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Abstract. High inter- and intra-individual variability in the pH of fluids in the human
gastrointestinal (GI) tract has been described in the literature. The aim of this study was to
assess the influence of physiological variability in fasted pH profiles of media along the GI
tract on diclofenac sodium (DF-Na) dissolution from matrix tablets. Four individual in vivo
fasted pH profiles were selected from the literature that differed in pH values and transit
times from the stomach to the proximal colon. Using a glass-bead device flow-through
dissolution system, these pH profiles were simulated in vitro using a specific media sequence
and considering simulated intestinal buffer capacities corresponding to in vivo literature data.
Dissolution experiments were then performed in the same system with media sequence
following individual pH profiles. In dissolution experiments, where influences of simulated
gastric emptying time (GET), gastric pH value, small intestinal transit time, and colonic pH
were studied; high influence of gastric pH value and GET on DF-Na dissolution was
observed. The effect of variability in pH profiles in the range of individual in vivo data on
DF-Na dissolution was also clearly observed in experiments, where dissolution studies were
performed following three simulated in vivo individual pH profiles. The differences in DF-Na
release between three individual pH profiles were substantial; they also reflected in simulated
plasma concentration profiles and can be attributed to pH dependent diclofenac solubility.

KEY WORDS: gastrointestinal pH profiles; simulation; dissolution; diclofenac sodium; glass-bead flow-

through dissolution system.

INTRODUCTION

The composition and properties of fluids in the human
gastrointestinal (GI) tract have already been studied by many
researchers and continue to be an area of interest for many
scientists. In in vitro dissolution studies of oral drug delivery
systems, physiological parameters, especially characteristics
of the upper GI tract fluids are of great importance and
should be included in the experimental design. Most fre-
quently GI fluid characteristics are studied after aspiration of
the samples using intubation techniques or by less invasive
methods, i.e., telemetric capsules.

The majority of studies focusing on the pH value of fluids
along the GI tract represent acquired data as location-
dependent pH values. In these studies, pH values in different
parts of the GI tract are given based either on the position of
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the tip of the intubation tube or the location of the telemetric
capsule. Instead, some researchers represent their results as
time-dependent pH values. In this case, the pH is dependent
on the transit time of the telemetric capsule along the whole
GI tract. Additionally, significant changes in pH values are
expected for transits between certain parts of the GI tract, for
example from the stomach to the duodenum or from small to
the large intestine, so gastric emptying time (GET) and colon
arrival time (CAT) can also be identified.

Median pH values (ranges) reported by one research
group, represented as location-dependent data, for the
fasted state are: stomach 1.55 (0.95-2.6), proximal small
bowel 6.72 (6.15-7.35), terminal small bowel 7.5 (6.8-7.88),
cecum 6.05 (5.3-6.55), right colon 5.88 (5.26-6.72), and left
colon 6.12 (5.2-7.07) (1). Similar values have been reported
by other researchers (2-6). However, high inter-individual
and intra-individual variability of pH values in the GI tract
has been observed (3). Individual data on GI transit times
for fasted individuals from different studies were evaluated,
and values for 114 measurements were reported: mean GET
was 48 min, mean small intestinal transit time (SITT)
220 min, and mean CAT was 269 min (7). Additionally,
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data on retention time at the ileocecal junction (ICJ) were
also reviewed in the same study and were reported to be
variable with median value 43 min (7).

Another parameter of GI tract fluids that might also be
very important is buffer capacity but this is even less
studied than pH values. Due to a paucity of data, different
methods of collecting samples, and differences in methods
for buffer capacity determination, only approximate values
of buffer capacity of the GI fluids for healthy fasted
individuals can be summarized from the literature: small
intestine 1.7-13 mmol/L/pH (8-12), ascending colon 10.3-
21.4 mmol/L/pH (11,13). Additionally, researchers also
measured buffer capacities of the fluids throughout the
upper GI tract (up to mid/distal jejunum) after application
of 800 mg ibuprofen immediate release tablet, and the
reported average value was 2.26 mmol/L/pH (range 0.26—
6.32 mmol/L/pH) (14).

Diclofenac is a weakly acidic BCS class II drug with pKa
value around 4 and log P value 4.75 (15,16). The solubility of
diclofenac is pH-dependent and increases with increasing pH
value of the media (15). Due to the low pH value in the
stomach incomplete dissolution and/or immediate precipita-
tion of diclofenac can occur, as it was demonstrated in a
recent in vivo study using diclofenac potassium immediate
release tablets (17).

The purpose of this study was to predict the influence
of the highly variable in vivo fasted pH values and GI
transit times on diclofenac sodium (DF-Na) release from
HPMC matrix tablets using an in vitro flow-through
dissolution model reflecting dosage form passage through
the GI tract. The dissolution model was established in order
to follow physiological pH values to which the dosage form
is exposed after administration and in vivo intestinal buffer
capacities. The influence of the variability of particular GI
parameters (GET, gastric pH value, SITT, and colonic pH
value) on DF-Na dissolution was first studied. Next,
dissolution studies were performed in media sequence
characterizing three different individual in vivo pH profiles,
and the effect of inter-individual variability on DF-Na
dissolution was also studied. Based on these results, plasma
profiles were additionally simulated to estimate the effect of
the GI tract luminal pH variability on predicted DF-Na
plasma concentrations.

