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ABSTRACT: A negative food effect, i.e. a decrease in bioavailability upon the co-administration of
compounds together with food, has been attributed particularly with high solubility/low permeability
compounds (BCS class III). Different mechanisms have been proposed including intestinal dilution
leading to a lower concentration gradient across the intestinal wall as well as binding of the active
pharmaceutical ingredient to food components in the intestine and thereby decreasing the fraction of
the dose available for absorption. These mechanisms refer primarily to the compound and not to the
dosage form. An increase in viscosity of the dissolution fluid will in particular affect the absorption of
BCS type III compounds with preferential absorption in the upper small intestine if the API release is
delayed from the dosage form. The present study demonstrated that the increase in viscosity of the
dissolution medium, following ingestion of a solid meal, may drastically reduce disintegration and
dissolution. For that purpose the viscosity of the standard FDA meal was determined and simulated
by solutions of HPMC in buffer. Asmodel formulations, three commercially available tablets containing
trospium chloride, a BCS class III m-cholinoreceptor antagonist was used. Trospium chloride drug
products have been described to undergo a negative food effect of more than 80% following ingestion
with food. The tablets showed prolonged disintegration times and reduced dissolution rates in viscous
media, which could be attributed to changes in the liquid penetration rates. The effect was particularly
significant for film-coated tablets relative to uncoated dosage forms. The results show the necessity of
considering media viscosity when designing in vitro models of drug release for BCS type III drug
formulations. Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction

Food viscosity is one of the physiological parameters
that can affect oral drug absorption [1]. Most of the
studies that addressed the influence of viscosity on
drug absorption demonstrate a reciprocal rela-
tionship between drug absorption and gastric
viscosity [1–4]. In particular, drug products with
low bioavailability are addressed, for which
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reduced postprandial absorption may lead to treat-
ment failure and reduced therapeutic efficacy [5].

Different theories have been proposed to
explain the mechanisms behind this food viscosity
effect: (i) an inhibition of gastric emptying and/or
modification of intestinal transit time [6,7]; (ii) a
slower diffusion of drug molecules in the viscous
lumen towards the intestinal membrane [6]; (iii) a
reduction in the disintegration rate of the drug
formulation under viscous conditions [8–11]; (iv) a
reduction in drug dissolution rate [4,6,9].

Previous studies examining drug dissolution and
disintegration under viscous conditions showed
reduced dissolution and disintegration rates [12–15],
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e.g. a reduction in the intrinsic dissolution rate by
reduced diffusivity of benzoic acid in solutions of
uncharged polymers according to the Stokes-
Einstein equation [12]. Eshra et al. explained the
reduction in ketoprofen absorption in humans by
a retarding effect of food on the dissolution and
diffusion rates of the dissolved drug [4]. Khoury
et al. reported reduced dissolution kinetics of
hydrocortisone acetate in dilute polymeric HPMC
solutions, which act as a diffusion barrier [16]. Yet,
there are also data showing that tablet disintegra-
tion, for example in canine stomach in the fed state,
can be influenced by a viscosity-independent
mechanism, i.e. a formation of a film coat around
the dosage form [10,11]. Anwar et al. state that the
viscosity plays an important role in delayed tablet
disintegration in milk [8]. Paroj�cić et al. have
reported reduced disintegration and dissolution
rates of paracetamol tablets in viscous solutions of
HPMC K4M. This was attributed to the poorer
wetting of the tablet surface and reduced hydrody-
namic shear stress [9].
Ingestion of foodstuffs containing water soluble

fibres has been demonstrated to elevate the luminal
viscosity by several orders of magnitudes [17–20].
Digesta viscosity, assessed in vivo using Echo planar
magnetic resonance imaging,was found to lie in the
range of 300–4000 mPa�s. The viscosity of gastric
aspirates from healthy volunteers was reported to
range from 200–2000 mPa�s immediately after food
ingestion [21]. The average intestinal content
viscosity values of rats fed with an oat based meal
was found to lie in the range of 199–370 mPa�s
[22]. Although ingestion of a high viscosity meal
increases the apparent viscosity of the stomach
contents, digesta viscosity is reduced by rapid
gastric dilution and increased luminal motility.
The intake of highly viscous meals has been associ-
ated with strong gastric secretions. The volume of
gastric secretions produced within 80 min in
response to locust bean gum meal ingestion has
been evaluated to be in the range of 95–157 ml
[21,23]. Shear conditions within GI are another
important factor affecting the luminal viscosity.
However, little is known on the shear rate that
exists in the GI tract and there is no single standard-
ized method to measure it. The motility within the
GI tract varies considerably with location and meal
composition. This makes the interpretation and
evaluation of gastric viscosity data difficult [20].
Copyright © 2012 John Wiley & Sons, Ltd.
Likewise, not even the effect of gastric dilution on
the viscosity of an FDA standard meal at different
shear rates has been reported.

