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Abstract: The increasing prevalence of esophageal disease highlights the clinical relevance of novel,
long-lasting mucoadhesive oral dosage forms. The EsoCap device enables targeted local application of
films in the esophagus. Biorelevant test systems such as EsoPeriDiss are essential for early formulation
development. To this end, the developed and already described release model for simulating the
esophagus is being further developed for its potential for biorelevant mapping of the application site
through complete tempering and investigation of biorelevant release media. Particularly viscous
saliva formulations led to an extension of the retention time. In addition, possible formulation
strategies for increasing the retention time of esophageal applied films are being evaluated, such as
different film thicknesses, polymer grades and the influence of different active ingredient properties
on the retention time. For highly soluble active ingredients, the film thickness represents an option
for extending the retention time, while for less soluble substances, the choice of polymer grade may
be of particular interest.

Keywords: esophagus; local drug targeting; biorelevant in vitro model; mucoadhesive polymer;
films; peristalsis; saliva flow; esophageal transport

1. Introduction

The number and prevalence of esophageal diseases such as gastroesophageal reflux
disease (GERD), eosinophilic esophagitis (EoE), Barrett’s esophagus and esophageal cancer
have increased significantly in recent years [1–3]. To meet the challenges of therapy, such
as in the case of EoE, the long-lasting local application of active substances at the site of
the disease is a key factor for success [4,5]. The particularly short transit times of oral
dosage forms, which range from 7 to 14 s depending on type, viscosity, amount and body
position, pose a major challenge [6,7]. Novel delivery systems, such as the EsoCap concept,
which has already been successfully tested in a phase II clinical trial, are intended to enable
prolonged drug delivery in the esophagus through the local application of a mucoadhesive
film that forms a viscous gel upon swelling [8,9].

To assess the biorelevant release behaviour of newly developed films for esophageal
application, a biorelevant dissolution model was developed with the so-called EsoPeriDiss,
which can simulate the flow rate, inclination and peristalsis of the esophagus [10,11].
The anatomy and physiology of the esophagus, an approximately 25 cm long collapsed
muscular tube, was simulated for this purpose [12]. A healthy adult swallows between
100 and 600 times a day, with one-third of swallows being due to the ingestion of food
or drink, which triggers a primary peristaltic wave [13,14]. Less than 10% of swallows
occur at night [15]. The peristaltic wave propagates as a contractile wave with a velocity
of 2–6 cm/s in the distal esophagus. In addition, involuntary secondary peristalsis may
be triggered, e.g., as a self-cleaning reflex of the esophagus [16]. A large part of the
daily swallowing act is accounted for by basal salivary secretion, which ranges from
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500–2500 mL per day and is mainly due to the three paired salivary glands. In addition,
there are other small salivary glands in the submucosal layer of the esophagus which
are more prominent in the upper and lower parts of the esophagus and produce saliva
containing bicarbonate, e.g., for acid resistance [17]. The small glands and the sublingual
gland are purely mucous glands that produce a mucin-rich secretion. Together they are
responsible for 80% of the daily mucin production. In addition, saliva is 97–99% water,
in which electrolytes, lipids and glycoproteins are dissolved [15,18]. Ionic components
include phosphate and bicarbonate, which contribute to the buffering capacity of saliva,
as well as sodium, potassium, magnesium, zinc, calcium, chloride, fluoride, iodide and
nitrate. The protein fraction consists of enzymes such as amylase and lipase, as well as
albumin, immunoglobulins and mucins, which also influence the viscosity of the saliva. As
the amount of secretion increases, so does the secretion of bicarbonate and sodium ions,
raising the pH of the saliva. In the literature, the pH of basal saliva is reported to be 5.8,
while the pH of stimulated saliva is reported to be 7.6 [19,20].

The aim of this work was to further develop the existing model for biorelevant simu-
lation of the esophagus [10,11]. One focus was to establish the temperature control of the
model and the medium. In addition, the release behaviour of different film thicknesses and
polymer qualities, in combination with highly and poorly soluble model drugs, was to be
estimated and investigations with artificial saliva were to be carried out.

2. Materials and Methods
2.1. Materials

Various grades of polyvinyl alcohol, such as PVA 4-88, 8-88, 18-88 and 26-88 of the
Emprove Essential series, were kindly provided by Merck (Darmstadt, Germany). Glycerol
as plasticiser for the films was purchased from Caelo (Hilden, Germany) and demineralised
water was used as solvent. Fluorescein sodium was purchased from Sigma-Aldrich Chemie
(Darmstadt, Germany) and riboflavin from Fagron GmbH & CoKG (Barsbüttel, Germany).
Potassium dihydrogen orthophosphate was obtained from neoFroxx GmbH (Einhausen,
Germany) and sodium hydroxide was purchased from AppliChem GmbH (Darmstadt,
Germany). For the preparation of artificial saliva, xanthan from VWR Chemicals (Radnor,
PA, USA), mucin from Carl Roth GmbH & Co. KG (Karlsruhe, Germany), Tween 20 from
Sigma-Aldrich Chemie GmbH (Steinheim, Germany), sodium hydrogen phosphate from
neoLab Migge GmbH (Heidelberg, Germany) and anhydrous citric acid from Caesar &
Loretz GmbH (Hilden, Germany) were used.

2.2. Methods
2.2.1. Film Preparation

The films were prepared by the solvent casting technique [21]. For this purpose,
18.0 g of polyvinyl alcohol (4-88, 8-88, 18-88, 26-88), 2.0 g of glycerol (anhydrous), 80.0 g of
purified water as solvent and 0.4 g of the model drugs were used to prepare the thin polymer
films [10,11]. Polyvinyl alcohol 4-88, 8-88, 18-88 and 26-88 were used as polymers and
fluorescein sodium and riboflavin were added as model drugs. All prepared formulations
and further processing are shown in Table 1.

