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bstract

An investigation into the influence of viscous media on tablet disintegration and drug dissolution was performed with the aim to simulate the
otential formulation-specific food effect for a selected highly soluble model drug. Literature data on the in vivo drug absorption in fasted and
ed state have been evaluated for in vitro–in vivo correlation (IVIVC) purposes. In vitro studies were conducted in simple buffer media with or
ithout addition of HPMC K4M as a viscosity enhancing agent. Good IVIVC correlation (r > 0.95) was obtained for paracetamol dissolution in
iscous media at 50 rpm and fed state absorption profiles, while in vitro dissolution in simple media at lower stirring speed was predictable of
rug products in vivo behaviour in the fasted state. The data obtained support the existing idea that relatively simple dissolution media and/or

et of experimental conditions may be used to differentiate formulation-specific food–drug interactions. Such tests would be a useful tool in the
evelopment of formulations that would not be susceptible to the influence of co-administered meal and, furthermore, facilitate regulatory decision
n the necessity to conduct food effect studies in vivo.

2007 Elsevier B.V. All rights reserved.
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. Introduction

It is well recognized that co-administered meal may influence
he process of oral drug absorption in the way that it is accel-
rated, delayed, decreased or increased. Although a number of
actors with complex interrelationships may be responsible for
he observed effect, food–drug interactions may be, generally,
lassified as physiologically and/or physicochemically based
Fleisher et al., 1999). Furthermore, they may be drug substance
r dosage form (i.e. formulation) related. The most important
nteractions are those associated with a high risk of treatment
ailure arising from a significantly reduced bioavailability in the
ed state. On the other side, food effect may be used as a strategy
o improve oral absorption of co-administered poorly soluble

rugs. Therefore, the effect of food is of great importance while
valuating drug efficacy and safety and should be recognized
n the early phase of drug development (FDA/CDER, 2002; Li
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t al., 2002). There is a great interest for in vitro simulation of
uch interactions as the in vitro predictive methodology would
onsiderably contribute drug development process and shorten
he time and expenses for bringing drug products to the market.
lthough the in vitro models have been, so far, used with a mod-

rate success, there is a potential for in vitro dissolution testing
o aid the evaluation of physicochemical food–drug interactions,
.e. those associated with altered solubility and drug dissolution
rom the dosage form. In practice, it is difficult to determine
he exact mechanism by which food changes the bioavailability
f a drug product, however, identification and understanding of
echanisms governing food–drug as well as drug–drug inter-

ctions may contribute to the elucidation of drug absorption
echanisms. After the considerable efforts performed during

he 1980s (Maturu et al., 1986; Macheras et al., 1987; Wearly
t al., 1988; Junginger et al., 1990), the subject has recently re-
ained increased interest in terms of both investigation of the

nderlying interaction mechanisms, as well as design of the in
itro models that would be predictive of a potential food effect
fter oral drug administration (Charman et al., 1997; Fleisher
t al., 1999; Singh, 1999, 2005; Schmidt and Dalhoff, 2002;
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brahamsson et al., 2004, 2005; Anwar et al., 2005; Persson et
l., 2005). Meal-induced pH changes and resulting alterations
f drug solubility, enhanced solubility of poorly soluble lipho-
hylic drugs in the presence of lipid components of a high fat
eal, as well as reduced dosage form disintegration time and

rug diffusivity due to the increased intraluminal viscosity were
ecognized as the most important physicochemical factors gen-
rating food–drug interactions. Following the introduction of
iopharmaceutics Classification System (BCS), the attempts to
mploy it as a framework for predicting the occurrence of food
ffect have been made (Fleisher et al., 1999; FDA/CDER, 2002).
lthough it was postulated that BCS may be used as a basis for
redicting potential food effect for a particular class of drugs,
here are still major concerns whether food–drug interactions
re predominantly drug substance- or drug product-related and
his issue merits further considerations.