The Biopharmaceutics Classification System
(BCS) may be used to predict the type of food
effect to be expected for the different classes of
drugs. For BCS Class III drugs (high solubility, low
permeability), a negative food effect is most likely
to occur [24]. For example, trospium chloride, which
belongs to this group, has a systemic availability of
approximately 10% following oral administration.
The first-pass effect is negligible since the
compound has little affinity for CYP or phase II
enzymes, thus poor permeability can be made
responsible for its poor bioavailability [25]. Reduced
bioavailability of trospium has been reported by the
concomitant intake of a high fat meal, with an AUC
value 86% lower than that obtained when it was
administered in the fasted state [26].

A food effect is important to be considered in
the early stages of drug development and in vitro
dissolution methods may be helpful in this
respect. Most of the in vitro models described in
the Pharmacopeias, however, are not suitable for
predicting the effect of food on drug release.
Compendial media, such as simulated gastric
fluid (SGF) and simulated intestinal fluid (SIF)
are not representative of the GI environment in
the fed state, particularly with respect to media
viscosity. In an attempt to better predict the potential
of food on drug absorption, various physiologically
adapted media have been proposed. These systems
consider factors related to media pH and compo-
sitions, such as bile salt, lipolytic enzymes and
phospholipids contents. However, these media lack
the physiological basis from a viscosity point of
view [27]. Several media, such as milk and EnsureW

Plus, have been proposed to simulate the postpran-
dial gastric conditions [28]. However, the viscosity
of these media may not reflect the change in the
gastric viscosity after meal intake; therefore, they
may not be suitable to predict viscosity-derived
food effects. Only a few studies have so far
addressed viscosity aspects in developing such
media [29]. The effect of viscosity changes due to
the dilutional process by gastric secretion has not
been simulated. Yet, for better in vitro assessment
of in vivo performance, it is essential to develop a
dissolution medium that adequately reflects the
postprandial viscous conditions in the GI tract.
Biopharm. Drug Dispos. 33: 403–416 (2012)
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In this manuscript an in vitro model that is
predictive for the viscosity effect following inges-
tion of a standardmeal is proposed. The rheological
behaviour of a homogenized standard meal recom-
mended by FDA prior to and following dilution is
characterized in order to design a representative
viscosity-adjusted dissolution medium to simulate
fed conditions.
Solutions containing different concentrations of

VEAs were applied to understand the mechanism
of drug release under viscous conditions; HPMC
and guar gum polymeric solutions were selected
to investigate the impact of the nature and structure
of the VEA on the drug release process. The in vitro
data are interpreted in light of the negative food
effect encountered following the oral administra-
tion of solid dosage forms of a BCS III compound
in vivo and gastrointestinal simulation technology
is applied to establish in vitro/in vivo relationships.
able 1. Concentrations of different viscosity enhancing agents
sed in the study

olymer1 Concentration of solution

PMC E4M (pH4.6, 6.8) 0.5%, 1%, 1.4%, 1.5%, 1.75%, 2%
uar gum (pH 6.8) 0.25%, 0.5%, 0.75%

Concentration expressed as w/v.
Materials and Methods

Materials and dosage forms

Trospium chloride was obtained from Midas
(Ingelheim, Germany), methyl hydroxypropyl
cellulose E4M (Methocel E4M premium) from
Synopharm (Germany). Guar gum, sodium
hydroxide and potassium dihydrogen phosphate
were purchased from Sigma Aldrich (Germany).
Sodium acetate dihydrate was obtained from Carl
Roth (Germany). Three commercially available
trospium chloride tablet formulations were inves-
tigated: SpasmolytW, SpasmexW and TrospiW.
SpasmolytW and SpasmexW are film-coated tablets,
whereas, TrospiW is a conventional tablet. TrospiW

was kindly donated from Medac (Germany),
SpasmexW was obtained from Dr R. Pfleger
(Germany) and SpasmolytW from Madaus
(Germany).

