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Abstract. Food effects on oral drug bioavailability are a consequence of the complex
interplay between drug, formulation and human gastrointestinal (GI) physiology. Accord-
ingly, the prediction of the direction and the extent of food effects is often difficult. With
respect to novel formulations, biorelevant in vitro methods can be extremely powerful tools
to simulate the effect of food-induced changes on the physiological GI conditions on drug
release and absorption. However, the selection of suitable in vitro methods should be based
on a thorough understanding not only of human GI physiology but also of the drug and
formulation properties. This review focuses on in vitro methods that can be applied to
evaluate the effect of food intake on drug release from extended release (ER) products
during preclinical formulation development. With the aid of different examples, it will be
demonstrated that the combined and targeted use of various biorelevant in vitro methods can
be extremely useful for understanding drug release from ER products in the fed state and to
be able to forecast formulation-associated risks such as dose dumping in early stages of
formulation development.

KEY WORDS: food effect; oral bioavailability; biorelevant dissolution testing; extended release dosage
forms; in vitro.

INTRODUCTION

Interactions between food intake and drug administra-
tion are one of the major challenges in oral biopharmaceutics
as concomitant intake of food can affect the pharmacokinetic
profile of an orally administered drug by changing its
dissolution, absorption, metabolism, and/or elimination be-
haviour (1). The reasons for the occurrence of these food
effects on oral bioavailability are manifold, and the resulting
food effect can be regarded as the sum of all these processes.
In general, food effects are based on interactions between the
drug, the formulation and the physiological conditions inside
the human gastrointestinal (GI) tract (1,2). In the case of oral

extended release (ER) dosage forms where drug release is
limiting absorption, the formulation has a much greater effect
on bioavailability compared to immediate release drug
products (Table I). Typically, ER dosage forms release the
drug constantly over several hours irrespective of the
nutritional state. In this regard, one of the greatest threats
to the safety and efficacy of oral pharmacotherapy is dose
dumping. This describes the loss of controlled release
behaviour resulting in the absorption of large amounts of
drug within a relatively short time (3). Owing to higher drug
loading of ER dosage forms, this undesired drug release
behaviour can lead to overdosing of the patient. In case of
drugs with a narrow therapeutic index such as theophylline,
this may have dramatic consequences (4). On the other hand,
poorly formulated ER dosage forms may cause sub-
therapeutic plasma concentrations if the drug is not released
in the desired manner, which may also lead to therapy failure.

In this review, we will describe how the interactions
between the drug, the formulation and physiology can be
considered in biorelevant in vitro approaches with the aim to
forecast food effects on oral bioavailability during preclinical
formulation development. Particular attention will be paid to
the sensitivity of commonly used ER concepts to certain
physiological parameters. Since the evaluation of food effects
is not possible without the understanding of human GI
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physiology, the physiological variations present under post-
prandial conditions will be briefly described at the beginning
of this work and considered throughout the whole review.
Moreover, we will try to explain how the selection of
appropriate in vitro tools can aid the forecast of food effects
on the pharmacokinetic profile of ER dosage forms.

PHYSIOLOGY-RELATED FACTORS CONTRIBUTING
TO FOOD EFFECTS

The intake of food leads to various changes in GI
physiology, in particular in the stomach and the proximal
small intestine. The presence of food itself, as well as the
altered motility and secretion patterns required for efficient
digestion, results in a dramatic alteration of the environment,
in which the drug is released and absorbed. Amongst others,
these changes have a significant effect on the relevant
parameters such as residence times, fluid volumes, pH profiles
and shear stresses arising during GI transit (5,6).

Transit Times

With the aid of different techniques such as scintigraphy,
Magnetic Marker Monitoring (MMM) or telemetric capsules,
the gastric residence times (GRT) of non-digestible objects
have been investigated in recent years. As can be seen from
Fig. 1, the GRT in the fed state is clearly prolonged compared
to the fasted state. Interestingly, the small intestinal transit
time is almost unaffected by the nutritional state and amounts
to 2–5 h in both fasted and fed state.

Generally, the dosage form dimensions in combination
with the disintegration behaviour are of paramount impor-
tance for the GRT of oral ER dosage forms. Whereas multi-
particulate or quickly disintegrating dosage forms can leave
the stomach together with the meal even in the fed state,
larger non-digestible objects such as hydrogel matrix tablets
are retained until recurrence of the fasted state motility (7,8).
However, a clear cut-off diameter that prohibits emptying in
fed state cannot be defined (8). In general, the gastric
emptying time of non-digestible objects is not only affected
by the size of the objects tested but also by the caloric value
of the meal (Table II).

The higher the caloric value of the test meal, the longer
the gastric residence time of non-disintegrating, monolithic
dosage forms. The fasted state motility pattern which allows
the emptying of large, non-digestible objects by strong
peristalsis, only returns if at least 90% of the meal is emptied

from the stomach (19). In case of the high-caloric (800–
1000 kcal), high-fat FDA standard breakfast, this may take up
to 5 h and longer. The intake of lunch, which is typically
served 4–6 h after drug administration, can lead to a further
delay of gastric emptying (18). This effect was nicely
demonstrated in a publication by Ewe and co-workers, who
showed that the steady intake of meals (i.e. breakfast, lunch,
supper) delayed the gastric emptying of non-digestible tablets
to up 509 ± 220 min (20). Therefore, great care has to be
taken to the nutritional regime described in the study
protocol as this can potentially influence the food effect of
the ER dosage form (18).