MATERIALS AND METHODS

Materials

Disodium hydrogen phosphate (Na,HPO,), citric acid
monohydrate (C¢HgO7-H,0O), trisodium phosphate
dodecahydrate (Na3;PO4 12H,0), and Titrisol® concen-
trates for the preparation of 1 M HCI and 1 M NaOH
solutions were purchased from Merck KGaA (Germany).
DF-Na was purchased from Sigma-Aldrich (Germany),
hydroxypropyl methylcellulose (HPMC) was manufactured
by Shin-Etsu (Metolose 90SH-4000SR, Japan) and kindly
donated by Harke Pharma (Germany). Lactose
monohydrate (C1,H,,011-H,O) was purchased from Caesar
& Loretz GmbH (Germany), and magnesium stearate was
purchased from Lex (Slovenia).
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Readings of In Vivo Fasted GI pH Profiles from Graphs in
Literature

Literature data on individual pH profiles in GI tract are
most frequently presented in the form of graphs showing
time-dependent in vivo measured human GI pH values with
marked gastric emptying and colon arrival. Articles with the
fasted individual in vivo pH profiles of the human GI tract
luminal content were searched in the literature, and pH
values were read from graphs using Engauge Digitizer
software (18). pH values were read from graphs as precise
as possible, which depended also from graph quality and
fluctuations of the in vivo pH values (i.e., where the pH
changed extensively in a shorter time period it was sometimes
difficult to determine the exact pH value).

Preparation of Tablets

Matrix tablets consisted of 25% DF-Na, 35% HPMC,
39.5% lactose monohydrate, and 0.5% magnesium stearate.
The tablet mixture was thoroughly manually mixed, and
tablets were then compressed using a Kilian SP300 instru-
mented single punch (IMA Kilian, Germany) at the Faculty
of Pharmacy, University of Ljubljana, Slovenia, with 12 mm
flat-faced punches. Tablet mass was set at approximately
400 mg, and tablet hardness was 100-110 N (Vanderkamp
VK200, Varian, USA).

The Glass-Bead Device Flow-Through Dissolution System

The glass-bead device flow-through dissolution system
was designed by our group at the Faculty of Pharmacy,
University of Ljubljana, Slovenia, constructed by Merel
d.o.o0., Slovenia and is in details described elsewhere (19). A
schematic presentation of the system is shown in Fig. 1. The
flow-through system consisted of a peristaltic pump
(Masterflex L/S standard digital pump system, Masterflex
L/S 4-channel 8-roller cartridge pump head and Masterflex
L/S small cartridges, Cole-Parmer, USA) which pumped the
medium through two tubes (Masterflex microbore silicone
(platinum-cured) two-stop tubes (0.89 mm i.d., length
38 cm), extended with Cole-Parmer PTFE tube (1.59 mm
i.d., 22 cm on each end of the silicone tube), both Cole-
Parmer, USA). The flow-rate was adjusted to 2 mL/min.
One tube supplied fresh medium into the working vessel,
and the other tube pumped the sample from the working
vessel into the sample collecting cylinder. The second tube,
which was dipped in the medium in the working vessel,
allowed pumping the sample from the working vessel into
the cylinder and had a 500 um pore size mesh placed to
prevent larger particles from entering the tube. A magnetic
bar and 25 g of glass beads (1 mm diameter) were placed in
the working vessel. The volume of the medium in the
working vessel was maintained at 40 mL, and the stirring
rate of the magnetic stirrer was set to 50 rpm. The
temperature in the working vessel was maintained at 37 °C.

Dissolution Media

For the simulation of gastric fluids, hydrochloric acid
solutions of different concentrations (2, 20, 30, or 50 mM
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Fig. 1. A configuration of the glass-bead device flow-through system with four working vessels (a) and a figure of a working
vessel with glass beads, magnetic bar, and tablet (b)

HCI) were used to simulate the in vivo gastric pH values. The
passage from the stomach to duodenum was simulated by
addition of a NazPO, solution of different concentrations (0.12,
0.16, 0.2, 0.28 M Na3;PO,) or undiluted Mcllvaine buffer (MB)
pH 5.6 to achieve the desired fast pH increase. For the
simulation of small and large intestinal fluids, different dilutions
of MBs with different pH values were used. The dilutions of the
MBs were experimentally determined in such way that the
buffer capacity of the diluted MBs corresponded to the
physiological range of intestinal buffer capacities (8-13).
Undiluted MBs are composed of 0.2 M Na,HPO, and 0.1 M
citric acid in different volumetric ratios based on the required
pH value (20). MBs and their dilutions were selected as
dissolution media due to the possibility to achieve a wide range
of pH values with required buffer capacity.

Determination of Buffer Capacities of Dissolution Media

Buffer capacities were determined at 37 °C using
titration with 0.1 M HCI which was added in increments into
a beaker with stirred selected medium until a final pH change
of approximately 0.2 pH units was detected. Buffer capacities
of in-flow media were additionally determined by titration
with 0.1 M NaOH.

Buffer capacities were first determined for all media used
for the simulation of intestinal fluids. Furthermore, buffer
capacity was measured also during the simulation of intestinal
pH profiles (tablet not present) to demonstrate that the buffer
capacity was in the required range also after delivering a
sequence of media (with different pH values) into the
working vessel. For that purpose, media pumped out of the
working vessel were collected during different chosen time
intervals (depending on the media change), and buffer
capacity of these media mixtures was then determined using
the same method as described above.

