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The recently introduced vessel-simulating flow-through cell offers new possibilities to examine the
release from drug-eluting stents in vitro. In comparison with standard dissolution methods, the addi-
tional compartment allows for the examination of distribution processes and creates dissolution condi-
tions which simulate the physiological situation at the site of implantation. It was shown previously that
these conditions have a distinct influence on the release rate from the stent coating. In this work, differ-
ent preparation techniques were developed to examine the spatial distribution within the compartment
simulating the vessel wall. These methods allowed for the examination of diffusion depth and the distri-
bution resulting in the innermost layer of the compartment simulating the vessel wall. Furthermore, the
in vitro release and distribution examined experimentally were modelled mathematically using finite
element (FE) methods to gain further insight into the release and distribution behaviour. The FE model-
ling employing the experimentally determined diffusion coefficients yielded a good general description
of the experimental data. The results of the modelling also provided important indications that inhomo-
geneous coating layer thicknesses around the strut may result from the coating process which influence
release and distribution behaviour.

Taken together, the vessel-simulating flow-through cell in combination with FE modelling represents a
unique method to analyse drug release and distribution from drug-eluting stents in vitro with particular
opportunities regarding the examination of spatial distributions within the vessel-simulating
compartment.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction lease studies in humans are limited by the fact that drug plasma
Since their first approval in 2002, millions of drug-eluting stents
(DES) have successfully been implanted. Up to date, however,
many questions regarding in vivo drug release and the desired re-
lease profiles remain unanswered [1]. Whereas first in vivo studies
suggested that long periods of release are absolutely necessary to
induce the desired pharmacological effect [2,3], findings of Scheller
et al. [4] indicate that very short contact times between the vessel
wall and a Paclitaxel-eluting balloon may be suitable to deliver suf-
ficient amounts of drug. Besides the remaining uncertainties
regarding the desired release profiles, there is only limited data
available on the actual in vivo release behaviour of DES. In vivo re-
ll rights reserved.

macy, Biopharmaceutics and
ald, Friedrich-Ludwig-Jahn-
834 864898; fax: +49 3834

. Seidlitz).
levels if above the limit of quantification are not necessarily repre-
sentative of the concentrations within the vessel wall tissue which
is the site of action for the released antiproliferative agents [5]. The
explanatory value of animal models, in which removal of the
respective tissue and direct analysis is feasible, is also limited
due to different healing and restenosis rates and the fact that the
arteries are typically non-arteriosclerotic [6]. Furthermore, studies
by Hwang et al. [7] suggest that release from DES may lead to large
concentration gradients in the vessel wall. Therefore, mean tissue
concentrations may be misleading.

In order to examine the release and distribution from DES inde-
pendent of animal models, standardised dissolution testing is per-
formed using compendial apparatuses such as the reciprocating
holder and the flow-through cell and non-compendial methods
[8]. These methods may provide insight into the release from the
stent coatings under standardised conditions but cannot be used
to evaluate distribution processes since they lack a compartment
simulating the vessel wall. In order to overcome this limitation, we
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recently developed a vessel-simulating flow-through cell [9]. This
method is based on the compendial flow-through cell. The adapted
test system, however, includes a hydrogel compartment represent-
ing the vessel wall and emulates the geometry of stent placement
within a blood vessel. The DES is implanted into an opening in the
hydrogel hollow cylinder which is then perfused by perfusion liquid
at a flow rate that corresponds to the blood flow velocity in coronary
arteries. In this three-compartmental setup, the analysis of distribu-
tion processes under the applied conditions becomes feasible.
Experiments using this setup also showed that the applied embed-
ding and flow conditions markedly changed the release rate from
the coatings compared to compendial dissolution testing [9].

It was the objective of this work to demonstrate different possi-
bilities to examine distribution patterns experimentally and
theoretically. Based on the previously described dissolution exper-
iments [9], the release and distribution in the vessel-simulating
flow-through cell from stents coated with the fluorescent model
substances fluorescein sodium und triamterene were mathemati-
cally modelled and compared to experimental results. Fluorescein
sodium was chosen as a hydrophilic compound (freely soluble in
water (0.1-1 g/ml) [10], log P = �1.52 [11]), whereas triamterene
served as a model hydrophobic drug (solubility in water 28 lg/ml
[12], log P = 1.25 [13]). Release and distribution in the vessel-simu-
lating flow-through cell were simulated as diffusion processes in a
two-dimensional finite element model. Alternatively, two experi-
mental methods to visualise spatial distribution within the hydro-
gel compartment were developed to evaluate stents coated with
the model substance rhodamine B (very soluble in water (>1 g/
ml) [10], log P = 2.30 [14]).
2. Materials and methods

2.1. Materials

Sodium alginate was purchased from Fagron GmbH & Co. KG
(Barsbüttel, Germany). Eudragit� RL and RS were provided by Evo-
Fig. 1. Schematic and photograph of the vessel-simulating flow-through cell (A and B) a
beads, (2) acrylic glass disc, (3) hydrogel and (4) expanded stent.
nik Röhm GmbH (Darmstadt, Germany). All further reagents were
of analytical grade.
2.2. Stent coating

Bare metal stents (BMS, type: PRO-Kinetic, nominal diameter
3.5 mm), generously provided by Biotronik GmbH (Berlin, Ger-
many), were coated by dipping as previously described [9]. The
resulting coatings contained 20–25% fluorescent model substance
(calculated in percentage of total solid content of coating fluid)
embedded in a ammonio methacrylate copolymer type A and B
blend (Eudragit� RL/Eudragit� RS, ratio 3:7). In order to evaluate
coating thickness, two stents were exemplarily embedded in epoxy
resin and cross-sections were prepared (Histo Saw DDM-P 216,
Medim, Giessen, Germany). After grinding and polishing with alu-
minium oxide suspension, these microsections were examined by
confocal microscopy (Confocal Scanning Laser Microscope LEXT
OLS 3000, Olympus, Hamburg, Germany).
2.3. Vessel-simulating flow-through cell