Due to the delayed gastric residence time of non-
digestible ER dosage forms in the fed state, there is a clear
need to consider the gastric environment in order to be able
to forecast food effects (5). It must be kept in mind that a
long GRT is not per se a threat to oral drug delivery. It can
also be advantageous, especially for drugs with an absorption
window in the proximal small intestine (21).

Table I. Factors Contributing to the Occurrence of Food Effects on Oral Bioavailability in Case of Modified-Release Dosage Forms

Physiology-related factors Drug-related factors Formulation-related factors

Gastric emptying
pH profile along the GI tract
Gastric and intestinal fluid volumes
Motility
Oral, gastric and intestinal
secretions, including digestive enzymes

Intestinal bile salt levels
Food composition and caloric content

Aqueous and lipid solubility
Dissolution rate
Partition coefficient (e.g. into lipids or bile
salt micelles)

Stability towards gastrointestinal conditions,
including digestive enzymes and pH values
in the physiological range of pH 1–8

Permeability
Absorption rate, site-specific absorption

Size
Mechanism of drug release
Selection and amount of excipients
Drug release profile
Disintegration behaviour of
multi-particulate systems

Dose

Fig. 1. Box plot of time points of gastric emptying (GE) under fasting
and fed conditions as well as small intestinal transit times (SITT,
calculated as difference between the time point of arrival in colon and
gastric emptying) of non-disintegrating capsules and tablets with a
diameter of at least 5 mm as determined in several MMM studies.
Reprinted from (7) with permission from Elsevier
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Motility

The dependence of gastric residence times on the
prandial state is the result of motility patterns specific for
fasted and fed state. These motility patterns also lead to the
situation that ER dosage forms are exposed to distinct
mechanical conditions during their GI transit. The so-called
Migrating Motor Complex (MMC) is characteristic for the
fasted state (22). This cyclic pattern consists of three different
phases. MMC phase I, a period of quiescence, is followed by
MMC phases II and III as phases of peristaltic activity.
Especially during the short MMC phase III, strong peristaltic
contractions are present that enable the general cleansing of
the stomach. Typically, the gastric residence time of large
non-digestible objects in the fasted state is determined by the
occurrence of these so-called housekeeping waves. During
MMC phase III, pressure values of up to 500 mbar can arise,
as was previously revealed using the SmartPill (18). These
high pressure values can destroy ER dosage form integrity
resulting in potential dose dumping (23). However, owing to
the circular nature of the antral contraction waves, the
magnitude of the applied pressure depends on the size of
the object. Thus, the smaller the object, the smaller is the
pressure applied. In the small intestine, the shear forces
generated by peristalsis are typically low (18).

Apart from the forceful contractions caused by the MMC
phase III activity, an ER dosage form is exposed to rather low
shear stresses in the fasted state (24). This situation changes
dramatically in the fed stomach, in which the fed state
motility pattern causes continuous peristaltic activity. Jain
and colleagues showed that these differences can cause faster
erosion of HPMC matrix tablets (25). In the fed state,

peristaltic waves are generated in the corpus with a frequency
of 3 per minute and move towards the pylorus. In the small
intestine, these contractions are continued with a frequency
of 12 per minute (26). However, the intragastric localisation
determines the exposition to mechanical stresses as the
fundus is unaffected by the peristaltic contractions, whilst
the antrum is a high shear zone. This was demonstrated with
the help of MMM (27,28). As can be seen in Fig. 2, the
hydrogel matrix tablet investigated is very sensitive to the
different mechanical conditions in the stomach and small
intestine. Localisation in the antrum causes drug release and
also the transfer of the released drug to the site of absorption.
In contrast, localisation in the fundus does not trigger the
onset of drug plasma levels.

Gastrointestinal Contents

During gastric transit, an orally administered drug is
exposed to highly dynamic conditions that arise from
simultaneous secretion, digestion and emptying processes
(5). Thus, it must be kept in mind that important parameters
such as fluid volumes, luminal pH and surface tension are not
static and change over time (5). In the last years, the
physicochemical characteristics of the GI contents in the fed
state have been evaluated with the aid of different techniques
such as aspiration of luminal contents or telemetric capsules
(18,29,30). However, in many cases, these studies were
performed with liquid test meals, which have different
physicochemical properties compared to solid test meals such
as the test meal proposed by FDA and EMA for food-effect
bioavailability and fed bioequivalence studies—the so-called
FDA standard meal (31).

Table II. Overview of Gastric Emptying Times of Non-disintegrating Objects from the Fed Stomach

Dosage form (diameter) Test meal (kcal) GET (min) Ref

Median Min/max

Non-disintegrating tablets (5 mm) Medium meal (519 kcal) 149 (n = 10) 119 /171 (9)
Non-disintegrating tablets (5 × 7 mm)
Telemetric capsule (25 × 8 mm)

Light meal (287 kcal) 92 (n = 8)
263 (n = 8)

5/288
108/> 720

(10)

Non-disintegrating tablets
7 mm (two tablets)
11 mm (two tablets)
13 mm (two tablets)

Light meal (358 kcal) 135 (n = 5)
150 (n = 5)
180 (n = 5)

15/180
15/180
105/210

(11)

Non-disintegrating tablets
5 mm
6 mm
7 mm

Medium meal (549 kcal) 152b (n = 6)
159b (n = 6)
91.5b,c (n = 6)

90/225b

88/237b

33/265b

(12)

