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Abstract. The objective of this study was to develop a novel open-mode two-compartment
system dissolution apparatus to simulate the dissolution and absorption of poorly soluble
drugs and to establish an in vitro-in vivo correlation (IVIVC). Celecoxib (CEB) was selected
as a model drug, and in vitro dissolution was performed using the novel dissolution apparatus
with acetate buffers at pH 4.5 containing Tween 80 (0.15%, w/v), at a flow rate of 30 mL/min
and an agitation rate of 50 rpm. Cumulative release of all formulations was incomplete at
approximately 70-80%, which likely reflected in vivo dissolution. Corresponding pharmaco-
kinetic studies were performed in which twelve healthy male subjects from two bioequiva-
lence studies received either one immediate release (IR) dose of the test (test 1 or test 2) or
the reference formulation (Celebrex®, 200 mg). Individual plasma profiles of the
formulations were deconvoluted via the Wanger-Nelson method to obtain the mean
absorption fractions. A level A correlation was successfully developed with a good R% The
Weibull equation was used to describe the in vitro dissolution and in vivo absorption kinetics.
In vitro dissolution correlated with in vivo absorption was applied successfully to predict the
in vivo plasma concentrations-time profiles of the CEB formulations. Compared with
conventional methods, the novel dissolution device showed great potential for discriminating
the dissolution between formulations and generic drugs, which may provide a tool for making
in vivo predictions for next bioequivalence trials.
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function.

INTRODUCTION

In recent years, the concept and applications of the in
vitro-in vivo correlation (IVIVC) for oral drugs in solid forms
have raised concerns in the pharmaceutical industry, acade-
mia, and regulatory departments (1,2). According to the Food
and Drug Administration (FDA), IVIVC describes the
mathematical model that allows in vitro drug characteristics
to conform to its in vivo biological characteristics, for
instance, from in vitro drug release to the relevant in vivo
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response such as plasma drug concentration or drug absorp-
tion (3). When an IVIVC is established, the in vitro dissolu-
tion value can provide a key link to predict in vivo drug
characteristics and serving as a surrogate for in vivo bio-
equivalence (BE) studies, potentially supporting a biowaiver,
which could save cost and time in clinical trials (4-06).

In vivo dissolution is the process of drug dissolution in
the gastrointestinal tract (7). For Biopharmaceutics
Classification System (BCS) Class II drugs with poor water
solubility and high permeability, dissolution is the rate-
limiting step for absorption, which is probable to establish
an IVIVC (8).

Ideally, in vitro tests should closely simulate the rate-
limiting step for in vivo drug release. Dissolution conditions
primarily simulate the gastrointestinal environment, including
the pH value, enzymes, surface tension, gastric fluid volume,
and temperature. Although the gastrointestinal environment
is simulated by choosing different dissolution devices and
media for in vitro dissolution tests, conventional dissolution
testing methods often exhibit poor predictive ability for
in vivo performance. For example, the basket, paddle, and
reciprocating cylinder apparatus described in the United
States Pharmacopeia (USP) are the most frequent dissolution
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methods (9,10). However, these dissolution devices have
some shortcomings. One is that the basket and paddle
apparatuses are a one-compartment, closed dissolution sys-
tem which cannot simulate the continuous dynamic charac-
teristics in vivo and lack absorptive sink conditions (11).
Moreover, the basket/paddle methods are still widely used to
investigate drug release and solubility except for absorbability
under a defined solvent volume and high-level surfactants
conditions (for poorly water-soluble drugs). These methods
deviate from in vivo conditions and conceal the dissolution
differentiation between pharmaceutical preparations (12).
Thus, the in vitro dissolution tests cannot truly reflect the
actual dissolution behavior in vivo and often fail to predict
drug absorbability (13). Conventional dissolution tests have
remained unable to meet this need primarily because of the
lack of a biological correlation. Artificial stomach-duodenum
models (14), dissolution-permeation models (15), and bi-
phasic dissolution model have been proposed. In particular,
biphasic dissolution systems consisted of an aqueous buffer
and a water-insoluble organic solvent attract many interests.
Shi et al. applied a biphasic dissolution system to examine
release profiles of celecoxib formulations (a Celebrex®
capsule, a drug solution containing surfactant and a self-
emulsifying drug delivery system) (16). However, the use of
an organic solvent and lack of a physical barrier between the
two phases limits its applicability (17). Studies that examine
that ability to discriminate differences within the same dosage
forms are lacking.

