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Abstract

Background: For the purpose of biorelevant dissolution testing hydrogels have recently been used to investigate release and
distribution behavior of drugs released from specialized dosage forms such as drug-eluting stents. For stent testing using the vesselsimulating flow-through cell (vFTC) certain functional properties regarding life time of the used hydrogels such as hardening/
softening, degradation/erosion and swelling/shrinkage during the time period of dissolution testing are of highest interest.
Methods: Hydrogels composed of alginate, agar, agarose, polyacrylamide (PAA) and poly(vinyl alcohol) (PVA) were prepared using
physical and chemical cross-linking methods. To characterize the mechanical stability of the test specimens stress-strain curves were
recorded by texture analysis before and after perfusion in the vFTC for 28 days and Young’s moduli were calculated. The surface
morphology of the test specimens was examined using scanning electron microscopy. Water uptake upon incubation was determined.
Results: Besides the previously established alginate gels, suitable hydrogels consisting of 2 wt% agar, 2 wt% agarose, 10 wt% PAA or
15 wt% PVA were identified. Comparison of stress-strain curves indicated a sample softening of reference as well as agar and a slight
hardening of PVA whereas hardness of agarose and PAA remained unchanged. Young’s moduli of agarose and PAA were almost
unaffected after 28 days of perfusion. Swelling of PAA by 18 wt% and shrinkage of PVA by 14 wt% was observed compared to agar and
agarose whose water uptake was negligibly small.
Conclusion: The hydrogels differ not only in their preparation procedure but also regarding their swelling properties, surface
morphology and texture. Due to the ease of handling, mild gelling conditions, no swelling tendencies, elastic properties, and nearly
unaffected texture after 28 days of perfusion compared to native test specimens, agarose gels are considered as the best choice for longterm testing using the vFTC.
Keywords: Hydrogel, alginate, agar, agarose, polyacrylamide, drug-eluting stent, in vitro dissolution testing, vessel-simulating flowthrough cell

Introduction

Hydrogels consist of natural (e.g. alginate, collagen, agarose,
agar) or synthetic (e.g. polyacrylamide/poly(acrylic acid) blends,
poly(methacrylate), poly(ethylene oxide), poly(vinyl alcohol))
polymers forming insoluble three-dimensional scaffolds
which enable the embedding of large amounts of aqueous
media or body fluids. The ability to absorb and retain fluids
leads to material properties such as high water content and
elasticity which are comparable to some physico-chemical
properties of soft tissue. Swelling behavior is directly related
to the chemical structure of the polymer and its cross-linking
density. Gel-formation is induced by various stimuli-responsive
strategies such as target antigens [1], specific ions such as Ca2+
[2,3], temperature and pH changes [4], UV irradiation or the
addition of cross-linking agents such as radical starters [3,5].
Hydrogels are of increasing importance for biomedical
applications [6,7]. They are used for cell encapsulation [8],
tissue engineering [9] and in controlled release dosage forms
[10,11]. Recently, hydrogels have been used for biorelevant
dissolution testing of dosage forms which are injected or
implanted into tissue [12-16] to simulate some properties of