CODES™ (8.5 mm) Medium meal (600 kcal) 180 (n = 7) 90/211 (13)
Flexilog 1010 (24 × 7 mm) Light meal (240 kcal)

Heavy meal (860 kcal)
105 (n = 23)
720 (n = 22)b,c

45/245
255/720

(14)

Non-disintegrating pellets (~ 1 mm)
Osmet® (25 × 7 mm)
Non-disintegrating pellets (~ 1 mm)
Osmet® (25 × 7 mm)

Light meal (358 kcal)
Heavy meal (860 kcal)

123 (n = 6)c

150 (n = 6)c

290 (n = 6)c

> 550 (n = 6)c

80/190
30/600
150/420
> 550

(15)

SmartPill® (26 × 13 mm) SmartBar® (260 kcal) 180 (n = 81) 100/357a (16)
SmartPill® (26 × 13 mm) Light meal (255 kcal) 216 (n = 66) 94/360a (17)
SmartPill® (26 × 13 mm) FDA breakfast (800–1000 kcal) 986 (n = 19)c 257/1212 (18)

aDigitalized by use of Origin 8.5.1G
b t50%-value
c Potential extension of GET by further food intake
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The initial gastric content is highly heterogeneous and
composed of the ingested meal, residual fasted state contents,
and oral and gastric secretions. The initial conditions in
stomach, duodenum and ascending colon of fasted and fed
state (measured after administration of Ensure® Plus or the
FDA standard meal) are summarised in Table III. One
should note that this overview does neither highlight the
inter- and intraindividual variability nor the dynamic changes
of all these parameters, which were demonstrated in various
studies (18,29,32,34–36).

One of the main differences between fasted and fed state
and a major contributor to food effects are the hydrodynam-
ics in the stomach. The fluid volume in the stomach after an
overnight fast is typically low and amounts to 10–50 mL.
Directly after drug administration, the fluid volume increases
owing to the co-administered water. However, this volume is
typically emptied within 15–45 min (37). In contrast, after
administration of the FDA standard breakfast, the gastric
content volume amounts to about 580 mL. Even 4.5 h later,
more than 150 mL is present in the stomach. Interestingly,

water administered after meal intake (e.g. during drug
administration) can be emptied even from the fed stomach
via a physiological shortcut (stomach road or Magenstrasse)
(32).

Mechanical, chemical and enzymatical digestion pro-
cesses prepare the gastric content for intestinal nutrient
absorption, which results in various changes in the physiolog-
ical conditions (e.g. pH value, viscosity and surface tension).
Both the intragastric solubility of a drug and the drug release
behaviour from the ER dosage form are affected by the
complex interplay of all these parameters. Thereby, the
intragastric location of the dosage form can again be highly
important, as the conditions in the proximal and distal parts
of the stomach can differ significantly in terms of pH or fat
fraction (18,32). Unfortunately, the time-dependent changes
of other important parameters such as viscosity have not been
investigated in vivo to date.

With respect to intestinal conditions, the dimensions and
the disintegration behaviour of the dosage form must be
considered. A large non-digestible object such as a hydrogel

Fig. 2. Comparison of plasma concentrations (black circle), gastrointestinal tablet localization (gastric
emptying: dashed blue line; grey areas indicate residence in the fundus), measured drug release profiles
(white square, normalised to last value) and deconvoluted fractional bioavailability profiles (dashed line,
normalised to last value as for measured drug release) after fed state administration of a hydrogel matrix
tablet containing felodipine by two different subjects (27)

Table III. Comparison of the Initial Conditions in Stomach, Duodenum and Ascending Colon in Fasted and Fed State

Parameter Fasted state Fed state Ref.

Stomach Volume (mL) 216 ± 49a (1.5 min after
intake of 240 mL water)

580 ± 38a (32)

Initial pH 4.6b (initial 5 min) 4.6b (initial 5 min) (24)
Buffer capacity (mmol/L ΔpH) 7–18b 28b,c (29)
Surface tension (mN/m) 42–46b 31b,c (29)
Osmolality (mOsmol/kg) 98–140b 559b,c (30 min after meal) (29)

Duodenum pH 6.2b pH 6.6b,c (30 min after meal) (29)
Buffer capacity (mmol/L ΔpH) 5.6b 28b,c (30 min after meal) (29)
Surface tension (mN/m) 32b 28b,c (29)
Osmolality (mOsmol/kg) 178b 395b,c (29)
Bile salt concentration (mM) 2.6b,c 11.2b,c (29)

Ascending colon pH 7.8 6.0 (33)
Buffer capacity (mmol/L ΔpH) 21.4 37.7 (33)
Osmolality (mOsmol/kg) 81 ± 101a 224 ± 125a (33)
Bile salt concentration (mM) 0.12 ± 0.12a 0.59 ± 0.41a (33)

aMean ± standard deviation
bMedian
cLiquid meal (500 mL Ensure Plus)
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matrix tablet will be emptied only after recurrence of the
fasted state motility and thus will be exposed to fasted
conditions in the small intestine. In contrast, multi-
particulate ER dosage forms will experience fed intestinal
conditions. The luminal conditions within the fasted and fed
small intestine differ significantly, especially in terms of bile
salt concentration and the presence of digestive enzymes (38).
Food lipids emptied from the stomach and bile salts can form
mixed micelles, which can aid the solubilisation of drugs
(39,40). In regard to the lower intestine, information on the
physicochemical characteristics of its contents is mainly
provided from studies in which the FDA standard meal was
administered to healthy adults (33,41). In these studies,
contents from the distal ileum and the ascending colon were
collected 5 h after the administration of the FDA meal, which
was the time by which the multiparticulate ER products were
expected to arrive at the lower intestine. At this time, the pH
values in the distal ileum were found to be slightly alkaline
with a mean pH value around pH 8, which is similar to the
fasted state. On the other hand, the pH value in the proximal
colon (i.e. caecum and ascending colon) pH is only about
pH 6. However, recent studies with telemetric capsules have
demonstrated that the colonic pH is highly variable with pH
values ranging from pH 5 to pH 8 (18,42).