Herein, considering the theory of drug dissolution and
drug absorption, combined with the characteristics of
biopharmaceutics, a novel open-mode two-compartment
system dissolution apparatus was developed to reflect drug
dissolution or absorption in vivo by controlling the dissolution
in vitro. The novel device had two major advantages
compared with single aqueous phase systems. First, two-
compartment device consists of the donor compartment and
the acceptor compartment, which can maintain absorptive
sink conditions in the absence of high-level surfactants,
because the dissolved drugs are continuously removed. This
enabled reducing accumulation of dissolved drugs found in
the single aqueous phase system. Second, two-compartment
device enables using multiple media, including a pH shift and
the different surfactant concentrations during the same
experiments to simulate the real dissolution conditions and
in vivo performance in the gastrointestinal tract. This
provides a unique application advantages in establishing an
IVIVC of drugs. Different dissolution media could be
changed at different time intervals using a solvent selector
from the media reservoir. For example, dissolution media
could be started at acidic conditions (pH 1.2) and shifted to
more basic pH values to simulate the gastric dissolution
followed by intestinal dissolution and absorption. In
addition, the device has an agitation function to reduce
the adhesion of insoluble drugs with high amounts of
active pharmaceutical ingredients compared with the flow-
through cell method in the presence of vertical media flow
shear stress and the absence of transversal shearing force.
The large cross-sectional filtration area enables removing
insoluble or sticky drugs or excipient granules that
blocked the filter and created backpressure into the flow-
through cell (18).
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Celecoxib (CEB, trade name Celebrex®), a selective
cyclooxygenase 2 (COX-2) inhibitor, has a good effect on
treatment of osteoarthritis, rheumatoid arthritis, and acute
pain (16), which was selected as a model drug. CEB is weakly
acidic with a pKa of 11.1 (19), and is also characterized as a
BCS class II drug owing to its low aqueous solubility (~ 5 pg/
mL in water) and good permeability with a LogP of 3.5
(20,21). In this context, the purpose of this study was to
develop an IVIVC using an open-mode two-compartment
device for three celecoxib oral immediate-release (IR)
formulations, including the reference product (Celebrex®),
and two generic formulations (test 1 and test 2). A novel
dissolution method combining BE studies was used to
establish a good IVIVC with a discriminative dissolution
method in vitro.

MATERIALS AND METHODS

Materials

Tween 80, sodium lauryl sulfate (SDS), sodium acetate,
acetic acid, and sodium phosphate were purchased from Sin
Pharm Chemical Reagent Co., Ltd. (Shanghai, China). Capsules
for test 1 and test 2 were provided by two pharmaceutical
companies. Commercial celecoxib capsules (Celebrex®, speci-
fications: 200 mg, Pfizer, USA) were purchased from a
pharmacy. The formulation was composed of croscarmellose
sodium, edible inks, gelatin, lactose monohydrate, magnesium
stearate, povidone, and sodium lauryl sulfate. The content of
SDS in test 1 and test 2 was different.

Acetonitrile and other chemicals used met ACS reagent
or USP/NF specifications. Ultrapure water from a laboratory
water purification system (Hitech Instruments Co., Ltd.,
Shanghai, China) was used in all experimental procedures.

In vitro Dissolution

Device Description and Procedure

The core of the novel dissolution apparatus provided an
open-mode two-compartment system. The five parts of device
were the liquid delivery system, donor compartment, acceptor
compartment, sample collection system, and temperature
control system, which were assembled into an integrated
apparatus through the shell structure (Fig. 1). For the two-
compartment system, the donor compartment was an inner
chamber, porous, 125-mL cup (3.5 cm in diameter and 10 cm
in height) wrapped with a 0.45-um filter membrane. The
acceptor compartment was an outer chamber 250-mL cup.
The donor compartment was placed into the acceptor
compartment with a 1l-cm dimension of gap and was
connected via the 1200-mesh (11 pm) permeation holes. The
medium volume of the new device ranged from 100 to
250 mL (the two-compartment total volume was 250 mL with
a 1:1 ratio, half of the outer cup would diffuse into the inner
cup). Less solvent volumes satisfied formulations with low
amounts of active pharmaceutical ingredients. This was
similar to the actual liquid volume of the gastrointestinal
tract (22,23), and mimicked the sink conditions of the
gastrointestinal tract containing surfactants such as bile salts
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(16). Moreover, there was a dual filtration system between
the donor and acceptor compartment. The primary filtration
was displayed via an inner porous cup with 1200-mesh pore
size and the externally wrapped with cellulose esters filter
membrane served as a dual filtration function. Thus, the large
filtration area resolved the problem of pipeline blockage (24).
The rotating basket was used as a dosage form holder to
provide mechanical agitation. The device operation proce-
dure was as follows. The media inlet was connected to the
media storage bottle and delivered into the donor compart-
ment at a determined flow rate using a high-precision liquid
inlet pump (Baoding Shenchen Precision Pump Co., Ltd.,
China). Meanwhile, the media and dissolved drug diffused
from the donor compartment to the acceptor compartment
were filtered thoroughly and was removed via the sampling
needle. The flow rate varied from 0.5-50 mL/min through the
main path of liquid discharge to the three-way valve, which
separated two discharge branches and connected to the
sample collector or the waste collection bottle to compose
the dissolution-absorption process.