It has been stated that important food effects are least likely to
ccur with rapidly dissolving, immediate release drug products
ontaining highly soluble and highly permeable drug substances
BCS Class I). However, reduced postprandial absorption rate
nd lowered peak concentrations were reported for this class
f drugs (Jaffe et al., 1971; Koch et al., 1978; Walter-Sack et
l., 1989; Stillings et al., 2000; Rostami-Hodjegan et al., 2002;
ouliman et al., 2006). It was reported that in some volunteers
aximum plasma concentrations of paracetamol following food

id not reach levels required for effective analgesia (Stillings et
l., 2000). It was, also, suggested that food effect was more pro-
ounced in the case of high carbohydrate meals and/or meal
nriched in dietary fiber (Jaffe et al., 1971; Walter-Sack et al.,
989). Such results are also supported by the canine studies
howing that delayed gastric emptying and the effect of the
levated intraluminal viscosity was greatest for the highly sol-
ble drugs (Reppas et al., 1998). There are also indications that
he occurrence of such an effect may be formulation-specific.
ack of food effect observed in the case of drug adminis-

ered in solution and/or in the form of soluble tablets supports
uch an assumption and oppose the generally accepted hypoth-
sis that gastric emptying rate is the main factor responsible
or the delay in postprandial drug absorption of highly solu-
le drugs. Kalantzi et al. (2005) investigated paracetamol tablet
isintegration in canine stomach and reported that intragastric
isintegration was slower in the fed than in fasted state for film-
ablet formulation, while for the uncoated paracetamol tablets
ifference was minimal. Such reports indicate that question of
rug products bioinequivalence in the fed state may become an
ssue. Although delayed postprandial paracetamol absorption
as evident from a number of in vivo studies, this effect was
ot reflected in vitro using physiologically based dissolution
edia simulating fasted and fed state conditions (Galia et al.,

998; Souliman et al., 2006). Kalantzi et al. (2005) reported that
issolution of paracetamol from tablets (but not from suspen-
ion) was significantly slower in milk and it was concluded that
mployment of milk as drug release medium was predictable of

rug products behaviour in the fed state. Similar findings were
eported by Anwar et al. (2005) stating that viscosity was the
ey parameter responsible for the delayed tablet disintegration
n milk.

i
w
T
g

ig. 1. Potential mechanisms of increased viscosity-induced food–drug inter-
ctions.

Increased media viscosity may affect dosage form disinte-
ration and drug dissolution both in vitro and in vivo. A number
f mechanisms responsible for this effect may be presumed:
ormation of the film layer on the tablet surface due to the pre-
ipitation of certain food components, decreased penetration rate
f the media into the tablet, thus preventing wetting and tablet
isintegration, which may be additionally delayed because of
he reduced gastrointestinal fluid flow and reduced hydrody-
amic shear stress encountered; further factors are related to
ltered drug solubility, potential complexation and decreased
iffusivity of the dissolved drug, as well as the reduced water
ptake by the intestinal epithelia (as dietary fibers absorb water
nd hydrate) which may decrease the contribution of the para-
ellular transport to the total absorption of small hydrophilic
olecules (Fig. 1). The role of delayed tablet disintegration as

he prevailing mechanism contributing food–drug interactions
as emphasized more recently by Abrahamsson et al. (2004)

nd Anwar et al. (2005).
The aim of this work was to evaluate the impact of increased

edia viscosity on tablet disintegration and drug dissolution
ate in vitro and its relevance to the situation observed in vivo in
he presence of food. An attempt to develop level A in vitro–in
ivo correlation (IVIVC) model that would be predictive of drug
roducts in vivo behaviour was made. Paracetamol was selected
s a well-known, highly soluble model drug for which extensive
iterature in vivo data are available.