The compendial standard flow-though cell for tablets with a
diameter d = 22.6 mm was modified (Fig. 1) as previously de-
scribed elsewhere [9]. In brief, an acrylic glass disc with a hole in
the centre (d = 3 mm) was inserted into the cell onto which a cal-
cium alginate gel compartment with a cylindrical opening in the
centre (d = 3 mm) was placed. DES were expanded into the opening
by means of a balloon catheter and a catheter pump (6 atm, 15 s).
250 ml of perfusion liquid phosphate buffered saline pH 7.4 (PBS)
according to Ph. Eur. were circulated through the vessel-simulating
flow-through cell in a closed system setup at a flow rate of 35 ml/
min, which corresponds to the blood flow velocity in coronaries
[15]. Perfusion liquid and flow-through cell were placed in a water
bath and maintained at 37 �C during the intended incubation
period.
nd longitudinal section of the hydrogel cylinder with implanted stent (C). (1) Glass
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2.4. Spatial distribution within the vessel-simulating compartment

Two different experimental setups were developed for the anal-
ysis of the spatial distribution within the hydrogel after incubation
with rhodamine B coated stents. Fluorescence imaging of cross-
sections of the gel cylinder were performed for a qualitative detec-
tion of the fluorescent probe concentrations. For this purpose, the
DES was removed after the intended incubation period. The hydro-
gel cylinder was divided into appropriately sized sections of
approximately 10 mm length and placed on cork discs. The aper-
ture was filled with Tissue-Tek OTC Compound (DiaTec Labortech-
nik GmbH, Hallstadt, Germany). Subsequently, shock freezing by
liquid nitrogen cooled petroleum ether at �80 �C was performed
and microtome cryosections with a width of 20 lm were prepared
(Microm HM 550, Microm International, Walldorf, Germany). The
obtained sections were dried immediately and inspected in a fluo-
rescence microscope (Axiovert 200, Carl Zeiss MicroImaging
GmbH, Jena, Germany, kex 546 nm/kem P 590 nm, microscopic
imaging via AxioCam HrC, Carl Zeiss MicroImaging GmbH, Jena,
Germany).

For imaging of spatial distribution patterns in hydrogel regions
in direct contact with the struts and the perfusion liquid, alginate
films were prepared with a doctor blade (width 500 lm) using a
diffusion controlled gelling mechanism. The alginate solution
(3% (m/m) in purified water) was topped with a solution of calcium
chloride 6% (m/m) in purified water, left to set for 10 min and fixed
centrally in the vessel-simulating flow-through cell. For this pur-
pose, the films were coiled around the stainless steel rod which
serves as a placeholder during hydrogel solidification [9]. After set-
ting of the surrounding hydrogel, the rod was removed leaving an
aperture in the hydrogel surrounded by the coiled alginate film.
The DES was then implanted directly into the film and perfused.
At the end of the intended incubation period, the surrounding
hydrogel was removed. The film was uncoiled, transferred to a spec-
imen slide and imaged via fluorescence microscopy (see above).

2.5. Quantitative analysis of release and distribution

In our theoretical model, release as well as distribution pro-
cesses in the vessel-simulating flow-through cell are described
by diffusion. The diffusion equation

@c
@t
¼ D � @

2c
@x2 ; ð1Þ

in this case written in its one-dimensional form, correlates varia-
tions of the concentration c in time and space via the diffusion coef-
ficient D. General solutions can be obtained for simple geometries
[16]. The desorption from an infinite plane sheet of thickness l into
stirred media with constant concentration via one surface is given
by the equation
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in which m0 denotes the initial total mass contained in the sheet
and mt the respective mass at time t [16].

For modelling of dissolution experiments in the vessel-simulat-
ing flow-through cell, two-dimensional diffusion problems in two
compartments described by the equations

@ci

@t
¼ �r � Ji; Ji ¼ �Dirci; i ¼ c;h ð3Þ

were considered. r denotes the gradient (rci) or the divergence
(r � Ji) operator. The subscripts c and h refer to coating and hydro-
gel, respectively. Solely one of Eq. (3) is valid for the geometries 1
(equation for i = c) and 2 (equation for i = h) as described below.
The flux Ji is determined by the concentration gradient and the dif-
fusion coefficient Di valid for the diffusion of the model substance in
the compartment i.

The following geometries were considered (see also Fig. 2):

Geometry 1: Diffusion out of a homogeneously loaded coating
layer of thickness l around a quadratic strut (edge length
100 lm) into infinite perfusion liquid, boundary conditions
J = 0 for the inner surface of the coating (no flux into the metal),
c = 0 for the outer surface (release into stirred perfusion liquid
under sink conditions).
Geometry 2: Diffusion out of a homogeneously loaded hollow
cylinder (doutside = 22.6 mm, dinside = 3 mm) into infinite perfu-
sion liquid passing through the aperture in the cylinder, bound-
ary conditions J = 0 for the outer surface of the hollow cylinder
(contact with the apparatus wall, no flux), c = 0 for the inner
surface of the hollow cylinder (release into stirred perfusion
liquid under sink conditions).
Geometry 3: Diffusion out of a homogeneously loaded coating
layer of thickness l around a quadratic strut (edge length
100 lm) into a segment of a hollow cylinder (doutside = 22.6 mm,
dinside = 3 mm, segment angle a calculated according to volume
ratio of stent coating and hydrogel), boundary conditions J = 0
for the inner surface of the coating (no flux into the metal)
and the outer surface of the hollow cylinder (contact with the
apparatus wall, no flux), Jh = Jc for the continuity of mass flux
at the interface between hydrogel and stent coating. Two differ-
ent sets of boundary conditions were considered at the luminal
border as follows: geometry 3a: J = 0 for the luminal side of the
coating and the inner surface of the hollow cylinder (no perfu-
sion liquid present, no contact with a diffusible compartment);
geometry 3b: c = 0 for the luminal side of the coating and the
inner surface of the hollow cylinder (infinite stirred perfusion
liquid passing through the lumen).