the tissue surrounding the drug delivery systems such as drug
transport via diffusion. Whereas convective drug transport
dominates in fully-agitated dissolution test setups diffusion is
the predominant mechanism of drug transport in hydrogels. This
change in the predominant transport characteristic has been
shown to impact drug release in different ways. While Hoang
Thi et al., [13] and Seidlitz et al., [14] observed a slower release in
the diffusion-controlled setup using a gel compartment, Klose
et al., [12] report on a faster release using their gel-embedding
method. However, in this case the drug was released faster due
to local changes in pH caused by released polymer fragments.
This phenomenon did not occur in the fully-agitated reference
setup. These studies illustrate how diverse certain parameters
of the test design may influence the results of the release study.
In this context, it is noteworthy, that up to date no specific
dissolution test methods (whether biorelevant or not) have been
monographed for the examination of release from parenteral
dosage forms in the United States Pharmacopeia as well as in
the European or Japanese Pharmacopoeia.
The vessel-simulating flow-through cell (vFTC) [14,16]
has been developed in order to examine drug release and
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distribution from drug-eluting stents (DES) under conditions
adapted to some of the aspects of the in vivo stent placement.
The vFTC is based on the compendial flow-through cell which
is described in the respective Pharmacopeias. The chamber of
the vFTC was previously equipped with an alginate hydrogel
with a central opening into which a DES may be implanted.
This setup allows for the examination of the resulting transport
forces on the luminal side by convection (flowing media) and
on the abluminal side by diffusion (simulated vessel wall).
However, changes in functional gel properties after long
exposure to the test conditions limit the period of use of gels
as an acceptor compartment in release and distribution studies.
For example, polymer degradation (and consequently erosion
of the gel) may lead to a decrease of the gel volume. Hydrogel
swelling or shrinkage may result in varying water content
and volume of the gel. Hardness and elasticity of the gel may
vary with increasing perfusion time. Such changes in the gel
properties may also influence the dissolution tests. These
phenomena may be problematic when performing dissolution
tests with DES which are expected to release their drug load
over a time span of up to 90 days. Even though the impact of
a gel compartment on the outcome of the dissolution test is
expected to be negligible when the release rate is very low
(e.g. release from the implant is much slower than diffusion
through the gel), it is desirable for dissolution testing of such
a dosage form to conduct the tests until at least 80% of the
drug load have been released as recommended by the Food
and Drug Administration (FDA) for solid oral dosage forms
(FDA) [17]. This has been reported to be the case in a porcine
coronary artery model for example for the FDA approved
CYPHER stent and for the NEVO stent (Cordis Corporation,
Johnson & Johnson, Warren, NJ) [18] and also in humans
for the CYPHER stent within 30 days [19,20], respectively.
Therefore a suitable hydrogel should be functional for at least
30 days. The currently used alginate gel is not suitable for
such long-term studies since the replacement of the gelling
Ca2+ ions by monovalent buffer ions is inevitable and leads to
gel liquefaction. Further target parameters for an “ideal” gel
compartment for the vFTC are: short time spans for sol-gel
transition or, generally, short time spans for gel preparation,
transparency to facilitate DES placement, form-stability to
retain the cylindrical shape of gelled samples (especially to
ensure the constant opening of the hydrogel lumen) based on
the gel resistance to media perfusion (shear stress), elasticity
to allow for stent implantation and balloon catheter inflation,
no distinct polymer degradation/gel erosion, negligible
swelling / shrinkage to exclude changes in the dimension of
the vessel-simulating lumen, diffusibility allowing for drug
distribution into the gel, and biocompatibility to optionally
allow for the integration of living cells.
Numerous studies have been performed on the
characterization of the mechanical properties of gelled
foods, solid dosage forms or hydrogels used for medical
or pharmaceutical applications [3,8,21,22]. However, data

doi: 10.7243/2050-120X-2-19

regarding long-term stability of gels is sparse. The purpose of
this study was to identify suitable long-term stable hydrogel
formulations for dissolution testing of DES using the vFTC
and to characterize them regarding their long-term stability.
The prepared test gels were assessed based on the ease of
preparation technique and evaluated both optically and by
scanning electron microscopy (SEM) after the gel samples were
freeze-dried to capture characteristics of the sample surface
morphology. In order to find a measure for the long-term
stability of the gels, mechanical properties of the prepared
gels were determined by texture analysis. For this purpose
stress-strain curves of native gels as well as gels that had
been perfused with phosphate buffered saline (PBS) pH 7.4
in the vFTC for 28 days were recorded. To further study gel
elasticity Young’s moduli were calculated and the water uptake
of prepared gels was examined.

Materials and methods

Agar (gel point 34-37 °C) and agarose (gel point 36 °C ± 1.5 °C)
were purchased from Sigma-Aldrich (Steinheim, Germany).
Ammonium peroxodisulphate (APS, ≥ 98%, p.a., ACS), N,N,N´,N´tetramethylethylenediamine (TEMED, 99%, p.a., for
gel electrophoresis) and Rotiphorese® gel 30 (aqueous 30 wt%
acrylamide/N,N´-methylene-bis-acrylamide stock solution with
a ratio of 37.5:1) were purchased from Carl Roth GmbH & Co. KG
(Karlsruhe, Germany). Fully hydrolyzed PVA (degree of hydrolysis
≥ 98%) of a molecular weight of 145.000 g/mol and 60.000 g/
mol, respectively, were purchased from Merck Schuchardt
OHG (Hohenbrunn, Germany). PVA of a molecular weight
of 72.000 g/mol was purchased from AppliChem GmbH
(Darmstadt, Germany). Sodium alginate was purchased from
Fagron GmbH & Co. KG (Barsbüttel, Germany).