DRUG-RELATED FACTORS CONTRIBUTING TO
FOOD EFFECTS

In the majority of cases, a food effect is based on the
physicochemical properties of the drug (1). Therefore, basic
information about the drug such as data on pH-dependent
solubility, solubility in biorelevant media and stability in GI
fluids along with information on absorption rate and site-
specific absorption are generally inevitable for the prediction
of food effects (43). The contribution of drug-related factors
to food effects of ER dosage forms can be assessed by
thorough evaluation of the data generated by use of standard
and biorelevant in vitro methods as well as the in vivo data
obtained from food effect studies with the respective imme-
diate release (IR) product. Given that the mechanism behind
the food effect of a drug or a particular formulation thereof is
known, a well-designed ER dosage form can help to reduce
the food effect and thus increase efficacy and safety of oral
drug therapy.

In the case of IR dosage forms, a rough assessment of
possible food effects can be achieved using the Biopharma-
ceutical Classification System (BCS), which classifies drugs
based on solubility and permeability into four categories
(1,43–45). BCS class I drugs typically possess no food effect as
they are regarded as highly soluble and permeable. However,
the onset of action is determined by the gastric emptying rate
and thus can be controlled by using ER dosage forms
containing BCS class I drugs. In contrast, BCS class II drugs
often show positive food effects, as the increase in fluid
volume, the presence of lipids and the secretion of bile salts
can enhance the solubility in fed state compared to the
solubility in fasted state fluids. For BCS class III drugs,
concomitant food intake often causes a drop in oral bioavail-
ability. It is assumed that food present in the small intestine
interferes with drug absorption. Some authors postulated that
certain nutrients such as lipids can interact with uptake

transporters (45). In case of BCS class IV drugs, the
magnitude and the direction of the food effects are highly
erratic.

Based on the information from the food effect studies
performed with the immediate release product, a primary
assessment of the possible risk for food-drug interactions for
the ER dosage form can be made.

FORMULATION-RELATED FACTORS
CONTRIBUTING TO FOOD EFFECTS

Interestingly, the food effect of an IR product does not
necessarily correlate with the one of the respective ER
product. Hence, the formulation design of the ER product
seems to play an important role for the presence of food
effects on oral bioavailability. In the following paragraph, we
will explain how food can affect the drug release behaviour
from solid oral dosage forms based on common ER
principles.

Before describing formulation-specific interactions, it
should be mentioned that the dimensions of an ER dosage
form can be a very important factor leading to food effects.
As described above, large non-digestible objects such as
hydrogel matrix tablets or OROS will be retained in the
stomach until recurrence of the fasted state motility owing to
the physiological phenomenon of gastric sieving (2). On the
other hand, multi-particulate dosage forms can leave the
stomach even under fed conditions. The resulting gastric
transit times do inherently determine the time of exposure to
certain conditions, which may affect important parameters
including drug solubility and intestinal absorption. In the case
of drugs with limited or pH-dependent aqueous solubility or
for drugs with an absorption window in the upper small
intestine, these changes may be highly relevant. However, it
must be kept in mind that the dimensions of eroding extended
release tablets typically decrease within the stomach, which
may already enable gastric emptying in fed state.

Hydrogel Matrix Tablets

Matrix tablets based on hydrophilic matrices such as
hydroxypropyl methylcellulose (HPMC) represent the most
popular way for controlled oral drug delivery as they can be
manufactured in a relatively simple and cost-effective way.
On the other hand, they also belong to the most sensitive
systems towards food-induced changes of the human GI tract
since drug release from these systems is the result of a
complex interplay between hydration, swelling, drug dissolu-
tion, diffusion and erosion (46). Typically, drug release is
controlled either by diffusion through the hydrated polymer
layer or by the erosion of this layer. All these processes can
be affected by concomitant food intake (25,47). Thereby, the
direction and the magnitude of food effects depend on
various formulation and processing parameters and cannot
be easily predicted.

The hydration of the matrix is the prerequisite for drug
release but depends on several factors. Owing to higher
luminal fluid volumes after food intake (32), matrix hydration
should be faster in the fed state. However, the presence of
certain food components such as proteins and lipids can have
detrimental effects. Abrahamsson and co-workers showed
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that precipitation of a film at the tablet’s surface, which was
mainly composed of proteins, delayed drug release in
biorelevant media simulating the fed stomach (48). In another
study, Williams and colleagues observed the formation of a
fat layer at the surface of HPMC matrix tablets in fat-rich
emulsions, which also caused altered drug release (49).
Besides, it must also be noted that the high osmolality of
the fed gastric content can affect the properties of the formed
gel layer. Depending on the polymer used, higher salt and
sugar concentrations may accelerate drug release due to loss
of the integrity of the gel layer (50).

