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Why?
Promises of gastro-retentive dosage forms:

Release inside the stomach provides (continuous?) 
delivery to the small intestine:

Ø the only chance for extended absorption of drugs 
with absorption limited to the upper GI tract (e.g. 
frusemide, levodopa,  many antibiotics, antivirals..)

Ø Duration of oral drug delivery no longer limited by 
GI transit times: Long lasting oral drug delivery (days 
– weeks?)
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Abstract: More than 50 years ago, the first concepts for gastroretentive drug delivery systems
were developed. Despite extensive research in this field, there is no single formulation concept for
which reliable gastroretention has been demonstrated under di↵erent prandial conditions. Thus,
gastroretention remains the holy grail of oral drug delivery. One of the major reasons for the various
setbacks in this field is the lack of predictive in vitro and in vivo test methods used during preclinical
development. In most cases, human gastrointestinal physiology is not properly considered, which
leads to the application of inappropriate in vitro and animal models. Moreover, conditions in the
stomach are often not fully understood. Important aspects such as the kinetics of fluid volumes, gastric
pH or mechanical stresses have to be considered in a realistic manner, otherwise, the gastroretentive
potential as well as drug release of novel formulations cannot be assessed correctly in preclinical
studies. This review, therefore, highlights the most important aspects of human gastrointestinal
physiology and discusses their potential implications for the evaluation of gastroretentive drug
delivery systems.
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1. Introduction

The development of concepts for the prolongation of the gastric residence time of dosage forms
has been the focus of pharmaceutical scientists for more than half a century [1]. The prolonged
residence of dosage forms in the stomach, so-called gastroretention, can have various therapeutic and
biopharmaceutical benefits. These include improved local drug activity in the stomach, decreased
fluctuations of drug concentration in the plasma, improved patient compliance due to the reduced
dosing frequency or improved bioavailability for certain drugs with absorption windows in the upper
small intestine [2–5].

The benefits of gastroretentive dosage forms (GRDFs) were nicely demonstrated by Levy [6]
already back in 1976. Levy showed that for riboflavin, the oral bioavailability can be increased if gastric
emptying takes place continuously and slowly. Since riboflavin exhibits an absorption window in the
upper small intestine, the controlled delivery of the drug into this segment of the gastrointestinal tract
leads to better absorption. In contrast, a considerable portion of the administered dose is not absorbed
if the transit through the upper small intestine is fast. This e↵ect can be critical, since the non-absorbed
fraction may cause severe colonic side e↵ects. The question of whether a drug’s performance benefits
from a prolonged gastric residence can be answered by means of a simple experiment. Lewis and
colleagues [7] administered 400 mg aciclovir either in the form of 2 ⇥ 200 mg immediate release tablets,
an intraduodenal infusion (500 mL at constant rate over 4 h) or a solution administered in small
portions over a longer period (500 mL, 10.4 mL each 5 min for 4 h). The area under the curve (AUC) of
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A B S T R A C T   

More than 50 years ago, the first gastroretentive dosage forms came up. Since then, no practical and at the same 
time reliable gastroretentive system is available on market. A major obstacle in the development of novel gas-
troretentive systems is the lack of proper predictive test methods. In the present work, we aimed at developing 
and fully characterizing an expandable gastroretentive system containing furosemide as model drug. On the one 
hand, we used well-established in vitro tests for drug dissolution and gastroretentive properties (paddle appa-
ratus, swelling characteristics). On the other hand, we used two novel models (dissolution stress test device, 
mechanical antrum model) to assess these properties under biorelevant conditions. Moreover, we performed an 
in vivo study under fed and fasted conditions that combined blood sampling and a high-resolution imaging 
technique (magnetic marker monitoring) to determine gastrointestinal location with the assessment of a phar-
macodynamic endpoint (urinary sodium excretion). In vitro dissolution tests confirmed prolonged drug release 
over more than 8 h independent from pH and with slight pressure sensitivity. Swelling studies indicated good 
swelling behavior within 4 h along with medium gastroretentive properties as determined with the mechanical 
antrum model. In vivo imaging showed prolonged gastric residence time after fed compared to fasted adminis-
tration (481 min vs 38 min). Comparison of geometric means of AUCo-tlast of the model drug confirmed this 
observation with 10 times higher value after fed administration. Urinary excretion of sodium well reflected the 
increased sodium-reuptake inhibition due to higher furosemide exposure under fed conditions. 

However, the poor performance after fasted intake of the system is in line with data from several other gas-
troretentive formulations. The present study highlighted the value of novel test methods during the development 
of gastroretentive formulations. Yet, a system with reproducible gastroretentive properties especially under 
fasted conditions has to be designed.   

1. Introduction 

Undoubtedly, the availability of a formulation concept that provides 
reproducible gastric retention irrespective of the prandial intake con-
ditions would be a huge advance in oral drug delivery. The controlled 
prolongation of the gastric residence time of an orally administered drug 

would solve several problems of oral pharmacotherapy. One of the 
major problems is the high frequency of intake (! 4 times a day) in case 
of drugs with a rapid systemic clearance and a narrow absorption win-
dow in the upper part of the small intestine [1–3]. Latter ones, such as 
furosemide, are hardly or even not absorbed at all after passing their 
absorption window [2,4]. In most cases this results in poor oral 
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Values for gastric emptying were calculated as mean and median. 

3. Results 

3.1. In vitro evaluation 

3.1.1. Swelling studies 
Fig. 5 shows the swelling kinetics of the gastroretentive tablets. 
Most extensive swelling was observed after 5–7 h in the aqueous 

media except for SGFsp pH 1.2. The slowest swelling was observed in 
Ensure® plus with maximum swelling after 12 h. In milk and in SGFsp 
pH 1.2, the erosion of the system started comparatively early. After 24 h 
in SGFsp only the core tablets remained. Fig. 6 shows images of the 
swollen tablets after 4 h and 8 h. The rapid size decrease in SGFsp could 
also be observed visually. 

3.1.2. Gastroretentive properties 
In Fig. 7 the gastroretentive properties assessed with the mechanical 

antrum model are shown. After swelling for 4 h, the tablets had an intact 
coating and showed a comparatively rough surface. Except for one test 
setup (150 mL media volume and 0! inclination) a pressure of at least 
300 mbar was necessary to move the tablets forward inside the silicone 

Fig. 5. Swelling index of the swellable gastroretentive system in different test 
media as a function of time. Mean " SD, n # 3. 

Fig. 6. Photographs of the swellable gastroretentive system after removal from different test media at 4 h and 8 h.  
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bioavailability. The use of a controlled release formulation may be the 
solution to provide at best constant plasma concentration for these 
drugs. However, common controlled release formulations suffer from 
rapid gastric emptying, especially after fasted state intake, which limits 
their applicability for drugs with narrow absorption windows [5,6]. 
Gastroretentive formulation concepts address these issues. 

During the past decades, various approaches were proposed to 
generate a controlled prolongation of the gastric residence time. The 
majority of these systems can be assigned to one of the following four 
approaches: flotation, sedimentation, mucoadhesion and expansion. The 
latter one is often regarded as the most promising approach [2]. 
Consequently, several marketed gastroretentive dosage forms are based 
on this concept [7]. The idea of an expandable gastroretentive system is 
based on the assumption that a sufficient increase in size after oral 
intake may prevent the system from being emptied through the pylorus 
[8]. 