For numerical calculation, we used the commercial finite ele-
ment (FE) software ABAQUS (Dassault Systèmes Simulia Corp.,
Providence, USA, version 6.7-3). Model size was reduced by consid-
ering geometrical symmetries and the introduction of boundary
conditions. The flux across symmetry planes was set to J = 0. The
two-dimensional models were constructed using a suitable mesh
of 8-node biquadratic elements. The meshes were generated using
ABAQUS routines and contain about 400 (geometry 1), 800 (geom-
etry 2) and 7300 (geometry 3a and 3b) elements. Cell density was
greatest near interfaces where high concentration gradients are ex-
pected. A typical mesh is illustrated in Fig. 3. Accuracy of calcula-
tion was tested for simple geometries (planes, cylinders) and
some combinations of flux and concentration boundaries for which
analytical results are available [16]. Coating layer thickness l was
calculated from the coating layer mass, the stent surface according
to the manufacturer specification and the density of the coating.
The FE modelling was performed with concentrations normalised
by the solubility si in the compartment i according to the equation

/i ¼ ci=si ð4Þ

The normalised concentrations, /i, are continuous at the border
of different materials and determine the partitioning of diffusing
substances when equilibrium is achieved. The solubility of the
model substances in the hydrogel was approximated based on
the solubility in water. The solubility in the polymer layer was as-
sumed to equal the amount of drug substance incorporated. In or-
der to determine under which conditions FE modelling is
mandatory for the description of our experiments, the release from
an infinite plane sheet was calculated according to Eq. (2) and com-
pared to the modelled release from coating layers on quadratic
struts of differing thicknesses. The diffusion coefficients of the



Fig. 2. Schematics of the conditions in the vessel-simulating flow-through cell (A, cross-section, inlay magnifying the position of a stent strut) and the two-dimensional
geometries considered for FE calculations (B, geometry 3a and 3b depicting magnified portion of A). Geometry 1: release from a drug loaded coating of a stent strut into
infinite stirred media represented by boundary condition c = 0 (no hydrogel present); geometry 2: release from a drug loaded hydrogel hollow cylinder into infinite stirred
media represented by boundary condition c = 0 (no stent strut present); geometry 3a: release from a drug loaded coating of a stent strut into a hydrogel hollow cylinder (no
perfusion liquid, represented by boundary condition J = 0); geometry 3b: release from a drug loaded coating of a stent strut into a hydrogel hollow cylinder and into infinite
stirred media passing through the lumen represented by boundary condition c = 0. Stent strut with coating of thickness l around the metal core (grey), hydrogel (yellow) with
doutside = 22.6 mm, dinside = 3 mm, drug containing compartment hatched in red, perfusion liquid blue, segment angle a calculated according to volume ratio of stent coating
and hydrogel, dashed lines denotes boundary condition flux J = 0 (symmetry axes or end of diffusible compartment), dotted line marks boundary condition c = 0 (release into
stirred perfusion liquid under sink conditions).

Fig. 3. Schematic of two-dimensional element mesh used for FE calculations of diffusion processes in the vessel-simulating flow-through cell (geometry 3a and 3b), inlay
magnifying the stent coating (metal core of strut not modelled) and the adjacent hydrogel region.
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model substances in the coating layer as well as in the hydrogel
compartment were fitted according to the results of the mathemat-
ical modelling and the experiments for geometry 1 and 2 (see be-
low). The determined diffusion coefficients were evaluated by
calculating the expected release in geometry 3a and comparing it
to experimental data. Finally, the full three-compartmental model
(geometry 3b) was calculated and compared to experimental
results.

For a detailed characterisation of drug release and distribution
processes, experiments were performed under two-compartment
conditions (geometry 1, 2 and 3a) and in the complete three-com-
partmental setup (geometry 3b).

The release from the stent coating into stirred perfusion liquid
under sink conditions (geometry 1) was investigated using the
compendial standard tablet flow-through cell (USP 4, flow rate
35 ml/min). DES were expanded, placed on top of the glass beads,
and the cell was perfused by the perfusion liquid PBS. At the end of
the intended perfusion period, the DES was removed from the cell
and incubated at least twice in fresh PBS for 24 h each until no fur-
ther elution from the coating was detectable. The fluorescence
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intensity of 200 ll samples of the perfusion liquid, which were
drawn from the reservoir during the perfusion at predetermined
time points, and the stent incubation buffer was determined using
a fluorescence reader (Fluroskan II, Labsystems, Helsinki, Finland,
fluorescein sodium: kex 485 nm/kem 538 nm, triamterene:
kex 355 nm/kem 460 nm). All measurements were performed in
duplicate, and concentration calibration was performed with every
experiment. Reduction of perfusion liquid volume due to sampling
and evaporation was taken into account in the calculation of model
drug content of the perfusion liquid.

The kinetics of distribution in the hydrogel was examined with
an experimental setup in which the model substance was homoge-
neously incorporated in the hydrogel hollow cylinder in the vessel-
simulating flow-through cell (geometry 2). For this purpose, the
model substances were dissolved in purified water, and these solu-
tions were used for gel preparation instead of purified water. Con-
centrations of 6.8 lg fluorescein sodium per gram hydrogel and
4.4 lg triamterene per gram hydrogel, respectively, resulted in
the loaded hydrogel. The hydrogel hollow cylinder was perfused
in the vessel-simulating flow-through cell with 250 ml PBS at a
flow rate of 35 ml/min, and the amount released into the perfusion
liquid was determined via fluorescence assay as described above.

The transport of model substance from the stent coating into
the gel was characterised separately in a third type of two-com-
partment experiment under omission of the perfusion liquid. After
hydrogel preparation, the DES was implanted into the opening in
the hydrogel and incubated for predetermined periods of time
without perfusion liquid. During incubation at 37 �C, the vessel-
simulating flow-through cell was tightly closed. Water loss was
not observed. The experiment was terminated after incubation
periods ranging from 5 min to 8 h for fluorescein sodium and
5 min to 26 h for triamterene, respectively. Subsequently, the mod-
el substance content in the hydrogel and the amount remaining in
the stent coating were determined. For this purpose, the DES was
removed from the hydrogel and the model substance content of
the coating was determined as described above. The hydrogel sam-
ples were liquefied by the addition of tenfold concentrated phos-
phate buffer pH 7.4 according to USP and subsequent stirring.
The fluorescence intensity of samples of the stent incubation buffer
and the dissolved hydrogel was determined as described above. In
the case of the liquefied hydrogel samples, a liquefied blank sample
doted with respective model substance concentrations was used
for calibration.