Media composition

Various types of release media were used, differing
in: (i) pH: 0.05 M acetate buffer pH 4.6 (USP), and
simulated intestinal fluid (SIF) pH 6.8 prepared
from 6.8 g KH2PO4, 0.2 MNaOHand distilledwater
to 1000 ml. These media were used to simulate the
fasted state under different pH (reference media);
(ii) Viscosity: HPMC was added to SIF pH 6.8 and
Copyright © 2012 John Wiley & Sons, Ltd.
acetate buffer pH 4.6 in different concentrations to
represent the viscous fed state under various pH
conditions. Table 1 lists the HPMC concentrations
chosen to be used throughout the study. Guar
gum was added to SIF in different proportions to
provide information on the effect of the type of
viscosity enhancing agent (VEA), e.g. its polymer
structure on drug release process.
Viscosity determination

As a starting point for determining the suitable
viscosity range for the different dissolution media
to be used throughout this study and to design
suitable media to simulate the viscous conditions
in the fed state, the rheological profile of an FDA
homogenized standard meal before and after
dilution was characterized. The composition of
this standard meal was: 2 slices of toast with
butter, 2 eggs fried in butter, 2 strips of bacon, 4
ounces of hash brown potatoes, 8 ounces of whole
milk [30]. Altered food viscosity through dilution
by GI secretions was mimicked by diluting the
homogenized standardmealwith different volumes
of water. The FDA diet (460 ml), recommended
to be co-administered with 240 ml of water, was
mixed thoroughly using a Waring blender and
the initial viscosity of this homogenized food was
determined. The diet was then diluted with 100 ml
of water and the viscosity was reanalysed. The
dilution process was repeated once before the
final viscosity was measured to yield a final volume
of 900 ml.

To ascertain the concentrations of the different
VEAs required for achieving viscosity similar to
that of the homogenized meal and its dilutions,
the rheological profiles of the different agents
were constructed.

All viscosity measurements were performed
in triplicate on a rotational rheometer RV 12
(HAAKE, Germany) using the MV DIN Sensor
system at 37 �C. Viscosity values used for viscous
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media characterization in this study were
determined at a shear rate of 1.29 s-1.

Simulation of gastric viscosity in the fed state

Matching the viscosity of the FDA homogenized
meal can be designed by dissolving VEAs in SIF
and acetate buffer and adjusting their rheological
profiles to the standard meal. As the viscosity of
the GI fluids is changing over time due to the
dilution process, this process was simulated by
the gradual addition of non-viscous dissolution
media at different time intervals. The rate of
dilution process was adjusted based on previous
in vivo studies to 130 ml/h [21].

Solubility determination

Equilibrium solubility of trospium chloride in
various media was determined at 37 �C. An excess
amount of the drug was added to 3 ml of the
investigated media, which was kept in a shaker
incubator maintained at 37 �C for 24 h. Thereafter,
the solutions were filtered and assayed spectropho-
tometrically at 210 nm. Solubility determinations
were performed in duplicate.

Density determination

The density of the different solutions used was
determined byweighing a 50ml pycnometer before
and after filling it with the investigated solution.
The difference in the mass of the pycnometer was
divided by its volume and yielded the density
value. Density determination was performed in
triplicate at 37 �C.

Determination of the osmotic pressure

The osmotic pressure of the different dissolution
media was determined using a vapour pressure
osmometer (Wescor, Germany), calibrated with
standard solutions of known osmolality.

Water uptake

Water uptake into trospium tablets was studied as
a function of the viscosity of the penetrating liquid
using the Enslinmethod. The tabletwas placed on a
sintered glass filter connected to a horizontal grad-
uated capillary containing the liquid. The volume
of water taken up by the tablet was measured by
Copyright © 2012 John Wiley & Sons, Ltd.
noting the change in the capillary reading with
time. The results are reported as the mean� SD of
three measurements.

Disintegration

The USP test without disks was employed to
assess the media viscosity effect on the tablet
disintegration rate, using a tablet disintegration
tester (PharmaTest, Germany). All the tests were
carried out in 800 ml of the various media at 37
�C using six tablets, one per vessel, for each test.
Individual disintegration times were noted and
the mean� SD reported. The disintegration study
was performed in different media differing in pH
and viscosity: SIF and acetate buffer were used
as reference test media, corresponding to fasted
state viscosity, whereas HPMC solutions (pH 4.6
and 6.8) and guar gum solutions (pH 6.8) were
used to simulate the fed states.