All components were mixed using a magnetic stirrer at 500 rpm in a laboratory glass
bottle and then placed in a water bath at 80 ◦C for two hours with continuous stirring at
100 rpm. After the addition of the model drugs (fluorescein sodium, riboflavin), the mixture
was stirred continuously at 80 ◦C for a further 60 min. For stability reasons, the following
steps were carried out in the absence of light. The mixture was stirred overnight at 50 rpm
and cooled to produce a bubble-free mixture.

The prepared polymer solution was then transferred to a motorised film casting
device (mtv messtechnik CX4, Erftstadt, Germany). It was applied homogeneously to a
polyethylene-coated liner using a doctors blade at different widths (500 µm, 1000 µm and
2000 µm). The films containing PVA 26-88 had to be coated at 50 ◦C due to the extremely
high viscosity of the polymer solution. The films were dried overnight at room temperature
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(15–25 ◦C), then cut into elongated pieces with dimensions of 250 mm × 4 mm and stored
in amber glass bottles at room temperature in the absence of light.

Table 1. Composition of the film formulations tested.

PVA Quality 4-88 8-88 18-88 26-88 18-88 +
26-88

polymer 18 g 18 g 18 g 18 g 18 g 18 g 9 g + 9 g
glycerol 2 g 2 g 2 g 2 g 2 g 2 g 2 g

water 80 g 80 g 80 g 80 g 80 g 80 g 80 g
fluorescein

sodium 0.4 g 0.4 g 0.4 g - 0.4 g - 0.4 g
API

riboflavin - - - 0.4 g - 0.4 g -

doctors blade width 1000 µm 1000 µm
500 µm

1000 µm
2000 µm

1000 µm 1000 µm 1000 µm 1000 µm

2.2.2. General Structure of Biorelevant Release Simulation in EsoPeriDiss

The Esophagus Peristalsis Dissolution Tester, or EsoPeriDiss for short, was used for
the biorelevant simulation of the esophagus [10,11]. The model, shown schematically
in Figure 1, considers peristalsis, salivary flow rate, temperature control and possible
patient positions.
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Figure 1. Schematic experimental setup of the biorelevant esophageal dissolution tester.

The esophagus was simulated by a silicone tube with an internal diameter of 5 mm to
represent the unfilled and collapsed state into which the polymer film under study was
introduced. The release medium was introduced from a donor vessel into the simulated
esophagus, similar to the open system of a flow cell, using a peristaltic pump that allowed
the setting of biorelevant salivary flow rates of 0.5 mL/min in unstimulated mode and
6 mL/min in stimulated mode. As the esophagus is a very dry application site compared
to the small intestine, fluid accumulation in the model was to be avoided, so a second
peristaltic pump with a pump rate of 33 mL/min was used to transfer fluid from the model
to the acceptor vessel. Two additional two-way taps were installed in the flow direction of
the model to avoid negative pressure in the system and to allow other model media, such
as syrup, to be introduced into the release model [11]. The model contains three of these



Pharmaceutics 2024, 16, 1021 4 of 13

silicone tubes in a parallel arrangement to allow triple determinations to be carried out
simultaneously in all subsequent experiments.

A further development carried out as part of this work for the biorelevant charac-
terisation of esophageal applied dosage forms was the complete temperature control of
the model. The donor vessel was preheated on a laboratory hotplate or could be cooled
with ice to simulate cold solutions. To address the lack of body temperature simulation in
release experiments, the model was placed in an insulated and heated enclosure. A system
of many simple fans providing high air exchange within the enclosure, combined with
sensor controlled hot fans, maintained a uniform temperature of 37 ± 0.5 ◦C within the
exposure model. Data loggers were used to record temperature profiles.

Esophageal peristalsis was simulated by a computer-controlled roller system that
simulated peristalsis by squeezing the tubes. Six peristaltic events per hour were simu-
lated in unstimulated mode and 180 peristaltic events per hour in stimulated mode. In
addition, the model was simulated standing up in stimulated mode and lying down in
unstimulated mode.

Samples were analysed spectrophotometrically using a fibre-optic system (Cary®60,
Agilent Technologies, Santa Clara, CA, USA) with a 5 mm slit and base correction. Absorp-
tion in the acceptor vessel was measured every minute and the drug content calculated
from the corresponding volumes; however, for better visualization, only every fifth value is
shown below. Absorbance maxima and linearity of the absorbance range were determined.
The analytical method was validated for linearity, precision, accuracy and selectivity. The
non-eluted amount of drug relevant for local esophageal therapy was calculated and
graphically displayed from the film weights measured prior to release and the absorptions
from the release test [10,11]. The acceptor vessels were weighed empty before the test,
the amount of medium added was also measured and the total weight of the acceptor
vessels was measured after each dissolution test to allow accurate quantification of the
drug content. A magnetic stirrer was used to ensure constant mixing during the dissolution
tests. Due to the very good solubility of fluorescein sodium, only 200 mL of medium
was added for technical reasons to allow fibre-optic measurement. As riboflavin has a
very low solubility in water, 500 mL of medium was pre-filled into the acceptor vessel for
all riboflavin dissolution tests so that the theoretically complete dissolution of the entire
film in the pre-filled medium would result in a maximum concentration of approximately
10% with respect to the maximum solubility.

2.2.3. Specific Release Test Parameters

In addition to the general release specifications, a variation of specific test parameters
was adapted to assess relevant questions regarding the retention time of the mucoadhesive
films. These additional parameters are shown in Table 2.

Table 2. Overview of parameters and variations of formulations to extend mucosal contact time.