However, since intragastric conditions such as mechanical stresses, 
available media volume and luminal pH values are highly relevant for 
the performance of a gastroretentive system, a comprehensive charac-
terization of the effects of these critical parameters on gastric retention 
and drug release should be performed, ideally already in early stages of 
the development process. By this, unwanted surprises in postmarketing 
studies may become avoidable. Such a thorough characterization pro-
vides at least information on the following three parameters: (1) in vitro 
drug release behavior, ideally under biorelevant conditions; (2) in vitro 
gastroretentive properties and (3) in vivo gastroretentive properties, at 
best under various intake conditions [9]. The first problem can be 
addressed by using novel dissolution tools that take into account a single 
or multiple relevant gastric parameters known to strongly influence 
drug release behavior. These can be dynamic pH values, realistic stresses 
or the composition of the dissolution medium [9–11]. Although the 
number of biorelevant dissolution test devices used for oral dosage 
forms has increased significantly in the last years, only a few of these 
systems have been especially designed for the in vitro testing of gastro-
retentive systems. 

A clearly different picture can be drawn regarding the in vitro tests for 
the gastroretentive properties of novel formulations. Several test 
methods have been proposed in the past decades [9]. In case of 
expanding systems the most widely used test methods aim for infor-
mation about the increase in size over time and the swelling index, i.e. 
the increase in mass over time [9]. These in vitro methods typically 
oversimplify human gastrointestinal physiology. In order to consider the 
motility within human stomach, we have recently developed a novel test 
method - the mechanical antrum model [12]. This in vitro tool is able to 
simulate the action of antral contraction waves, which are of major 
importance for the gastric emptying of larger, indigestible objects 
[2,13,14]. 

To actually confirm the gastroretentive properties, an in vivo study in 
humans remains the gold standard [2]. However, the characterization of 
gastroretentive properties in vivo may suffer from certain pitfalls. A poor 
study design may impede correct data interpretation, especially in case 
of pharmacokinetic data. Besides important factors such as the prandial 
state of the subjects, further food intake during the study or the choice of 
an appropriate control formulation, also pharmacokinetic parameters of 
the drug itself have to be considered [9]. Ideally, a model drug is 
selected, which exhibits the mentioned issues regarding absorption and/ 
or metabolism after oral administration. Otherwise, it remains unclear 
in which segment of the gastrointestinal tract the drug was released. 

The best way to evaluate the gastroretentive properties of a novel 
system is the combination of such a pharmacokinetic study with an 
appropriate in vivo imaging method. Among the most widely applied 
methods to determine the gastrointestinal location of a dosage form are 
scintigraphy, magnetic resonance imaging, magnetic marker monitoring 
and X-ray imaging [15–20]. An ideal method would provide sufficient 
temporal and spatial resolution without the need of adding significant 
radiation doses or potentially harmful labeling materials. Of the imaging 

methods mentioned above, only magnetic marker monitoring meets 
these requirements. For this technique, only trace amounts (! 5 mg) of 
magnetic particles are needed to exactly track a labeled dosage form 
during its gastrointestinal transit via highly sensitive magnetic sensors in 
real time [21,22]. 

With these issues in mind, we aimed at developing and character-
izing a novel gastroretentive system based on expansion via swelling. For 
this purpose, the principle of an oral osmotic system, which is known to 
be robust from the release behavior, was extended by the gastroretentive 
principle of expansion. Furosemide was used as a model drug since it is 
known to have an absorption window in the upper small intestine. A 
comprehensive in vitro characterization was done using common test 
methods (swelling experiments and compendial dissolution tests) as 
well as novel test methods that were developed by our group within the 
past years (dissolution stress test device and mechanical antrum model). 
Moreover, a human in vivo study was conducted to assess the relevant 
pharmacokinetic parameters of the novel formulation and to verify its 
potential clinical effect by assessment of urinary sodium excretion and 
urine volume. This pharmacokinetic study was combined with magnetic 
marker monitoring as a suitable in vivo imaging method for the locali-
zation of dosage forms in the gastrointestinal tract to obtain a complete 
picture of the performance of the gastroretentive system. 

2. Materials and methods 

2.1. Materials 

For manufacturing of the gastroretentive formulation, polyethylene 
oxide (Polyox™ WSR-303, MW 7.000.000 Da, Polyox™ WSR N-750, 
MW 300.000 Da) was purchased from Dow Chemical Company (USA). 
Hydroxypropyl methylcellulose (HPMC, Methocel® K100M) was from 
Colorcon® (England). Microcrystalline cellulose (MCC, Vivapur® 200, 
JRS Pharma, Germany) was used as a filler. Sodium chloride (NaCl) was 
used as an osmotic component and was supplied by Fagron (Germany). 
Cellulose acetate (CA-320S NF/EP) and polyvinyl acetate dispersion 
(Kollicoat® SR 30 D) used as coating materials were provided by East-
man™ Chemical (USA) and BASF (Germany), respectively. Magnesium 
stearate (Applichem, Germany) was used as lubricant. Polyvinyl pyr-
rolidone (Kollidon® 30) was purchased from BASF (Germany). Black 
iron oxide (Sicovit® Black 80 E172, Rockwood Italia S.P.A., Italy) was 
used as marker substance for magnetic marker monitoring. Anhydrous 
colloidal silica (Aerosil® 200 Pharma) was purchased from Merck KGaA 
(Germany). Polyethylene glycol 400 was purchased from Fagron GmbH 
& Co. KG (Germany). Stearoyl macrogol-32 glycerides (Gelucire® 50/ 
13) was received from Gattefoss!e (France). Ensure® Plus (Vanilla, 1.5 
kcal/mL) was purchased from Abbott GmbH & Co. KG, (Germany). All 
other reagents and chemicals were of analytical grade. 

2.2. Preparation of the gastroretentive tablets 

2.2.1. Formulation concept 
A thorough description of the concept of the novel gastroretentive 

system is given in the corresponding patent [EP2155172A2]. As can be 
seen from Fig. 1, the investigated gastroretentive formulation consisted 

Fig. 1. Schematic of the formulation concept of the gastroretentive system.  
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Undoubtedly, the availability of a formulation concept that provides 
reproducible gastric retention irrespective of the prandial intake con-
ditions would be a huge advance in oral drug delivery. The controlled 
prolongation of the gastric residence time of an orally administered drug 

would solve several problems of oral pharmacotherapy. One of the 
major problems is the high frequency of intake (! 4 times a day) in case 
of drugs with a rapid systemic clearance and a narrow absorption win-
dow in the upper part of the small intestine [1–3]. Latter ones, such as 
furosemide, are hardly or even not absorbed at all after passing their 
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by Parakh and colleagues, who placed their expanding system on top of 
a water-proof scale during the entire experiment [39]. However, a dis-
cussion in this direction would also mean that the forces in the stomach 
may have the same or even stronger effects on the erosion of the dosage 
form. In this case, the gastroretentive properties are likely to be 
diminished in vivo, if erosion is already an issue in vitro. 

It should be obvious that the later in vivo behavior is hardly pre-
dictable based only on swelling experiments. Therefore, we performed 
further experiments with our novel mechanical antrum model. This 
device was able to simulate propulsive contraction waves in vitro and 
thus, provided insights into the transit behavior of the dosage form 
under more realistic conditions [12]. In a previous work, we demon-
strated that for instance polyurethane foams show promising results 
regarding their gastroretentive properties. Only strong simulated con-
tractions are able to move these objects forward [12]. The potentially 
gastroretentive system developed in this work behaved in a similar way. 
However, at reduced media volumes, the dosage form was emptied in 
the antrum model, which was not observed for the flexible polyurethane 
foams. Based on these data, we expected a certain possibility of pre-
mature gastric emptying, which was in contrast to the promising in vitro 
swelling experiments. 