In vitro Simulation of pH Profiles

Four individual fasted in vivo pH profiles (marked as pH
profiles I, II, III, IV) were selected from the literature (4,6)

and simulated in vitro. pH profile I (selected from (6)) was
selected since we estimated that it represented approximate
median values of transit times as well as pH values
throughout the GI tract according to fasted individual
in vivo GI pH profiles found in the literature (3,4,6,21) and
shown in Fig. 2. Furthermore, pH profiles I-L, Ia, Ia-L, Ib,
and Ic were not simulations of actual in vivo pH profiles but
were created based on possible variations in pH profiles that
were expected to influence DF-Na dissolution and are
modifications of the pH profile I. The different variables that
were separately changed in these pH profiles are represented
in Table I.

The other three pH profiles, pH profiles II, III (both
from (6)), and pH profile IV (from (4)), were selected from
literature since they represented fasted individual in vivo pH
profiles that differed greatly between each other. These
profiles were simulated as closely as possible to the actual
in vivo determined pH profiles.

pH profiles were simulated using the above described
flow-through system by subsequent changing of the in-flow
media. The tablets, used later in the dissolution studies,
were not present in the system during the pH profile
determination. For simulation of the pH profile I, the exact
sequence of media delivered into the working vessel is
presented in Table II. During the determination of the
suitable media sequence for pH profile simulation, the pH
meter electrode was dipped into the medium in the working
vessel, and pH was measured continuously. Measured time-
dependent pH values were depicted, and the achieved pH
profile could then be compared with the corresponding
in vivo pH profile read from a graph in the literature. In Fig. 3,
simulated pH profile I using the specific media sequence
described in Table II and the corresponding in vivo pH profile
read from the literature are represented. Similar media se-
quences were also used for simulations of other pH profiles.
Variability of simulated pH profiles was very low (RSD was
lower than 1% in most cases except during the fast increase
in pH value simulating passage from the stomach to
duodenum where RSD was maximally 6.4%) and is thus
not shown in figures.
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Fig. 2. The highly variable individual in vivo pH profiles read from data on graphs found in
the literature (3,4,6,21). pH profiles used for in vitro simulation in the present study are
marked with yellow, blue, red, and green color (4,6). Gray curves represent other
individual in vivo pH profiles, found in the literature, that were not simulated in this study

Dissolution Studies and Sample Analysis

Dissolution studies were performed using the glass-
bead device flow-through dissolution system presented
above. The conditions were the same as in the pH profile
simulation experiments (described above), except that the
pH electrode was not present in the working vessel. Before
the dissolution experiment, tablets were weighed. The
experiment began when the tablet was placed in the
working vessel, and the peristaltic pump was switched on.
Samples were collected at 20 min intervals in cylinders with
40 mL of 0.1 M NaOH solution, thus the total volume of the
sample, diluted with NaOH, was 80 mL. The sample was
then filtered through a 0.45 pm regenerated cellulose
membrane filter, and the absorbance of the filtrate at
276 nm was measured using a UV-Vis spectrophotometer
(Agilent 8453, USA). If needed, samples were additionally
diluted. The calibration curve was linear (R =0.9999) in the
concentration range 0.698-65.400 mg/L.

Table I. Chosen Parameters for the Simulation of the pH Profile 1
and Variations of These Parameters (italic) Used in the Simulation of
Modified pH Profiles I-L, Ia, Ia-L, Ib, and Ic

Label of  Simulated Approximate Simulated pH value of the
the GET pH value of  SITT simulated fluid
simulated (min) the simulated (min) of the proximal
pH profile gastric fluid colon

I 20 2.8 240 6.75

Ia 120 2.8 240 6.75

Ib 20 2.8 155 6.75

Ic 20 2.8 240 5.1

I-L 20 1.5 240 6.75

Ta-L 120 1.5 240 6.75

Felicijan et al.

Simulation of Plasma Concentration Profiles

Based on the dissolution profiles in media sequence
simulating in vivo pH profiles II, III, and IV, DF-Na plasma
concentration profiles (C, (t)) were simulated using two-
compartment disposition model, which is represented by the
following equation:

Cp(t) = A X eiMXt + Ay X eiMXt

(1)

Table II. Time Intervals of Medium Delivery Into the Working
Vessel and Media Used for the Simulation of pH Profile I

Time interval Medium used

of medium
delivery (min)

Simulated fluid/part of
the GI tract

0-20
20-22

22-90

90-110

110-130

130-260

260-480

2 mM HCI
Undiluted MB pH 5.6

15-Times
pH 6.4

diluted MB

A mixture of 15-times di-
luted MB pH 6.4 and 15-
times diluted MB pH 7.7
in a volumetric ratio of 3:1
A mixture of 15-times di-
luted MB pH 6.4 and 15-
times diluted MB pH 7.7
in a volumetric ratio of 1:1
15-Times diluted MB
pH 7.7

4-Times diluted MB
pH 6.75

Gastric fluid

Passage from the
stomach to duodenum,
marked by a fast pH
increase

Medium in the proximal
part of the small
intestine

Slow pH increase in the
small intestine

Further slow pH
increase in the small
intestine

Medium in the distal
small intestine

Medium in the proximal
colon

MB Mcllvaine buffer, GI gastrointestinal
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Fig. 3. Comparison of in vitro experimentally determined pH profile I (solid line) with the
corresponding individual in vivo pH profile depicted from data read from graph found in

the literature (dashed line) (6)

A1l and A2 represent dose-corrected intercepts on the
ordinate axis for two exponential segments. Hybrid first-order
rate constants are represented by N\; and \,. The simulation
model is identical to the model used in a study (22).
NONMEM software version 7.2.0 and subroutine ADVAN3
with TRANSS were used for the simulation. One thousand
subproblems were simulated for each experiment. Median,
2.5th, and 97.5th percentiles were calculated for all time
points in each dissolution experiment. Detailed information
about the simulation model and parameters used are
provided in our previous study (23).