. Materials and methods

.1. Dosage forms

Five commercially available paracetamol immediate release
ablet formulations were investigated: P0, P1 and P2 were con-
entional uncoated tablets (product P0 was reported to be used

n the in vivo study published by Souliman et al. (2006)), P3
ere film-coated and P4 were designated as “rapidly absorbed”.
he formulation compositions of the investigated products are
iven in Table 1.
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Table 1
Formulation compositions of the investigated drug products (500 mg paracetamol per tablet)

Product Formulation composition

P0 l-Hydroxypropylcellulose, povidone, talc, colloidal silicium dioxide, magnesium stearate
P1 White gelatin, polyethylene glycol 6000, talc, croscarmellose sodium, hydrogenated ricinum oil, microcrystalline cellulose,

magnesium stearate
P2 Microcrystalline cellulose, povidone, croscarmellose sodium, colloidal silicium dioxide, magnesium stearate
P3 Starch, polyvidone, potassium sorbate, talc, stearic acid; film coating: hydroxypropylmethylcellulose, triacetin; printing ink:
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ethanol, propylene glycol, shellac, sodium l
P4 Sodium bicarbonate, soluble starch, povido

carnauba wax, titanium dioxide, polydextro

.2. Media composition

USP phosphate buffer pH 5.8 (as described in the USP mono-
raph for dissolution testing of Acetaminophen Tablet) without
nd with addition of 0.5 and/or 1.0% of viscosity increas-
ng agent was used throughout the study. After performing
he preliminary screening study, hydroxypropylmethylcellulose
Methocel K4M, Colorcon Co., UK) was selected as a chemi-
ally inert, water-soluble, relatively easily dispersible non-ionic
olymer aimed to mimic the effect of increased viscosity. To pre-
are the viscous media, required amount of HPMC K4M was
ispersed in one third of the amount of purified water needed
or media preparation preheated to 80 ◦C and allowed to cool.
he rest of water in which the required amounts of KH2PO4 and
aOH were dissolved was than added to the HPMC dispersion.

.3. Rheological measurements

Rheological measurements were performed on the rotational
heometer Rheolab MC 120 (Paar Physica, Germany) coupled
ith the rotating cylinder measuring device Z2 within the shear

ate range 0–300 s−1. Media samples were preheated at 37 ◦C.
ll measurements were performed in triplicate. Values of appar-

nt viscosity (at the shear rate 100 s−1) were used for viscous
edia characterization.

.4. Solubility determination

Equilibrium solubility of paracetamol in simple buffer and
iscous media was determined at 37 ◦C. Excess amount of drug
as added to the 50 ml of the investigated media and mixed
ith the magnetic stirrer for 2 h. 3 ml samples were withdrawn

t predetermined time intervals (5, 15, 30, 60, 90 and 120 min),
ltered, properly diluted and assayed for paracetamol UV spec-

rophotometrically at 243 nm. Solubility determinations were
erformed in duplicate.

.5. Diffusion study

Diffusion studies of paracetamol in simple buffer and viscous
edia were performed in the rotating paddle dissolution appa-
atus equipped with the enhancer cell assembly (Vankel, USA).
ccurately weighed amount of paracetamol (i.e. 2 mg/ml) was
issolved in the investigated media. 2 ml samples of the prepared
aracetamol solutions were placed in the enhancer cell, cov-

t
R

, dimethylpolysiloxane
aize starch, potassium sorbate, microcrystalline cellulose, magnesium stearate,
promellose, glycerol triacetate, polyethylene glycol

red with the semipermeable cellulose membrane (Cuprophan®,
kzo, Germany) and the cell was immersed in the dissolution
essel prefilled with 500 ml of purified water termostated at
7 ◦C. Paddle rotational speed was set at 100 rpm. In the pre-
etermined time intervals (5, 15, 20, 30, 45 and 60 min), 3 ml
amples were withdrawn from the vessels, filtered and assayed
or paracetamol UV spectrophotometrically at 243 nm. Deter-
inations were performed in triplicate. Drug diffusivity was

xpressed as the flux calculated from the slope of the initial por-
ion of the cumulative amount of paracetamol diffused per unit
rea vs. time plot.

.6. Tablet disintegration

Tablet disintegration was determined in the Tablet Disin-
egration Tester (Erweka ZT 32, Germany) using both simple
uffer and viscous media. Tests were carried out in 800 ml of
he investigated media at 37 ◦C.