Besides the gastroretentive properties, the assessment of drug release 
is one of the important aspects in the development of novel gastro-
retentive systems. The dissolution behavior as observed in the paddle 
apparatus showed more or less pH-independent drug release, which is 
also observable for comparable OROS formulations [25,40]. The slightly 
accelerated drug release under acidic conditions, i.e. at pH 1.2, was in 
line with the swelling experiments. The extensive exposure of the core 
tablet to the medium resulted in accelerated water influx and drug 
release. Under all conditions, a lag time could be observed. Since the 
drug containing core tablet was designed to work analogous to osmotic 
release oral systems, this lag time was expected. With about 1 h, the lag 
time of our dosage form was in the range of other OROS [40,41]. 

Testing the drug release with simple, compendial methods may 
provide a first comparison between different media but conclusions 
about the later in vivo drug release behavior can hardly be made. It has 
been shown before that intragastric stresses may lead to accelerated 
drug release from controlled release dosage forms due to the destruction 
of the controlling mechanism [24,25,42]. Especially hydrogel matrix 
tablets are affected by intragastric stresses [24,43]. The gel layer may be 

disrupted, which leads to dose dumping phenomena [24]. In the present 
work, drug release from the system under the different stress conditions 
was relatively constant and remained largely unaffected. This confirmed 
the results of the paddle apparatus experiments and of a previous work, 
in which an OROS was shown to be especially pressure-resistant in the 
dissolution stress test device [25]. However, it has to be noted that the 
swellable outer matrix of the self-developed system was clearly affected 
by these stresses. During the dissolution stress test experiments, the 
outer matrix was nearly completely destroyed. This behavior was not 
observed in the paddle apparatus. It can be expected that such a 
behavior leads to diminished gastroretentive properties in vivo. In a 
previous work, the expanding Glumetza® tablet showed a comparable 
behavior in the dissolution stress test device [42]. Besides the house-
keeper waves, gastric stresses arising during fed state motility can be 
considered as an important factor for the transit and drug release 
behavior of swellable gastroretentive systems. 

To evaluate the actual transit behavior of our formulation, we per-
formed an in vivo study, in which we combined the pharmacokinetic 
analysis with magnetic marker monitoring. The results of this study 
highlighted the strong influence of the intake conditions on the resulting 
plasma concentration profiles of furosemide. Compared to fasted state 
intake, the geometric mean of AUC0-tlast was 10 times higher after 
postprandial intake of the system. Accordingly, the gastric transit time 
under fasting conditions was clearly shorter than under fed conditions. 
The pharmacodynamic data, that is urinary sodium excretion associated 
with urinary volume, well reflect the significantly higher exposure of 
furosemide as a consequence of sodium re-uptake inhibition in the Henle 
loop. The data confirm the suitability of furosemide as pharmacody-
namically active model drug for gastroretentive dosage forms. 

The behavior observed for the expandable system tested in this 
investigation was in line with data for other expanding, gastroretentive 
formulations [4,44]. For instance, the relative oral bioavailability after 
fasted state administration of Glumetza® 500 dropped to 58% compared 
to the postprandial (1000 kcal meal) administration [4]. Similar ob-
servations were made for Gralise®, another swellable, expanding system 
[44]. By having a look at other large and indigestible objects, the same 
trend can be observed. After fasted state intake, telemetric capsules such 
as the SmartPill® or the Intellicap® show median gastric transit times of 
30–60 min [5,6]. However, after postprandial administration, the 
SmartPill® exhibited gastric transit times of more than 20 h in some 

Fig. 11. Mean furosemide plasma concentration after fasted and fed state intake of the magnetically labeled tablets containing 30 mg furosemide each. Mean ! SD, n 
" 10. 
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For instance, floating dosage forms are characterized by their total 
floating time or buoyancy force [9,30]. On the other hand, expanding 
systems are characterized by their size increase as a function of time 
[8,9]. The problem of these simple test methods is that the physiological 
parameters that affect gastro-retention under various intake conditions 
are either simulated in an oversimplified manner or largely unknown. 
Thus, these in vitro tests are often meaningless. Nonetheless, the gener-
ated data at least allow a first evaluation in terms of the desired char-
acteristics of the formulation. 

In simple swelling experiments, depending on the medium, our self- 

developed dosage form showed sufficient swelling of up to 250% weight 
gain within about 3 h. In most cases, the diameter of the system, which 
initially was 11 mm, had nearly doubled within this time. The observed 
swelling indices are in the range of promising formulations from liter-
ature [31–33]. With a maximum swelling time in simple aqueous media 
from 5 to 7 h, the formulation was relatively fast compared to other 
formulations described in literature [31,32]. The apparently wide range 
of permissible tablet hardness (110–190 N) did not seem to translate into 
unreproducible swelling indices. 

In most cases, acidic aqueous media are used for swelling experi-
ments and data for other media are rarely available. Interestingly, our 
swelling experiments in different media clearly suggested a media- 
dependent swelling behavior of the novel drug delivery system. The 
slow swelling in milk and Ensure® Plus could be explained by the for-
mation of a hydrophobic barrier on the tablet surface [34,35]. The ex-
planations for the rapid erosion observed at pH 1.2 are somewhat 
contradicting in literature. PEO and HPMC are generally considered to 
exhibit pH independent swelling [36,37]. For instance, Kavanagh et al. 
hypothesized that the ionic strength rather than the pH value is 
responsible for different swelling characteristics of HPMC tablets in 
different media [37]. For simulated gastric fluid, the ionic strength was 
more than twice as high as for the acetate and phosphate buffer. This 
would be in line with the observations by Mitchell and colleagues, who 
even found a disintegration of an HPMC matrix at a comparatively high 
ionic strength [38]. 

However, such simple swelling experiments also have some disad-
vantages. A major concern to be mentioned is the erosion that may 
happen due to the removal from and the reintroduction into the test 
media [9]. This experiment-related erosion would lead to an underes-
timation of the swelling results compared to a theoretical forceless 
measurement. Such a forceless measurement was for example realized 

Fig. 10. Exemplary transit profile of a magnetically labeled, swellable tablet for subject 2 under fed state conditions as measured with magnetic marker monitoring. 
Each individual circle represents the location of the tablet after measuring in intervals of 40 ms. 

Table 4 
Gastric emptying time of the swellable gastroretentive system for each subject 
after fasted and fed state administration.  

Subject GE “fasted” (min) GE “fed” (min) 

1 37 !748a 

2 55 279 
3 47 533 
4 37 !720b 

5 48 277 
6 37 383 
7 18 624 
8 26 348 
9 49 !569b 

10 23 !330b 

Mean 38 481 
SD 12 180 
Median 37 458  

a Last measurement after administration of the tablet. 
b Remaining magnetic moment was too low to ensure a correct localization of 

the tablet. 
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Efforts at elimination of scourges, such as malaria, are limited by the logistic challenges of reaching large rural
populations and ensuring patient adherence to adequate pharmacologic treatment. We have developed an
oral, ultra–long-acting capsule that dissolves in the stomach and deploys a star-shaped dosage form that re-
leases drug while assuming a geometry that prevents passage through the pylorus yet allows passage of food,
enabling prolonged gastric residence. This gastric-resident, drug delivery dosage form releases small-molecule
drugs for days to weeks and potentially longer. Upon dissolution of the macrostructure, the components can
safely pass through the gastrointestinal tract. Clinical, radiographic, and endoscopic evaluation of a swine large-
animal model that received these dosage forms showed no evidence of gastrointestinal obstruction or mucosal
injury. We generated long-acting formulations for controlled release of ivermectin, a drug that targets malaria-
transmitting mosquitoes, in the gastric environment and incorporated these into our dosage form, which then
delivered a sustained therapeutic dose of ivermectin for up to 14 days in our swine model. Further, by using
mathematical models of malaria transmission that incorporate the lethal effect of ivermectin against malaria-
transmitting mosquitoes, we demonstrated that this system will boost the efficacy of mass drug administration
toward malaria elimination goals. Encapsulated, gastric-resident dosage forms for ultra–long-acting drug deliv-
ery have the potential to revolutionize treatment options for malaria and other diseases that affect large po-
pulations around the globe for which treatment adherence is essential for efficacy.