Drug release

The dissolution study of trospium tablets in simple
and viscous media was performed in a rotating
paddle apparatus II (PharmaTest, Germany) using
900 ml of media at 50 rpm. All the experiments
were conducted at 37 �C. Five ml samples were
withdrawn at predetermined time intervals 5, 15,
30, 45, 60, 90 and 120 min, filtered, properly diluted
and assayed UV-photometrically (lamda 20
photometer, PerkinElmer,USA) at 210 nm. Following
analysis, dissolution versus time profiles in different
media were constructed.

Intrinsic dissolution

The intrinsic dissolution was measured using the
USP rotating disk method at 50 and 75 rpm in a
USP apparatus II (PharmaTest, Germany) at 37 �C.
Approximately 250 mg of pure trospium chloride
was compressed under a pressure of 20 kN force
for 30 s using a 0.8 mm diameter die (Wood
Apparatus, Pharma Test, Germany) into disks of
0.5 cm2 surface area for intrinsic dissolution
measurements using a hydraulic press (PaulWeber,
Germany). The disks were dedusted with
compressed air to remove any loose particles. The
dies were then placed into a holder that was
immersed into the dissolutionmedium; the distance
of the compressed drug disk from the bottom of the
Biopharm. Drug Dispos. 33: 403–416 (2012)
DOI: 10.1002/bdd
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dissolution vessel was maintained at 2.5 cm. All
intrinsic dissolutionmeasurements were performed
in triplicate.
For low viscosity media, 900 ml of dissolution

medium was added to the dissolution vessel. For
highly viscous media, 500 ml of media was used
in order to obtain sufficient concentrations for
accurate absorbance measurement.
At appropriate time intervals 4 ml samples

were withdrawn for analysis. When 500 ml of
medium was used the dissolution medium was
replaced after every sampling. Withdrawn samples
were not replaced when 900 ml medium was used.
Samples were withdrawn every 2 min for low
viscosity media; the time interval of sampling may
reach 10 min for highly viscous media until seven
data points had been collected.
The concentration of trospium in solution was

determined as described above. The intrinsic disso-
lution rate (amount dissolved per unit area) was
determined from the slope of the linear relationship
between the amounts dissolved versus time

Gastrointestinal simulation

Gastrointestinal simulation (GastroPlusW Ver. 7.0)
was used to simulate the effects of the decreased
dissolution rates on plasma concentration–time
profiles. Simulations were performed for a 60 mg
dose of trospium chloride. Peff was set to 0 for the
stomach compartment and to 0.3 � 10-5 cm/s
for duodenum, jejunum 1 and jejunum 2 com-
partments, respectively. For ileum 1 and ileum 2
a Peff of 0.1 � 10-4 cm s-1 was set and for ileum
3, caecum and ascending colon, a Peff value of
0 was set. The solubility of trospium chloride was
set to 670 mg/ml and its diffusion coefficient to
0.8 � 10-7 cm2/s. Simulations were performed
using the cumulative dissolution of trospium in
SIF as input for the fasted state and in 1.4% HPMC
for the fed state, respectively. A two-compartment
disposition function as described in reference [31]
was used to describe the disposition parameters of
trospium following i.v. dosing.

Statistical analysis

Differences between two groups were tested for
significance using ANOVAwith a value of p< 0.05
as the significance level. Similarity in dissolution
curves was tested by the f2-statistic where an
Copyright © 2012 John Wiley & Sons, Ltd.
f2 value between 50 and 100 suggests that two
dissolution profiles are similar.
Results

Determination of viscosity

The rheological profile of the standard homogenized
FDA meal revealed pseudoplastic behaviour, i.e.
the viscosity decreased with an increase in the
shear rate (Figure 1). Furthermore, a reduction in
solution viscosity after dilution was observed.
Progressive dilution of the diet reduced the
viscosity from an initial 2500 mPa�s to 466 mPa�s
at a low shear rate of 1.29 s-1 (Figure 2). These
observations are in accordance with previous
investigations [29]. Marciani has attributed a
rapid reduction in digesta viscosity in his studies
from 11000 to 2000 mPa�s after the intake of a
viscous meal to its gastric dilution [23].