Mode Unstimulated Stimulated
angle 0◦ (lying down) 90◦ (upright)

flow rate 0.5 mL/min 6.0 mL/min
6/h 180/hperistalsis

3.7 cm/s
temp. chamber 37.0 ◦C

phosphate buffer pH 7.4 USP
medium SSF 1-4

All: 37 ◦Ctemp. medium
PVA 18-88: +0 ◦C, +65 ◦C

PVA quality 4-88, 8-88, 18-88, 18-88 + 26-88 (1:1), 26-88
All: 1000 µm

doctors blade width PVA 18-88: +500 µm, +2000 µm



Pharmaceutics 2024, 16, 1021 5 of 13

All studies on the influence of doctors blade widths of 500 µm, 1000 µm and 2000 µm
on the release behaviour were carried out in unstimulated and stimulated modes with
PVA 18-88 films loaded with fluorescein sodium. The influence of different polyvinyl
alcohol grades (4-88, 8-88, 18-88, 18-88 + 26-88 (1:1), 26-88) on the release behaviour was
investigated in unstimulated and stimulated mode with films loaded with the highly
soluble drug fluorescein sodium and produced with a 1000 µm doctors blade. In addition,
the influence of the release behaviour with the less soluble drug riboflavin in combination
with the PVA grades (18-88, 26-88) produced with a 1000 µm doctors blade was investigated.

In addition, the lag time within the system was determined in each mode by adding
100 µL of concentrated fluorescein sodium solution into the three-way stopcock and measur-
ing the time to absorbance detection using the fibre-optic system in the acceptor vessel [11].

2.2.4. Temperature

Due to the temperature controllability of the release model, further investigations of
the temperature-dependent release behaviour were carried out, but only in stimulated
mode (Table 2), i.e., with a high flow rate based on liquid uptake. For this purpose,
phosphate buffer pH 7.4 USP was tested ice-cooled, under physiological conditions at 37 ◦C
and at 65 ◦C, which is the upper limit for pain-free tea drinking reported in the literature,
based on usual and still possible drinking temperatures [22,23]. All investigations on the
influence of temperature were carried out in stimulated mode with PVA 18-88 films loaded
with fluorescein sodium and produced with a 1000 µm doctors blade.

2.2.5. Artificial Saliva

The artificial saliva was developed based on the publication by Ali et al. [24]. It
considers the pH, surface tension, viscosity and protein content of the artificial formulations
and is adapted to unstimulated human saliva. Human saliva is a complex and variable
medium. To identify the isolated influence of individual components on the retention time
of esophageal applied mucoadhesive films, the developed buffer was tested step by step
with increasing complexity so that the final formulation (SSF4) was analysed considering
all simulated influencing factors. The basis was a British Pharmacopoeia citrate phosphate
buffer (SSF1), shown in Table 3.

Table 3. Composition of the citrate-phosphate buffer 7.0 BPC.

Substance Quantity

citric acid, anhydrous 3.379 g

Na2HPO4 × 2 H2O 29.30 g

deionized water add 1000.0 mL

Tween® 20 was added to modify the surface tension (SSF2) (Table 4). Xanthan was
added in SSF3 to adjust the viscosity. Mucin was added to adjust the protein content (SSF4)
and the xanthan was reduced to adjust the viscosity. The individual components were
gradually added to the pure buffer solution SSF1. Xanthan gum and mucin were mixed
with Tween® 20 in a bowl using a pestle and gradually made up with buffer. All prepared
SSFs were adjusted to pH 7.0 with 1 M HCl or NaOH. The solutions were freshly prepared
for the experiments. All studies on the influence of artificial saliva were carried out in
unstimulated mode with PVA 18-88 films loaded with fluorescein sodium and produced
with a 1000 µm doctors blade.
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Table 4. Overview of the composition for the step-by-step development of an artificial saliva.

Function SSF1 SSF2 SSF3 SSF4
pH 7.692 mL buffer 7.692 mL buffer 7.692 mL buffer 6.211 mL buffer

surfactant 5.6 µL Tween® 20 5.6 µL Tween® 20 5.6 µL Tween® 20
viscosity 0.08 w/v% xanthan 0.05 w/v% xanthan

viscosity and
protein content

10 mg/mL mucin from
pig stomach

medium add 100.0 mL deionized water

3. Results and Discussion
3.1. Effect of Temperature on Release Performance

To improve the biorelevant simulation of the release behaviour of mucoadhesive films
applied to the esophagus, the EsoPeriDiss release model was placed in an insulated housing
and a sensor-controlled heating system was selected for constant temperature control in
conjunction with an air circulation system.

The temperatures were recorded with temperature loggers during the heating phase
and throughout the experiment. The heating phase, including the 60-min test, is shown
symbolically in Figure 2A. The target temperature of 37 ± 0.5 ◦C was achieved 45 min and
60 min after the start of the heating phase in a stable plate condition. Other heating powers
of up to 4000 W, also tested in advance, allowed in some cases shorter ramp-up phases at
the beginning of the test but resulted in clearly noticeable variability in the plateau phase.
For this reason, lower heating power was used for the further tests.
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Figure 2. (A) Temperature profile recorded with a data logger inside the release system during
the warm-up phase and the subsequent 60-min test phase. (B) The dose of fluorescein sodium
retained during the investigation of the influence of different temperatures on the release medium in
stimulated mode.