The analysis of model substance release from the coating and
distribution between the compartments of the vessel-simulating
flow-through cell employing fluorescein sodium and triamterene
coated stents has been described previously [9]. In brief, the disso-
lution experiments were terminated after differing incubation
periods and model substance content in the perfusion liquid,
hydrogel and the amount remaining in the stent coating were
determined as described above.

The release and distribution data are presented in percentage of
the sum of the amount detected in the respective compartments at
the end of the experiment for each geometry (overall detected
amount). All amounts were plotted over the square root of time
as commonly done for diffusion problems.
3. Results

3.1. Spatial distribution within the vessel-simulating compartment

Fluorescence images of cross-sections of the gel cylinder after
incubation with rhodamine B loaded stents are shown in Fig. 4.
Without perfusion liquid, a discrete diffusion zone around the lu-
men was detectable after 5 min incubation time. After 240 min,
the whole hydrogel slide showed uniform fluorescence. Under
flow-through conditions, the diffusion zone obtained after 5 min
was smaller and of lower intensity compared to the hydrogel cyl-
inder incubated without perfusion liquid. At 240 min, only a faint
colouration of the hydrogel was detectable. This decrease in fluo-
rescence intensity was obviously due to diffusive washout by the
perfusion liquid. Inhomogeneities within the detected diffusion
zones, which might have been conceived as a result of direct con-
tact with the stent struts opposed to regions without contact, were
not detected.

The images of alginate films allow for the detection of spatial
concentration patterns in hydrogel regions adjacent to the lumen
and the stent. A collage overview of a film in the fluorescence
microscope is shown in Fig. 5A. During the expansion and incuba-
tion, the struts are pressed tightly into the alginate film, and the
imprints of the struts can be detected after stent removal. Colour
intensities of these fluorescence images are influenced by height
structure effects, causing the imprints of the struts to be visible
as dark lines and the transition zones to appear brightly coloured.

One minute after DES implantation (no perfusion liquid pres-
ent), an inhomogeneous distribution was detected (Fig. 5B), in
which areas close to strut imprints were more lucid. After 5 min
(Fig. 5C), a uniform distribution of the fluorescent probe was
apparent in the film. Obviously, diffusion in the hydrogel took
place quickly, so that the concentration gradients detectable in
the hydrogel after 1 min were no longer visible after 5 min of
incubation.

The film experiments were also performed under flow condi-
tions with perfusion times of 5 min (Fig. 6A) and 240 min
(Fig. 6B). In the film sample which was incubated for 5 min, an in-
tense homogeneously distributed colouration of the film was
detectable. Similar to the images obtained from cross-sections
after 240 min, only a very faint colouration was visible except for
some highlights in the hydrogel regions which had direct contact
with strut bends. This decrease in fluorescence intensity can also
be attributed to redistribution processes, during which the model
substance was transported into other regions of the hydrogel and
into the perfusion liquid.

3.2. Quantitative analysis of release and distribution

Prior to the FE modelling of drug release and distribution as dif-
fusion processes in the vessel-simulating flow-through cell setup,
the respective diffusion coefficients had to be determined. First,
the diffusion from an infinite plane sheet was compared to the dif-
fusive release from stent coatings around quadratic struts (edge
length 100 lm) of differing coating layer thicknesses l (geome-
try 1). The results (Fig. 7) were normalised so that release from
the infinite sheet is represented by a single curve independent of
coating layer thickness and diffusion coefficient. Deviations of
the release of differing stent coatings from this curve are therefore
not due to the absolute layer thickness but to effects caused by the
different geometry of the coating layer compared to a plane sheet.
For the strut edge length of 100 lm, a coating layer thickness
l = 10 lm only resulted in a very slight increase in release rate
compared to the release from an infinite plane sheet. However,
the deviations increased with increasing coating layer thickness.
Therefore, the diffusive release from a coating around a quadratic
strut can be described by the analytic expression (Eq. (2)), if the
coating thickness is small compared to the strut edge length. This
condition is valid for the coatings considered in our experiments
with a layer thickness in the range of 2 lm and a strut edge length
of 100 lm. Therefore, the results of the analytical expression (Eq.
(2)) were used to model the release from the stent coating into stir-
red media under sink conditions. However, for the release from
coatings of large layer thickness compared to the strut edge length



Fig. 4. Fluorescence images of the spatial distribution of rhodamine B in hydrogel cross-sections (width 20 lm) from the vessel-simulating flow-through cell. Incubation
without perfusion liquid (A and B) or under perfusion (C and D) for incubation times of 5 min (A and C) or 240 min (B and D). Border between the hydrogel and the opening in
which the stents were implanted is indicated by dashed line.
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other methods, such as FE modelling, have to be employed, since
the deviations from the results of the analytical expression in-
crease with layer thickness, as shown for 40 lm and 80 lm layers
(Fig. 7).

In Fig. 8, the experimentally determined release of fluorescein
sodium and triamterene from stents into stirred perfusion liquid
(geometry 1) is plotted together with desorption lines from plane
sheets with the same thickness and various diffusion coefficients.
Based on this data, the diffusion coefficients were set to Dc = 1 �
10�8 mm2/s for fluorescein sodium and Dc = 2 � 10�10 mm2/s for
triamterene.

The experimental release from the hydrogel hollow cylinder ini-
tially loaded with model substance into the perfusion liquid is
compared to the results of FE calculations for geometry 2 with var-
ious diffusion coefficients in Fig. 9.