Based on the above results, three levels of
media viscosity can be defined to represent the
low (15–20 mPa�s), medium (100–120 mPa�s) and
high (1300–1350 mPa�s) viscous conditions of GI
contents. Rheograms of different concentrations
of HPMC (at pH 4.6 and 6.8) and guar gum solu-
tions have been constructed. The mean viscosities
of the solutions used in this study are presented in
Table 2. The concentrated HPMC solutions are
found to exhibit pseudoplastic flow behaviour.
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Figure 2. Rheology plots of HPMC solutions in comparison with FDA meal
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The 0.5% HPMC solution showed certain devia-
tion from the Newtonian flow at low shear rates,
while at higher shear rates the flow pattern was
Newtonian. There was a small reduction of the
viscosity of HPMC solutions under pH 4.6
compared with pH 6.8. The flow characteristics
of guar gum solutions followed pseudoplastic
behaviour, which is in agreement with previous
studies [32].
Simulation of gastric viscosity in the fed state

By comparing the rheological profiles of different
concentrations of HPMC solutions with that of
the FDA standard meal, the rheogram of 1.4%
Table 2. Physicochemical characteristics of trospium chloride solut
were performed once. For solubility, the means of n= 2–3 and the i

Media Viscosity Z(cP) at 1.29 s-1 Density (g

SIF 1 0.997
0.1 N HCl 1 0.991
0.5% HPMC (pH=6.8) 20 0.993
1% HPMC (pH=6.8) 100 0.998
2% HPMC (pH=6.8) 1300 1.004
Acetate buffer 1 0.990
0.5% HPMC (pH=4.6) ND 0.991
1% HPMC (pH=4.6) ND 0.994
2% HPMC (pH=4.6) 900 0.997
0.25% guar (pH=6.8) 15 0.998
0.5% guar (pH=6.8) 140 0.998
0.75% guar (pH=6.8) 1350 0.998

ND, not determined.

Copyright © 2012 John Wiley & Sons, Ltd.
(w/v) HPMC solution approximates the homoge-
nized FDA standard meal (Figure 2). Guar gum
rheograms were much inferior in simulating the
viscosities of the standardized meal.

For the simulation of the dilution process, the
addition of 200 ml of the non-viscous media to
700 ml of 1.4% HPMC viscous solution would be
reasonably consistent with the dilution factor
previously reported in the literature [21].
Solubility and density determinations

The results of the density and the solubility deter-
minations of trospium chloride in the different
media are presented in Table 2. Trospium solubility
ions in different media. Except for solubility, determinations
ndividual values or the standard deviations are reported

/ml) Solubility (g/ml) Osmotic pressure (mmol/kg)

0.786� 0.021 95
0.696 (0.703, 0.689) 188
0.667� 0.029 115
0.537 (0.540, 0.533) 125
0.415 (0.420, 0.410) 200
0.765 (0.759, 0.770) 74
0.658 (0.624, 0.693) 82
0.559 (0.568, 0.550) 84

ND 86
0.787 (0.770, 0.803) 105
0.636 (0.643, 0.628) 106
0.515 (0.520, 0.510) 109

Biopharm. Drug Dispos. 33: 403–416 (2012)
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Figure 3. Disintegration times of various trospium chloride
products in different disintegration media. The effects of
increasing media viscosity on disintegration times were in all
cases significant (p< 0.05), whereas the effect of change of pH
for HPMC solutions at the same concentrations of VEA was
insignificant (p> 0.05). *pH 6.8; **pH 4.6
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was high, as expected for a charged compound. Its
solubility decreased in the presence of the different
VEA, this may be attributed to a competition
between both the hydrophilic VEA molecules and
the solute molecules for the solvent. This reduction
in the solubility can be considered as one of the
factors influencing the dissolution process, albeit
its effect is probably limited. There was no apparent
effect of pH on trospium solubility in viscous
HPMC media when comparing results at pH 4.6
and 6.8, respectively.

Effect of osmotic pressure

The osmotic pressure of the different dissolution
media is depicted in Table 2. Only small differences
in the osmotic pressure with concentration of VEAs
were observed in HPMC and guar solutions,
probably since their molecular weight is high.

Water uptake

Since water uptake is the preliminary step in the
disintegration mechanism, its characterization is
important towards a better understanding of drug
release. A linear relationship between water
uptake and time was observed (data not shown).
The water uptake rate was calculated from the
slope of the plot. The results are shown in Table 3.
It can be seen that water uptake into the differ-

ent tablets was reduced by the addition of the
VEA, and was accompanied by prolonged lag
times. A significant reduction in the water uptake
rate appeared by increasing the concentration of
the polymer. Furthermore, differences in lag times
can be observed. Longer lag times are reported
for coated tablets (SpasmexW and SpasmolytW)
compared with the uncoated tablet (TrospiW).
Table 3. Water uptake rates and lag times by tablets (mean� SD, n