Preparation of perfusion media

PBS pH 7.4 was prepared in accordance with the European
Pharmacopoeia by dissolving 2.38 g disodium hydrogen
phosphate dodecahydrate, 0.19 g potassium dihydrogen
phosphate and 8.00 g sodium chloride in 1000 mL purified
water. If necessary, buffer pH was adjusted to pH 7.4 ± 0.5
using the respective buffer salt.

Preparation of test specimen
Reference gel

Alginate gels were prepared as previously reported [14]. Briefly,
3 g sodium alginate powder were dissolved in 100 mL purified
water. 16.5 g sodium alginate solution were gelled with 1.65 g
of a suspension of calcium sulfate in purified water (9 wt%)
and 470 mL of 10 wt% sodium phosphate (Na3PO4x12 H2O)
solution by using an internal gelation method [2].

Agar gel

To prepare 2 wt% agar gels, 2 g agar powder were dissolved
in 100 g 90 ˚C hot, purified water under stirring. Evaporated
water was replenished during cooling at a temperature of
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approximately 50 ˚C. Prior to gelation the polymer solution was
cast into a vFTC and was allowed to solidify at room temperature.

Agarose gel
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Oriel GmbH & Co. KG, Darmstadt, Germany).

Degree of swelling

For the determination of equilibrium swelling the water
To prepare 2 wt% agarose gels, 2 g agarose powder were uptake of the reference and test gels was determined by
dissolved in 100 g 90 ˚C hot, purified water under stirring. incubating test specimen in 100 mL PBS pH 7.4 at 37 °C for
Evaporated water was replenished during cooling at a three days. The hydrogels were prepared as described above.
temperature of approximately 50 ˚C. Prior to gelation the After solidification in the vFTC the gelled samples were
polymer solution was cast into a vFTC and was allowed to removed, weighed and transferred into flasks containing
solidify at room temperature.
buffered media. At the end of the experiment the gels were
removed, carefully dabbed thus removing adherent liquid
Polyacrylamide gel
with soft, lint-free paper and reweighed. The water uptake
PAA gels were composed of a blend of 6.7 g of Rotiphorese® (%) was calculated using equation 1:
gel 30 and 12.9 g of PBS pH 7.4. Radical polymerization of 							
w − wa
the acrylamide was initiated by the addition of 200 µL of
Degree of swelling ( % ) = b
*100 Equation (1)
Degreeofswelling
an aqueous 10 wt% APS solution. 20 µL TEMED were added
wa
acting as an additional catalyst for the polymerization process.
Subsequently the mixture was homogenized, poured into the in which wa is the initial weight of the gel sample and wb the
vFTC and allowed to gel.
weight of the swollen gel sample after incubation, respectively.

Poly(vinyl alcohol) gel

Solutions of PVA (with varying molecular weight: 60.000 g/
mol, 72.000 g/mol and 145.000 g/mol) were prepared by
dissolving the polymer powder in boiling, purified water. For
each molecular weight PVA solution with concentrations of 6
wt%, 10 wt%, 15 wt% and 20 wt% were prepared. Physically
cross-linked gels were prepared using a freeze-thaw technique
(cryogelation) [23,24]. Samples of prepared PVA solutions were
poured into custom-designed cylindrical moulds formed of
polysiloxane (EN ISO 4823, type 0) with identical measures
as the vFTC. Subsequently, samples were solidified inside the
moulds by freezing the PVA solution at -80 ˚C over night and
by thawing at 4 ˚C for 5 h conducting 4,5,7 or 10 freeze-thaw
cycles. After solidification the samples were removed from
the mould and placed in the vFTC.