The diffusion of fluorescein sodium and triamterene in the
hydrogel can be described by the same coefficient
Dh = 5 � 10�4 mm2/s. The diffusion coefficients, measures and sol-
ubilities for the parameterisation of the release kinetics of the coat-
ings are summarised in Table 1.

The results of the two-compartmental experiment using geom-
etry 3a and the respective FE modelling employing the determined
diffusion coefficients are shown in Fig. 10. Every experimental data
point represents a separate diffusion experiment with subsequent
liquefaction of the hydrogel. In the case of fluorescein sodium, a
first period of fast transport from the coating into the hydrogel
with a release of approximately 80% was followed by a second per-
iod of much slower release. The release of triamterene into the
hydrogel cylinder took place at a much slower rate. Applying the
diffusion parameters as determined in the former experiments,
the FE modelling can describe the biphasic release characteristics
of fluorescein sodium as well as the slow transport of triamterene
into the hydrogel compartment. In our theoretical model, the per-
iod of slower release of fluorescein sodium starts when the coating
area which is in direct contact with the gel compartment is nearly
exhausted. The transport of the substance remaining in coating
areas with no direct contact with the hydrogel (luminal side of
the strut) is much slower since the drug has to diffuse through
the coating polymer with its low diffusion coefficient towards
the polymer regions with hydrogel contact. The same effect was
also modelled for triamterene, but at a much later point in time
which is not visible in the period of time depicted in Fig. 10.

Results for the FE modelling of the full three compartment sys-
tem (geometry 3b) as well as the corresponding experimental re-
sults are shown in Fig. 11. For fluorescein sodium, the
experiments yielded an initially very high fraction of 27% of the
overall detected amount of fluorescein sodium in the hydrogel
after only 5 min (0.083 h), but the content decreased during fur-
ther perfusion, obviously due to redistribution into the perfusion
liquid. In spite of almost complete depletion of the stent coating
after 0.5 h, the model substance fraction detected in the perfusion
liquid further increased due to the redistribution processes and
amounted to 89% after 8 h. The release from triamterene-eluting
stents took place at a much slower rate. After 24 h of perfusion,
6% of total triamterene remained in the stent coating. In the plot
over the square root of time, the triamterene content of the stent



Fig. 5. Fluorescence images of spatial distribution of rhodamine B in alginate films (width 500 lm) fixed in the vessel-simulating flow-through cell at the border between
hydrogel and luminal opening. (A) Collage overview of a film sample, (B and C) films incubated with rhodamine B stents for 1 min (B) or 5 min (C) without perfusion liquid.

Fig. 6. Fluorescence images of spatial distribution of rhodamine B in alginate films (width 500 lm) fixed in the vessel-simulating flow-through cell at the border between
hydrogel and luminal opening. Incubation under perfusion for 5 min (A) or 240 min (B).
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coating shows an almost linear decrease. A small peak in hydrogel
content was detected after 0.5 h followed by a slight decrease lead-
ing to an equilibrium fraction of the total triamterene in the hydro-
gel during the rest of the experiment. The triamterene fraction
detected in the perfusion liquid steadily increased and reached
87% after 24 h. The general distribution behaviour of the two sub-
stances was well described by the FE modelling including the re-
lease from the coating into the perfusion liquid with temporary
accumulation in the gel compartment in the case of fluorescein so-
dium. However, a quantitative identity was not achieved. For both
model substances, the release from the coating was slightly faster
in the mathematical model and the fraction detected in the perfu-
sion liquid increased faster and reached a higher endpoint com-
pared to experimental results. Also, the model compound
fraction modelled for the hydrogel was lower than experimentally
determined for fluorescein sodium as well as triamterene. In the
case of triamterene, the drug fraction in the hydrogel slowly in-
creased reaching a maximum after 6 h and then slowly declined
again opposed to the early, however small, maximum observed
in the experiments after 0.5 h.



Fig. 7. Normalised desorption from an infinite plane sheet and strut coatings of
various thickness into stirred media under sink conditions. Continuous line
representing analytical results (plane sheet calculated according to Eq. (2)) and
broken lines representing numerical results (strut coating of coating thickness
l = 10, 40 or 80 lm, strut edge length 100 lm).

Fig. 8. Normalised release of fluorescein sodium (A) and triamterene (B) from stent
coatings in the compendial flow-through cell (geometry 1). Experimental data
(squares, n = 6, means) and desorption from an infinite plane sheet into stirred
perfusion liquid under sink conditions (lines, analytical results for coating thickness
l = 2 lm and different diffusion coefficients as indicated on the graph).

Fig. 9. Normalised diffusion of fluorescein sodium (A) and triamterene (B) from the
hydrogel compartment into the perfusion liquid (geometry 2). Experimental data
(squares, n = 2, means) and FE calculations of diffusion out of a hollow cylinder
(doutside = 22.6 mm, dinside = 3 mm) into stirred perfusion liquid passing through the
luminal aperture (lines, for different diffusion coefficients as indicated on the
graph).

Table 1
Parameters for the FE modelling of diffusion of fluorescein sodium and triamterene
from coated stents in the vessel-simulating flow-through cell.

Fluorescein sodium Triamterene

Strut edge length (BMS) 100 lm 100 lm
Mean coating thickness, l 2 lm 2 lm
Solubility in coating, sc 0.3 g/ml 0.3 g/ml
Solubility in hydrogel, sh 0.3 g/ml 3 � 10�5g/ml
Diffusion coefficient in coating, Dc 1 � 10�8 mm2/s 2 � 10�10mm2/s
Diffusion coefficient in hydrogel, Dh 5 � 10�4 mm2/s 5 � 10�4 mm2/s
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To further adjust the results of the FE modelling to the experi-
mental results and improve the predictability of the mathematical
modelling, the influence of an asymmetric coating around the four
sides of the strut was investigated in a modified FE model for tri-
amterene. As worst case scenarios in terms of coating homogene-
ity, a strut without coating on the luminal side and a strut with
coating only on the abluminal side were considered. The coating
on the remaining sides was assumed to be homogeneously distrib-
uted. Based on the calculated coating volume and the reduced
coated area, the coating thicknesses were recalculated. To ensure
release kinetics into stirred perfusion liquid fitting the experimen-
tal data (Fig. 8B), the diffusion coefficient D0c in the stent coating
was rescaled according to the relation

D0c ¼ Dc � ðl0=lÞ2; ð5Þ



Fig. 10. Normalised amount of model substance released into the hydrogel in the
vessel-simulating flow-through cell without perfusion (geometry 3a), experimental
data for fluorescein sodium and triamterene (symbols, n = 3 for each data point,
means) and FE calculations (lines) according to the model parameters listed in
Table 1.