Dissolution Tests Using the Two-Compartment System Device

Dissolution assays in the novel apparatus were per-
formed in acetate buffers at pH 4.5 containing Tween 80
(0.15% W/V) and the temperature was maintained at 37.0 +
0.5°C. The solution flow rate was 30 mL/min, the dissolution
volume was 150 mL, and the basket stirring speed was fixed
at 50 rpm. Samples (2 mL) were collected from the acceptor
compartment at regular time intervals (5, 10, 15, 20, 25, 30,
35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 120, and 150 min).
Celecoxib was detected using the high-performance liquid
chromatography (HPLC) on a TC-C18 column (5 pum, 4.6 x
150 mm, Agilent, USA) at 30°C. The mobile phase consisted
of acetonitrile and water (55:45, v/v) with the flow rate at
1.0 mL/min. The injection volume was 10 pL and the
detection wavelength was set at 254 nm. At least six capsules
were tested per run.

Single-Phase Dissolution Tests Under Sink Conditions
and Non-sink Conditions

Single-phase dissolution tests were performed under sink
conditions and non-sink conditions to compare them with the
novel methods. Per the US pharmacopeia, dissolution tests
under sink conditions were carried out using the USP
apparatus II (paddles) method (1000 mL, 0.04 mol/L
tribasic sodium phosphate solution at pH 12 containing
1.0% SDS, at 50 rpm). Dissolution tests under non-sink
conditions were performed using paddle methods
(1000 mL acetate buffer at pH 4.5 containing 0.15%
Tween 80 with a stirring speed of 50 rpm). Dissolution
media was deaerated and maintained at 37 +0.5°C. An
aliquot of solution was withdrawn and replaced by an
equal volume of fresh medium at the designated times
and immediately filtered through a 0.45-pm syringe filter
to remove undissolved microparticles. The analytical
methods were followed as described above, and the
experiments were performed in triplicate.
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Experiment Design

Two open-label BE studies were conducted, which were
balanced with two treatments, crossover, single-dose, and a 1-
week washout period in twelve healthy subjects. Each study
included two formulations: one reference and one of either
the test 1 or test 2 formulations. The Chinese Food and Drug
Administration (CFDA) and the Institutional Research
Ethics Committee of Central South University approved all
study protocols. Each participant’s sequence was assigned
using a computerized random-list generator. Twelve healthy
male subjects were administered a single oral dose of the test
formulation (test 1 or test 2; 200 mg) and the reference
formulation (Celebrex®) under fasted conditions with
240 mL of water in each BE study. Blood samples of 4 mL
were collected at 0, 0.5, 1, 1.5, 2, 2.5, 2.75, 3, 3.25, 3.5, 4, 5, 6,
8, 10, 14, 24, and 48 h into heparinized-sodium tubes after
dosing. Plasma was separated by centrifugation at 3000 rpm
for 10 min and frozen at —20°C until analysis.

Analytical Conditions

Samples from all subjects who received study 1 or study 2
treatment were analyzed. The validated method was used to
quantify the plasma concentrations of CEB using HPLC with
tandem mass spectrometry methods. Protein was precipitated
from the sample extractions by adding acetonitrile, then
vortexed for 5 min and centrifuged at 15700xg for 10 min.
The supernatants were collected and then detected using a
C18 (4.6 x50 mm, 3.5 pm) column (Waters Corp., Milford,
MA, USA) maintained at 25°C, with a 5-uL injection volume.
A mobile-phase system consisting of 0.1% v/v formic acid in
water (component A) and acetonitrile (component B)
delivered at a flow rate of 0.6 mL min * was used to elute
the CEB and CEB d, (used as internal standards) via the
following step-gradient program. The mobile phase was
maintained at 45% B for 0.3 min, then gradually increased
to 98% B over 3.0 min, maintained for 1.0 more minute and
brought back to 45% B at 4.1 min, followed by re-
equilibration until reaching 5.0 min to the next injection.
The negative ions of CEB analytes and CEB d4-IS produced
by electrospray ion source were measured in multiple
reaction-monitoring (MRM) mode with transitions of m/z
380.0 > 276.1 and 384.3 —279.3 for CEB and CEB d-IS,
respectively.

Pharmacokinetic and Statistical Analysis

Pharmacokinetic parameters were calculated using
WinNonlin, V.6.1.00 (Pharsight Co., Ltd., USA) based on
non-compartmental analysis. Pharmacokinetic parameters
such as the area under the plasma concentration versus time
curve from time 0 to infinity (AUC,._,) and the area under the
plasma concentration versus time curve from time 0 to 48 h
(AUC 4s1) were calculated using the linear trapezoidal rule.
The maximum plasma concentration (Cp,.x) and the time at
which C,,,« was reached (Ty.x) were determined from the
individual plasma concentration curves. The pharmacokinetic
parameters were analyzed via analysis of variance (ANOVA)
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Fig. 1. Schematic diagram of an open-mode two-compartment system dissolution device. 1. Thermostatic waterbath; 2.
Media storage bottle; 3. Media pipeline; 4. Infusion control valves; 5. Media selector; 6. High-precision liquid inlet pump; 7.
Intake pipe; 8. Acceptor compartment; 9. Donor compartment; 10. Basket; 11. Drug; 12. Sampling needle; 13. High-
precision liquid outlet pump; 14. Output pipe; 15. Three-way valve; 16. Sampling control valve; 17. Sample collecting tube;

18. Waste collection bottle

to test the significance among individuals, preparations, and
cycles using statistical program for social sciences 21.0
software (SPSS, INC., Chicago, IL, USA). The BE for two
formulations was assessed via ANOVA for crossover design,
and the 90% confidence intervals (CIs) of the test/reference
ratio were calculated using log-transformed data.