INTRODUCTION
Development of oral, long-acting therapies is fundamentally limited
by the rapid gastrointestinal (GI) transit time. To counter this, attempts
have been made to prolong the GI transit time by delaying gastric
emptying of the drug through flotation or swelling in the gastric cav-
ity (1–3) or by sedimentation in gastric folds or adhesion to mucosal
surfaces (1–4). In addition, oral dosage forms that adopt a different
conformation in the gastric cavity to prolong gastric residence time
have been described over the last 30 years. These attempts have been
limited, however, by lack of safety mechanisms incorporated into the
dosage forms that ensure ultimate safe passage through the GI tract
(5–7) or limited (hours) duration of the gastric residence (8), or both.
Recently, we developed new materials that can potentially improve
safety and have the ability to fit into ingestible forms (9).

Despite major advances in the 20th century, malaria remains a
scourge in large portions of the world, especially sub-Saharan Africa
and Southeast Asia. The Global Malaria Eradication Program in the
1950s, as well as the Roll Back Malaria Partnership campaign of the
2000s, has succeeded in reducing the toll of malaria. Nevertheless,
globally, there were an estimated 214 million cases in 2015, and
438,000 lives were lost (10, 11). More than 90% of the mortality from
malaria is caused by the protozoan parasite Plasmodium falciparum
despite the availability of multiple effective therapies. Factors con-
tributing to the disease’s resiliency include endemic region poverty,
emergence of antimalarial resistance, and poor health care infra-
structure that limits access to care.

Indoor residual spraying with insecticidal agents, insecticide-
treated bed nets, and treating individuals with symptomatic disease
have been the cornerstone of malaria control and have led to an es-
timated 40% reduction in clinical disease since 2000 (12). However, it
is becoming apparent that additional interventions will be required to
eliminate this disease. One such strategy is mass drug administration
(MDA) to human populations with parasite clearing and prophylactic
drugs (13), such as Coartem (artemether-lumefantrine) or Eurartesim
[dihydroartemisinin-piperaquine (DP)], to treat or prevent malaria
(13). Prolonged delivery of malaria preventative chemotherapies could
have a significant impact on malaria transmission (14) because
humans are the only known reservoir for this infection. The effective-
ness of MDA depends on obtaining sufficient and prolonged drug
blood levels in the vast majority of the population, which can be dif-
ficult in resource-constrained or remote locations, and increases the
cost of the MDA approach (13, 15). Nonadherence, a well-recognized
barrier to effective care in the developed world, has also been shown to
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rous foam carrier with an organic solution of drug and
polymer, and subsequent drying. The mixture was poured into
an organic liquid (ethanol or methylene chloride) forming a
suspension. The polypropylene foam particles acted like
microsponges, absorbing the organic liquid, and becoming
free-flowing, low-density microparticles following solvent
evaporation (Fig. 7b). Good in vitro buoyancy was observed
in most cases and a broad variety of drug release patterns
could be achieved by varying drug loading and type of
polymer: more than 77% or 98% of particles floated for at
least 8 h depending on the polymer type (Eudragit RS\ or
polymethyl methacrylate, respectively) and initial drug load-
ing of the system (10% or 23%) [70]. Based on a similar
approach, the same group developed a single unit, floating
system, consisting of low-density polypropylene foam pow-
der, matrix-forming polymers (HPMC, polyacrylates, sodium
alginate, corn starch, carrageenan, agar, guar gum, arabic
gum), drug and filler (Fig. 8). All the tablets remained
floating for at least 8 h in 0.1N HCl at 37 -C. The release rate
could effectively be modified by varying the matrix-forming
polymer/foam powder ratio, the initial drug loading, the tablet
geometry (radius and height), the type of matrix-forming
polymer, the use of polymer blends and the addition of water-
soluble or insoluble fillers (such as lactose or microcrystalline
cellulose) [73].

Talukder and Fassihi recently developed a multiple unit
system based on cross-linked beads. They were made by using
Ca2+ and low methoxylated pectin (anionic polysaccharide), or
Ca2+, low methoxylated pectin and sodium alginate. Ribofla-
vin, tetracycline and methotrexate were used as model drugs
and drying was done by two methods—air convection oven at
40 -C for 6 h and freeze drying. Confocal laser microscopy
revealed hollow spaces inside the freeze dried beads, which
allowed them to remain buoyant over 12 h in USP hydrochlo-
ride buffer (pH 1.5), while the air-dried beads sank as expected.

Calcium–pectinate–alginate beads released their contents at
much faster rates than did calcium–pectinate beads (100% vs.
50% in 10 h) [74].

At present, hollow microspheres are considered to be one of
the most promising buoyant systems because they combine the
advantages of multiple unit systems and good floating
properties [38]. However, like all floating systems, their
efficacy is dependent of the presence of enough liquid in the
stomach, requiring frequent drinking of water [33].

2.4. Expandable systems

A dosage form in the stomach will withstand gastric transit
if it is bigger than the pyloric sphincter. However, the dosage
form must be small enough to be swallowed, and must not
cause gastric obstruction either singly or by accumulation.
Thus, three configurations are required: a small configuration
for oral intake, an expanded gastroretentive form and a final
small form enabling evacuation following drug release [75].
Unfoldable and swellable systems have been investigated.

Unfoldable systems are made of biodegradable polymers.
The concept is to make a carrier, such as a capsule,
incorporating a compressed system which extends in the
stomach. Caldwell et al. proposed different geometric forms
(tetrahedron [76], ring [77] or planar membrane [4-lobed, disc
or 4-limbed cross form] [76]) of bioerodible polymer com-
pressed within a capsule (Fig. 9).

Curatolo and Lo designed a kind of spring system, where
the arms are fixed on the system by a gelatin band [78]. The
gelatin dissolves in the stomach, releasing the mechanically
preferred extended form (Fig. 10a). Sonobe et al. developed a
‘‘Y’’ form system, with shape, size and durability enabling
retention in the stomach. The centre of the system is made of
shape memory material, the three arms of the ‘‘Y’’ are
erodible material which serves as a drug reservoir and whose

Fig. 8. Schematic presentation of the structure of the low-density, floating matrix tablets. Adapted from Streubel et al. [73]. Used with permission.

4-limbed cross Ring Tetrahedron Disc 4-lobed 

Fig. 9. Different geometric forms of unfoldable systems proposed by Caldwell et al. From Caldwell et al. [76,77].

P.L. Bardonnet et al. / Journal of Controlled Release 111 (2006) 1–186

Caldwell et al. US Patent, 1988

Expansion



2 cm x 2 cm x 2 cm





GI anatomy and physiology: Different species
Animal models für human GI-tract?