RESULTS AND DISCUSSION

Dissolution studies are commonly performed using a
standard pharmacopoeial dissolution apparatus and simple
medium with fixed pH value or a system of two
subsequently used media simulating dosage form passage
from the stomach (usually simulated by HCI solution) to
the small intestine (usually simulated by phosphate buffer
pH 6.8) (24,25). Researchers also use media sequence
with different pH values and media that simulates
physiological conditions more closely, ie., biorelevant
media containing bile components (26) or bicarbonate
buffers (27,28). The need for dissolution studies using
media with suitable pH and buffer capacity according to
the physiological conditions has been described before
(29), and in a recent study (30) both, physiological
bicarbonate buffer and individual GI pH profiles simula-
tion were already included in a dissolution evaluation of
mesalazine formulations.

Simulation of pH Profiles Using Glass-Bead Device Flow-
Through System

Articles with the included graphical presentation of the
individual in vivo human fasted GI pH profiles were
examined, and numerical values for each pH profile were
read from the figures in these articles (3,4,6,21). All individual
pH profiles were then depicted (Fig. 2), and four in vivo pH

profiles (colored pH profiles in Fig. 2) were selected for
in vitro simulation. Using the glass-bead device flow-through
system, the pH profiles along the GI tract, ie., from the
stomach to the proximal part of colon, were then simulated
by delivering a specific sequence of media into the working
vessel. The glass-bead device flow-through dissolution system
used in this study enabled us to consider multiple physiolog-
ical conditions during the dissolution study. The advantages
of this flow-through system have already been described
before (19). The parameters used in this study, the volume in
the working vessel (40 mL), and the flow-rate (2 mL/min)
simulate conditions in a fasted stomach. A certain amount of
glass beads was added to the working vessel. They were
stirred by a magnetic bar thus enabling specific movement of
the glass bead layer and of the tablet. The glass-bead device
was a part of the flow-through system where media were
easily changed, and the composition of the medium in
working vessel was controlled by the in-flow medium.
Furthermore, in order to increase similarity to physiological
conditions, the buffer capacity of the intestinal media was
considered as well. Gastric medium was represented by HCI
solution, pH was then increased to simulate the passage to
duodenum, and from this point on, buffer capacities were
adjusted using different concentrations of in-flow buffers. In
all performed experiments, buffer capacities of the media
simulating the small intestine content were in the range
between 3 and 12 mmol/L/pH and for the simulated media of
the proximal part of the colon 9-23 mmol/L/pH. These values
are close to literature data on physiologic values of the buffer
capacities (8-13).

The Influence of Different Variations in pH Profile on DF-Na
Dissolution

Using the simulated in vivo pH profile I and its
modifications, different gastric pH values, GET, SITT, and
proximal colon pH values were simulated in separate
experiments, and the influence of these variations on DF-Na
dissolution from HPMC matrix tablets was studied. DF-Na
was selected as a model drug due to its physicochemical
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properties, especially its pH-dependent solubility. An effect of
changes in the pH of the media on DF-Na dissolution was
thus expected.

The Influence of Simulated Gastric pH Value and GET on DF-
Na Dissolution

Median fasted gastric pH values are reported to be
between 1 and 2 (31,32). However, much higher fluctua-
tions of pH values have been recorded (6). High inter-
individual variability was also shown for GET of non-

disintegrating tablets determined in different studies, which
ranged from 0 to 192 min (7). The influence of simulated
gastric pH and GET on DF-Na dissolution from HPMC
matrix tablets has previously been studied by our group
(23). Despite the different dissolution methods used,
compared to the previous study, similar results were
observed in this work. Longer retention in acidic medium
or lower acidic pH produced a longer lag time until the
beginning of faster release as can be seen in Fig. 4. The
reason for that effect might be the formation of poorly
soluble non-ionized diclofenac in the acidic medium.
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Fig. 5. The influence of variability of simulated SITT on DF-Na in vitro dissolution.
Simulated pH profiles (dashed lines) and corresponding average dissolution curves for DF-
Na tablets (full lines) are depicted by the same color. The number of parallels is written in
brackets in legend. For dissolution curves, standard deviations are also represented
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Researchers also showed that in acidic medium, intramo-
lecular cyclization of diclofenac can occur (33), and the
presence of different diclofenac hydrate forms is possible
(34,35) which can additionally lower drug solubility in
acidic medium. During dissolution experiment, part of
DF-Na might dissolve in acidic medium and precipitate in
the form of acid. Very small particles might be pumped out
of the vessel to the NaOH solution and dissolve. Thus, the
determined percentage of drug released in acidic medium,
which is very low, may be partly attributed also to these
precipitated particles.

dissolution curves, standard deviations are

The Influence of Simulated SITT on DF-Na Dissolution

In contrast to GET, SITT is supposed to be less variable
in vivo (36); however, some studies also report large inter-
individual variability (37). Since the small intestine is the main
absorption site for many drugs, SITT and its variability are of
great importance. Thus, the influence of simulated SITT on DF-
Na dissolution was also studied in this work. The slow increase of
pH values along the small intestine can be seen from in vivo pH
profiles in Fig. 2 (3,4,6,21). However, in distal parts of the small
intestine, pH values remain almost constant for a certain time
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Fig. 7. Simulated individual pH profiles (dashed lines) and average dissolution curves for
DF-Na tablets (full lines). Corresponding profiles are depicted by the same color. The
number of parallels is written in brackets in legend. For dissolution curves, standard

deviations are also represented
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period until the pH drop is observed, indicating the passage to the
cecum. It is assumed that before passage to the cecum, the dosage
form might be retained at the ICJ for a certain time period (7).