The possibility of temperature control in the model to physiological body temperatures
led to an interest in investigating the residence times of the films under the influence of
cold and hot media, and also to estimate the limits of the model. For this purpose, a series
of experiments was carried out in which, in addition to the standard setup with phosphate
buffer pre-tempered to 37 ◦C, cooled phosphate buffer and 65 ◦C hot buffer were used as
the dissolution media at a high flow rate. In these cases, the high simulated flow rate of
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6 mL/min should not be confused with the ingestion of cooled or hot drinks, but the results
may provide trends in the retention time of the films with unauthorized drink ingestion
after use of the EsoCap system, which should generally be taken at the edge of the bed.
The amount of drug retained in the release model shown in Figure 2B shows a small but
clearly visible trend outside the respective standard deviation. The shortest retention time
was observed with the 65 ◦C buffer solution, followed by the 37 ◦C solution. The ice-cooled
buffer solution followed last. After 14 min, only 10% of the drug dose was retained when
simulating a high flow rate and using the 65 ◦C buffer. In each case, the release occurred
5 min later with the 37 ◦C buffer and then with the ice-cold solution.

As the polyvinyl alcohol used generally has a temperature-dependent dissolution rate
and the viscosity of a polyvinyl alcohol–polymer solution also decreases with temperature,
the release results also correspond to the substance-specific properties. However, no differ-
ence in the general lag time between the various test parameters at different temperatures
could be determined. The relevance of the consistent further development of the model
was clearly demonstrated with this test set-up. The enclosure and sensor-controlled tem-
perature control of the model minimized the previous variability in the release experiments,
e.g., due to fluctuating room temperatures, and thus further increased the robustness of the
model results.

3.2. Artificial Saliva

A further improvement in the characterisation of biorelevant physiological release
parameters after esophageal application of mucoadhesive films should be achieved by
the development of artificial saliva as a release medium instead of the standard phos-
phate buffer USP pH 7.4 commonly used for intestinal release. There is already a large
body of literature on artificial saliva, particularly about enzymatic activity and electrolyte
composition [25,26]. However, as these parameters were not expected to affect the polyvinyl
alcohol films used in previous release studies, the focus was on release-relevant parameters
of physiologically unstimulated saliva [18,24,27]. The focus on unstimulated saliva is
justified by the application of the EsoCap technology, which should preferably be applied
at the edge of the bed before lying down. Unstimulated saliva, which is essentially the
basal moisturizing secretion of the mouth and throat, is more viscous, has a lower pH
and contains more mucins than saliva stimulated by smells or food, and was used as the
reference for the development of the biorelevant medium [18]. Polysorbate 20 was added to
reduce surface tension. Xanthan was used to increase the viscosity. Mucin was also used to
influence viscosity but also to simulate the proteins in human saliva. Rather than develop a
target formulation directly, a continuous formulation development was preferred, resulting
in formulations SSF1–SSF4 and allowing the influence of each parameter on release be-
haviour to be estimated. The reduction in xanthan content between SSF3 and SSF4 (Table 4)
was due to the viscosity, which would have been physiologically too high with a constant
xanthan concentration and the addition of mucin. Therefore, during the development of
SSF4, the viscosity was adjusted by reducing the xanthan content to achieve the target of
10 mg/mL mucin in the release medium. Salivary viscosity studies also showed shear
thinning of the release medium, which is also found in human saliva [28]. However, a direct
in vitro-in vivo correlation of the measured values and a comparison with the literature
data for human saliva is difficult due to the variability of the literature values, which is also
due to the difficulty in obtaining human saliva.

When the respective dissolution tests were performed (Figure 3), there was a grouping
of results, both in the dissolution itself and in the determination of the lag times, and the
two dissolution curves almost overlapped. The release tests of dissolution media SSF 1 and
SSF 2 or SSF 3 and SSF 4 were almost congruent. The addition of the surfactant polysorbate
to SSF2 showed no difference in release behaviour compared to the pure buffer solution of
SSF1, but also no difference in lag time. However, the addition of xanthan gum to SSF3
resulted in a significant increase in retention time in the model, with the lag time also
generally delayed by 4 min. The physiologically high viscosity of unstimulated saliva could
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therefore generally contribute to an increase in retention time of esophageal applied films.
In contrast, modification by adding mucin to SSF4 showed no substantial difference in
release and lag times compared to the already viscosity-adjusted release medium. However,
the release studies with respect to the modification of the release medium confirm the
general recommendation to apply the EsoCap system at the edge of the bed, followed by
bed rest, which ideally leads to a physiological unstimulated saliva composition quickly
and, as shown in previous studies, also brings the flow rate as close as possible to a standstill
in order to allow a prolonged interaction of the active substance with the mucosa [11].
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saliva formulations.