Contents lists available at ScienceDirect

Livestock Science

journal homepage: www.elsevier.com/locate/livsci

Measurement of abomasal conditions (pH, pressure and temperature) in
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A B S T R A C T

This study investigated abomasal luminal parameters in healthy and diarrheic calves by using a wireless am-
bulatory capsule (WAC). The acetaminophen absorption test (APAT) was used to determine abomasal emptying
rate. Four healthy and !ve diarrheic female Holstein-Friesian calves (age< 14 days) were included in the study.
For APAT, calves were fed 2 L of milk replacer containing 50 mg acetaminophen/kg body weight, and blood
samples were taken during a 12-h period afterward. Concomitantly, a WAC in the abomasum continuously
measured luminal pH, pressure, and temperature. Five hours post suckling, intraluminal temperature was sig-
ni!cantly higher in diarrheic calves than in healthy calves. Abomasal pH and pressure were not signi!cantly
di"erent, but intraluminal pressure was always numerically lower in diarrheic calves. During APAT no sig-
ni!cant di"erences in maximum acetaminophen concentrations (Cmax) and time to reach maximum acet-
aminophen concentration (Tmax) were observed. Nonlinear regression !ndings revealed a longer acetaminophen
half-time (AAP t1/2) in diarrheic calves compared to healthy calves [564± 96 min vs. 393± 84 min, respec-
tively; P = 0.04] and lower area under the concentration curve values (e.g., 60 min postprandial AUC60

681± 244 (µg!min)/mL vs. 1064± 23 (µg!min)/mL, respectively; P = 0.04). In conclusion, abomasal luminal
conditions were di"erent between diarrheic and healthy calves. Signi!cant di"erences in APAT re#ected a delay
in abomasal emptying in diarrheic calves. Impaired abomasal movement may induce enhanced bacterial fer-
mentation processes as indicated by a higher abomasal temperature in diarrheic calves, which should be con-
sidered in management of their feeding.

1. Introduction

Neonatal diarrhea is the main cause of death during the !rst 2
weeks of life in calves (Torsein et al., 2014). Furthermore, diarrhea
results in poor growth performance and increases the susceptibility to
other infections (Windeyer et al., 2014). Kirchner et al. (2015) recently
reported that neonatal diarrhea a"ects abomasal motility, which con-
sequently delays the abomasal emptying rate (AER) after milk intake.
Impaired abomasal motility may increase bacterial fermentation and
the production of short-chain fatty acids (SCFAs) (Nouri and Constable,
2006), and luminal temperature may rise as a result of bacterial

fermentation. The production of SCFAs contributes to the inhibition of
abomasal motility by a"ecting chemoreceptors in the abomasal epi-
thelium (Leek, 1977; Crichlow and Leek, 1986; Crichlow, 1988). In
addition, growth of gas-producing bacteria such as Clostridium perfrin-
gens, Sarcina ventriculi, and Lactobacillus spp. is considered to be a
predisposing factor for abomasal tympany (Marshall, 2009). SCFAs
have been found to impair the sodium transport system of the gastric
mucosa of equines under in vitro conditions (Nadeau et al., 2003),
leading to an osmotic in#ux of water into the cells and swelling and
degradation of the mucosa (Argenzio, 1999; Carney et al., 1981).
Abomasal conditions can be characterized by several intraluminal
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abomasum. In that context pH-tolerant mucosa-associated Lactobacilli
ssp. were recently found by Hund et al. (2014) in the abomasum in
calves. One consequence of bacterial fermentation is the production of
SCFAs. SCFAs were reported to cause cell edema by interrupting the
sodium transport under in vitro conditions in horse gastric tissue
(Nadeau et al., 2003). A similar impairment of the sodium transport
might also occur in the abomasum; however, data are lacking in the
calf. If cell edema impairs the functionality of the abomasal movement,
it may lead to delayed abomasal emptying. In addition, we detected
pathogens such as Cryptosporidium parvum, Rota virus, and Corona virus
in all diarrheic calves, and these pathogens are known for their mucosa-
injuring potential (Tzipori, 1983; Tzipori et al., 1983).

Another likely explanation for the higher intraluminal temperatures
in the abomasum might be related to dehydration in diarrheic calves.
With respect to dehydration a decreased heat loss has been described by
Walker et al. (1998) due to impaired peripheral perfusion in experi-
mentally induced diarrhea in neonatal calves. As TPP and other para-
meters such as electrolytes and hematocrit were similar between
healthy and diarrheic calves, it can be speculated that calves did not
su!er under severe dehydration. However, from our study it remained
open whether fermentation processes or a decreased heat loss impaired
intraluminal temperature in the abomasum.

APAT data con"rm the results of Kirchner et al. (2015) who re-
ported delayed abomasal emptying measured by ultrasonography in
diarrheic calves. The AAP half-time was nearly 3 h faster in healthy
calves (393± 84 min) than in diarrheic calves (564±96 min). How-
ever, no signi"cant di!erences in Cmax and Tmax were observed between
the two groups of calves. The AUC values of diarrheic calves were about
25% lower compared to those of healthy calves, which could also be
explained by malabsorption processes in the small intestine. More se-
verely injured small intestine might alter AAP indices more noticeably.
A validation of APAT with other methods of assessment (scintigraphy,
ultrasonography) is necessary.

Interestingly, serum AAP curve showed an initial increase until
90 min postprandial, followed by a decrease 120 min postprandial, and
a second rise in serum AAP in the following in both groups. In recent
research it has been discussed that the abomasal emptying might be
in#uenced by initial insulin and glucagon-like peptide-1 response in the
early stage of glucose absorption (Stahel et al., 2016, MacPherson et al.,
2016) which may explain the early postprandial #uctuations.

Considering WAC and APAT data, we con"rmed our hypothesis that
abomasal conditions di!er between healthy and diarrheic calves.
However, we emphasize that we used calves with mild symptoms of
diarrhea without any impairment of suckle re#ex and hydration or

electrolyte status. Changes in abomasal luminal conditions and abo-
masal emptying could be more substantial in calves with severe diar-
rhea.

5. Conclusion

WAC is a tool to assess intraluminal pH, temperature, and pressure
data. A slower AER and bacterial fermentation processes should be
considered in the feeding management of diarrheic calves. In particular,
smaller meal sizes might decrease the risk for fermentation processes in
the abomasum. Based on the second "nding that WAC was not trans-
ported from the abomasum into the small intestine within 24 days after
application, the capsule might o!er a new therapy tool in applying
drugs with a constant #ow of agents (e.g. bu!ering substances or trace
elements such as selenium for calves on pasture) over several days or
weeks.
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A B S T R A C T

The application areas of hard capsules are currently widened by the introduction of acid-resistant capsule shells.
In this study, the gastrointestinal behavior of acid-resistant hard capsule formulations as well as the in!uence of
their density on the gastric residence time were characterized using magnetic resonance imaging (MRI). As
labeling material for a reliable identi"cation of the capsules in the MR images, small pieces of dried pineapple
were used as they provide a high T1 signal. Tested products were DRcaps™ as capsule in capsule (Cap-in-Cap)
system (outer capsule size 00). For the investigation of the in!uence of the capsule density on the gastric re-
sidence time, a !oating low-density Cap-in-Cap capsule formulation and a sinking high-density Cap-in-Cap
capsule formulation were investigated. The study was performed in eight healthy human subjects under fasting
conditions. Besides the transit data of the capsule systems, the intraluminal !uid volume kinetics were de-
termined using T2 weighted sequences.