Morphological characterization

Prepared gel cylinders were evaluated optically, thus
transparency, air inclusions as well as cracks in the reference
and test gels after gel-formation were studied. The time
required for solidification and preparation practicability was
recorded.
For SEM gels were prepared as described above. After
cooling petroleum with liquid nitrogen to -80 ˚C the gels
were immersed within this liquid for 60 s. Frozen samples
were freeze-dried with a Christ alpha 2-4 freeze-dryer
(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode
am Harz, Germany) at 5 ˚C and 0.1 mbar. For SEM imaging
the freeze-dried samples were fractured, fixed on specimen
stubs and stored in a desiccator which was evacuated to a
pressure ≤10 mbar. Lyophilisates were sputtered with a thin
layer of gold-palladium (mini sputter coater SC7620, Quorum
Technologies Ltd., West Sussex, UK) in an argon atmosphere
for 90 s and imaged by SEM (Phenom, FEI Company, L.O.T.-

Investigation of long-term stability

Mechanical stability of the reference and test gels was
examined by texture analysis after continuous perfusion within
the vFTC over a period of 28 days. A schematic overview of
the vFTC is given in (Figure 1).

Figure 1. Schematic overview of the in vitro test setup (A) and
photograph of the vFTC equipped with a 2 wt% agarose gel
(B); 1) vFTC, 2) media container, 3) PBS of pH 7.4, 4) paddle
stirred at 50 rpm, 5) peristaltic pump, 6) heated water bath, a)
glass beads, b) stainless steel disc, c) hydrogel.

The vFTC was equipped either with the reference or one of
the test gels. For a detailed description of the vFTC see [14].
The placeholder rod which was placed in the gel during
solidification was removed, top and bottom part of the vFTC
were tightly screwed and the vFTC was positioned within a
heated water bath (37 ± 0.5 °C). Phosphate-buffered saline
with a pH of 7.4 was used as the perfusion media. The flow-rate
was set to 35 mL/min [25] and the media was continuously
pumped through the gel lumen from the bottom to the top
in a closed loop configuration. During longer incubation
experiments the perfusion media was periodically replaced by
freshly prepared PBS pH 7.4 to avoid microbial contamination.
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Experiments were terminated at predetermined time points.
After removal of the hydrogels from the vFTC the texture
properties were measured with the TA.XTPlus texture analyzer
(Texture Technologies, Scarsdale, United States of America)
on day 1 and 2 for alginate and on day 28 for agar, agarose,
PAA and PVA. For comparison, native samples of all gels were
prepared (day 0) and examined accordingly. Sample height
for TA.XTPlus measurements was 20 mm. Cross-sectional area
of the cylindrical gel samples was calculated as the difference
between the inner diameter of the vFTC and the diameter
of the vessel-simulating lumen and amounted to 4*10-4 m2.
A circular plate of a diameter of 40 mm was used to apply
predefined pressure onto the test specimen. Starting distance
between top and bottom plate was set to 40 mm. The speed
of the plunger was set to a constant value of 2 mm/s. For the
investigation of mechanical properties test specimens of
gelled food products are usually compressed by 75-80% of
their original height. These deformation values correspond
to reported fracture points since the test specimens will
typically break at values of 70-80% sample compression [26].
Breakage of the gel samples is, however, not mandatory to
study mechanical properties. Deformation values below
fracture can be applied as recommended for gelled food
systems (20-50%) by Pons and Fiszman [26]. Accordingly, test
specimens were compressed by 25% (reference) and 35% (test
gels) of their original height in this study. Data for force and
length deformation were recorded automatically by the data
acquisition software (Exponent). In addition, the gels were
studied under repeated compression. The time span between
the measurements was set to 1 min. Force-time data were
reported as stress-strain profiles. Data for compressive strain
is presented as the length deformation (%) of the original
height of the gels of 20 mm. Compressive stress data (kPa)
were calculated from the initial cross-sectional area of the
gel cylinders and the measured force data. Texture analyses
were performed in duplicate for each type of gel and one
stress-strain curve representative for both test specimens of
each gel formulation is reported. The parameter “hardness”
was defined as the force which was applied to compress test
specimen to the predetermined maximum deformation value,
as suggested by Szczesniak et al., [27].
Young’s moduli for the reference and test gels were calculated
from the linear part of the slope of the first loading loop
(0-10% compression) of the stress-strain curve using equation 2:
							
F
'
Young
s modulus(E)
(E) = A
Young
‘s modulus
Equation (2)
l
h

in which F (N) represents the force applied to the gel
cylinder, A (m2) displays the calculated cross-sectional
area of the gel cylinder, ∆l (m) represents the length
deformation and h (m) represents the original sample height.
Young’s modulus E (MPa) was calculated for each sample
and is reported separately for reasons of comparability
of the two individually measured stress-strain curves.
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Results

Preparation techniques and morphological characterization of test specimen

The gels prepared varied regarding the choice of polymers,
polymer concentrations and mechanism of gel-formation.
Photographs of native hydrogels of the final gel formulations
obtained immediately after preparation are shown in (Figure 2).