3.3. Effect of the Width of the Doctors Blade on the Retention Time

As mentioned above, the residence time of esophageal dosage forms is of great im-
portance for therapeutic success, as the contact time of the drug with the mucosa appears
to be directly correlated with therapeutic success [4,5]. Therefore, strategies to extend the
retention time of esophageal dosage forms are of great interest. A simple way to increase
the retention time could be to increase the film thickness by changing the width of the
doctors blade. To characterise the influence of the doctors blade width during manufac-
ture, the same fluorescein sodium-loaded polymer mixture of polyvinyl alcohol 18-88 was
spread with doctors blade widths of 500 µm, 1000 µm and 2000 µm, and release tests were
performed in unstimulated and stimulated mode using phosphate buffer pH 7.4 USP. The
films produced with the 1000 µm doctors blade were 130 µm thick after drying, while the
other films were half or twice as thick. In both unstimulated release mode (Figure 4A) and
stimulated mode (Figure 4B), a substantial increase in film residence time was observed
with increasing film thickness. In unstimulated release mode, only 10% of the films were
retained in the model after 25 min with a blade width of 500 µm. An extension of 5 min
was observed for films produced with a blade width of 1000 µm and a further extension of
24 min for films produced with a blade width of 2000 µm. In the stimulated release setup,
only 10% of the films produced with a 500 µm blade width were still present after 10 min.
After 19 min, 90% of the films produced with a 1000 µm blade width and 39% of the films
produced with a 2000 µm blade width were released from the model.
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As expected, the width of the blade during manufacture has a direct influence on
the retention time of the polyvinyl 18-88 films tested in the model and, according to these
results, thicker films are preferable for esophageal applications. However, it should be
noted that these data cannot be directly transferred from the in vitro situation to the in vivo
situation. On the one hand, any film used must first be applied to the esophagus, e.g.,
using application devices such as the EsoCap concept. However, there are also specific
requirements for the application device [8,9]. For example, as the thickness of the film
increases, so does the size of the roll of film placed in the EsoCap device and thus the cross-
section of the capsule to be used. Patients with esophageal disease often report swallowing
difficulties, which means that capsules with a large cross-section are not the preferred
choice for these patients [29,30]. In addition, the mechanical properties of a thicker film are
different and could pose a challenge during application. After the successful application of
a thick film, the physiological self-cleaning reflex of the esophagus, which cannot be directly
represented in the model, may need to be considered [15,31]. Interfering objects trigger
additional peristaltic events in the esophagus with increased saliva production in the large
salivary glands of the oral cavity, so a thick film that is designed to perform very well but
potentially irritates the esophagus could compromise its own performance [32,33]. The
adaptation of the unstimulated release mode to simulate secondary cleansing peristalsis is
readily achievable, but the development of surrogate parameters to assess the irritation
potential and thus elicit appropriate peristalsis is a challenge that should be addressed in
the future to enable further biorelevant characterisation of esophageal dosage forms.

3.4. Effect of the Polymer Quality on Retention Time

As previously discussed, continuously increasing film thickness cannot be the key to
success in prolonging the retention time of esophageal dosage forms. As an alternative, the
modification of drug release by using different grades of polyvinyl alcohol was investigated.
For this purpose, the same polymer solutions were always produced proportionally by
the solvent casting method and spread with a doctors blade width of 1000 µm to form
optically homogeneous film laminates. The PVA grades used in these tests all had a degree
of hydrolysis of 88% and were therefore all soluble in aqueous media. The difference was
mainly in the viscosity of the grades used due to the different molecular weights. These
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ranged from 32,000 g/mol for PVA 4-88 to 135,000 g/mol for PVA 26-88. Due to the different
viscosities, the speed of the film drawing machine was adjusted during production.

The polymer blends of PVA 4-88 and PVA 8-88 were relatively low viscosity, so the
take-off speed of the film stretching machine had to be increased from the standard speed
of 10 mm/s. In addition, the viscosity of the PVA 26-88 polymer blend was so high that
it could only be stretched at 50 ◦C. All formulations were released in phosphate buffer
pH 7.4 USP in both unstimulated (Figure 5A) and stimulated (Figure 5B) modes.
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Figure 5. Influence of the type of polyvinyl alcohol used as base polymer on the release behaviour of
films loaded with fluorescein sodium. (A) Unstimulated mode. Photo: Non-eroded films previously
loaded with fluorescein sodium (PVA 18-88 + 26-88 and PVA 26-88) after the release test, slightly
fluorescent under UV light. (B) Stimulated mode.

As expected, the retention time of the films was longer in the unstimulated simulation
than in the stimulated simulation. It is interesting to note that the results of the release
tests in the different simulations showed very similar curves (Figure 5A,B). As expected,
the greatest difference in the unstimulated mode was between PVA grade 4-88, which was
90% washed out of the simulated esophagus after 25 min, and PVA grade 26-88, which
showed only 10% retention after 39 min. In the stimulated mode, the greatest difference
was between PVA grades 4-88, which still had 10% retention after 7 min, and PVA 18-88,
which was 90% eluted after 18 min.

However, a specific phenomenon was observed with PVA 26-88 films. These films
could be removed completely and intact from the model after a successful release. Only
under UV light did the films show a slight yellow colouration, due to minimal resid-
ual amounts of fluorescein sodium. Compared to the other polymers, which completely
dissolved in the release medium within the test period, the polyvinyl 26-88 film was
released by the diffusion of the highly soluble model drug fluorescein sodium. How-
ever, it can be assumed that both diffusion-induced and erosion-induced release effects
occurred during the release tests, with the erosion-induced release probably having a
significant influence on the release of the fast-swelling types such as polyvinyl alcohol
4-88 and, with increasing viscosity or chain length, the erosion-induced release component
probably being the rate-determining component of the release. The modification of drug
release, and thus the prolongation of the drug residence time on the esophageal mucosa, by
varying the polymer quality is therefore not advisable, particularly in the case of highly
water-soluble drugs.
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Based on these studies, further investigations were carried out with riboflavin-loaded
films. At 70 mg/L, riboflavin is virtually insoluble in water, unlike fluorescein sodium,
which has a reported solubility of 500 g/L. The polyvinyl alcohol films produced in grades
18-88 and 26-88 showed an optically homogeneous appearance, although a very rough
surface was observed compared to the films loaded with fluorescein sodium, which can be
attributed to the suspended active ingredient.

The release profile (Figure 6) of the differently loaded polyvinyl alcohol 18-88 films
shows a similar but clearly shifted release profile. The suspended and poorly soluble drug
riboflavin was detected in the acceptor vessel significantly later than the highly soluble
fluorescein sodium. While 40% of the fluorescein sodium was eluted from the simulated
esophagus after 15 min, it took 10 min longer for 40% of the riboflavin to be released. This
trend continued, so that after 28 min, only 10% of the drug remained in the esophagus,
whereas after 42 min only 10% of the riboflavin remained in the esophagus.
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Figure 6. Influence of the solubility of the active ingredient used (FS: fluorescein sodium;
Ribo: riboflavin) on the release behaviour of films using different types of polyvinyl alcohol as
base polymer.