.7. Dissolution study

Dissolution studies were performed in the rotating paddle
pparatus using 900 ml of simple buffer and/or viscous media at
he paddle stirring speed of 50 and/or 25 rpm. All experiments
ere performed at 37 ◦C. A 3 ml samples were withdrawn at

he predetermined time intervals (5, 15, 20, 30, 45, 60, 90 and
20 min), filtered, properly diluted and assayed for paracetamol
V spectrophotometrically at 243 nm. All determinations were
erformed in triplicate. Mean dissolution time (MDT) was cal-
ulated as parameter describing kinetics of drug dissolution in
itro under various experimental conditions (Eq. (1)).

DT =

∑

i

t̄i�Mi

∑

i

�Mi

(1)

here: t̄i is the central point of the observed time interval and
Mi is the differential amount of drug dissolved.

.8. In vivo data
Literature data on the effect of food on paracetamol absorp-
ion in vivo were collected and analyzed (Paintaud et al., 1998;
ostami-Hodjegan et al., 2002; Kelly et al., 2003; Souliman et
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Table 2
Overview of the literature in vivo data

Dosage form tmax (fed)/tmax (fasted) Cmax (fed)/Cmax (fasted) AUCfed/AUCfasted Reference

Solution 1.33 0.98 1.0 Paintaud et al. (1998)
Rapidly absorbed tablet 1.80 a 0.54 a 0.98 a a Rostami-Hodjegan et al. (2002)

1.85 b 0.94 b b Kelly et al. (2003)

Film-coated tablet 2.18 a 0.61 a 0.95 a

1.01 b

C 0.94 Souliman et al. (2006)
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onventional tablet 1.98 0.8

l., 2006). Drug input kinetics in vivo expressed in the form of
raction of drug absorbed (Fa) reported by Souliman et al. (2006)
ere employed for the in vitro–in vivo correlation studies.

. Results and discussion

.1. In vivo data

Literature reports show that, in the case of paracetamol
ablets, large differences in drug absorption kinetics in the fed
tate as compared to the fasting conditions were observed both
n human and canine studies. Co-administration with food has
ed to the reduced rate of paracetamol absorption, although the
xtent of absorption was not affected in most of the cases. There
as no food effect observed, or it was negligible when parac-

tamol was administered as a solution or an effervescent tablet
Paintaud et al., 1998; Walter-Sack et al., 1989) and it was more
ronounced in the case of film-coated tablets when compared to
ast absorbed tablets (Rostami-Hodjegan et al., 2002). Kelly et
l. (2003) studied the rates of tablet disintegration, gastric emp-
ying and drug absorption following administration of a new,
apidly absorbed, and a conventional film-coated paracetamol
ormulation. They postulated that faster drug absorption from

new paracetamol formulation containing sodium bicarbon-
te resulted from a combination of enhanced gastric emptying
nd improved disintegration/dissolution. Mean gastric emptying
imes for the new tablets were faster than those for conventional
ablets in both fasted and fed state, although these differences
ere not statistically significant. However, the differences in
astric emptying were more pronounced in the fasted state
nd the differences in disintegration were more pronounced in
he fed state. Kalantzi et al. (2005) investigated paracetamol
ablet disintegration in canine stomach and reported that intra-
astric disintegration is slower in the fed than in fasted state

or film-tablet formulation, while for the uncoated paracetamol
ablets difference was minimal. The effect of food on the in
ivo disintegration of the two products was in agreement with
he differences observed in the in vitro dissolution profiles of

i
S
t
n

able 3
haracteristics of the dissolution media employed

edia η (cP) PAR solubility (SD) (mg ml−1)

Simple” buffer 1 18.1 (1.16)
.5% HPMC K4M 20 17.6 (2.11)
.0% HPMC K4M 150 17.9 (2.58)
Fig. 2. Tablet disintegration times in various media.

he two tablets in milk. An overview of the literature data on
aracetamol pharmacokinetics in the fasted and fed state is pre-
ented in Table 2. Although total drug exposure, measured by
he AUC value, was almost the same in both fasted and fed
tate conditions nevertheless of the type of dosage form adminis-
ered, notable differences in tmax and Cmax values were observed.
o-administration with food resulted in the lowered maximum
oncentration and delayed drug absorption as indicated by the
atio of tmax (fed) to tmax (fasted). Dosage form specific effect of
ood was reflected by the tmax ratio in fed vs. fasted state rang-
ng from 1.33 in the case of paracetamol solution to 2.18 in the
ase of film-coated tablets.