Fig. 11. Normalised amount of the model substances fluorescein sodium (A) and
triamterene (B) in the compartments perfusion liquid, hydrogel and stent coating
over square root of time (geometry 3b). Experimental data vessel-simulating flow-
through cell (squares, n = 3 for each data point, means) and FE calculations (lines)
according to the model parameters listed in Table 1.
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in which Dc and l are the parameters originally fitted to the exper-
imental data (Table 1) and l

0
is the modified coating thickness. For

the strut with coatings on the abluminal and lateral sides l
0
= 2.7 lm

and D0c = 2.9 � 10�10 mm2/s resulted, whereas l
0
= 8.2 lm and

D0c = 26 � 10�10 mm2/s were calculated for the strut with coating
on the abluminal side only. The results of the FE calculations for tri-
amterene-eluting stents using these coating parameters are given in
Fig. 12.

The release from a strut with a three-side coating of the ablumi-
nal and lateral sides, whose luminal side is not coated, only slightly
differed from the FE model with a homogeneous four-side coat.
The release rate from the stent coating was however slowed down
as intended. A noticeable slower release into the perfusion liquid is
obtained for the model in which only the abluminal side of the
strut is coated. In this case, the release rate was, however, slower
than detected experimentally. A maximum initial accumulation
of about 10% of the triamterene in the hydrogel compartment
could not be described even with these modifications. But the frac-
tion detected in the perfusion liquid and the distribution at the end
of the experiment modelled for the abluminal coating are in good
accordance with the experimental data.

In order to examine whether asymmetric coatings may have
influenced the experimental release, coating thickness was mea-
sured in microscopic images of cross-sections of two stents. An im-
age of a single strut of a microsection is depicted in Fig. 13. Coating
thickness data are presented as mean values for the luminal, lateral
and abluminal stent side in Table 2. A mean coating thickness of
4.6 lm was measured on the abluminal side opposed to 2.6 lm
on the luminal side of a fluorescein sodium coated stent. On a tri-
amterene coated stent, a mean abluminal coating thickness of
5.4 lm was detected whereas the mean coating thickness
amounted to 2.7 lm on the luminal side.
4. Discussion

DES are highly specialised medical devices designed to prevent
in-stent restenosis by delivering drugs locally to the vessel wall.
Due to their inherent delivery procedure, they are, however, in di-
rect contact with not only the intended acceptor compartment but
also with the flowing blood. Compared to the vessel wall, blood
represents a very large and well stirred compartment which is
responsible for the reduction of the amount of drug available for
penetration into the vessel wall. Therefore, not only the release
from the coating but also the distribution of the released sub-
stances between the blood and the vessel wall is of major impor-
tance for the concentration at the site of action.

The vessel-simulating flow-through cell was developed to ad-
dress the questions arising from this particular situation in a
three-compartmental setup (stent coating, perfusion liquid simu-
lating the blood and hydrogel representing the vessel wall). The
developed setup also takes the placement of the DES (abluminal
side in direct contact with the solid compartment and directional
perfusion liquid flow through the centre) as well as the blood flow
velocity into account. As shown previously, these embedding and
flow conditions have a distinct influence on the release rate from
the stent coating [9].



Fig. 12. Normalised amount of triamterene in the compartments perfusion liquid,
hydrogel and stent coating over square root of time (geometry 3b) under adaptation
of the FE calculations based on the assumption of asymmetrical coatings.
Experimental data vessel-simulating flow-through cell (squares, n = 3 for each data
point, means) and FE calculations for asymmetrical coatings (lines) according to the
model parameters listed in Table 1 with adapted diffusion coefficient D0c and coating
layer thickness l0 (3-side coating: coating on the abluminal and lateral sides,
l
0
= 2.7 lm and D0c = 2.9 � 10�10 mm2/s, 1-side coating: coating on the abluminal

side only, l
0
= 8.2 lm and D0c = 26 � 10�10 mm2/s).

Fig. 13. Representative confocal microscopic image of a polished microsection of a
single coated stent strut with the metal core of the stent strut appearing white and
the coating appearing grey in this image; location of the different strut sides as
indicated.

Table 2
Coating thickness data of the different strut sides of a fluorescein sodium and a
triamterene coated stent, n = 1 microsection per stent, >175 individual measurements
per strut side, mean values ± standard deviations.

Stent 1 (fluorescein
sodium) (lm)

Stent 2
(triamterene)
(lm)

