.593 0.820 0.208 0.114

Table 4
Etoricoxib: percent prediction error (PE) statistics.

Observed values:- AUC = 1.818 ! 104 ng h/mL, Cmax = 1.12 lg/mL

Media AUC (ng h/mL) Cmax (ug/mL) %PE %PE

AUC Cmax

Solution 1.943 ! 104 1.007 "6.88 10.05
0.01 M HCl 1.942 ! 104 0.989 "6.82 11.69
FaSSIF-900 mL 1.941 ! 104 0.990 "6.77 11.59
USP-SIF 1.939 ! 104 0.844 "6.66 24.64
FaSSIF-500 mL 1.937 ! 104 0.806 "6.55 28.04

"ve sign means predicted is > mean observed, and no sign means predicted is <
observed.

Fig. 3. Measured concentrations when a 1 mg/mL solution of etoricoxib in SGF is
transferred into FaSSIF and SIF at 2.2 mL/min and into FaSSIF alone at 4.8 mL/min.
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424 est dose of 120 mg in 250 mL of the media without saturation. The
425 solubility does not take into account the dynamic pH changes in
426 the gastrointestinal tract as present in vivo [15].

427 4.2. Intrinsic dissolution studies

428 The intrinsic dissolution rate (IDR) is a rate phenomenon rather
429 than a measure of equilibrium solubility; therefore it is expected to
430 correlate more closely with the in vivo drug dissolution rather than
431 with equilibrium solubility [22]. As such, Yu et al. proposed that an
432 intrinsic dissolution rate of 0.1 mg/min/cm2 might be used as a
433 class boundary for highly soluble drugs according to the BCS, tak-
434 ing into consideration the dose of the drug [22]. Based on this
435 observation, etoricoxib may be considered as a poorly soluble drug
436 due to the low IDR at high pH values.
437 The lower intrinsic dissolution rate in the two bile salt solutions
438 (FaSSIF, pH 6.5, and FeSSIF, pH 5.0) is most likely due to the higher
439 pH. TheQ6 difference in the intrinsic dissolution rate in SGF-SLS com-
440 pared with that in the USP-SGF could possibly be explained by the
441 presence of micelles in the former. The effective diffusivity of a mi-
442 celle is reduced compared to that of a drug molecule which is smal-
443 ler than a micelle, resulting in a reduced diffusion coefficient, and a
444 slower diffusion from the surface of the dissolving compact into
445 the bulk medium [25] This is in accordance with results reported
446 by Crison et al., who showed a decrease in the effective diffusivity
447 of carbamezepine with increasing concentration of sodium lauryl
448 sulfate [26].

449 4.3. Dissolution studies

450 The observed incomplete drug dissolution in FaSSIF-500 mL,
451 FaSSIF-900 mL and SIF-900 mL might be due to a lack of sink con-
452 ditions. Based on the solubility of etoricoxib of &0.14 mg/mL in
453 these media and pH range, about 1.3 L of dissolution media would
454 be required to provide sink conditions [27]. Complete dissolution
455 in SGF is due to the high solubility of the drug in the medium,
456 and therefore sink conditions existed.

457 4.4. Investigating possible in vivo precipitation under physiological
458 conditions

459 Etoricoxib a weak base has shown a high solubility and dissolu-
460 tion rate in the acidic environment of the stomach. Theoretically it
461 is possible that as it moves down the GI tract and the pH rises, its
462 solubility and dissolution rate decrease and it may precipitate out.
463 Therefore, it was investigated if etoricoxib drug powder dissolved
464 in simulated gastric fluid may precipitate when added to FaSSIF
465 or SIF. No precipitation was, however, observed to occur in FaSSIF
466 or SIF within two hours. This suggests that a higher than expected
467 solubility can be achieved in the small intestine, if the drug under-
468 goes complete dissolution in the stomach and is emptied into the
469 duodenum. Since the concentration in solution is the driving force
470 for passive diffusion absorption [17], it appears that the rate of
471 absorption can be even higher than that predicted from aqueous
472 solubility or media simulating the intestinal conditions.
473 This finding is, however, different from the results reported by
474 Kostewicz et al. [17] where three weakly basic drugs (dipyridam-
475 ole, BIBU 104 XX and BIMT 17 BS) precipitate in solution under
476 fasted state conditions at concentrations corresponding to their
477 usual doses. The three drugs in the report have aqueous solubilities
478 between 0.002 and 0.008 mg/mL, which compared with that of
479 etoricoxib are 17-to 70-fold lower.
480 Precipitation of a supersaturated solution depends on nucle-
481 ation and crystallization. The formation of the initial nuclei de-
482 pends on the relative supersaturation, which is the difference
483 between the actual concentration of the solute before crystalliza-