In vitro and In vivo Correlation

To develop the IVIVC with three formulations of
different release profiles, the data from both BE studies were
combined. Oral CEB plasma profiles were well described
with a one-compartment model using the PK module of
WinNonlin, V.6.1 (Pharsight Co., Ltd., USA). Without
intravenous data, each individual profile was deconvolved to
obtain the individual oral fractions via the Wagner-Nelson
method (25), based on a one-compartment model with first-
order elimination, using the following equation:

% Absorbed = A(/Afina = [C/Ke + (AUC),|
% 100/ (AUC) iy 1)

where A, and Agpa are the cumulative amounts of the drug
absorbed at time (t) and at the final sampling time point. C; is
the plasma concentration at time (t); K is the elimination
rate constant; (AUC), and (AUC)g,, are the area under the
curve from t=0 to the time, t, and to the final time. Mean
in vivo absorbed fractions (Fa, mean) profiles were estimated
from the averaged individual in vivo absorbed fractions. The
absorption rate constant (Ka) was obtained from the least
square fitted log-linear plot of the unabsorbed fraction versus
time (7).

Level A IVIVC was obtained by linear regression
between the dissolution fractions (Fg;s, mean) and absorption
fractions (Fa, mean). Mean in vivo absorbed fractions with
high coefficient of variation (CV%) and individual in vitro
dissolution fractions obtained from the new dissolution
apparatus were processed using several mathematical models
including the zero-order, first-order, Higuchi, and Weibull

models. The curves were fitted in Microsoft Excel®
(Redmond, WA) with DDSolver, V.1.0 adding (26).
Independent measured ¢ test was used to analyze the
differences between the mean values of the optimization
model in vitro.

The simulated plasma profiles in vivo were derived from
in vitro dissolution data using a deconvolution method in
which the dissolved fractions (Fgs, mean) were used to
obtain the corresponding absorbed fractions (Fa, mean) from
the established IVIVC (4,27). The concentrations at each
time point were obtained using the equation (28):

c= —if(kF }flg)) x (elH0—eh) 2)

where K, is absorption rate constant calculated from the
mean fraction of the absorbed dose, F is the bioavailability,
X is the dosage, k is terminal elimination rate constant, and
V is the apparent distribution volume. Predicted profiles were
used to obtain the predicted AUC,.,, and C,.. Internal
predictability was calculated using Eq. (3) (29,30), and FDA
and EMA guidelines validate the IVIVC when the mean
prediction error (%PE) in AUC and C,,,x is less than 15%
for each individual formulation, and 10% for the mean of all
formulations.

Predicted errors (% PE)

_ (Observed parameter—Predicted parameter) % 100 (3)
- Observed parameter

RESULTS

In vitro Dissolution

Raw dissolution data obtained from an open-mode
dissolution system were a noncumulative-form, and
Simpson’s rules were used for numerical integration (31).
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Fig. 2. a Accumulative dissolution profiles of CEB formulations (reference product, test 1, and test 2 formulations)
using the novel dissolution device in the condition of standard buffers at pH 4.5 containing 0.15% Tween 80, and
flow rate of 30 mL/min. b Dissolution differential profiles of CEB formulations (reference product, test 1, and test 2
formulations) using the novel dissolution device in the condition of standard buffers at pH 4.5 containing 0.15%TW

80, flow rate of 30 mL/min. (n =6, mean + SD)

Average accumulated dissolved fractions versus time of three
formulations were obtained via the new open-mode two-
compartment system dissolution apparatus and are depicted
in Fig. 2a. Cumulative release of the reference formulations
reached 82% at 2.5 h, whereas test 1 and test 2 were 8-13%
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Fig. 3. a Dissolution profiles of the CEB formulations (reference
product, test 1, and test 2 formulations) under sink conditions
(1000 mL tribasic sodium phosphate solution at pH 12 containing
1.0% SDS with a stirring speed of 50 rpm. b Dissolution profiles of
the CEB formulations (reference product, test 1, and test 2
formulations) under non-sink conditions (1000 mL acetate buffer at
pH 4.5 containing 0.15% Tween 80 with a stirring speed of 50 rpm.
(n=3, mean + SD)

lower than the reference formulations in the condition of pH
4.5 containing 0.15% Tween 80, flow rate of 30 mL/min, and
agitation rate of 50 rpm. Furthermore, the differential curve
showed that the dissolution rates for all formulations were
coincident and plateaued at 30 min, then declined from 60 to
150 min, with each formulation exhibiting a different decreas-
ing tendency (Fig. 2b).