The release profiles of the polyvinyl alcohol 26-88 films are again similar but show a
clear shift. While the films loaded with sodium fluorescein showed a retention of only 10%
after 37 min, the films loaded with riboflavin did not reach this value during the release
tests. When the test was stopped after 90 min, 17% of the drug was still present in the
film. In contrast to the fluorescein sodium films, the riboflavin films washed out of the
esophageal silicone tubes after the release test all showed a clearly visible yellow colour.

A change in the release behaviour of the films applied to the esophagus is possible,
as the data show. However, the solubility of the drug must be considered. There are
several pharmaceutical technology options, especially for poorly soluble drugs such as
those used in EoE, e.g., mometasone [34]. The possibility of using thin films and the
associated ease of application, e.g., the EsoCap device, without changing the device cross-
section, offer attractive adaptation mechanisms for controlling the specific release rate
depending on the polymer. The question of whether thin films, which hardly or only very
slowly erode at body temperature, trigger secondary peristalsis or whether the flexible
structure of the films, as it was after release, makes them physiologically harmless, cannot
be answered with the present model. As soon as the question of secondary peristalsis can be
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answered, biorelevant adjustments to the setup of the EsoPeriDiss can be made directly, as
already explained.

4. Conclusions

The further development of the biorelevant release model with constant, sensor-
controlled temperature regulation improves the reliability of the characterisation of new
formulations for local, sustained drug delivery in the esophagus. Experiments with dif-
ferent temperatures and artificial saliva formulations showed that an increase in saliva
viscosity, such as occurs at night, substantially prolongs the retention time, which is advan-
tageous for the application of EsoCap films at the edge of the bed.

Strategies to increase the contact time of the dosage form with the esophagus were also
investigated. Thicker films were found to be effective, especially for highly water-soluble
substances, provided they could be combined with the application design. The influence
of secondary peristalsis, triggered by a possible foreign body sensation in the esophagus,
needs to be further investigated.

Varying the quality of the polyvinyl alcohol had little effect on the retention time for
highly soluble substances but was a promising approach for prolonging the esophageal
contact time for less soluble substances.

Author Contributions: Conceptualization, C.R.; methodology, C.R. and F.B.; validation, F.B., P.S.
and C.R.; formal analysis, P.S.; investigation, F.B. and P.S.; resources, F.B. and P.S.; data curation,
F.B. and P.S.; writing—original draft preparation, C.R.; writing—review and editing, F.B. and P.S.;
visualization, P.S.; supervision, C.R.; project administration, F.B. and P.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by EsoCap AG (Basel, Switzerland).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the results of this study are available upon request
from the corresponding author, C.R., depending on the information requested.

Acknowledgments: The authors would like to thank the precision engineering workshop of the
University of Greifswald for their support in the creation of components.

Conflicts of Interest: F.B., P.S. and C.R. have no competing interests.

References
1. Richter, J.E.; Rubenstein, J.H. Presentation and Epidemiology of Gastroesophageal Reflux Disease. Gastroenterology 2018, 154,

267–276. [CrossRef] [PubMed]
2. Bollschweiler, E.; Knoppe, K.; Wolfgarten, E.; Hölscher, A.H. Prevalence of Dysphagia in Patients with Gastroesophageal Reflux

in Germany. Dysphagia 2008, 23, 172–176. [CrossRef] [PubMed]
3. Uhlenhopp, D.J.; Then, E.O.; Sunkara, T.; Gaduputi, V. Epidemiology of Esophageal Cancer: Update in Global Trends, Etiology

and Risk Factors. Clin. J. Gastroenterol. 2020, 13, 1010–1021. [CrossRef] [PubMed]
4. Hefner, J.N.; Howard, R.S.; Massey, R.; Valencia, M.; Stocker, D.J.; Philla, K.Q.; Goldman, M.D.; Nylund, C.M.; Min, S.B. A

Randomized Controlled Comparison of Esophageal Clearance Times of Oral Budesonide Preparations. Dig. Dis. Sci. 2016, 61,
1582–1590. [CrossRef] [PubMed]

5. Dellon, E.S.; Sheikh, A.; Speck, O.; Woodward, K.; Whitlow, A.B.; Hores, J.M.; Ivanovic, M.; Chau, A.; Woosley, J.T.; Madanick,
R.D.; et al. Viscous Topical Is More Effective than Nebulized Steroid Therapy for Patients with Eosinophilic Esophagitis.
Gastroenterology 2012, 143, 321–324. [CrossRef] [PubMed]

6. Osmanoglou, E.; Van Der Voort, I.R.; Fach, K.; Kosch, O.; Bach, D.; Hartmann, V.; Strenzke, A.; Weitschies, W.; Wiedenmann, B.;
Trahms, L.; et al. Oesophageal Transport of Solid Dosage Forms Depends on Body Position, Swallowing Volume and Pharyngeal
Propulsion Velocity. Neurogastroenterol. Motil. 2004, 16, 547–556. [CrossRef]

7. Weitschies, W.; Cardini, D.; Karaus, M.; Trahms, L.; Semmler, W.; Cordini, D.; Karaus, M.; Trahms, L.; Semmler, W.; Cardini, D.; et al.
Magnetic Marker Monitoring of Esophageal, Gastric and Duodenal Transit of Non-Disintegrating Capsules. Pharmazie 1999, 54, 426–430.