SITT of the pH profile I (6) was simulated to be 240 min. A
constant pH value for the last 90 min of the SITT might at least
partly correspond to the tablet retention at the ICJ. Median
SITT reported in literature is 215 min and can range from 60 to
544 min (7). Retention time at the ICJ is also variable with
median value 43 min (7). The pH profile I thus represents an
example of SITT that is close to median SITT value with
possible retention at the ICJ. Shorter SITT (155 min) was also
simulated in such a way that the last part with a constant pH was
shortened from 90 to 5 min which might correspond to earlier
passage through ileocecal junction, i.e., eventually shorter ICJ
retention time (Fig. 5). The difference in observed release
profiles when different SITT were studied was small with a slight
decline of the release curve at shorter SITT compared to longer
SITT. Slightly slower release in the case of shorter SITT was a
consequence of lower pH of the simulated colonic medium
compared to pH of the simulated terminal small intestinal
medium. Small differences were expected as both pH values
(7.70 and 6.75) are few pH units higher than the pKa value of
diclofenac, and low solubility of unionized form cannot influence
strongly. It is important to note that the influence of SITT on
dissolution is only one aspect; another is its influence on the time
available for absorption which is extremely important for drugs
absorbed only in the small intestine.

The Influence of Simulated Colonic pH Value on DF-Na
Dissolution

After the passage from distal parts of the small intestine to
the proximal colon, a pH drop in the range from approximately
0.5 to 2.5 pH units is usually observed (38). In our study, two
different proximal colonic pH values, namely pH 6.75 (pH
profile I) and pH 5.1 (pH profile Ic), were simulated. The
difference in DF-Na release following pH profiles with different

Felicijan et al.

colonic pH values was not observed (Fig. 6). Higher differences
might be expected to be expressed if there would be larger
amount of drug still present in the tablet and thus the dissolution
would continue for a longer period of time after pH change.

The Influence of Individual In Vivo Fasted GI pH Profiles

The Influence of Individual In Vivo pH Profiles on DF-Na
Dissolution

To study the influence of physiological variability in
fasted GI pH profiles on DF-Na release, a series of
dissolution studies following specific media sequence simulat-
ing three different in vivo individual fasted GI pH profiles
(4,6) was performed. These are the pH profiles II, III, and IV
marked on Fig. 2, which differ from each other in all
previously tested variables, i.e., GET, SITT, and pH values
in the stomach, small intestine, and proximal colon. In Fig. 7,
dissolution results obtained under the conditions of simulated
individual pH profiles are represented. A similar influence of
previously discussed parameters was also observed in these
dissolution studies. Characteristics of pH profile II are the
shortest gastric residence time and the highest pH in the small
intestine which are translated into a greater percentage of
dissolved DF-Na. Additionally, in the dissolution experiment
following pH profile III, the slope of drug release curve
decreased after passage to cecum was simulated. Although
the influence of the colonic pH value was low in previously
described experiments (pH profiles I and Ic on Fig. 6), it
appears that when different variables are combined and the
amount of remaining drug in the tablet at the time of the pH
change is higher, the lower pH value of the colon also
influences DF-Na release. Thus, dissolution profiles (Fig. 7)
corresponding to simulated extreme pH profiles of the GI
tract media differ significantly and are results of the influence
of the combination of different variables.
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Fig. 8. Simulated plasma profiles for DF-Na dissolution in media sequence following
individual pH profiles; 95% prediction interval is represented with solid lines limited by
2.5th percentile and 97.5th percentile. Median values are represented by dashed lines



Simulation of GI pH profiles in dissolution system

The Influence of Individual In Vivo pH Profiles on Simulated
DF-Na Plasma Profiles

Based on the differences in DF-Na release results
obtained from dissolution studies described above and since
DF-Na is a BSC class II drug (39), plasma concentration
profiles were simulated and are represented in Fig. 8. The
maximum plasma concentrations reached were similar for
all three pH profiles. However, the time needed to reach the
maximum plasma concentration was different. The shortest
time was obtained for pH profile II which had the shortest
gastric residence time, the highest simulated pH value
throughout the GI tract and consequently the highest
dissolution profile in the study. The decrease in drug release
that occurred in profile III after simulated passage to the
lower pH value of colon was also reflected in plasma
profiles as a fast decrease in plasma concentrations after
maximum plasma concentration was reached. Thus, higher
pH in the proximal colon produces a further higher release
of DF-Na which maintains higher (simulated) plasma
concentrations for a longer period of time, under the
supposition that diclofenac is absorbed also from the colon.
Absorption of diclofenac from colon was shown in a
research where DF-Na was administered directly in the
colon by the aid of colonoscopy (40).

In general, high inter- and intra-individual variability in
pH profiles along the GI tract is thus expected to produce
also high variability in plasma profiles of DF-Na. If the pH
of the liquids in the lumen of GI tract would be the most
important parameter that influences DF-Na dissolution
in vivo, then the described differences in simulated plasma
profiles might also be expected in in vivo plasma profiles.
However, there are many other conditions in the GI tract
that vary and might also influence the dissolution, but were
not included in the present study, for example, the presence
of bile components. Thus, the pH values in the lumen of the
GI tract are expected to influence DF-Na dissolution and
consequently plasma profiles in the direction described in
the present work also in vivo, but the extent to which this
influence is expressed in vivo cannot be predicted as there
are also other parameters which might have an important
impact.