Media Spasmolyt

Rate *10-3 (ml/min) T lag (min) Rate*10-3 (m

SIF 8.0� 1.05 1.0� 0 6.4� 0
0.5% HPMC 1.9� 0.08 12.0� 6.5 3.4� 0
1% HPMC 0.5� 0.01 16.0� 6.9 0.7� 0
2% HPMC 0.3� 0.10 28.0� 1.4 0.4� 0
0.25% guar 6.5� 0.30 3.5� 0.7 6.3� 0
0.5% guar 1.0� 0.10 13.3� 0.6 1.6� 0
0.75% guar 0.5� 0.05 42� 16.0 0.5� 0

Copyright © 2012 John Wiley & Sons, Ltd.
Disintegration study

The average disintegration times are shown in
Figure 3. The results clearly demonstrate the
potential for media viscosity to significantly delay
tablet disintegration. In non-viscous media, all
investigated products exhibited fast disintegration.
The disintegration times under viscous conditions
were significantly prolonged for the three formula-
tions (p< 0.05). Disintegration times in 1.4%HPMC
were increased from an average value of 3.5 min in
SIF to 18, 22 and 35 min for TrospiW, SpasmexW and
SpasmolytW, respectively. The change of pH at
identical concentrations of VEA did not signifi-
cantly affect disintegration times.

Differences in the behaviour of the three formula-
tions in the different mediawere obvious (Figure 4).
= 3–5)

Spasmex Trospi

l/min) T lag (min) Rate *10-3 (ml/min) T lag (min)

.01 1.0� 0.1 8.5� 0.48 0.8� 0.28

.17 14.0� 3.6 3.3� 0.06 5.3� 1.15

.08 17.0� 1.4 0.7� 0.07 14.8� 3.70

.01 25.0� 2.1 0.4� 0.02 22.0� 2.12

.39 11.5� 6.4 5.1� 0.40 1.8� 1.04

.10 14.3� 3.2 1.2� 0.07 6.3� 2.08

.02 23� 1.4 0.4� 0.01 10.5� 2.12

Biopharm. Drug Dispos. 33: 403–416 (2012)
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Figure 4. Relationship between water uptake into tablets and
tablet disintegration times
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The uncoated tablet (TrospiW) was least affected by
an increase in the viscosity of the media. Film
coated tablets, on the other hand, showed compara-
tively longer disintegration times. Furthermore, it
was noted that both film-coated tablets did not
behave in a similar manner. For SpasmolytW

relatively longer disintegration times in viscous
media were measured compared with SpasmexW.
There was a good, although nonlinear, correlation
between water uptake into the tablets and disinte-
gration rates (Figure 4), an observation that
confirms the results reported by Anwar et al. [9]
who reported a good correlation between the liquid
penetration rate into the tablet and the resulting
disintegration times. The increase inmedia viscosity
after food ingestion is not the only explanation for
delayed disintegration of trospium chloride tablets;
film formation around the tablet was suggested by
Abrahmsson as another explanation [11].
Dissolution study

The in vitro dissolution of the different trospium
formulations was investigated in the different
media. Figure 5a–c illustrates the dissolution profiles
for the three products in the presence and absence of
the different VEAs at various concentrations.
The rates of drug release under simulated fasting

conditions were faster compared with simulated
fed conditions. Under simulated fasting conditions,
the different products containing trospium chloride
were completely dissolvedwithin 15min, reflecting
Copyright © 2012 John Wiley & Sons, Ltd.
the very rapid tablet disintegration and the
high solubility of the drug substance. A viscosity
increase in the media resulted in a decrease in the
dissolution of trospium from the different formula-
tions in a concentration dependent manner. F2
similarity factors were generally less than 50, indi-
cating significant differences in the dissolution
profiles at various viscosities. Drug release from
the different formulations in 1.4% HPMC, which
has a viscosity similar to the FDA standard meal,
was reduced to less than 50%. In 2% HPMC
solutions, dissolution was very slow, i.e. less than
20% of the drug was dissolved within 120 min.
These findings are in agreement with the result
previously obtained by Parojcic et al. who observed
a delay in the dissolution and disintegration rates of
paracetamol tablets in viscous media [9]. In guar
gum enhanced viscous media, similar findings,
though not identical, were observed. Equiviscous
solutions of different VEAs thus resulted in differ-
ent dissolution patterns. At high viscosities, the
dissolution profiles in HPMC appeared to be
reduced compared with those in equiviscous
solutions of guar gum.