8. Krause, J.; Rosenbaum, C.; Grimm, M.; Rump, A.; Keßler, R.; Hosten, N.; Weitschies, W. The EsoCap-System—An Innovative
Platform to Drug Targeting in the Esophagus. J. Control. Release 2020, 327, 1–7. [CrossRef]

https://doi.org/10.1053/j.gastro.2017.07.045
https://www.ncbi.nlm.nih.gov/pubmed/28780072
https://doi.org/10.1007/s00455-007-9120-5
https://www.ncbi.nlm.nih.gov/pubmed/18202888
https://doi.org/10.1007/s12328-020-01237-x
https://www.ncbi.nlm.nih.gov/pubmed/32965635
https://doi.org/10.1007/s10620-015-3990-4
https://www.ncbi.nlm.nih.gov/pubmed/26921083
https://doi.org/10.1053/j.gastro.2012.04.049
https://www.ncbi.nlm.nih.gov/pubmed/22561055
https://doi.org/10.1111/j.1365-2982.2004.00541.x
https://doi.org/10.1016/j.jconrel.2020.08.011


Pharmaceutics 2024, 16, 1021 13 of 13

9. Rosenbaum, C.; Grimm, M.; Krause, J.; Rump, A.; Kessler, R.; Hosten, N.; Weitschies, W. Functionality and Acceptance of the EsoCap
System—A Novel Film-Based Drug Delivery Technology: Results of an In Vivo Study. Pharmaceutics 2021, 13, 828. [CrossRef]

10. Rosenbaum, C.M.; Brokmann, F.; Krause, J.; Weitschies, W. Establishment of a Dissolution Test System for the Biorelevant
Characterization of Esophageal Applied Dosage Forms. J. Pharm. Sci. 2022, 111, 62–68. [CrossRef]

11. Brokmann, F.; Feindt, F.; Weitschies, W.; Rosenbaum, C. Development of Test Programs for the Biorelevant Characterization of
Esophageal-Applied Dosage Forms. Polymers 2023, 15, 3430. [CrossRef] [PubMed]

12. Washington, N.; Washington, C.; Wilson, C. Physiological Pharmaceutics, 2nd ed.; CRC Press: New York, NY, USA, 2000;
ISBN 9780429204593.

13. Clouse, R.E.; Staiano, A. Topography of Normal and High-Amplitude Esophageal Peristalsis. Am. J. Physiol. Gastrointest. Liver
Physiol. 1993, 265, 1098–1107. [CrossRef] [PubMed]

14. Ghosh, S.K.; Janiak, P.; Schwizer, W.; Hebbard, G.S.; Brasseur, J.G.; Sudip, K.; Janiak, P.; Schwizer, W.; Hebbard, S.; Brasseur, J.G.
Physiology of the Esophageal Pressure Transition Zone: Separate Contraction Waves above and below. Am. J. Physiol. Gastrointest.
Liver Physiol. 2006, 290, 568–576. [CrossRef] [PubMed]

15. Bajaj, J.S.; Bajaj, S.; Dua, K.S.; Jaradeh, S.; Rittmnann, T.; Hofmann, C.; Shaker, R. Influence of Sleep Stages on Esophago-Upper
Esophageal, Sphincter Contractile Reflex and Secondary Esophageal Peristalsis. Gastroenterology 2006, 130, 17–25. [CrossRef] [PubMed]

16. Clouse, R.E.; Staiano, A. Topography of the Esophageal Peristaltic Pressure Wave. Am. J. Physiol. Gastrointest. Liver Physiol. 1991,
261, 677–684. [CrossRef] [PubMed]

17. Ekström, J.; Khosravani, N.; Castagnola, M.; Messana, I. Saliva and the Control of Its Secretion; Olle, E., Ed.; Springer:
Berlin/Heidelberg, Germany, 2017; pp. 21–57.

18. Humphrey, S.P.; Williamson, R.T. A Review of Saliva: Normal Composition, Flow, and Function. J. Prosthet. Dent. 2001, 85,
162–169. [CrossRef] [PubMed]

19. Kazakov, V.N.; Udod, A.A.; Zinkovych, I.I.; Fainerman, V.B.; Miller, R. Dynamic Surface Tension of Saliva: General Relationships
and Application in Medical Diagnostics. Colloids Surf. B Biointerfaces 2009, 74, 457–461. [CrossRef] [PubMed]

20. Kalantzi, L.; Goumas, K.; Kalioras, V.; Abrahamsson, B.; Dressman, J.B.; Reppas, C. Characterization of the Human Upper
Gastrointestinal Contents under Conditions Simulating Bioavailability/Bioequivalence Studies. Pharm. Res. 2006, 23, 165–176.
[CrossRef] [PubMed]

21. Kirsch, K.; Hanke, U.; Weitschies, W. Preparation and Characterization of Gastrointestinal Wafer Formulations. Int. J. Pharm. 2017,
522, 165–171. [CrossRef]

22. Jamnadas-Khoda, B.; See, M.S.; Cubison, C.T.C.; Dheansa, B.S. How Would You like Your Tea, Vicar? Burns 2010, 36, 356–359. [CrossRef]
23. Lee, H.S.; O’Mahony, M. At What Temperatures Do Consumers Like to Drink Coffee?: Mixing Methods. J. Food Sci. 2002, 67,

2774–2777. [CrossRef]
24. Ali, J.; Bong Lee, J.; Gittings, S.; Iachelini, A.; Bennett, J.; Cram, A.; Garnett, M.; Roberts, C.J.; Gershkovich, P. Development and

Optimisation of Simulated Salivary Fluid for Biorelevant Oral Cavity Dissolution. Eur. J. Pharm. Biopharm. 2021, 160, 125–133.
[CrossRef] [PubMed]