Figure 3a presents the dissolution profiles under sink
conditions obtained from the USP II apparatus. CEB almost
instantaneously dissolved more than 70% of the dissolution
after 30 min. Drug release under non-sink conditions only
reached approximately 35% and reached the plateau phase
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Fig. 4. Mean plasma concentration vs. time profiles for both BE studies.
a Study 1 following a single dose of reference 1, test 1. b Study 2 following
a single dose of reference 2, test 2. (n =12, mean + SD)
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Table I. In vivo Bioequivalence Results of Study 1 and Study 2. CI: Confidence Interval, BE (Bioequivalent), NBE (Non-bioequivalent), Geo Mean
(Geometric Mean), Geo SD (Geometric Standard Deviation). Each Value Is the Mean + SD of Twelve Experiments

Parameter  Ref geo mean Geo SD  Test geo mean  Geo SD  Geo mean test/ref ration (90%CI)  Equivalence test
Studyl”  Cmax 628.87 1.63 547.12 1.36 87.00 (68.54 to 110.43) NBE

AUCy, 7344.16 1.44 6871.94 1.31 93.57 (82.20 to 106.52) BE

AUCO-0 7625.6 1.46 7602.00 1.43 99.69 (89.80 to 110.67) BE
Study2®  Cmax 594.75 1.69 569.12 1.47 95.69 (75.56 to 120.87) NBE

AUCO-t 6387.55 1.43 6712.15 1.37 105.08 (93.87 to 117.63) BE

AUC0-0 6678.11 1.41 7152.06 1.46 107.10 (97.05 to 118.18) BE

@ Stands study 1 included reference 1 and test 1 formulations; ® Stands study 2 included reference 2 and test 2

within 15 min (Fig. 3b). According to FDA and EMA, the
similarity factor (f2) was between 50 and 100 to ensure
sameness of the two dissolution profiles (23,32). Dissolution
profiles of test 1 and test 2 under sink conditions were
compared with the reference, and 2 similarity factor was 69
and 65. The extent of dissolution under non-sink conditions
was too low to be evaluated by f2.

n -0.5
2 = 50 « Log{ {1 +% > (Rt—Tt)z} x 100} (4)
t—1

where n is the number of time points, and Rt and Tt are the
dissolution value of the reference and test formulation at time
t.

In vivo Study

Figure 4 shows the average plasma concentration-time
profiles of the reference and the test formulations from both
BE studies. Table I presents the BE test results for the mean
pharmacokinetic parameters of each in vivo BE studies. In
study 1, the pharmacokinetic end points (Cpax, AUCq, and
AUC,.,,) were determined via bilateral and unilateral ¢ tests.
The geometric mean of the test 1/reference 1 ratio yielded the
following: 90% confidence interval (CI) of Cp.x (68.54% to
110.43%), AUCy 45 (82.20% to 106.52%) AUCy., (89.90%
to 110.69%). AUCy4s and AUC,.,, were contained entirely
within the predefined 80.0% to 125.0 0% lower and upper
limits; for Cpay, 90% CI was outside the acceptance limits

1204
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Fig. 5. In vivo absorption profiles (oral fraction absorbed [Fabs]
versus time) of the CEB formulations (reference, test 1 and test 2)
obtained by Wanger-Nelson deconvolution. (n =12, mean + SD)

-~ Reference -=-

(80%-125%). In study 2, the geometric mean test 2/reference
2 ratio 90% CI for Cyax (75.76% to 120.87%), AUC 45
(93.87% to 117.69%), AUCy. (97.05% to 118.18%) was
observed. The extrapolated C,,,x was 4.24%, with a lower
boundary of the 90% CI of C,,,x outside the acceptance limit
(80%). Variance analysis showed that the main pharmacoki-
netic parameters, including LnCp,,x, LnAUCy, LnAUC,_,,
Ty, CI/F, Vz/F, and MRT, did not differ among subjects and
preparations. Thus, according to the FDA, 90% CI was not
inside the acceptance limits (80%-125%), and test 1 and test
2 were not considered bioequivalent to the reference
Celebrex®. The degree of absorption was the same, but the
absorption rates differed.

In vitro and In vivo Correlation

The absorption curve, which was calculated via the
Wagner-Nelson deconvolution method, displayed completely
absorption within 2.5 h for the reference and test 1
preparations, whereas test 2 was absorbed completely within
3 h (Fig. 5). In the first 2 h, the extent of absorption of test 1
and test 2 was higher than that of the reference preparation,
then slowed compared with the reference preparation, and
the final absorption extents were somewhat consistent over
the different time periods.

The level A IVIVC presented a linear correlation
between in vitro release and in vivo absorption (Fig. 6). The
equation and linear regression coefficient were F,ps = 1.26F 4;s-
721, R? =0.985 (p <0.01) for the reference formulation,
Faps = 1.02Fy; +20.87, R? =0.994 (p <0.001) for the test 1
formulation, and F,ps = 0.98F ;s +13.87, R> =0.987 (p <0.01)
for the test 2 formulation.