Mean coating thickness abluminal 4.6 ± 2.8 5.4 ± 2.2
Mean coating thickness lateral 1 2.9 ± 2.4 3.3 ± 2.3
Mean coating thickness lateral 2 2.7 ± 2.9 4.2 ± 1.9
Mean coating thickness luminal 2.6 ± 2.2 2.7 ± 1.3
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The two methods developed to prepare the hydrogel for micro-
scopic examination were well suitable to analyse spatial distribu-
tions within the hydrogel compartment. With the two different
setups, analysis of diffusion depth as well as examination of the
innermost layer of the simulated vessel, which was in direct con-
tact with the DES, became feasible. The examination of the hydro-
gel samples yielded redistribution process into the perfusion liquid
as well as into other hydrogel regions. In contrast to the results
presented by Hwang et al. [7], who observed inhomogeneous dis-
tributions after 3 h of incubation, the experiments with alginate
films yielded homogeneous distributions independent of the dis-
tance from the stent struts after only 5 min of incubation. The
images of the film which was incubated for 1 min demonstrate that
inhomogeneous distributions can be detected using this setup.
However, the diffusion in the hydrogel was evidently so fast that
homogeneous distributions resulted in the film within about
5 min. Since the diffusion coefficients in water reported for the
two model substances hardly deviate from each other (fluorescein
sodium 4.25 � 10�4 mm2/s, rhodamine B 4.27 � 10�4 mm2/s [17])
other factors, such as the different coating polymers or the differ-
ent properties of the acceptor compartments (explanted artery ver-
sus hydrogel), have to be held responsible for the different
outcomes of the experiments. In this context, it has to be kept in
mind that a hydrogel is a simple model for tissue. It neither in-
cludes functional structures such as proteins as specific or unspe-
cific binding partners or transporters nor specific characteristics
of diseased vessels which may have a great impact on in vivo dis-
tributions [18,19]. Also, the composition of the living arterial wall
is not homogenous since it consists of layers of different properties
[20]. This multi-layer character was not taken into account in the
experimental setup and not in the modelling either, since it was
designed to simulate the in vitro experiment. Also, further factors
influencing in vivo release such as different strut positioning pat-
terns, thrombus formation and compression of arterial structures
[21] were not considered. However, the examination of such com-
plex phenomena is usually not intended in in vitro dissolution test-
ing whose main purpose is the examination of drug release and, in
the case of DES, distribution under highly standardised and repro-
ducible conditions. Since the gelling of alginates is a process
employing very mild conditions, the incorporation of proteins
and living cells is possible and might be used to examine the influ-
ence of such structures in specialised future experiments. The
adaptation of the acceptor compartment in order to mimic the
physiological partition coefficient and water content might also
be suitable to further improve the predictability of the test method.

The release from DES coated with insoluble or hardly soluble
polymers, in which the drugs are dissolved or suspended, occurs
mainly by diffusion of the drug substance through the polymer
[1,22]. Therefore, release was modelled as a diffusion process in
this work, and data are presented over the square root of time.
Convective forces which may be dominant in the blood opposed
to the predominance of diffusive transport in the vessel wall [21]
were not taken into account. The mathematics of mass transfer
by diffusion is similar to that of heat conduction problems [23].
This analogy can be used for analytical calculations [24] and also
for FE modelling [25]. FE approaches have successfully been em-
ployed to analyse diffusive release processes from medicinal prod-
ucts [26] and have been utilised to examine release from DES
[27,25], as well. Complex mathematical models have been devel-
oped in order to simulate the in vivo release most accurately,
accounting for factors such as drug metabolism in the wall [28],
tissue micro- and macrostructure including plaque and the influ-
ence of strut geometry and embedding during implantation
[29,30]. These aspects were not taken into account in the model-
ling presented here which was designed to model the in vitro re-
lease and distribution in the vessel-simulating flow-through cell.

The comparison of diffusive release from an infinite plane sheet
and stent coatings of differing thicknesses into infinite stirred med-
ia showed that FE simulations can be replaced by analytical calcu-
lations if the coating layers are thin compared to the strut edge
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length so that the curvature of the coating is negligible. As a further
prerequisite, the coatings must be of homogeneous thickness, the
release has to be diffusion controlled and the hydrodynamic condi-
tions must be describable by the boundary condition c = 0. If these
conditions are not fulfilled or more complex geometries (such as
geometry 2, 3a and 3b) are to be analysed other methods such as
FE methods have to be employed.

The analytical expression (Eq. (2)) was used to calculate the re-
lease for coating layer thicknesses of 2 lm using different diffusion
coefficients. Based on the comparison of this data to experimental
determinations, the diffusion coefficients in the coating were fitted.
In the case of triamterene, experimental release from the coating
was slower than expected at early time points. This divergence
was possibly caused by boundary layer effects which could not be
modelled adequately. Because the saturation solubility in the coat-
ing material was not determined we assumed a value that equals
the amount of drug incorporated in the polymer. An even higher
drug solubility should not affect the obtained results very much be-
cause of the low volume of the coating compared the hydrogel vol-
ume. However, if the actual solubility of the model substance in the
coating is lower than assumed in our calculation, a fraction of
undissolved drug particles can occur in the coating yield additional
inhomogeneities and interfaces. The employed diffusion coeffi-
cients were however determined experimentally and therefore rep-
resent effective diffusion coefficients which include other effects on
the release rate such as the dissolution rate of potentially sus-
pended drug particles. At this point it also has to be noticed that re-
lease from the stent coatings presented here was fast compared to
what is expected from a clinically applied stent. This may have been
caused by the choice of materials (physico-chemical properties of
the coating polymer and the model substances) as well as the ob-
tained coating thicknesses which were smaller than those reported
for the Cypher� (12,5 lm [31] containing a 5 lm drug storing layer
[32]) and the Taxus� (16 lm [31]) stent. However, markedly faster
release rates (�70% in 10 h) have also been reported for the Cy-
pher� stent when tested in vitro in the compendial flow-through
cell [33] compared to the expected in vivo release of approximately
80% within 30 days [32]. This data suggest that drug release from
stents may be considerably faster in large volume in vitro setups.

The diffusion in the hydrogel was modelled via the FE approach
since prior comparison of release from a hollow cylinder to a plane
sheet of the same thickness yielded distinct differences (data not
shown). Mass transport in hydrogels is usually described by diffu-
sion. Deviations from the expected release behaviour are, however,
possible in dependency of the dissolution rate in the case of sus-
pended drug, gel erosion, swelling and shrinkage of the gel
[34,35] and on the pore size in relation to the size of the trans-
ported molecule [36]. Since the alginate hydrogel consisted of
approximately 96% water, the solubility of the model substances
in the gel was assumed to equal their solubility in water. The deter-
mined diffusion coefficient was Dh = 5 � 10�4 mm2/s for both mod-
el substances. This is not surprising, since both substances are
relatively small molecules that were fully dissolved in the gel,
and electrostatic interactions with the hydrogel backbone were
not expected. For fluorescein sodium diffusion coefficients of
4.25 � 10�4 mm2/s in water [17] and 1-4 � 10�4 mm2/s in calcium
alginate [37] have been reported which are in good accordance
with the experimentally determined value.