It must be further noted that the swollen hydrogel
matrices are often sensitive to mechanical forces. In the fed
stomach, the increased gastric transit time along with higher
shear stresses may accelerate the erosion of the hydrogel
matrix in the fed state as was shown by Jain and co-workers
(25). It is therefore not surprising that different authors
describe complete disintegration of hydrogel matrix tablets
already in the stomach (25,51). As a result, maximum plasma
concentrations are observed after around 2–6 h in form of
relatively sharp peaks (51). In the worst-case, the accumula-
tion of released drug in the stomach can lead to dose
dumping-like plasma peaks, which in this case do not reflect
failure of the drug release mechanism but rapid absorption of
high amounts of a drug which has accumulated within the
stomach (27). Additionally, the high shear stresses arising
during the passage of the pyloric sphincter may also cause the
destruction of the hydrogel matrix and thus, dose dumping
(18). It must be kept in mind that due to higher drug loading
of ER dosage forms, dose dumping can have dramatic
consequences (e.g. overdosing) for the patient and should
be avoided in any case.

Osmotic-Release Oral System (OROS)

Osmotic-release oral systems are regarded as relatively
robust towards food-induced changes of the gastrointestinal
conditions. Several studies demonstrated the superiority of
OROS over other ER dosage forms (52,53). Schug and
colleagues investigated two different ER formulations of the
BCS class II drug nifedipine (Fig. 3). In contrast to the test
product (NIFEDICRON), the OROS (osmotic-release oral
system) was less susceptible to food-induced changes in the

GI tract and thus, released the drug almost independent of
food intake. In the literature, no cases could be identified
describing significant food effects with OROS (54).

Owing to a lag time of drug release in the range of 1–3 h,
the accumulation of released drug in the stomach is less likely
and thus, OROS is therefore less prone to dose dumping (27).
However, owing to the large dimensions and the non-
disintegrating character of OROS, long gastric residence
times can be expected when OROS is administered together
with food (55).

Multi-Particulate ER Dosage Forms

Multi-particulate dosage forms with particle sizes below
2–3 mm have the advantage that they can leave the stomach
even in the fed state due to the small dimensions of the
individual particulates. Thus, they typically do not accumulate
in the stomach and are emptied together with food. O’Reilly
and colleagues demonstrated that multi-particulates, which
are administered after a meal, follow a linear emptying
pattern (56). Based on these data, it was believed that the
use of multi-particulates is superior in generating a sustained
release and minimising the variability of drug plasma levels.
However, different studies have shown that the application of
multi-particulate dosage forms can cause dramatic food
effects (55). In contrast to monolithic ER dosage forms,
multi-particulates can be emptied into the fed duodenum. In
particular for poorly water-soluble drugs, the increased bile
salt levels may aid solubilisation (39). Therefore, the rate by
which multi-particulate dosage forms are emptied into the
small intestine and the interaction with hepatic and pancreatic
secretions will dictate the magnitude and direction of food
effects.

PHYSIOLOGICALLY RELEVANT IN VITRO
DISSOLUTION TEST METHODS

As described in the previous sections, the absorption of a
drug can be highly dependent upon a plethora of factors not
only related to the design of the formulation itself but also the
prevailing conditions along the GI tract which can be
significantly influenced by the presence of food. In order to
evaluate the performance of these different formulation types

Fig. 3. Mean plasma concentration versus time curves of nifedipine (given as geometric means and standard deviations)
determined after oral administration of Adalat OROS and Nifedicron under fasting conditions (a) and after a high-fat
breakfast (b) in 24 healthy young volunteers. Reprinted by permission from Springer Nature (54)
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under relevant conditions in vitro, these factors, especially in
terms of how food can impact on the drug release behaviour,
need to be considered in the in vitro test used.

In this section, we will summarise which in vitro tools can
be used to forecast the in vivo performance of ER dosage
forms in the fed state. At the moment, numerous physiolog-
ically relevant test media and test apparatuses can potentially
be used for the simulation of fed state conditions in the
stomach and small intestine (57). Based on their complexity,
the current approaches can be classified into four major
categories (Table IV).

Category A Test Methods

For the prediction of the in vivo performance of ER
dosage forms in the fed state, standard dissolution test
methods allow the initial characterisation of new formulations
and the investigation of the impact of basic parameters such
as pH or shear rate. Based on this information, the
formulation can be further optimised. The main advantage
of these methods is the high level of standardisation, broad
application and experience as well as the fact that they are
typically available in every formulation laboratory. They are
often applied to generate helpful reference data.

As the standard USP dissolution apparatuses does not
reflect the physiologically relevant shear conditions, their
informative value is often limited and the forecast of the
in vivo performance can hardly be based solely on applying
category A test methods (58,59).

Category B Test Methods

Category B test methods describe the use of physiolog-
ically relevant media in USP standard dissolution test
apparatuses. Typically, such experiments can be performed
in every laboratory but require more sophisticated analytics,
which may cause a significant increase in time and efforts.
Nonetheless, these methods can give valuable information
about the behaviour of oral ER dosage forms in complex
media. For instance, it was demonstrated that for hydrogel
matrix tablets, drug release and disintegration behaviour are
changed in the presence of certain food components (48,49).
As was described by Markopoulos and colleagues, the
complexity of the media can be increased by certain additives
such as lipids, digestive enzymes or viscosity-increasing agents
(Fig. 4) (60). By this, the effect of media-related aspects (e.g.
bile salts, lipids, proteins) can be specifically investigated. For

instance, the ratio of drug release in FeSSIF/FaSSIF can give
an early indication about the probability of a food effect
related to the intestinal conditions.