100+

Y2=1.02*X+20.87
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Y3=0.98*X+13.87

X
> R?=0.987
8
w40 Y1=1.26*X-7.21
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Fdiss %
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Fig. 6. Level A in vitro-in vivo correlation
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Table II. The Relevance Between Absorption Rate Constant (K, ), Dissolution Rate Constant (Kgiss) Inn vivo, and Cpax

Formulation K. (h) Kaiss (b1 Ka. mean (h71) Chnax (ng/mL)

Reference 1¢ 0.11 + 0.04 1.57 £ 0.25 1.40 699.71 + 340.52
Reference 2° 0.11 + 0.04 1.57 + 0.25 1.40 665.31 + 301.15
Test 1° 0.12 + 0.06 0.86 + 0.16*'% 1.01 571.70 £ 177.41
Test 2° 0.14 + 0.07 0.79 = 0.08"™ 0.70 608.96 + 231.84

“ Stands study 1; * Stands study 2. P < 0.01: significantly different from the reference formulation. K, is elimination rate constant

Table II shows the absorption rate constant (K,)
obtained from the mean in vivo absorbed fractions (Fa,
mean) and dissolution rate constant (Kg;ss) in vivo calculated
by the dissolution in vitro. The fractions dissolved in vivo
were estimated from the experimental fractions dissolved
in vitro through the IVIVC relationship, then, Ky was
calculated from the undissolved fraction of the drug. Least
square fitted log-linear plot of unabsorbed fraction versus
time was Y =1.40*X+0.69 (R? =0.8901) for the reference
formulation, ¥ =1.01*X +4.65 (R* =0.9886) for the test 1
formulation, and Y = 0.70%X + 4.49 (R? = 0.9748) for the test 2
formulation. Ky and K, reflect the dissolution rate and
absorption rate in vivo, which influenced Cp,x in the
pharmacokinetic study.

Tables III and IV summarize the results of the fitted
model of the dissolution and absorption profiles, including the
parameters. The optimization model was determined by
Akaike’s information criterion (AIC) (33) and the determi-
nation coefficient (R?) which represents the goodness of fit,
indicating the closeness of the model for fitting the dissolution
and absorption process. Dissolution kinetics of the reference
and all test formulations failed to meet the Higuchi model
(R? <0.9, AIC >142). The Weibull and first-order models
well described the dissolution process in vitro, but Weibull
was better (R? >0.99) with minimum AIC. The absorption
kinetics of the reference preparation conformed to the zero-
order rate model, with parameters, ko =0.732% /min, R? =
0.9967, and AIC=16.14. For the test 1 and test 2
preparations, according to AIC value, the absorption
kinetics coincided with the Weibull model with o =112.11,

54.27, p=1.16, 0.93, and the first-order model with
k1 =0.017 min"', 0.013 min""

Table V summarizes the internal validations. Prediction
error percentages (PE%) of Cy,,x and AUC were obtained by
comparing with the observed and predicted values. Figure 7
shows the observed and predicted plasma profiles.

DISSCUSSION

CEB is a BCS II drug with dissolution being its limiting
factor for absorption in vivo, making it a good candidate for
developing an IVIVC. Dissolution profiles under non-sink
conditions were almost superimposable and the release
amount was lower than that of the novel device method.
Owing to the lack of an open-loop configuration, which can
achieve the absorptive sink condition by increasing the
dissolution media volume, a low level of drug release was
observed. Dissolution plateaued at 15 min and there was no
in vitro-in vivo correlation with real dissolution in vivo. Under
the sink conditions, the dissolution profiles of the formulation
were similar in tribasic sodium phosphate solution with 1.0%
SDS, which is recommended by the FDA, because CEB is
insoluble at a physiological pH value (3.2 mg/L at pH 4.5).
However, this method significantly deviates from biological
conditions (34), and using high-level surfactants would lead to
the indistinguishable dissolution behaviors (35). No discrim-
ination was observed between formulations under either non-
sink conditions or sink conditions. A conventional one-
compartment, closed-environment dissolution setup has lim-
itations to develop a discriminative method and establish

Table III. Release Kinetic /n vitro Parameters as well as Correlation Coefficients and Akaike’s Information Criterion of Each Equation for

Celecoxib
Equation Formulations Parameter R? AIC
Zero-order F =k0*t Reference K0=0.65+0.01 0.9687 117.670
Test 1 K0=0.58+0.03 0.9692 110.840
Test 2 K0=0.59+0.03 0.9142 132.370
First-order F =100*[1-Exp(—k1*t)] Reference 0.01 +£0.0003 0.9579 122.884
Test 1 0.01+0.001 0.9670 112.689
Test 2 0.01+0.001 0.9651 115.358
Higuchi F =kH*t"0.5 Reference kH=5.92+0.12 0.8384 148.900
Test 1 kH=528+0.31 0.8343 143.540
Test 2 kH =5.49+0.25 0.8538 142.640
Weibul F =100*{1-Exp[—(t"p)/a]} Reference a=561.54+172.72 p=1.40+0.08 0.9973 70.030
Test 1 a=445.65+112.41 p=130+0.07* 0.9946 78.330
Test 2 a=224.19 +39.16* B =1.16 +0.05* 0.9751 110.560