The comparison of FE and experimental data employing geom-
etry 3a (DES implanted into hydrogel, no perfusion liquid present)
also implies that the fitted diffusion coefficients for the stent coat-
ing as well as the hydrogel are well suitable to describe the trans-
port processes. The fact that in the case of fluorescein sodium the
slowly released fraction of drug was smaller experimentally than
modelled indicates that the coating on the luminal side may have
been thinner.
The FE modelling of the full three compartment system (geom-
etry 3b) yielded a good general description of the release and dis-
tribution behaviour. However, the experimentally determined
release occurred slower than expected from the modelled data
and the drug fractions in the hydrogel were higher. A comparison
of the peak drug fractions determined experimentally in the hydro-
gel to results obtained via mathematical modelling by other groups
also yields comparable results. Pontrelli et al. [24] report on a peak
drug concentration of approximately 35% in the arterial wall using
diffusion coefficients of heparin as a comparably hydrophilic drug.
Mongrain et al. [30] examined the effect of different diffusion coef-
ficients in the polymer and the vessel wall expected for hydropho-
bic and hydrophilic drugs. The determined concentrations
(percentage) in the vessel wall ranged from 1.66% to 30.66% after
1 day using diffusion coefficients ranging from 1 � 10�6 mm2/s to
1 � 10-8 mm2/s. With the vessel-simulating flow-through cell,
peak concentrations amounted to 27% in the case of fluorescein so-
dium and 10% for triamterene, respectively. However, the FE mod-
elling presented in this work did not result in the same peak
concentrations in the simulated vessel wall.

Two main parameters may be responsible for the discrepancies
between the results of the experiments and the FE modelling: the
modelling of the perfusion liquid by a boundary condition and the
modelling of the coating as a layer of homogeneous thickness. The
perfusion liquid was modelled by the boundary condition c = 0
which represents infinite perfusion liquid. In the experiments,
the amount of perfusion liquid was 250 ml. Due to the volume ratio
between perfusion liquid (250 ml) and hydrogel (15 ml), the
hydrogel fraction was however only slightly changed by modelling
the finite perfusion liquid volume (data not shown). Due to the
modelling of infinite perfusion liquid, an equilibrium distribution
of the released substance between the hydrogel and the perfusion
liquid at the end of the experiment, as observed experimentally,
did not evolve in the FE modelling. Furthermore, the partition coef-
ficient was assumed to equal unity for the modelling, which may
not represent the situation in the experimental setup accurately.
Another drawback of modelling the perfusion liquid via boundary
conditions is that hydrodynamic details are not taken into account.
The influence of such details has been explored using computa-
tional fluid dynamic modelling tools [38,39]. According to the
authors, recirculation zones may form close to not fully embedded
struts and influence the tissue uptake of drug dissolved in these re-
gions. These results show that in spite of the high flow rates, rela-
tively unstirred diffusion zones separated from the free-flowing
perfusion liquid may form which can also possibly influence the re-
lease rate from the coating as well as the rate of diffusive washout
from the hydrogel into the perfusion liquid.

In an attempt to further improve the fitment of the modelling
and to gain an insight into the influence of inhomogeneous coating
thicknesses, two cases of asymmetric coating were modelled. The
results of the FE modelling show that the abluminally located coat-
ings decelerated the release as intended. Inhomogeneous localisa-
tions of coatings in which the coating on the abluminal side is
typically much thicker than on the luminal side have been reported
in literature [40,41]. Images of scanning electron micrograph cross-
sections of the Cypher� and the Taxus� Express and Taxus� Liberté
stent showing asymmetric distributions of the coating on the dif-
ferent sides of the stent struts of these commercially available
stents have also been published [42,43]. Exemplary measurements
of the coating thickness of stents coated by our group yielded
asymmetric coatings in which the mean coating thickness was
higher on the abluminal side compared to the luminal and lateral
sides. However, the difference of coating thickness between the
distinct sides was not as pronounced as assumed for the modelling.
Accordingly, asymmetric coatings are only partially responsible for
the discrepancy between modelled and experimental. Regarding
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the coating thickness data, it has to be kept in mind that only one
cross-section was analysed per stent and that fairly large coating
thickness variations existed within the individual sides which re-
sulted in high standard deviations. Our modelling data suggest that
such variations will also influence the release rate. Furthermore,
the applied two-dimensional FE model with evenly spaced struts
does neither account for the upper and lower edge of the stent
nor for inconsistent strut arrangements caused for example by
connector hinges which are also likely to influence release and
distribution.

5. Conclusion

In this work, different preparation techniques were developed
to examine the spatial distribution within the hydrogel compart-
ment of the vessel-simulating flow-through cell in cross-sections
as well as along the innermost layer lining the lumen. The initially
high concentration gradients in the hydrogel were decreased dur-
ing further perfusion due to redistribution within the gel and diffu-
sive washout into the perfusion liquid. Homogeneous distributions
independent of the distance from the releasing strut were detected
within the innermost hydrogel layer lining the lumen after only
5 min. Furthermore, the release and distribution examined in the
in vitro experiments were modelled mathematically using FE
methods. Mathematical modelling proved a powerful tool in addi-
tion to dissolution testing and was used to gain further insight into
the experimental results. The comparison of the results of FE mod-
elling employing the experimentally determined diffusion coeffi-
cients yielded a reasonable agreement with experimental data.
The modelling indicated that inhomogeneous distributions of the
coatings around the struts may have influenced the release behav-
iour. Subsequent analysis of coating thickness distribution yielded
higher mean coating thicknesses on the abluminal side compared
to the luminal and lateral sides.

Taken together, the vessel-simulating flow-through cell in com-
bination with FE modelling represents a feasible approach for the
examination of in vitro release from DES and distribution within
a vessel-simulating compartment with particular opportunities
regarding the examination of spatial distributions.
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