.2. In vitro results

Characteristics of the investigated dissolution media are given
n Table 3. Apparent viscosity of media containing 0.5% HPMC
4M was 20 cP. Its rheological behaviour may be described

s, so-called “upper Newtonian”, as there was certain deviation
rom the linearity observed in the initial portion of the flow curve,
t low shear rates (below 50 s−1), while at higher shear rates the
ow pattern was Newtonian. Media containing 1% HPMC K4M
as characterized by the apparent viscosity value of approx-
mately 150 cP and it exhibited pseudoplastic flow behaviour.
olubility determinations and drug diffusion studies have shown

hat the presence of HPMC as the viscosity increasing agent did
ot influence paracetamol solubility nor its diffusion rate in the

PAR flux (SD) (mg cm−2 s−1) Rheological behaviour

2.37 × 10−4 (1.06 × 10−5)
1.95 × 10−4 (2.09 × 10−5) “Upper” Newtonian
2.18 × 10−4 (1.92 × 10−5) Pseudoplastic
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Fig. 3. Dissolution data obtained under various experimental conditions: (a) simple buffer, 50 rpm; (b) simple buffer, 25 rpm; (c) viscous media containing 1% HPMC
K4M, 50 rpm and (d) viscous media containing 0.5% HPMC K4M, 50 rpm.

Fig. 4. Influence of viscosity increasing agent concentration in the investigated media on tablet disintegration time (Tdis) and mean dissolution time (MDT).
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nvestigated media. Such findings are in accordance with data
eported by Nelson and Shah (1987) showing that solute diffu-
ivity in dilute polymeric solutions was not affected by the bulk
iscosity of the media.

Results of tablet disintegration testing are presented in Fig. 2.
ablet disintegration times were significantly prolonged in
iscous media as compared to simple buffer. The results of dis-
olution studies in various media are presented in Fig. 3a–d.
nder the compendial conditions (USP phosphate buffer pH
.8 and paddle rotation speed of 50 rpm) all the investigated
roducts exhibited very fast dissolution with only slight dif-
erences between individual formulations and somewhat faster
issolution rate observed for P4 (“rapidly absorbed tablets”)
Fig. 3a). Employment of lower stirring speed (25 rpm) resulted
n the slower dissolution rate and more pronounced differences
etween the investigated products (Fig. 3b). Regarding the influ-
nce of media viscosity, drug dissolution in media containing
% HPMC K4M was considerably delayed and prolonged to an
xtent which would question its biorelevance (Fig. 3c). How-
ver, in media containing 0.5% HPMC K4M (Fig. 3d) it was
ossible to distinguish the differences between the formula-
ions and the results obtained were in rank-order with those
eported from the in vivo fed state studies. Dissolution rate
f conventional paracetamol tablets was least affected by the
ncreased media viscosity, while there was a 30 min delay in
rug dissolution in the case of rapidly absorbed tablets. In the
ase of film-coated tablets, dissolution rate was reduced to an
xtent that only 30% of drug was dissolved after 1 h. It may be
resumed that poor wetting and reduced hydrodynamic shear
ate in viscous media contributed to the phenomena observed
ue to the slow and incomplete dissolution of film coating in
edia with increased viscosity when compared to simple buffer.
lso, it was apparent that dissolution profiles in viscous media

eflected the prolonged disintegration time of the investigated
aracetamol tablets. The effect of media viscosity on tablet dis-
ntegration time and mean dissolution time (MDT) is presented
n Fig. 4.