Reducing the pH of the dissolution media was
found to exert no effect on the drug release
patterns from the investigated tablets at HPMC
concentrations above 1% (similarity factors> 50).
However, at lower HPMC concentrations, changing
the pH showed significant effects on the dissolution
process. Figure 6a–c illustrates the pH effect on drug
release profiles for the three tablets in the viscous
HPMC solutions. In SIF media pH 6.8, complete
drug release was observed within 15 min, whereas,
at a lower pH acetate buffer 4.6, the total percentage
of drug release was reduced to 86%.

In general, good correlations were obtained
between disintegration times and dissolution
rates in viscous media (Figure 7). It is evident that
the lower dissolution rates observed in viscous
media reflect the prolonged disintegration and
the reduced liquid penetration rates.
Intrinsic dissolution

The results from the intrinsic dissolution experi-
ments are shown in Table 4. The IDR of the drug
was found to be affected by the viscosity of the
media. The intrinsic dissolution rate is inversely
proportional to the viscosity of the medium. Thus
Biopharm. Drug Dispos. 33: 403–416 (2012)
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Figure 5. (a) Dissolution profiles for SpasmolytW in viscous HPMC and guar solutions at pH 6.8, 50 rpm in USP-2 apparatus. In all
cases values for f2 were< 50. Mean� SD, n=3. (b) Dissolution profiles for SpasmexW in viscous HPMC and guar solutions at pH
6.8, 50 rpm in USP-2 apparatus. In all cases values for f2 were< 50. Mean� SD, n=3. (c) Dissolution profiles for TrospiW in viscous
HPMC and guar solution at pH 6.8, 50 rpm in USP-2 apparatus. In all cases values for f2 were< 50. Mean� SD, n=3
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Figure 6. (a) Effect of pH on dissolution of trospium from SpasmolytW tablets in solutions with differing viscosities. Only at
concentrations of HPMC< 1.0% f2 factors were< 50. Mean� SD, n= 3. (b) Effect of pH on dissolution of trospium from SpasmexW

tablets in solutions with differing viscosities. Only at concentrations of HPMC <1.0% f2 factors were< 50. Mean� SD, n= 3.
(c) Effect of pH on dissolution of trospium from TrospiW tablets in solutions with differing viscosities. Only at concentrations
of 2% HPMC the f2 factor was equal to 63. Mean� SD, n=3
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Figure 7. Relationship between dissolution and disintegration
times for various products of trospium chloride

igure 8. Simulated and predicted plasma concentration–time
rofiles for trospium in fasted and fed states in humans
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the addition of HPMC at a low concentration
reduces the dissolution rate. A similar trend is
observed in the guar gum solution. The IDR
is found to increase with increasing agitation
intensity from 50 rpm to 75 rpm. This can be
attributed to the decreased diffusion layer thickness
resulting in increased mass transport from the
matrix surface.
Gastrointestinal simulation of the effect of decrease
in dissolution rate on plasma concentration versus
time profiles and fraction absorbed

The results of the gastrointestinal simulation are
shown in Figure 8. The model described the exper-
imental plasma concentration–time profile quite
well in the fasted state and it also predicts a severe
decrease in the fed state. However, the decrease in
Table 4. Intrinsic dissolution rates for trospium chloride at
different agitation rates (mean� SD, n=3)

Media
Rexp75rpm

(mg/cm2min)
R exp50 rpm

(mg/cm2min)

SIF 17.5� 0.81 15.5� 0.60
0.1 N HCl 17.7� 0.35 15.3� 0.70
0.5% HPMC 14.2� 0.44 10.2� 1.06
1.0% HPMC 9.4� 0.75 6.5� 0.30
2.0% HPMC 3.9� 0.04 2.2� 0.17
0.25% guar gum 17.9� 0.97 13.6� 0.46
0.5% guar gum 11.8� 1.25 5.9� 0.68
0.75% guar gum 4.8� 0.16 1.0� 0.13

Copyright © 2012 John Wiley & Sons, Ltd.
F
p

plasma concentrations in the presence of food
was somewhat underestimated. For example, the
predicted Cmax was 1.7 ng/ml by the model,
whereas the average measured Cmax was only 0.6
ng/ml. This demonstrates that additional factors
of unknown mechanism may contribute to the
negative food effect of trospium and need to be
investigated further.
Discussion

It is evident that increasing the media viscosity had
a profound influence on drug disintegration and
dissolution. This effect was found to be mediated
mainly through the water penetration process.