Figure 2. Photographs of freshly prepared native hydrogels of
the final gel formulations: 3 wt% alginate, 2 wt% agar, 2 wt%
agarose, 10 wt% PAA and 15 wt% PVA (from left to right).

Ionically cross-linked alginate samples which served as the
reference formulation gelled within 15 min. The reference gels
were colored yellow to brownish and were only moderately
transparent. The gel formulations containing 2 wt% agar or
agarose resulted in form-stable and slightly turbid but mainly
uncolored gels. A concentration of 10 wt% of Rotiphorese®
gel 30 was suitable to obtain form-stable PAA samples. Gels
containing more than 10 wt% of Rotiphorese® gel 30 were
increasingly brittle and thus cracks and fractures within the
gels were observed after removal of the placeholder rod.
PAA cylinders prepared from 10 wt% of Rotiphorese® gel 30
appeared clear and entirely transparent. The recorded time for
gel-formation for PAA was approximately 10 min whereas the
time required for solidification of polymer solutions of agar
and agarose was between 10 and 15 min. PVA gel-formation
was achieved by cryogelation. Form-stability of PVA increased
with increasing molecular weight (60.000 g/mol <72.000 g/
mol <145.000 g/mol), with increasing polymer concentration
(6 wt%<10 wt% <15 wt% < 20 wt%) and with an increasing
number of freeze-thaw cycles (1<3<5<7). Preparation of
the PVA gels took up to 7 days depending on the number
of freeze-thaw steps. Only polymer solutions of 145.000 g/
mol with a percentage of 15 wt% or 20 wt% which were
exposed to 5 or 7 freezing-thawing cycles produced formstable gels. However, the high viscosity of the 20 wt% solution
(145.000 g/mol) complicates dosing of the polymer solution.
As the numbers of freeze-thaw steps increased, samples were
observed to become increasingly whiter. Gel cylinders of
sufficient form-stability were found to be non-transparent
and completely white marbled with light and dark portions
on the surface. Gels obtained from 15 wt% PVA (145.000 g/
mol) by 5 cryogelation steps were considered most suitable
and used for further studies (in the following abbreviated
as PVA gels or cryogels). Cryogels showed no signs of gas

4

Semmling et al. Journal of Pharmaceutical Technology & Drug Research 2013,
http://www.hoajonline.com/journals/pdf/2050-120X-2-19.pdf

entrapment. The gas entrapment in form of visible air bubbles
observed for the other gels was only moderate.
The surface morphology of the reference and test gels
was investigated by SEM. A representative selection of SEM
images of each gel is given in (Figure 3).

Figure 3. SEM images of hydrogel surfaces of freeze-dried
gels at different magnifications (top: 600, bottom: 4000).
Hydrogel scaffolds obtained from test gels: 3 wt% alginate (a,
b), 2 wt% agar (c, d), 2 wt% agarose (e, f), 10 wt % PAA (g, h)
and 15 wt% PVA (i, j).

(Figure 3) a-j illustrates a porous and sponge-like structure
formed by the polymeric network. Pores were visible for all gels
except for PAA. Examination of higher magnification images of
the gels indicated a fine and delicate macrostructure. Larger
pores were observed for alginate (b), agar (d) and agarose
(f ) samples, respectively, whereas on PVA (j) sample surfaces
only a few details of its porous network could be identified.
For the overall PAA structure no details (pores) were observed.

Degree of swelling

Liquid absorption has a large impact on sample properties
leading to changes in the gel cylinder dimensions or the
mechanical behavior. To gain an impression of the swelling
properties of the prepared gels the water uptake upon
incubation was determined by differential weighing. The
results of equilibrium water uptake obtained (Table 1) showed
differences from 18.4 wt% mass gain (PAA) to 14.3 wt% mass
loss (PVA). The tendency of agar and agarose to absorb water
was found to be negligible small (<1 wt%). The water uptake
for the reference alginate was found to be 21.6 wt%. It is
noteworthy that no cracks in the test gels or signs of hydrogel
erosion were observed at the end of the experiment. Narrowing
of the cylindrical lumen was not observed.