CONCLUSION

A flow-through dissolution system for the simulation of
individual fasted pH profiles of GI tract media to which a
dosage form is exposed after oral administration was
established. High variability in measured dissolution profiles
and in simulated plasma profiles of a model drug, diclofenac
sodium, as a consequence of variability in simulated pH
profiles, was observed. The variability was attributed to the
solubility of the model drug which is highly pH dependent
in pH ranges corresponding to those of media in the lumen
of GI tract.

FUNDING INFORMATION

This study was financially supported by the Slovenian
Research Agency (research core funding No. P1-0189).

2883

REFERENCES

1. Press AG, Hauptmann IA, Hauptmann L, Fuchs B, Fuchs M,
Ewe K, et al. Gastrointestinal pH profiles in patients with
inflammatory bowel disease. Aliment Pharmacol Ther.
1998;12(7):673-8. https://doi.org/10.1046/j.1365-
2036.1998.00358 .x.

2. Fallingborg J, Pedersen P, Jacobsen BA. Small intestinal transit
time and intraluminal pH in ileocecal resected patients with
Crohn's disease. Dig Dis Sci. 1998:;43(4):702-5. https://doi.org/
10.1023/a:1018893409596.

3. Ibekwe VC, Fadda HM, McConnell EL, Khela MK, Evans DF,
Basit AW. Interplay between intestinal pH, transit time and
feed status on the in vivo performance of pH responsive ileo-
colonic release systems. Pharm Res. 2008;25(8):1828-35. https://
doi.org/10.1007/s11095-008-9580-9.

4. Sasaki Y, Hada R, Nakajima H, Fukuda S, Munakata A.
Improved localizing method of radiopill in measurement of
entire gastrointestinal pH profiles: colonic luminal pH in normal
subjects and patients with Crohn's disease. Am J Gastroenterol.
1997;92(1):114-8.

5. Iida H, Endo H, Sekino Y, Sakai E, Uchiyama T, Hosono K,
et al. A new non-invasive modality for recording sequential
images and the pH of the small bowel. Hepato-Gastroenterol-
ogy. 2012;59(114):413-4. https://doi.org/10.5754/hge11394.

6. Koziolek M, Grimm M, Becker D, Iordanov V, Zou H, Shimizu J,
et al. Investigation of pH and temperature profiles in the GI tract of
fasted human subjects using the Intellicap® system. J Pharm Sci.
2015;104(9):2855-63. https://doi.org/10.1002/jps.24274.

7. Pislar M, Brelih H, Mrhar A, Bogataj M. Analysis of small
intestinal transit and colon arrival times of non-disintegrating
tablets administered in the fasted state. Eur J Pharm Sci.
2015;75:131-41. https://doi.org/10.1016/j.€jps.2015.03.001.

8. Kalantzi L, Goumas K, Kalioras V, Abrahamsson B, Dressman
JB, Reppas C. Characterization of the human upper gastroin-
testinal contents under conditions simulating bioavailability/
bioequivalence studies. Pharm Res. 2006;23(1):165-76. https:/
doi.org/10.1007/511095-005-8476-1.

9. Fadda HM, Sousa T, Carlsson AS, Abrahamsson B, Williams
JG, Kumar D, et al. Drug solubility in luminal fluids from
different regions of the small and large intestine of humans. Mol
Pharm. 2010;7(5):1527-32. https://doi.org/10.1021/mp100198q.

10. Persson EM, Gustafsson AS, Carlsson AS, Nilsson RG,
Knutson L, Forsell P, et al. The effects of food on the dissolution
of poorly soluble drugs in human and in model small intestinal
fluids. Pharm Res. 2005;22(12):2141-51. https://doi.org/10.1007/
$11095-005-8192-x.

11. Reppas C, Karatza E, Goumas C, Markopoulos C, Vertzoni M.
Characterization of contents of distal ileum and cecum to which
drugs/drug products are exposed during bioavailability/
bioequivalence studies in healthy adults. Pharm Res.
2015;32(10):3338-49. https://doi.org/10.1007/s11095-015-1710-6.

12. de la Cruz Moreno MP, Oth M, Deferme S, Lammert F, Tack J,
Dressman J, et al. Characterization of fasted-state human
intestinal fluids collected from duodenum and jejunum. J Pharm
Pharmacol. 2006;58(8):1079-89. https://doi.org/10.1211/
jpp-58.8.0009.

13. Diakidou A, Vertzoni M, Goumas K, Soéderlind E,
Abrahamsson B, Dressman J, et al. Characterization of the
contents of ascending colon to which drugs are exposed after
oral administration to healthy adults. Pharm Res.
2009;26(9):2141-51. https://doi.org/10.1007/s11095-009-9927-x.

14. Hens B, Tsume Y, Bermejo M, Paixao P, Koenigsknecht MJ,
Baker JR, et al. Low buffer capacity and alternating motility
along the human gastrointestinal tract: implications for in vivo
dissolution and absorption of ionizable drugs. Mol Pharm.
2017;14(12):4281-94. https://doi.org/10.1021/
acs.molpharmaceut.7b00426.