Each value is the mean + SD of six experiments.” P < 0.05: significantly different from the reference formulation
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Table IV. Absorption Kinetic /n vivo Parameters as well as Correlation Coefficients and Akaike’s Information Criterion of Each Equation for

Celecoxib
Equation Formulations Parameter R? AIC
Zero-order F =k0%t Reference K0=0.73 0.9967 16.14
Test 1 K0=0.75 0.8627 42.96
Test 2 K0=0.66 0.8260 42.80
First-order F =100*[1-Exp(-k1%*t)] Reference K1=0.013 0.8874 43.31
Test 1 K1=0.017 0.9931 25.02
Test 2 K1=0.013 0.9897 25.81
Higuchi F=kH*t"0.5 Reference kH=7.52 0.8748 36.95
Test 1 kH =8.01 0.9895 27.51
Test 2 kH=7.07 0.9812 29.45
Weibul F =100%{1-Exp[—(t"p)/a]} Reference o =5239.64 p=1.95 0.9705 37.26
Test 1 a=112.11 p=1.16 0.9972 21.66
Test 2 a=5427 £=093 0.9912 2691

IVIVC because of the lack of biorelevance (17). Open-loop
configurations enable increasing analyte dissolution without
high-level surfactants or other solvents in the dissolution
media (36). The characteristic of open-loop system is to
mimic the gastrointestinal tract by continuously extracting
drug from the acceptor vessel and thus is analogous to the
dissolution-absorption dynamic process.

In the new open-mode two-compartment system disso-
lution device, the time for investigating dissolution behavior
was extended to 2.5 h, which was consistent with the time
needed to reach the maximum fraction of the absorbed dose
of CEB (37). Importantly, the differential curves were
obtained to determine the changes in dissolution rate. The
differential curves showed that the dissolution rates between
all formulations were coincident for 30 min because the
capsules disintegrated slowly with low rotational speeds and a
small solvent volume. Once dissolution rates plateaued at
30 min, the decreasing dissolution rates in test 1 and test 2
were faster than that of the reference. Consequently, the
cumulative dissolution was less than that of the reference
(Fig. 2a) because the SDS content in the test and reference
formulations differed. Figure 2a indicates an incomplete
cumulative release at approximately 70-80% for all formula-
tions under the selected conditions, which likely reflected
in vivo dissolution and limited CEB absorption because the
extent of dissolution in vitro was limited by the solubility and
the fixed volume of the media available. In vivo, sink
conditions were generated by the high permeability (absolute
bioavailability of CEB was approximately 80% (38)); thus,

the limit factor of absorption was transferred from the
solubility of the compound to its dissolution rate (19). In the
novel device, the amount of drug in the removal medium
simulated the extent of the absorbed dose; that is, faster
dissolution rates required faster flow rates. Flow rates and
surfactants simultaneously affect dissolution profiles of CEB.
No discrimination occurred between formulations under a
high flow rate and high-level surfactant, and the total amount
released was less than 80%. Shi et al. applied biphasic
dissolution device to examine release profiles of celecoxib
formulations in which the flow rate of the pump (USP IV
system) was set at 30 mL/min (16). Two-compartment setup
was modified based on the mini-paddle apparatus with a
scaled down geometrically dimension, and high agitation is
disadvantageous for establishing IVIVC (39). The dissolution
medium volume is usually 250 mL, with a paddle revolution
speed of 50 rpm (40). Furthermore, surfactants played a
major role in solubilizing the preparations, and a lower
Tween 80 concentration was used to achieve a better
in vitro and in vivo correlation (37). The Cy.x of the
differential curves was approximately 60 pg/mL (Fig. 2b),
which was near the celecoxib solubility (46.2 ug/mL) at the
fasted state simulated intestinal fluid (FaSSIF) medium (19).

In this study, the new dissolution method offered a
discriminative dissolution profiles (Fig. 2). Test 1 and test 2
were 8-13% lower than the reference formulation over 60—
150 min, and the release rates were slow with no momentum
over 2.5 h. The values of f2 were 67 and 59 respectively
comparing reference formulation versus test 1 and test 2

Table V. Prediction Errors of Cp,x and AUC., Values from the Developed In vitro-In vivo Correlation

Validation Formulation Cray (ng ml™") AUC.,, (ngh ml™")
Observed Predicted PE% Observed Predicted PE%
Internal Reference” 699.71 585.60 16.31 8190.31 7372.38 9.99
Test 1 571.70 532.57 6.84 8121.46 7397.91 8.91
Test 2 608.96 525.33. 13.73 7403.78 7430.82 2.84
Average internal 12.29 7.25

“ Prefers study 1
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formulations. Although dissolution profiles are similar in
terms of the f2 rule, it was not suitable for the dissolution
profiles obtained by the new apparatus.