The gastric emptying times of the systems did not di#er, with mean values of 45 ± 35min for !oating
DRcaps™ and 36 ± 18min for the sinking DRcaps™. The di#erence in density had no remarkable in!uence on
gastric emptying. Thus, the concept of !oating capabilities for gastroretentive dosage forms seems rather im-
plausible. Furthermore, this assures transferability of common knowledge about dosage form transit for esti-
mation of the performance of acid-resistant capsule shells, which most typically !oat. The mean disintegration
times amounted to 139 ± 35min for the !oating DRcaps™ Cap-in-Cap and 163 ± 55min for the sinking
DRcaps™ Cap-in-Cap. In only one case, a sinking DRcaps™ Cap-in-Cap system disintegrated during gastric
emptying, but all other capsules disintegrated in the small intestine, irrespective of their gastric residence time.
The use of dried pineapple as labeling material could be successfully demonstrated as a reliable and easy method
for the tracking of the transit and disintegration behavior of orally administered drug delivery systems, leading
to a thorough understanding of their in vivo performance.

1. Introduction

Hard capsules are one of the most established dosage forms. They
are used for more than 100 years, since they combine lots of bene"ts for
the producer as well as the patient (Gullapalli et al., 2016; Müller-
Jahncke et al., 2005; Tuleu et al., 2007). Especially the ongoing trend
for small patient populations and thus small batches of oral dosage
forms promotes the usage of capsules.

Besides the very well established fast disintegrating capsules, an
increased demand for novel modi"ed release capsule shells can be
observed. Modern capsules include dosage forms for fast disintegration
in oral cavity, vegetarian alternatives and several technologies for tar-
geted release in the intestines (Ciper and Bodmeier, 2005; Gullapalli
et al., 2016; Richardson and Hutchison, 2017). A "eld of special interest
and ongoing research e#orts are gastro-resistant capsules. Such dosage
forms can avoid extensive coating of pellets or tablets and o#er an easy
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MRI: Water in the stomach
Gastric fluid content volumes after drinking 240 mL of water
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Oral Delivery of Peptides/Proteins

Ø Penetration enhancers
Ø Nano (-technology, -medicine, -materials)
Ø Intestinal patches 
Ø (Micro)needles
Ø Combinations thereof



Problems of oral peptide/protein delivery

Ø Enzymatic degradation (digestion)
Ø Low permeability

☞ Very high variability



Penetration enhancers (PE)

In clinical use:
Ø SNAC (Salcaprozate sodium, in: Vit. B12 (Eligen™-B12) and 

semaglutide (Rybelsus®))

Ø C10 (Sodium caprate, in: rectal ampicillin (Doktacillin®), withdrawn) 

Ø C8 (Sodium caprylate, in: Octreotide (Mycapssa®)) 



Oral semaglutide (Rybelsus®)

Buckley et al., Sci. Transl. Med. 10, eaar7047 (2018)     14 November 2018
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Transcellular stomach absorption of a derivatized 
glucagon-like peptide-1 receptor agonist
Stephen T. Buckley1*†, Tine A. Bækdal2†, Andreas Vegge1†, Stine J. Maarbjerg2, Charles Pyke1, 
Jonas Ahnfelt-Rønne1, Kim G. Madsen1, Susanne G. Schéele1, Tomas Alanentalo1, Rikke K. Kirk1, 
Betty L. Pedersen1, Rikke B. Skyggebjerg1, Andrew J. Benie1, Holger M. Strauss1,  
Per-Olof Wahlund1, Simon Bjerregaard1, Erzsébet Farkas3, Csaba Fekete3,4, Flemming L. Søndergaard2, 
Jeanett Borregaard2, Marie-Louise Hartoft-Nielsen2, Lotte Bjerre Knudsen1

Oral administration of therapeutic peptides is hindered by poor absorption across the gastrointestinal barrier and 
extensive degradation by proteolytic enzymes. Here, we investigated the absorption of orally delivered semaglutide, 
a glucagon-like peptide-1 analog, coformulated with the absorption enhancer sodium N-[8-(2-hydroxybenzoyl) 
aminocaprylate] (SNAC) in a tablet. In contrast to intestinal absorption usually seen with small molecules, clinical 
and preclinical dog studies revealed that absorption of semaglutide takes place in the stomach, is confined to an 
area in close proximity to the tablet surface, and requires coformulation with SNAC. SNAC protects against enzymatic 
degradation via local buffering actions and only transiently enhances absorption. The mechanism of absorption 
is shown to be compound specific, transcellular, and without any evidence of effect on tight junctions. These data 
have implications for understanding how highly efficacious and specific therapeutic peptides could be trans-
formed from injectable to tablet-based oral therapies.

INTRODUCTION
Glucagon-like peptide-1 (GLP-1) is a 30–amino acid incretin peptide 
hormone, which is secreted by enteroendocrine L cells in the gas-
trointestinal tract (GIT) and by preproglucagon neurons located in 
the nucleus of the solitary tract in the hindbrain. Pharmacologically, 
long-acting GLP-1 receptor agonists (GLP-1RAs) exhibit glucoreg-
ulatory functions via a triumvirate of mechanisms, namely, stimula-
tion of insulin release in a glucose-dependent manner, suppression 
of glucagon activity during hyperglycemia, and a minor delay of gastric 
emptying resulting in slower glucose absorption (1,!2). In addition, 
GLP-1 promotes satiety and reduces energy intake by virtue of its 
neurotransmitter role in brainstem-hypothalamus pathways signaling 
satiety (3,!4), and some long-acting GLP-1RAs including semaglutide 
have shown cardiovascular risk reduction (5,!6).

Owing to its rapid degradation by the proteolytic enzyme dipep-
tidyl peptidase-4 and equally rapid renal clearance, successful applica-
tion of GLP-1 as a therapy in the treatment of type 2 diabetes (T2D) 
has necessitated the development of injectable analogs of the native 
GLP-1 peptide or modified peptides with GLP-1RA properties, which 
are resistant toward degradation and clearance (7). To this end, the 
incretin mimetic exendin-4 was developed, and subsequently, the first 
fatty acid–acylated GLP-1RA, liraglutide, providing a once-daily sub-
cutaneously administered analog of human GLP-1. Subsequent opti-
mization of the GLP-1RA class has focused on the ease and frequency 
of administration, leading to the development of analogs for once- 
weekly subcutaneous administration such as dulaglutide, an Fc fusion 
protein. In line with this, recent advancements in fatty acid acylation– 
based protraction technology have provided the possibility of achiev-

ing extended plasma half-lives (t") without increasing molecular size, 
leading to the discovery of semaglutide, a GLP-1 analog with a t" of 
~1 week in humans (8). Despite the remarkable pharmacological 
effects of simultaneous glucose, body weight, and blood pressure 
lowering and cardiovascular risk reduction already achieved with 
semaglutide administered subcutaneously, the mode of administra-
tion is likely a barrier for some potential users. This barrier could be 
overcome with the availability of an oral formulation of semaglutide. 
Conceivably, an orally administered GLP-1RA may lead to earlier 
initiation of GLP-1RA treatment and improve acceptance and ad-
herence among patients, compared with injectable formulations of 
GLP-1RAs (9).