484tion and its solubility limit. Von Weimarn recognised that stable
485nucleation rarely takes place when the supersaturation is less than
4863 [28]. With a solubility of 0.14 mg/mL in SIF and a concentration
487of &0.2 mg/ml, etoricoxib in SIF has a relative supersaturation of
488only &1.42, which is far below 3. This might be the reason why
489no precipitation did occur. This explains why the concentration
490of etoricoxib in SIF can exceed its equilibrium solubility. The dy-
491namic solubility observed using the pH gradient allows etoricoxib
492to be classified as a class 1 drug.

4934.5. Cell culture permeability studies

494The estimated value for the human effective permeability of
4954.07 ! 10"4 cm/s suggests that etoricoxib is highly permeable.
496Amidon et al. demonstrated that the limit for greater than 90%
497absorption corresponded to a permeability of 2 ! 10"4 cm/s [29].
498The oral bioavailability for etoricoxib is reported to be 100% [3].
499The permeability directional ratio (PDR), which is the ratio of BA/
500AB transport, was estimated to be 0.969. Yazdanian et al. suggested
501that drugs with a PDR ratio between 0.7 and 1.3 do not appear to
502have affinity for cellular efflux pumps [15]. Based on the perme-
503ability value and the observed bioavailability, etoricoxib can be
504considered a BCS class 1 or class 2 drug.

5054.6. Computer simulations

506A comparison of the simulated profiles generated using data
507from 0.01 M hydrochloric acid, FaSSIF-900 mL and the software
508pre-defined solution model indicates that when taken as a tablet,
509etoricoxib is absorbed similar to a solution. This is due to its rapid
510dissolution in the gastric compartment. Any drug entering the
511small intestine is dissolved and stays in solution.
512Since the effective permeability of etoricoxib (4.07 ! 10"4 cm/s)
513is considered high, it appears that the dissolved drug is readily ab-
514sorbed from the upper parts of the GI tract. Its bioavailability
515therefore seems to be regulated by the gastric emptying rate. This
516behaviour is similar to that of BCS class 1 drugs, which are highly
517soluble and highly permeable, and their bioavailability therefore is
518dependent on the gastric emptying rate [29].
519The percent prediction error (PE) statistics shows that all four
520dissolution profiles over-predicted the AUC to a similar extent
521(6.8%, 6.7%, 6.6% and 6.5%), indicating that the extent of absorption
522is not affected by the dissolution rate in the four media. This might
523also be an indication of borderline behaviour, since Galia et al. had
524demonstrated that the behaviour of BCS class 1 drugs is not af-
525fected by the choice of dissolution media. The FaSSIF-500 mL and
526the USP-SIF under-predicted Cmax to an extent greater than the
5270.01 M HCl and the FaSSIF-900 mL (24% and 28% compared with
52811.7% and 11.6%). This suggests that the USP-SIF may not be the
529best choice of media, while using FaSSIF at 500 mL may not be
530the right choice of volume, for in vitro testing of etoricoxib, to
531establish IVIVC. When simulated as an oral solution, the prediction
532error statistics are similar to the 0.01 M HCl and FaSSIF-900 mL
533dissolution.