Typically, laboratories use their own physiologically
relevant medium for the simulation of fed conditions. For
the simulation of the conditions in the stomach, a generally
accepted standard medium does not exist (61). For the
simulation of intestinal conditions, some fed state simulation
media have gained a broader acceptance (e.g. FeSSIF) (60).

For gastric conditions, the use of the homogenised FDA
standard meal would be the best representation of the initial
fed state, but it poses several analytical and technical
problems (40). Moreover, many physiological variables such
as oral and gastric secretion rates, digestion rates by pepsin or
gastric lipase, or viscosity changes are still unknown for this
particular meal. Therefore, most groups use either milk-based
media, nutrient drinks such as Ensure® Plus or media based
on parenteral emulsions (61,62). However, these media are
not fully reflective of the complex situation in the stomach,
and in particular, the aspect of gastric digestion is mostly
neglected. Diakidou and colleagues nicely indicated that
these processes may play an important role for the investiga-
tion of food effects of oral ER dosage forms, as was shown for
a felodipine hydrogel matrix tablet (63).

With respect to intestinal conditions, especially the
increased bile salt and phospholipid concentrations in the
fed state as well as elevated enzyme levels have to be
considered, as the solubilisation by mixed micelles is regarded
as one of the major contributor to food effects (64). Popular
media for the simulation of fed conditions in the small
intestine are FeSSIF and FeSSIF-V2. The two versions of
FeSSIF differ in terms of pH, buffer capacity, osmolality, bile
salt concentration, buffer species and most importantly, the
presence of monoacylglycerols and free fatty acids (65). In
FeSSIF-V2, glycerol monoolein and sodium oleate are used
to simulate the presence of lipid digestion products. For more
distal parts of the small intestine, FeSSIFmidgut and SIFIleum

can be used (60,66). For the simulation of the contents of the
lower intestine, Georgaka and colleagues have proposed the
use of FeSSCoF-V2 (66). Media simulating the fed small
intestine are mainly useful for immediate-release products, or
multi-particulate ER dosage forms as large, non-digestible
objects can only be emptied into the duodenum in the fasted
state. The usefulness of these media was demonstrated in
different studies in which a controlled change of the
dissolution medium was made possible by use of the Bio-
Dis (USP apparatus III) or the flow-through cell (USP

Table IV. Degree of Complexity of Physiologically Relevant Test Methods Used for the Forecast of Food Effects

Category Test medium Test device Example

A Aqueous buffers USP standard dissolution test methods Standard dissolution experiments
B Physiologically biorelevant

media, pH changes
USP standard dissolution test methods Dissolution in milk-based media

or Ensure Plus
C Aqueous buffers and/or

physiologically relevant
media

Abstract, biorelevant test systems able
to simulate certain aspects of GI
physiology

Fed stomach Model, StressTest

D Physiologically biorelevant
media (including digestive
processes)

Highly complex, biorelevant test systems
able to simulate numerous aspects of
GI physiology

TNO TIM-1, Dynamic Gastric Model
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apparatus IV). This media-change approach was used to
study drug release from mesalamine modified-release (MR)
tablets, from different ER products containing theophylline
as well as from hydrogel matrix tablets containing caffeine
(67–69).

It should be noted that the effect of the buffer species is
often not fully considered. Whilst most in vitro methods are
based on compendial phosphate or maleate buffer systems,
these, however, have limited physiological significance. To
improve the physiological relevance, different groups have
proposed the use of using carbonate buffers (70–72). Fadda
and colleagues showed that the choice of buffer species can
have a significant impact on the release of mesalamine from
MR dosage forms (70). In another study, Shibata and
colleagues demonstrated that drug release from enteric-
coated tablets containing omeprazole and rabeprazol was
different in phosphate buffer compared to bicarbonate-based
buffer systems (73).

A formulation that shows the same in vitro drug release
profile irrespective of the medium may also be robust towards

changes of the luminal conditions in vivo. However, it must
be kept in mind that the dynamic changes of the composition
and the properties of luminal fluids in the fed human GI tract
are not fully understood. Therefore, the situation created by
use of media such as either milk or Ensure® Plus does not
necessarily reflect the in vivo situation. Therefore, the results
from such experiments should always be evaluated carefully.
In line with this, Williams and colleagues showed that the use
of fat-rich emulsions may cause physiologically irrelevant
problems (49). The formation of a fat film on the surface of
hydrogel matrix tablets may play a role in vitro, but in vivo,
higher shear stresses, the presence of bile salts and the action
of digestive enzymes probably prevent the film formation.

Category C Test Methods

In recent years, several in vitro test devices were
developed with the aim to simulate certain aspects of human
GI physiology (57). In contrast to biorelevant dissolution
media, they allow the simulation of physiological relevant
parameters such as luminal dosage form movement, shear
rates and stresses, secretion and gastric emptying patterns.
The systems can be classified based on their complexity and
functionality (Table V).