25. Beltzer, E.K.; Fortunato, C.K.; Guaderrama, M.M.; Peckins, M.K.; Garramone, B.M.; Granger, D.A. Salivary Flow and Alpha-
Amylase: Collection Technique, Duration, and Oral Fluid Type. Physiol. Behav. 2010, 101, 289–296. [CrossRef] [PubMed]

26. Harmon, A.G.; Towe-Goodman, N.R.; Fortunato, C.K.; Granger, D.A. Differences in Saliva Collection Location and Disparities in
Baseline and Diurnal Rhythms of Alpha-Amylase: A Preliminary Note of Caution. Horm. Behav. 2008, 54, 592–596. [CrossRef]
[PubMed]

27. Gittings, S.; Turnbull, N.; Henry, B.; Roberts, C.J.; Gershkovich, P. Characterisation of Human Saliva as a Platform for Oral
Dissolution Medium Development. Eur. J. Pharm. Biopharm. 2015, 91, 16–24. [CrossRef] [PubMed]

28. Haward, S.J.; Odell, J.A.; Berry, M.; Hall, T. Extensional Rheology of Human Saliva. Rheol. Acta 2011, 50, 869–879. [CrossRef]
29. Schiele, J.T.; Quinzler, R.; Klimm, H.D.; Pruszydlo, M.G.; Haefeli, W.E. Difficulties Swallowing Solid Oral Dosage Forms in a

General Practice Population: Prevalence, Causes, and Relationship to Dosage Forms. Eur. J. Clin. Pharmacol. 2013, 69, 937–948.
[CrossRef] [PubMed]

30. Carnaby-Mann, G.; Crary, M. Pill Swallowing by Adults with Dysphagia. Arch. Otolaryngol.-Head Neck Surg. 2005, 131, 970–975.
[CrossRef] [PubMed]

31. Goyal, R.K.; Chaudhury, A. Physiology of Normal Esophageal Motility. J. Clin. Gastroenterol. 2008, 42, 610–619. [CrossRef]
32. Sifrim, D.; Janssens, J. Secondary Peristaltic Contractions, like Primary Peristalsis, Are Preceded by Inhibition in the Human

Esophageal Body. Digestion 1996, 57, 73–78. [CrossRef]
33. Schoeman, M.N.; Holloway, R.H. Stimulation and Characteristics of Secondary Oesophageal Peristalsis in Normal Subjects.

Gut 1994, 35, 152–158. [CrossRef] [PubMed]
34. Tytor, J.; Larsson, H.; Bove, M.; Johansson, L.; Bergquist, H. Topically Applied Mometasone Furoate Improves Dysphagia in

Adult Eosinophilic Esophagitis–Results from a Double-Blind, Randomized, Placebo-Controlled Trial. Scand. J. Gastroenterol. 2021,
56, 629–634. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/pharmaceutics13060828
https://doi.org/10.1016/j.xphs.2021.05.011
https://doi.org/10.3390/polym15163430
https://www.ncbi.nlm.nih.gov/pubmed/37631487
https://doi.org/10.1152/ajpgi.1993.265.6.G1098
https://www.ncbi.nlm.nih.gov/pubmed/8279561
https://doi.org/10.1152/ajpgi.00280.2005
https://www.ncbi.nlm.nih.gov/pubmed/16282364
https://doi.org/10.1053/j.gastro.2005.10.003
https://www.ncbi.nlm.nih.gov/pubmed/16401464
https://doi.org/10.1152/ajpgi.1991.261.4.G677
https://www.ncbi.nlm.nih.gov/pubmed/1928353
https://doi.org/10.1067/mpr.2001.113778
https://www.ncbi.nlm.nih.gov/pubmed/11208206
https://doi.org/10.1016/j.colsurfb.2009.06.010
https://www.ncbi.nlm.nih.gov/pubmed/19577904
https://doi.org/10.1007/s11095-005-8476-1
https://www.ncbi.nlm.nih.gov/pubmed/16308672
https://doi.org/10.1016/j.ijpharm.2017.02.045
https://doi.org/10.1016/j.burns.2009.04.024
https://doi.org/10.1111/j.1365-2621.2002.tb08814.x
https://doi.org/10.1016/j.ejpb.2021.01.017
https://www.ncbi.nlm.nih.gov/pubmed/33524535
https://doi.org/10.1016/j.physbeh.2010.05.016
https://www.ncbi.nlm.nih.gov/pubmed/20515701
https://doi.org/10.1016/j.yhbeh.2008.05.019
https://www.ncbi.nlm.nih.gov/pubmed/18640119
https://doi.org/10.1016/j.ejpb.2015.01.007
https://www.ncbi.nlm.nih.gov/pubmed/25603197
https://doi.org/10.1007/s00397-010-0494-1
https://doi.org/10.1007/s00228-012-1417-0
https://www.ncbi.nlm.nih.gov/pubmed/23052416
https://doi.org/10.1001/archotol.131.11.970
https://www.ncbi.nlm.nih.gov/pubmed/16301368
https://doi.org/10.1097/MCG.0b013e31816b444d
https://doi.org/10.1159/000201316
https://doi.org/10.1136/gut.35.2.152
https://www.ncbi.nlm.nih.gov/pubmed/8307463
https://doi.org/10.1080/00365521.2021.1906314
https://www.ncbi.nlm.nih.gov/pubmed/33831327

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Film Preparation 
	General Structure of Biorelevant Release Simulation in EsoPeriDiss 
	Specific Release Test Parameters 
	Temperature 
	Artificial Saliva 


	Results and Discussion 
	Effect of Temperature on Release Performance 
	Artificial Saliva 
	Effect of the Width of the Doctors Blade on the Retention Time 
	Effect of the Polymer Quality on Retention Time 

	Conclusions 
	References