15.  Chiarini A, Tartarini A, Fini A. pH-Solubility relationship and
partition coefficients for some anti-inflammatory arylaliphatic
acids. Arc Pharm. 1984;317(3):268-73. https://doi.org/10.1002/
ardp.19843170314.


http://dx.doi.org/10.1046/j.1365-2036.1998.00358.x
http://dx.doi.org/10.1046/j.1365-2036.1998.00358.x
http://dx.doi.org/10.1023/a:1018893409596
http://dx.doi.org/10.1023/a:1018893409596
http://dx.doi.org/10.1007/s11095-008-9580-9
http://dx.doi.org/10.1007/s11095-008-9580-9
http://dx.doi.org/10.5754/hge11394
http://dx.doi.org/10.1002/jps.24274
http://dx.doi.org/10.1016/j.ejps.2015.03.001
http://dx.doi.org/10.1007/s11095-005-8476-1
http://dx.doi.org/10.1007/s11095-005-8476-1
http://dx.doi.org/10.1021/mp100198q
http://dx.doi.org/10.1007/s11095-005-8192-x
http://dx.doi.org/10.1007/s11095-005-8192-x
http://dx.doi.org/10.1007/s11095-015-1710-6
http://dx.doi.org/10.1211/jpp.58.8.0009
http://dx.doi.org/10.1211/jpp.58.8.0009
http://dx.doi.org/10.1007/s11095-009-9927-x
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00426
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00426
http://dx.doi.org/10.1002/ardp.19843170314
http://dx.doi.org/10.1002/ardp.19843170314

2884

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Adeyeye CM, Li P-K. Diclofenac sodium. In: Florey K, editor.
Analytical profiles of drug substances. New Jersey: Academic
Press; 1990. p. 123-44.

Van Den Abeele J, Schilderink R, Schneider F, Mols R,
Minekus M, Weitschies W, et al. Gastrointestinal and systemic
disposition of diclofenac under fasted and fed state conditions
supporting the evaluation of in vitro predictive tools. Mol
Pharm. 2017;14(12):4220-32. https://doi.org/10.1021/
acs.molpharmaceut.7b00253.

Mitchell M, Muftakhidnov B, Winchen T. Engauge Digitizer
Software http://markummitchell.github.io/engauge-digitizer.
Accessed 22 Jan 2018.

Bogataj M, Cof G, Mrhar A. Development of a glass-bead
device for dissolution testing. Dissolut Technol. 2015;22(3):18-
24. https://doi.org/10.14227/DT220315P18.

Mcllvaine TC. A buffer solution for colorimetric comparison. J
Biol Chem. 1921;49(1):183-6.

Evans DF, Pye G, Bramley R, Clark AG, Dyson TJ, Hardcastle
JD. Measurement of gastrointestinal pH profiles in normal
ambulant human subjects. Gut. 1988;29(8):1035-41.

Lotsch J, Kettenmann B, Renner B, Drover D, Brune K,
Geisslinger G, et al. Population pharmacokinetics of fast release
oral diclofenac in healthy volunteers: relation to pharmacody-
namics in an experimental pain model. Pharm Res.
2000;17(1):77-84. https://doi.org/10.1023/a:1007574710140.
Nagelj Kovaci¢ N, Pislar M, Ilic I, Mrhar A, Bogataj M.
Influence of the physiological variability of fasted gastric pH
and tablet retention time on the variability of in vitro dissolution
and simulated plasma profiles. Int J Pharm. 2014;473(1-2):552—
9. https://doi.org/10.1016/j.ijpharm.2014.07.031.

Ph.Eur. European pharmacopoeia. 9th ed. Strasbourg: EDQM
Council of Europe; 2017.

USP. The United States Pharmacopeia-National Formulary
(USP40-NF35). Rockville: United States Pharmacopeial Con-
vention 2017.

Klein S, Stein J, Dressman J. Site-specific delivery of anti-
inflammatory drugs in the gastrointestinal tract: an in-vitro
release model. J Pharm Pharmacol. 2005;57(6):709-19. https://
doi.org/10.1211/0022357056172.

Goyanes A, Hatton GB, Merchant HA, Basit AW. Gastrointes-
tinal release behaviour of modified-release drug products:
dynamic dissolution testing of mesalazine formulations. Int J
Pharm. 2015;484(1-2):103-8. https://doi.org/10.1016/
jijpharm.2015.02.051.

Wulff R, Rappen GM, Koziolek M, Garbacz G, Leopold CS.
Controlled release of acidic drugs in compendial and physiolog-
ical hydrogen carbonate buffer from polymer blend-coated oral
solid dosage forms. Eur J Pharm Sci. 2015;77:246-53. https:/
doi.org/10.1016/j.ejps.2015.06.015.

Al-Gousous J, Tsume Y, Fu M, Salem II, Langguth P.
Unpredictable performance of pH-dependent coatings accentu-
ates the need for improved predictive in vitro test systems. Mol
Pharm. 2017;14(12):4209-19. https://doi.org/10.1021/
acs.molpharmaceut.6b00877.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Felicijan et al.

Karkossa F, Klein S. A biopredictive in vitro comparison of oral
locally acting mesalazine formulations by a novel dissolution
model for assessing intraluminal drug release in individual
subjects. J Pharm Sci. 2018;107:1680-9. https://doi.org/10.1016/
j-xphs.2018.02.016.

Russell TL, Berardi RR, Barnett JL, Dermentzoglou LC,
Jarvenpaa KM, Schmaltz SP, et al. Upper gastrointestinal pH
in seventy-nine healthy, elderly, North American men and
women. Pharm Res. 1993;10(2):187-96. https://doi.org/10.1023/
a:1018970323716.

Ovesen L, Bendtsen F, Tage-Jensen U, Pedersen NT, Gram BR,
Rune SJ. Intraluminal pH in the stomach, duodenum, and
proximal jejunum in normal subjects and patients with exocrine
pancreatic insufficiency. Gastroenterology. 1986;90(4):958-62.
https://doi.org/10.1016/0016-5085(86)90873-5.