The inherent physicochemical properties of peptides (high mo-
lecular weight, enzymatically labile, hydrophilicity, and low perme-
ability) have hampered attempts to deliver peptides such as GLP-1 
via the oral route (10). This is mainly because the vast majority of 
peptides evaluated for oral delivery have been ill-equipped to sur-
mount the challenges presented by the hostile environment of the 
GIT, which is designed to degrade proteins and peptides ingested in 
food to di- and tripeptides before absorption in the small intestine. 
Thus, subtherapeutic exposure and high inter- and intraindividual 
variability have resulted. In addition, many peptides obtain protrac-
tion from the subcutaneous administration site while having a shorter 
intravenous t", making the duration of action unsuitably short if given 
orally. Uniquely, fatty acid acylation can achieve t" prolongation inde-
pendently of the subcutaneous route of administration while having 
no appreciable impact on the function of the peptide. Collectively, 
these characteristics make the semaglutide molecule well suited for 
oral delivery when coformulated with an absorption enhancer, which 
can sufficiently augment its absorption. Moreover, once-daily admin-
istration of a compound with a t" of ~1 week will have a favorable 
effect on intraindividual variability in exposure. In a phase 2 clinical 
trial with an oral formulation of semaglutide, a substantial dose- 
dependent lowering of both glycosylated hemoglobin and body weight 
was achieved in individuals with T2D (11). Currently, oral semaglutide 
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Transcellular stomach absorption of a derivatized 
glucagon-like peptide-1 receptor agonist
Stephen T. Buckley1*†, Tine A. Bækdal2†, Andreas Vegge1†, Stine J. Maarbjerg2, Charles Pyke1, 
Jonas Ahnfelt-Rønne1, Kim G. Madsen1, Susanne G. Schéele1, Tomas Alanentalo1, Rikke K. Kirk1, 
Betty L. Pedersen1, Rikke B. Skyggebjerg1, Andrew J. Benie1, Holger M. Strauss1,  
Per-Olof Wahlund1, Simon Bjerregaard1, Erzsébet Farkas3, Csaba Fekete3,4, Flemming L. Søndergaard2, 
Jeanett Borregaard2, Marie-Louise Hartoft-Nielsen2, Lotte Bjerre Knudsen1

Oral administration of therapeutic peptides is hindered by poor absorption across the gastrointestinal barrier and 
extensive degradation by proteolytic enzymes. Here, we investigated the absorption of orally delivered semaglutide, 
a glucagon-like peptide-1 analog, coformulated with the absorption enhancer sodium N-[8-(2-hydroxybenzoyl) 
aminocaprylate] (SNAC) in a tablet. In contrast to intestinal absorption usually seen with small molecules, clinical 
and preclinical dog studies revealed that absorption of semaglutide takes place in the stomach, is confined to an 
area in close proximity to the tablet surface, and requires coformulation with SNAC. SNAC protects against enzymatic 
degradation via local buffering actions and only transiently enhances absorption. The mechanism of absorption 
is shown to be compound specific, transcellular, and without any evidence of effect on tight junctions. These data 
have implications for understanding how highly efficacious and specific therapeutic peptides could be trans-
formed from injectable to tablet-based oral therapies.

INTRODUCTION
Glucagon-like peptide-1 (GLP-1) is a 30–amino acid incretin peptide 
hormone, which is secreted by enteroendocrine L cells in the gas-
trointestinal tract (GIT) and by preproglucagon neurons located in 
the nucleus of the solitary tract in the hindbrain. Pharmacologically, 
long-acting GLP-1 receptor agonists (GLP-1RAs) exhibit glucoreg-
ulatory functions via a triumvirate of mechanisms, namely, stimula-
tion of insulin release in a glucose-dependent manner, suppression 
of glucagon activity during hyperglycemia, and a minor delay of gastric 
emptying resulting in slower glucose absorption (1,!2). In addition, 
GLP-1 promotes satiety and reduces energy intake by virtue of its 
neurotransmitter role in brainstem-hypothalamus pathways signaling 
satiety (3,!4), and some long-acting GLP-1RAs including semaglutide 
have shown cardiovascular risk reduction (5,!6).

Owing to its rapid degradation by the proteolytic enzyme dipep-
tidyl peptidase-4 and equally rapid renal clearance, successful applica-
tion of GLP-1 as a therapy in the treatment of type 2 diabetes (T2D) 
has necessitated the development of injectable analogs of the native 
GLP-1 peptide or modified peptides with GLP-1RA properties, which 
are resistant toward degradation and clearance (7). To this end, the 
incretin mimetic exendin-4 was developed, and subsequently, the first 
fatty acid–acylated GLP-1RA, liraglutide, providing a once-daily sub-
cutaneously administered analog of human GLP-1. Subsequent opti-
mization of the GLP-1RA class has focused on the ease and frequency 
of administration, leading to the development of analogs for once- 
weekly subcutaneous administration such as dulaglutide, an Fc fusion 
protein. In line with this, recent advancements in fatty acid acylation– 
based protraction technology have provided the possibility of achiev-

ing extended plasma half-lives (t") without increasing molecular size, 
leading to the discovery of semaglutide, a GLP-1 analog with a t" of 
~1 week in humans (8). Despite the remarkable pharmacological 
effects of simultaneous glucose, body weight, and blood pressure 
lowering and cardiovascular risk reduction already achieved with 
semaglutide administered subcutaneously, the mode of administra-
tion is likely a barrier for some potential users. This barrier could be 
overcome with the availability of an oral formulation of semaglutide. 
Conceivably, an orally administered GLP-1RA may lead to earlier 
initiation of GLP-1RA treatment and improve acceptance and ad-
herence among patients, compared with injectable formulations of 
GLP-1RAs (9).

The inherent physicochemical properties of peptides (high mo-
lecular weight, enzymatically labile, hydrophilicity, and low perme-
ability) have hampered attempts to deliver peptides such as GLP-1 
via the oral route (10). This is mainly because the vast majority of 
peptides evaluated for oral delivery have been ill-equipped to sur-
mount the challenges presented by the hostile environment of the 
GIT, which is designed to degrade proteins and peptides ingested in 
food to di- and tripeptides before absorption in the small intestine. 
Thus, subtherapeutic exposure and high inter- and intraindividual 
variability have resulted. In addition, many peptides obtain protrac-
tion from the subcutaneous administration site while having a shorter 
intravenous t", making the duration of action unsuitably short if given 
orally. Uniquely, fatty acid acylation can achieve t" prolongation inde-
pendently of the subcutaneous route of administration while having 
no appreciable impact on the function of the peptide. Collectively, 
these characteristics make the semaglutide molecule well suited for 
oral delivery when coformulated with an absorption enhancer, which 
can sufficiently augment its absorption. Moreover, once-daily admin-
istration of a compound with a t" of ~1 week will have a favorable 
effect on intraindividual variability in exposure. In a phase 2 clinical 
trial with an oral formulation of semaglutide, a substantial dose- 
dependent lowering of both glycosylated hemoglobin and body weight 
was achieved in individuals with T2D (11). Currently, oral semaglutide 
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10 mg semaglutide and 300 mg SNAC
(Rybelsus®: 7 or 14 mg semaglutide and 300 mg SNAC)