5344.7. BCS classification

535Following the strict definition of the BCS, etoricoxib may only fit
536into BCS class 2. Our results indicate that the pH-dependent solu-
537bility may not result in in vivo precipitation of the drug as it moves
538down the gastrointestinal tract. The scientific criterion for a drug to
539be classified as intermediate class 1/2 drug is that the relevant
540in vivo solubility in the small intestine can dissolve the highest
541dose rather than the solubility between pH 1.2 and 6.8
542[13,15,30]. The data from our transfer model support a classifica-
543tion into the intermediate solubility class 1/2 since the entire drug
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544 dose of etoricoxib stays in solution at higher pH values after it is
545 dissolved at a low pH. Furthermore, our computer simulations
546 show that there is no difference in the drug plasma concentrations
547 if the simulation is performed as solution or if the actual dissolu-
548 tion data are used for the simulation. The in vitro and in silico find-
549 ings indicate that this drug behaves like a BCS class 1 drug, which is
550 supported by its in vivo fast and complete absorption [3].

551 4.8. Biowaivers

552 Under certain circumstances Biowaivers can be requested to
553 demonstrate bioequivalence between two drug formulations. Cur-
554 rently, Biowaivers are only granted for BCS class 1 drugs [11],
555 which are formulated as immediate release dosage forms, or for
556 minor formulation changes under SUPAC [31], or if an IVIVC was
557 established for extended release dosage forms [20]. However, as
558 mentioned earlier there are scientific discussions to extend Biowai-
559 vers to class 3 and intermediate class 1/2 drugs. The fortieth report
560 of the WHO expert committee on specifications for Pharmaceutical
561 preparations states that Biowaivers could be extended to BCS class
562 3 drugs if the product dissolves very rapidly (85% <15 min) and to
563 BCS class 2 weak acids if the API has a dose: solubility ratio of
564 250 ml or less at pH 6.8 and has rapid dissolution (85% <30 min)
565 [32]. Our results show that weak bases such as etoricoxib, which
566 dissolve in the acetic environment of the stomach and stay super-
567 saturated in solution in the small intestine, might also be candi-
568 dates for Biowaivers.

569 4.9. Conclusions

570 The Caco-2 cell culture permeability results indicate that etoric-
571 oxib is highly permeable, and pharmacokinetic studies show that
572 100% bioavailability is obtained when the drug is administered or-
573 ally as a tablet. Experiments using the in vitro transfer model
574 showed that if the entire dose of etoricoxib is dissolved in the gas-
575 tric media and added to FaSSIF or SIF, a higher concentration and
576 hence higher solubility can be achieved under such simulated
577 intestinal conditions. Computer simulations using a solution model
578 were similar to simulations using tablet dissolution data from
579 0.01 M HCl and biorelevant media. The simulations show that dis-
580 solution behaviour similar to that in FaSSIF is at least needed to be
581 bioequivalent, and any profile with lower release rates might im-
582 pact on the in vivo pharmacokinetic profile.
583 ConsideringQ4 the pH gradient in the GI tract, the in vitro and
584 in vivo behaviours of etoricoxib is similar to those of a BCS class
585 1 drug. From this perspective, etoricoxib can be considered highly
586 soluble, since its highest dose does not precipitate when trans-
587 ferred from the stomach into the small intestine. The properties
588 of etoricoxib as studied in the media transfer model show that it
589 behaves like a BCS class 1 drug. In view of its therapeutic use, its
590 wide therapeutic index and simple pharmacokinetic properties, a
591 biowaiver for immediate release etoricoxib solid oral drug prod-
592 ucts can be scientifically justified.
593 For that in vitro bioequivalence test, the WHO requirements can
594 be applied: the release profiles of the test product and its compar-
595 ator have to show similarity in media having pHs 1.2, 4.5 and 6.8

Q5596 using the f2 factor analysis with a critical value of at least 50. Very
597 rapidly dissolving drugs are considered similar. Also, the WHO
598 requirements with respect to the excipients present in the test
599 product need to be taken into account.
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