Category C test methods allow the abstract and reproduc-
ible simulation of certain gastrointestinal parameters. These
devices are based on different modifications of the standard
dissolution test apparatuses with the aim to increase physiolog-
ical relevance. Their advantage is the capability to specifically
investigate the effects of certain aspects of GI transit such as
shear stress or dosage formmovement on drug release from oral
ER dosage forms. In this way, the robustness of novel ER dosage
forms towards physiological conditions can be tested. For
instance, Garbacz and co-workers investigated the sensitivity of
various oral ER dosage forms towards gastrointestinal pressure
by using the Dissolution StressTest device (Fig. 5, bottom left)
(23). Another biorelevant test device, the Fed Stomach Model
(FSM, Fig. 5, top middle) was designed to specifically simulate
the mechanical conditions within the fed stomach. The different
shear conditions in the stomach are considered by test programs
specific for fundus, antrum and gastric emptying (27,74). In order
to simulate the effects of the intragastric location of an ER
dosage form in the fed stomach, different test scenarios can be
simulated that are based on deposition data from previous
MMM studies. In this way, the robustness of different formula-
tions towards certain parameters present under fed conditions
can be assessed. It was shown in a recent study that the
simulation of intragastric shear stresses can be crucial for drug
release from bilayer ER diclofenac tablets (74).

The drawbacks of these systems are their limited
availability and the fact that valid information can only be
generated if a larger set of experiments is performed.
However, simpler systems such as the FSM allow the
simultaneous investigation of up to six tablets at a time, and
thus, the experiments are typically time and cost-effective.
Theoretically, they could be applied in parallel to formulation
development in order to allow a quick assessment of
robustness towards physiological conditions. In this way,
novel ER dosage forms could be optimised in a targeted
fashion offering a possible reduction of development time and
costs.

Fig. 4. The four levels of biorelevant media recommended for the
simulation of the luminal environment. Reprinted from (60) with
permission from Elsevier
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Category D Test Methods

Category D test methods are in vitro test systems with a
high degree of complexity that allows one to study drug
release in a simulated GI environment. As can be seen from
Table V, the most advanced systems at the moment include
the Dynamic Gastric Model (DGM) and the TNO TIM-1
(75). Both systems were initially designed to study food
digestion in vitro but found their way into oral
biopharmaceutics in recent years. Whereas the DGM is
useful to study the effect of gastric processing, the TNO
TIM-1 aims at the simulation of both gastric and intestinal
processes.

Since the DGM (Fig. 5, bottom right) is currently the
most advanced model for the simulation of the human
stomach, this system might be particularly helpful to study
the gastric drug release of ER dosage forms with long
residence times in the fed stomach (e.g. hydrogel matrix

tablets, OROS). However, the system was developed to study
gastric food processing and is therefore not dedicated to aid
the development of novel ER dosage forms. In particular, the
simulation of shear stresses by the DGM does not adequately
replicate the nature of peristalsis of the human stomach. In a
recent publication by Chessa, the DGM was used to study the
hydration of hydrogel matrix tablets under fasted and fed
intake conditions (75).

The TNO TIM-1 system (Fig. 5, top right) is a
complex representation of the upper human GI tract that
considers various aspects of GI physiology. Although it
was used to study the drug release of enteric-coated
mesalamine tablets in the fed state, it is also not dedicated
to test slowly or non-disintegrating dosage forms (76).
However, by using an advanced version of the gastric
compartment, the so-called TIM-agc (advanced gastric
compartment), the food effect of ER dosage forms could
potentially be investigated (77).

Table V. Overview of the Physiological Factors Simulated by Different Biorelevant In Vitro Test Devices Used for the Forecast of Food Effects
from ER Dosage Forms

Test device Physiological
shear stresses

Physiological
shear rates

Gastric
emptying
rates

Gastric
digestive
processes

Hepatic and
pancreatic
secretion

(Passive)
Intestinal
absorption

Category C test methods
StressTest device + (+) − − − −
Fed Stomach Model + + + − − −

Category D test methods
Dynamic Gastric Model − + + + − −
TNO TIM-1 (+) + + + + +

Fig. 5. Selected in vitro test devices, of increasing complexity that can be applied to study food effects on
drug release from oral modified-release formulations
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For formulation scientists, these highly complex systems
may seem scientifically appealing, but a number of drawbacks
limit their suitability for routine experiments to evaluate the
behaviour of oral ER dosage forms. These limitations are
related to the complex nature of the experiments with regard
not only to the high degree of effort needed and additional costs
involved, but also limited availability of these devices to
formulation scientists. Additionally, this is further compounded
by the fact that there is limited control of the localization of the
dosage forms within these models. Thus, the dosage forms can
be exposed to variable conditions in terms of mechanical
stresses and hydrodynamics, which may be an explanation for
the highly variable results observed. Thus, these systems are
difficult for routine experiments involving oral ER dosage forms
but may be helpful for gaining a mechanistic understanding of
the factors influencing drug release in the fed state.

A common limitation of all available systems is the lack
of an appropriate simulation of gastric emptying. As far as we
know, none of these systems enable the transfer of a large
object from the gastric to the intestinal compartment. Thus,
the dynamics of the human GI tract can hardly be simulated.
In addition, most of the in vitro systems are based on fluid
volumes that are unrealistically high. In particular, the
intestinal fluid volume is much lower than simulated in the
in vitro method (2). It must also be considered that there is no
continual contact of the formulation to fluid in vivo and the
absence of a continual contact to GI fluids can cause altered
drug release, especially from systems that require certain fluid
volumes for hydration.