SNAC:
MW 4114 Da



Oral semaglutide (Rybelsus®)
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Fig. 1. Anatomical site of absorption of oral semaglutide. (A) Gamma scintigraphic imaging of tablet erosion in the stomach from 2 to 140 min after a single dose of 
oral semaglutide (10 mg) in a representative healthy individual. White line outlines the stomach; colors within the stomach (red/yellow/green/blue) represent the tablet 
core and released radioactivity. (B) Estimated mean semaglutide plasma concentration–time profile after a single dose of oral semaglutide (10 mg) in healthy individuals 
(n = 26). (C) Arithmetic mean SNAC plasma concentration–time profile after a single dose of oral semaglutide (10 mg) in healthy individuals (n = 26). (D) Individual sema-
glutide plasma concentration–time profiles on day 10 of once-daily dosing of oral semaglutide in fed (n = 25) and fasting (n = 26) states, respectively, in healthy individuals. 
(E) An illustration of pyloric ligation, which prevents intestinal absorption, and mean dose-normalized semaglutide plasma concentration–time profiles after a single 
dose of oral semaglutide (9.4 to 12.7 mg) in pyloric ligated (n = 6) and nonligated (n = 16) beagle dogs. (F) Illustration of the splenic vein, which drains the gastric cavity, 
and the portal vein, which drains the gastrointestinal system. Mean semaglutide plasma concentration–time profiles in the splenic and portal veins after a single dose of 
oral semaglutide (10 mg) in beagle dogs (n = 15). R. gastric, right gastric; L. gastric, left gastric; R. gastroepiploic, right gastroepiploic; L. gastroepiploic, left gastroepiploic. 
The ratio and 95% CI of the splenic versus portal veins for AUC0–30min were calculated [1.94 (1.15 to 2.74)], and statistical significance was determined on the basis of a null 
hypothesis value of 1 (P < 0.05). The horizontal dashed line (right) represents similar semaglutide plasma concentrations in the splenic and portal veins. Error bars show 
±SEM calculated on the original scale (C, E, and F) or calculated on a log-scale and back-transformed to the original scale (B).
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Oral bioavailability
Dog: 1.22% ± 0.25%
Human: 0.8%



Oral octreotide (Mycapssa®)
Soft capsule filled with the Transient Permeation Enhancer® (TPE®) system 

D. Brayden & S. Maher, Expert Opinion on Drug Delivery 18 (2021) 1501-1512



Oral octreotide (Mycapssa®)

Ø 20 mg Octreotide per capsule

Ø Quantity of C8 unknown

Ø Bioavailablity: 20 mg < 1%; 80 mg < 0.2%

Ø Negative food effect (- 90%)



(Micro)needles
Expectations:
Ø High bioavailability (up to 100%?) 

Ø Low variability

Questions:

Ø Reliability

Ø Dose

Ø Safety



Needle systems targeting the esophagus 

“Esophageal flower-like system”



Needle systems targeting the esophagus 
Nature Materials 20 (2021) 1085–1092



Needle systems targeting the stomach 

Ø Liquid-injecting self-orienting millimeter scale applicator
(L-SOMA)

ØBIONDD™



L-SOMA



L-SOMA: In vivo data (aneasthetised pig)
L-SOMA:

Subcutaneous injection:



BIONDD™https://biograil.com/



Needle systems targeting the small intestine 

ØRaniPill™

Ø Lumi

ØOral Biopharmaceutical Delivery System (OBDS; neddle free)

Ø JetCAP™ (high pressure jet: needle free) 

all pictures from: Sogaard et al., Pharmaceutics 13(10) 2021 



RaniPill™

100 µg Octreotide

We have designed a versatile, orally ingestible robotic 
pill (RP) for drug delivery which can deliver a number 
of biotherapeutics for multiple indications. The RP is a 
mechanical device, a robotic auto-injector enclosed in a 
standard pharmaceutical (methylcellulose) capsule shell, 
enteric-coated to prevent its dissolution and deployment in 
the acidic environment of the stomach. A precise dose of the 
sterile biotherapeutic (payload) is packaged inside a hollow, 
dissolvable needle loaded within a microsyringe, which itself is 
attached to a folded, self-inflating balloon. Once the RP reaches 
the small intestine, the pH change dissolves the enteric coating 
and the capsule shell, exposing the RP to intestinal fluid. This 
triggers a chemical reaction which leads to rapid inflation of 
the balloon, which aligns the microsyringe perpendicular to 
the long axis of the small intestine, and injects the dissolvable 
needle carrying the drug payload into the intestinal wall [24]. 
As the intestine is insensate to sharp nociceptive stimuli, 
the injection in the intestinal wall is expected to be painless 
[25, 26]. Previously, we have shown that the RP can reliably 
deliver biotherapeutics with high bioavailability in porcine 
and canine models [24, 27, 28]. This report describes the 
results of two clinical studies in healthy human subjects. The 
first study focused on evaluating the safety, tolerability, and 
performance of the RP in fasting subjects while tracking the 
bioavailability of octreotide (an approved therapeutic peptide 
for the treatment of acromegaly and neuroendocrine tumors) 

as an example of an injectable biotherapeutic drug. The second 
study assessed the safety, tolerability, and e!ect of food, if any, 
on the deployment of the RP platform alone, without a drug.

Materials and!methods

RP description and operation The RP (Fig." 1a) is a 
swallowable mechanical device enclosed in a 000-sized 
hydroxypropyl methylcellulose (HPMC) capsule (ACG 
Worldwide). Figure"1b is an expanded view showing major 
components of the RP which are enclosed inside a custom-
designed polyethylene balloon with a length of 75 ± 2"mm 
and a diameter ranging between 21 and 25"mm. A cylindrical 
microsyringe (14.5 # 8.5"mm) made of polyethylene (inset, 
Fig."1b) attached to the balloon contains the drug payload 
in solid form, sealed inside a dissolvable, hollow needle 
(5.1 ± 0.13"mm long) made of polyethylene glycol. Two 
reactants (citric acid and potassium bicarbonate) are kept 
separated inside the balloon by a dissolvable reaction valve 
made of polyethylene oxide which readily dissolves upon 
exposure to intestinal fluid. The capsule is enteric-coated 
using a Caleva mini coater (agitation 8–15"Hz, pump 1.3–
15"rpm, atomizing pressure 10–20 psi) with a pH-sensitive 
polymer suspension of Eudragit L30-D55 (MW 320,000"g/
mol) and 0.1–0.5% Plasacryl-HTP20 (Evonik).

a

b

Fig. 1  RP design. a Fully assembled enteric-coated RP. b Schematic drawing showing various parts and components of the RP. Inset shows the 
microsyringe containing the needle with the drug microtablet which gets injected into the jejunal wall. The microtablet and needle are aseptically 
manufactured in an isolator and hermetically sealed inside a drug chamber which is then inserted in the microsyringe

295Drug Delivery and Translational Research  (2022) 12:294–305





(Micro)needles

Questions:

Ø Reliability

Ø Applicable doses

Ø Technical realisation: sterile products, complex production

Ø Environmental compatibility

Ø Safety



Topical drug delivery to the esophagus: 
EsoCap



Local Treatment – Problems

• Esophageal passage times are generally short (< 30 s) 
• Esophageal clearance is high (peristaltic movements)
• Esophageal transit times of tablets and capsules are very

short and depend on the co-swallowed water volume

Osmanoglu et al. Neurogastroenterol Motil. 2004



EsoCap – Basic Idea
Ø Applying a mucoadhesive film onto the esophagus
Ø Swallowing of a capsule containing a mucoadhesive wafer

that rolls off during esophageal transit.   

Retainer (15 cm)
Wafer (24 cm)



EsoCap – Proof of principle



EsoCap – Proof of principle



EsoCap – Functionality

setup A
(without sinker)

setup B
(with sinker)



Confidential

50

Assembled Study Medication

50

Capsule with film containing 0.8 mg mometasone,
dissolving retainer and sinker

EsoCap: ACESO Study

A randomized, placebo-controlled, double-blind trial evaluating
the efficacy, tolerability and safety of ESO-101 in adult patients
with active EoE (eosinophilic esophagitis).



Some exciting projects are on their way in the field of Gastric
Retention as well as Oral Protein Delivery. However, whether the
holy grails have already been discovered is still an open question.

Conclusion