Water uptake is the initial step in the disintegration
process, thus factors affecting liquid penetration
into the tablet will affect its disintegration rate.
The Washburn equation can be used to describe
the critical parameters influencing liquid penetra-
tion into the tablet [33]. According to this equation,
liquid uptake into non-disintegrating porous
tablets is adversely affected by the viscosity of the
penetrating liquid. Although the equation is of
limited applicability here, since the tablet is disinte-
grating and porosity is changing with time, an
inverse relation between liquid viscosity and its
penetration rate into tablets is suggested, which
may explain the reduced water uptake by tablets
in highly viscous media.
Biopharm. Drug Dispos. 33: 403–416 (2012)
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These findings suggest an impact of gastric
viscosity on drug release and bioavailability.
Media having viscosity similar to that of the
FDA standard meal showed reduced dissolution
and disintegration rates.
The differences observed in the disintegration

and dissolution behaviour between equiviscous
HPMC and guar gum polymeric solutions can be
related to the chemical structure of the polymer
chain. Guar gum is a branched polymer with
compact structure, whereas HPMC chains are
linear structures offering more resistance to drug
and water diffusivity.
C* (coil overlap concentration) is a characteristic

concentration for each polymer, above which the
coils of the polymer chains begin to overlap and
entangle with one another leading to an abrupt
increase in viscosity and decrease in solute diffusiv-
ity. Drug dissolution can be significantly decreased
at concentrations above C* through reduced diffu-
sivity [34]. The C* for HPMC has been determined
previously to be 0.57% [35] This may help to
explain the significant difference in drug dissolu-
tion between 0.5% and 1% HPMC solutions. The
C* value for guar gum was found to be 0.2% [34].
The concentrations of guar gum used in this study
were beyond this value. Reduced diffusivity in
viscousmedia could explain the low liquid penetra-
tion rates and the subsequent prolonged disintegra-
tion times and reduced dissolution profiles.
There is a good correlation between water pene-

tration rate into tablet, disintegration time and
dissolution rate in different viscous media. The
SIF medium showed the fastest penetration rates
and exhibited the shortest disintegration times.
Polymeric solutions exhibit slower rates of fluid
penetration into tablets, and slower disintegration.
The prolonged disintegration times may be respon-
sible for the reduced dissolution profiles observed
in viscous media.
The overall effect was more pronounced for film

coated tablets, which could be explained by the
swelling of the HPMC coat layer surrounding
the tablet, acting as a barrier for the diffusion of
the solvent and drug molecules in and out of the
tablet and offering a longer diffusional path
length. Differences between coated and uncoated
tablets can be observed, that may be attributed
to the variation in the coating thickness and
excipients included that were not obvious by
Copyright © 2012 John Wiley & Sons, Ltd.
using SIF as media for disintegration or dissolu-
tion. These findings are supported by previous
reports. Galia reported the slow dissolution of
film coated pandol tablets in milk compared with
non-coated acetaminophen tablets, which was as
attributed to a chemical interaction between milk
and tablet excipients [28].

In the present study, the role of viscosity on
the drug release process has been assessed. It is
evident that food viscosity can delay drug dissolu-
tion and tablet disintegration. This is of particular
importance for solid dosage forms containing BCS
class III compounds that may undergo preferen-
tial absorption in the upper small intestine. A
delay in drug release will supply the dissolved
drug distal to the absorption site, thus reducing
the fraction of absorbed drug and sometimes the
therapeutic efficacy.

Media viscosity should be considered for
adequate prediction of food effect on drug release.
Previous models were not physiologically relevant
to the actual fed state from the viscosity point of
view. In this study 1.4% HPMC solutions are
suggested for the simulation of the postprandial
conditions of the GI tract but further work is
needed for establishing in vitro/in vivo correlation.
Conclusion

The results suggest that food viscosity plays an
important role in the dissolution process of BCS
class III drugs. Changes in disintegration times
may be responsible for the different dissolution
profiles observed in these different media. Changes
in media viscosity can significantly influence the
disintegration times of tablets through changes in
liquid penetration rates.

Various media have been proposed for simula-
tion of the fed state; however, these media did not
reflect the viscosity conditions within the GI tract.
In the present study, the addition of a viscosity
enhancing agent for more accurate simulation of
the fed conditions is suggested. Viscosity is shown
to be an important factor affecting dissolution
and disintegration of dosage forms – thus when
defining a dissolution medium to simulate the
postprandial state, viscosity should be considered
as a relevant factor.
Biopharm. Drug Dispos. 33: 403–416 (2012)
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