IN VITRO STRATEGIES FOR THE PREDICTION OF
FOOD EFFECTS

Although various in vitro test systems with different
degrees of complexity can be used to study drug release under
simulated postprandial conditions (Fig. 5), the best and safest
way to determine the food effect of ER dosage forms today
would still be a clinical trial. However, the selection of
appropriate in vitro test methods that assist the formulation
development can aid the targeted optimisation of the dosage
form and by this, save time and money. Increasing the
robustness of a dosage form towards a variety of conditions will
also increase the probability for a successful clinical trial. Ideally,
the selection of the most appropriate in vitro test method/s
would be based on the ER concept and recent experiences with
the drug, but often, the choice is limited by availability.
Therefore, in most cases, category A and B test methods are
used to assist formulation development, as standard dissolution
test equipment is generally available and biorelevant media can
be prepared easily. In certain cases, the media change approach
can be advantageous as it allows to study drug release under
more dynamic conditions. Moreover, the interaction between
transit times as well as luminal conditions in stomach and small
intestine can be studied as well. The more complex category C
and D systems are typically used in a scientific context, or
applied to gain a mechanistic understanding of food effects after
failed clinical trials.

Based on recent experience, certain aspects are key to the
development of an ER dosage form where drug release should
not to be influenced by food intake. First of all, possible risks
associated with the drug (e.g. stability in GI fluids, absorption

window, solubility issues) and the formulation (e.g. ER concept,
assumed gastric transit time) must be identified. The conse-
quences of a long gastric residence time were demonstrated for
an ER tablet containing amoxicillin and clavulanic acid (28).
Due to an absorption window in the upper small intestine, a long
gastric residence time was beneficial for the bioavailability of
amoxicillin. In contrast, clavulanic acid which is not stable in the
gastric environment demonstrates a reduction in AUC with
increased gastric residence.

Following this initial risk assessment, the most suitable
in vitro methods should be selected. With the help of these
models, the dosage form can be optimised. Typically, this
would include a number of basic experiments (i.e. aqueous
media of different pH in standard dissolution test appara-
tuses) and various formulation-specific in vitro tests. For
instance, in the case of hydrogel matrix tablets, the investiga-
tion of drug release under physiological shear conditions (e.g.
by use of the StressTest or the FSM) can aid to prevent dose
dumping. In contrast, for multi-particulate dosage forms, the
application of these methods seems less appropriate. With
respect to simulated transit times in stomach and small
intestine, it must be considered that large, non-disintegrating
objects can have extremely long gastric transit times in the fed
state. Thus, simulating gastric conditions for only 2 h does not
seem justified.

The aim of in vitro test methods would be the demon-
stration of the robustness of novel ER formulations towards
different conditions. An ER dosage form that releases the
drug irrespective of the test conditions would be expected to
be more robust towards the in vivo conditions. Although this
approach does not fully guarantee the absence of food effects
on oral bioavailability, it enables the selection of the most
robust formulation and thus increases the probability of a
successful outcome of the clinical trial.

In summary, the following aspects should be considered
for determining the most appropriate in vitro test condition:

1. The robustness of a dosage forms towards certain
physiological parameters should never be based on a
single level only. For instance, in dependence on the
type of food and the gastric residence time, gastric pH
values can vary widely between pH 1 and 7, and thus,
in vitro experiments should always cover the whole
range (18). The risk of unwanted drug release
behaviour can be significantly decreased if the dosage
form shows the desired drug release not only under
‘average conditions’ but also under physiologically
extreme conditions.

2. The assessment of a food effect is based on the
comparison with the fasted state, and thus, attention
must be paid to the test conditions applied for
simulation of the fasted state. Aspects such as gastric
and intestinal fluid volumes, gastric residence time or
gastric pH should represent the physiological situation
in fasted state. Otherwise, drug release in fasted state
may be either over- or underestimated, which would
impact the assessment of food effects.

3. The in vitro test should consider the protocol of the
clinical trial. Parameters such as the caloric value and
composition of the test meal, the time point of lunch,
and further fluid intake can all affect the outcome of a
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clinical trial and ideally are considered by the in vitro
test conditions. For instance, this can be done by the
selection of an appropriate time for the simulation of
gastric conditions.

Although in vitro test methods are valuable tools for
formulation development, an oral ER dosage form should
never be optimised to obtain the perfect in vitro profile. Instead,
the aim should always be the best possible plasma concentration
profile in vivo, and thus, the results from in vitro experiments
need to be always critically assessed under consideration of the
current understanding of human GI physiology. In this context,
the application of physiologically based pharmacokinetic
(PBPK) models can be very useful, as in silico tools such as
GastroPlus™, PK-Sim® or Simcyp® allow to combine data form
biorelevant in vitro experiments with human in vivo informa-
tion. This combination of information from various sources can
aid to enhance the comprehension of the effect of food intake on
the in vivo performance of drug products administered in the fed
state. The potential of this concept was nicely demonstrated in a
recent work published by Andreas and colleagues, in which the
negative food effect of zolpidem was successfully predicted by
combing biorelevant in vitro testing with PBPK (Simcyp® and
GastroPlus®) (78).

CONCLUSION

At the moment, it is impossible to define a strategy that
will always be successful for predicting food effects for ER
products. However, the combination of in vitro data obtained
by standard and biorelevant dissolution test methods along
with a thorough understanding of the in vivo behaviour (i.e.
absorption, metabolism, elimination) of the drug as well as
human GI physiology can aid to define the risk of possible
food-drug interactions for oral ER dosage forms already
during preclinical evaluation. The application of powerful
in vitro tools allows the development and targeted optimisa-
tion of ER dosage forms that are robust towards the altered
physiological conditions in the fed state.
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