Guhmann M, Thommes M, Gerber F, Pollinger N, Klein S,
Breitkreutz J, et al. Design of biorelevant test setups for the
prediction of diclofenac in vivo features after oral administra-
tion. Pharm Res. 2013;30(6):1483-501. https://doi.org/10.1007/
$11095-013-0974-y.

Bartolomei M, Bertocchi P, Antoniella E, Rodomonte A.
Physico-chemical characterisation and intrinsic dissolution stud-
ies of a new hydrate form of diclofenac sodium: comparison
with anhydrous form. J Pharm Biomed Anal. 2006;40(5):1105—
13. https://doi.org/10.1016/j.jpba.2005.09.009.

Bartolomei M, Rodomonte A, Antoniella E, Minelli G,
Bertocchi P. Hydrate modifications of the non-steroidal anti-
inflammatory drug diclofenac sodium: solid-state characterisa-
tion of a trihydrate form. J Pharm Biomed Anal.
2007;45(3):443-9. https://doi.org/10.1016/j.jpba.2007.07.002.
Davis SS, Hardy JG, Fara JW. Transit of pharmaceutical dosage
forms through the small intestine. Gut. 1986;27(8):886-92.
https://doi.org/10.1136/gut.27.8.886.

Fischer M, Siva S, Wo JM, Fadda HM. Assessment of small
intestinal transit times in ulcerative colitis and Crohn's disease
patients with different disease activity using video capsule
endoscopy. AAPS PharmSciTech. 2017;18(2):404-9. https:/
doi.org/10.1208/512249-016-0521-3.

Fallingborg J, Christensen LA, Ingeman-Nielsen M, Jacobsen
BA, Abildgaard K, Rasmussen HH. pH-Profile and regional
transit times of the normal gut measured by a radiotelemetry
device. Aliment Pharmacol Ther. 1989;3(6):605-13. https:/
doi.org/10.1111/.1365-2036.1989.tb00254.x.

Chuasuwan B, Binjesoh V, Polli JE, Zhang H, Amidon GL,
Junginger HE, et al. Biowaiver monographs for immediate
release solid oral dosage forms: diclofenac sodium and
diclofenac potassium. J Pharm Sci. 2009;98(4):1206-19. https://
doi.org/10.1002/jps.21525.

Gleiter CH, Antonin KH, Bieck P, Godbillon J, Schonleber W,
Malchow H. Colonoscopy in the investigation of drug absorp-
tion in healthy volunteers. Gastrointest Endosc. 1985;31(2):71-
3. https://doi.org/10.1016/S0016-5107(85)71996-7.


http://dx.doi.org/10.1021/acs.molpharmaceut.7b00253
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00253
http://markummitchell.github.io/engauge-digitizer
http://dx.doi.org/10.14227/DT220315P18
http://dx.doi.org/10.1023/a:1007574710140
http://dx.doi.org/10.1016/j.ijpharm.2014.07.031
http://dx.doi.org/10.1211/0022357056172
http://dx.doi.org/10.1211/0022357056172
http://dx.doi.org/10.1016/j.ijpharm.2015.02.051
http://dx.doi.org/10.1016/j.ijpharm.2015.02.051
http://dx.doi.org/10.1016/j.ejps.2015.06.015
http://dx.doi.org/10.1016/j.ejps.2015.06.015
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00877
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00877
http://dx.doi.org/10.1016/j.xphs.2018.02.016
http://dx.doi.org/10.1016/j.xphs.2018.02.016
http://dx.doi.org/10.1023/a:1018970323716
http://dx.doi.org/10.1023/a:1018970323716
http://dx.doi.org/10.1016/0016-5085(86)90873-5
http://dx.doi.org/10.1007/s11095-013-0974-y
http://dx.doi.org/10.1007/s11095-013-0974-y
http://dx.doi.org/10.1016/j.jpba.2005.09.009
http://dx.doi.org/10.1016/j.jpba.2007.07.002
http://dx.doi.org/10.1136/gut.27.8.886
http://dx.doi.org/10.1208/s12249-016-0521-3
http://dx.doi.org/10.1208/s12249-016-0521-3
http://dx.doi.org/10.1111/j.1365-2036.1989.tb00254.x
http://dx.doi.org/10.1111/j.1365-2036.1989.tb00254.x
http://dx.doi.org/10.1002/jps.21525
http://dx.doi.org/10.1002/jps.21525
http://dx.doi.org/10.1016/S0016-5107(85)71996-7

	The...
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Readings of In�Vivo Fasted GI pH Profiles from Graphs in Literature
	Preparation of Tablets
	The Glass-Bead Device Flow-Through Dissolution System
	Dissolution Media
	Determination of Buffer Capacities of Dissolution Media
	In�vitro Simulation of pH Profiles
	Dissolution Studies and Sample Analysis

	Simulation of Plasma Concentration Profiles

	RESULTS AND DISCUSSION
	Simulation of pH Profiles Using Glass-Bead Device Flow-Through System
	The Influence of Different Variations in pH Profile on DF-Na Dissolution
	The Influence of Simulated Gastric pH Value and GET on DF-Na Dissolution
	The Influence of Simulated SITT on DF-Na Dissolution
	The Influence of Simulated Colonic pH Value on DF-Na Dissolution

	The Influence of Individual In�Vivo Fasted GI pH Profiles
	The Influence of Individual In�Vivo pH Profiles on DF-Na Dissolution
	The Influence of Individual In�Vivo pH Profiles on Simulated DF-Na Plasma Profiles


	CONCLUSION
	References