Table 1. Water uptake in percent of the original mass for the
reference and the test gels after incubation with PBS of pH 7.4 for
3 days, calculated using equation 1, data presented as mean ± SD
(n=3).
alginate

agar

agarose

PAA

PVA

21.6±2.3

0.4±0.1

0.3±0.2

18.4±1.4

-14.3±2.4
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Long-term stability of test specimen

To assess the mechanical properties of the prepared gels
TA.XTPlus measurements were conducted before and after
exposure to buffer perfusion in the vFTC over a period of up
to 28 days. Stress-strain curves of the reference (alginate)
after sample compression of 25% without fracture are given
in (Figure 4A). Experimental data were obtained before, after
1 and 2 days of buffer perfusion within the vFTC (individual
gel for each experiment). Stress-strain curves of the reference
after repeated compression are given in (Figure 4B).
In general, stress-strain curves of the reference are
characterized by an initial approximately linear rise followed
by a much steeper rise until reaching the maximal degree of
sample compression (loading curve). The unloading curve
is characterized by a similar shape but with a steeper initial
decline thus forming a hysteresis loop. Maximum values of
hardness of 9.5 kPa at t=0, 7.6 kPa at t=1 d and 5.0 kPa at t=2 d
(Figure 4A) were recorded.

Figure 4. Typical plot of stress-strain data for alginate gels
using texture analyzer TA.XTPlus obtained before and after 1
and 2 days buffer perfusion (A) and of two consecutive texture
analyses on day 0 (B) (time between measurements: 1 min),
arrows indicating the loading ► and unloading ◄ curves.

Hardness of the reference decreased from 9.5 kPa (1st loading)
to 1.0 kPa (2nd loading) when sample compression was
repeated after 1 min (Figure 4B). Additionally, the 2nd loading
curve possesses a completely different shape without any
detectable hysteresis compared to the stress-strain profile of
the 1st compression. Alginate gels showed signs of erosion in
the vFTC as early as after 3 days of buffer perfusion. Therefore,
texture analysis was discontinued. After 7 days of buffer
perfusion the gels were completely liquefied. Stress-strain
curves of the test gels at a maximal deformation value of
approximately 35% without fracture are given in (Figure 5).
The shape of the stress-strain curves (individual gel for
each experiment) of agar and agarose after 0 and 28 days of
perfusion resembles the shape of the alginate curve spanning
a hysteresis area. In comparison, the slope of the non-linear
portions of the PVA curves is much less steep and the loading
and unloading curves are very similar thus showing hardly
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Figure 6. Typical plots of stress-strain data for agar, agarose,
PAA and PVA gels using texture analyzer TA.XTPlus
obtained during two consecutive texture analyses on day 0
(time between measurements: 1 min), arrows indicating the
loading ► and unloading ◄ curves.

Figure 5.Typical plots of stress-strain data for agar, agarose,
PAA and PVA gels using texture analyzer TA.XTPlus obtained
before and after 28 days buffer perfusion, arrows indicating the
loading ► and unloading ◄ curves.