As shown in Table II, when the elimination rate constant
remained unchanged, Kg;ss and K, of test 1 and test 2 in vivo
were smaller than Ky and K, in vivo of the reference 1 in
study 1 and study 2. This trend was consistent with the Cy,x.
Kuiss in vivo which showed significant differences between test
1 and the reference formulations and between test 2 and the
reference formulations (p <0.01). The BE results showed that
the test 1 and test 2 formulations were not bioequivalent to
the reference formulation because the C,,,x was lower than
the reference formulation (Fig. 4). We determined the
standard of dissimilar dissolution curves: the test formulation
release rate was lower or faster than that of the reference
formulation at 60-150 min with a different K value in vivo,
which may have led to the lack of bioequivalence of Ciax
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(41). This trend was consistent with the absorption fraction
(Fig. 5) and BE results. A linear correlation between the
in vitro release and in vivo absorption indicated that the slope
of the IVIVC linear regression equation was near 1. Thus, the
correlation between dissolution in vitro and absorption
in vivo was well established. The correlation models had R?
values of >0.98 (p <0.01) and the linear regression
coefficients indicated a good IVIVC, with a higher
correlation coefficient. The concept of the correlation level
is depended on the ability of the correlation to reflect the
complete plasma drug level-time profile (1). A level A
correlation is crucial and reveals a point-to-point relationship
between the in vitro dissolution and the in vivo input rate, and
the measurement of the in vitro dissolution rate alone can
sufficiently determine the biopharmaceutical rate of the
dosage form (42,43).

In vitro release and in vivo absorption were fitted by the
Weibull equation and first-order equation for the test
formulations, of which, the zero-order rate model better
described the absorption kinetics of the reference prepara-
tion. Parameters o and P in vitro differed between test 2 and
the reference formulations, and significant differences
(p<0.05) were observed. However for test 1, a was not
considered statistically significant (p>0.05), p (p <0.05). B
typically determines the curve shape, and for p=1, the
curves’ exponential function types were S type for p >1 and
a parabolic type for § <1 (44). The p values of the dissolution
and absorption curves were > 1, indicating that the shapes of
the curves in vivo and in vitro were more consistent. The scale
parameter of o« had the function of magnification or
reduction. For the test 1 and test 2 formulations, a time
scale factor value was 4-fold that of the factor being
estimated by linear fitting of both the in vitro release and
the in vivo absorption profiles using the Weibull function
(27,45). This indicates that the new dissolution method
could be expected to use as a quality control tool to
distinguish preparation differences to some extent, while
the USP II dissolution method cannot discriminate
preparations.

The pharmacokinetic parameters investigated in the
in vivo studies (supplemental Table 1) were consistent with
those in the literature reports (46). CEB was slowly absorbed
with a Tpax of 2-3 h when given orally in a solid form, and the
main absorption sites included the duodenum, jejunum, and
colon (47). Dissolution from the celecoxib capsules in the
stomach is not reported to play an important role in the
intestinal absorption of celecoxib (19). The plasma
concentrations-time profiles (Fig. 7) indicate that the pre-
dicted results concurred with the in vivo profile with an
excellent predictability for the final IVIVC model. The
AUCO-o prediction errors were within the accepted limits
(15% for the individual formulations and 10% for the
average formulations). However, for the reference formula-
tion, Cp.x prediction errors were more than 15%. This was
unsurprising, because high standard deviations in the in vivo
study (plasma concentrations) lead to distinction between the
Chaxmean and the maximum plasma concentration of the
average plasma concentration-time profiles. Nevertheless, the
results showed a good correlation in vitro and in vivo as well
as discriminations between different formulations were ob-
served. Pharmaceutical companies can use the novel
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dissolution method to assess the in vivo predictive value for
the formulation selection before in vivo studies.

IVIVC is widely used as a risk analysis tool to select
formulations and reduce time and costs in BE trials. Establishing
a good IVIVC requires physiological dissolution devices and
media. This new model discriminates the suitable difference for
the formulations in vitro dissolution and predicts profiles in vivo
after establishing an IVIVC. Two-compartment system may
offer advantages for the poorly soluble drugs with limited
solubility compared with USP II methods. It is also suitable for
extended release forms with a pH shift that simulates gastric
dissolution followed by intestinal dissolution and absorption.
The dissolution data and IVIVC model can be used as a tool to
modify the reformulation process and to make in vivo predic-
tions for further bioequivalence trials.

Moreover, there are some drawbacks that cannot be
ignored. More time and solvent are consumed when
performing dissolution tests of CEB in a two-compartment
system device. At present, this device has only been used for
CEB research, and use of different drug compounds and
dissolution media requires further study.

CONCLUSION

This work demonstrated that an open-mode two-compart-
ment system dissolution device was useful for evaluating
formulation performances of poorly water-soluble drugs com-
pared with traditional methods. Donor and acceptor compart-
ments in the novel apparatus simulate drug dissolution and
absorption in the gastrointestinal tract. Four dissolution-kinetics
models were used to fit the absorption and dissolution kinetics,
of which, the Weibull equation had the best fitting effect except
that the absorption of the reference preparation satisfied zero-
order kinetics. Level A correlations with good correlation
coefficients were successfully established by combining data
from different BE studies of IR CEB products. In vitro
dissolution correlated well with in vivo absorption and enabled
predicting the in vivo plasma concentration-time profiles of
CEB, which may need further refinement to fulfill regulatory
requirements for a biowaiver claim.
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