.3. In vitro–in vivo correlation

In order to test the “biorelevance” of the proposed dissolution
ethod, an attempt to develop level A in vitro–in vivo correla-

ion was made. Literature in vivo data on the effect of food on
aracetamol absorption from conventional tablets, reported by
ouliman et al. (2006), were evaluated. Souliman et al. (2006)
eported level A IVIVC using artificial digestive system as an
n vitro model to estimate the “availability of acetaminophen
R tablets for absorption in fasted and fed states”. After per-
orming time scaling of the in vitro data (corresponding to the
astric emptying time of 30 min in the fasted state and 60 min
n the fed state), high level of linear correlation was accom-
lished (i.e. r = 0.9128 in the fasted and r = 0.9984 in the fed
tate).
In vitro–in vivo correlation plots obtained when in vivo data
n paracetamol absorption reported by Souliman et al. (2006)
ere plotted against the in vitro data obtained in the present

tudy are shown in Fig. 5. It was found that in vitro results

f
d
2
2

ig. 5. In vitro–in vivo correlation plot for conventional uncoated paraceta-
ol tablets (products P0, P1 and P2) fed state simulation (a) and fasted state

imulation (b).

btained for conventional uncoated tablets (P0, P1 and P2) in
edia containing 0.5% HPMC K4M were in excellent correla-

ion with the in vivo data reported for paracetamol absorption in
he fed state (Fig. 5a). Furthermore, in vitro results obtained in
he simple buffer at 25 rpm corresponded well with the reported
n vivo input in the fasted state (Fig. 5b). The obtained corre-
ation plots were characterized by the coefficient of correlation
alues 0.9899, 0.9499 and 0.9778 (referring to the fasted state)
nd 0.9978, 0.9764 and 0.9876 (referring to the fed state) for the
nvestigated conventional uncoated tablet preparations P0, P1
nd P2, respectively. Corresponding values for the pooled data
ets (i.e. products P0, P1 and P2) were 0.8870 and 0.9700 for
he fasted state simulation and the fed state simulation, respec-
ively. The slopes of the regression lines for the pooled data sets
ere close to unity (i.e. 1.0528 for the fasted state simulation

nd 1.1311 for the fed state simulation of the preparations P0, P1
nd P2) indicating high level A IVIVC. Certain deviations from
he ideal 1:1 linear correlation observed in the simple buffer at
5 rpm should be attributed to the methodology “artifact” rather
han the real discrepancy due to the coning effect observed in
he dissolution vessel under the low agitation intensity. Other
uthors have also reported good in vitro–in vivo correlation

or the immediate release tablet preparations using standard
issolution paddle apparatus and lower stirring speed, such as
5–30 rpm (Radovanović et al., 1998; Rostami-Hodjegan et al.,
002a).
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. Conclusions

Experimental results from both in vivo and in vitro studies
ndicate that increased viscosity may be identified as an impor-
ant factor causing delayed onset in plasma of highly soluble
rugs co-administered with food. This effect is less likely to
e attributed to the drug substance properties (drug solubility
nd diffusivity were not affected). It may be postulated that the
ffect observed results from the prolonged disintegration time
f tablet formulations due to the poorer wetting of the tablet sur-
ace and the reduced hydrodynamic shear stress encountered.
urthermore, this effect may be formulation-specific, leading to

he potential bioinequivalence in the fed state. An attempt to
n vitro simulate food effect observed in vivo using dissolution

edia containing 0.5% HPMC K4M as the viscosity increasing
gent, resulted in a high level A IVIVC. The proposed media
xhibited the potential to differentiate formulation specific food
ffect observed in the case of paracetamol immediate release
ablets. Such findings indicate that relatively simple and repro-
ucible dissolution media may be used to simulate increased
ostprandial luminal viscosity and contribute to the existing idea
hat well-defined media or set of test conditions in vitro may be
sed to distinguish the potential food effect during the course of
rug product development and approval.

cknowledgment

This work was done under the project TR6719 supported by
he Ministry of Science, Republic of Serbia. The authors would
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