any hysteresis. Stress-strain curves of PAA are almost linear
over the whole deformation range and loading and unloading
curves are identical. Comparing the stress-strain profiles of
native and perfused test gels of either PAA or PVA yielded no
distinct differences. In the case of agarose gels, the loading
and unloading curves before and after perfusion are also
very similar but the gels differed regarding their hardness.
This is most likely due to minimal differences in the sample
height since 35% sample deformation was not reached in
the 28 day sample. In the case of the agar gels, the loading
curve at day 28 showed a slower rise compared to the loading
curve at day 0 and the area between the curves was smaller.
Hardness of agar at day 0 and at day 28 was 45.2 kPa and
29.2 kPa, respectively, while for agarose 66.6 kPa (t=0) and
52.7 kPa (t=28 d) were determined. Hardness of PVA (24.5 kPa
at t=0 and 24.6 kPa at t=28 d) and PAA (11.4 kPa in both cases)
did not change during the perfusion period of 28 days. To
evaluate material fatigue, hydrogels were subjected to two
consecutive compressions on day 0. Experimental results are
given in (Figure 6).
Two consecutive texture analyses of the identical gel
cylinders demonstrated that hardness of agar and agarose
gels was slightly lower in the second measurement. In detail,
hardness of agar was lowered from 45.2 kPa (1st loading) to
40.0 kPa (2nd loading) at t=0 and from 29.2 kPa (1st loading) to
22.7 kPa (2nd loading) at t=28 d (data not shown). For agarose
gels loss of hardness from 66.6 kPa (1st loading) to 60.7 kPa (2nd
loading) at t=0 and from 52.5 kPa (1st loading) to 38.7 kPa (2nd
loading) at t=28 d was observed. In comparison, no distinct
change in hardness either at day 0 (1st loading: 11.4 kPa (PAA)
and 24.5 kPa (PVA), 2nd loading: 11.4 kPa (PAA) and 24.5 kPa
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(PVA)) or at day 28 (1st loading: 11.7 kPa (PAA) and 25.6 kPa
(PVA), 2nd loading: 11.6 kPa (PAA) and 25.8 kPa (PVA)) for PAA
and PVA was observed when repeating the texture analysis
with the same gel cylinder.
The calculated Young’s moduli of the reference and test
gels are given in (Table 2).
Table 2. Young’s moduli E (MPa) of the reference
and the test gels calculated separately from
individual stress-strain curves using equation 2.
day

E (MPa)
alginate

agar

agarose

PAA

PVA

0

0.017
0.019

0.040
0.040

0.049
0.049

0.023
0.023

0.033
0.032

1

0.014
0.014

-

-

-

-

2

0.010
0.009

-

-

-

-

28

-

0.021
0.023

0.045
0.046

0.022
0.018

0.040
0.042

Values of Young´s moduli given in bold were
calculated form the presented stress-strain
curves. The second value was calculated form the
non-depicted stress-strain curve (n = 2 per gel
formulation and time point).

Young´s moduli of alginate, agar and PVA changed during
the duration of buffer perfusion whereas Young´s moduli of
agarose and PAA remained approximately constant. Depending
on type of gel formulation E varied from 0.017/0.019 MPa
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(alginate) to 0.049/0.049 MPa (agarose) at day 0 and from
0.021/0.023 MPa (agar) to 0.045 / 0.046 MPa (agarose) at
day 28, respectively. Alginate showed by far the lowest initial
Young´s moduli which were further decreased from t=1 d to
t=2 d. E calculated for agarose samples provided the highest
initial Young´s moduli. Only very small deviations between
the Young´s moduli of the two samples measured at each
time point were observed.

Discussion

The hydrogel used for biorelevant DES testing using the vFTC
has to meet certain mechanical requirements. Form-stability
of the cylindrical test specimen especially under perfusion
of the vessel-simulating lumen at a fairly high flow rate
for at least 30 days is of main importance. Furthermore, a
short time span of gel-formation (or, in general, of sample
preparation), transparency of the gels, elasticity, negligible
swelling/shrinkage, diffusibility and biocompatibility are
highly desirable.
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gels compared to gels containing 0.5 wt% polymer [36]. For
PVA, the observed effect of sample whitening is affected by
the formation of microcrystalline structures and consequently
increases with each freeze-thaw step [24,29].
Pore size can be influenced by the polymer concentration.
For agar gels (3–30 wt%) it has been observed that gel density
increased and pore size decreased with increasing content
of the gelling agent [37]. A larger PVA fraction also leads to
an increased number of smaller pores which are separated
by thicker bridges of the cryogel structure [34]. Lira et al.,
reported that the pore size of PAA gels decreases until nonporous gels are attained with increasing polymer fraction
either of acrylamide/bis-acrylamide or of bis-acrylamide [5].
This is, however, not the case with the gels prepared here, even
though pores are not clearly visible in the SEM images. First
experiments showed diffusion of dissolved model substances
into all gels including the PAA gels (data not shown).

Degree of swelling

Taking target gel parameters into consideration sample
Preparation technique and optical characterization of swelling should be ideally negligible after gelation to exclude
changes in the dimension of the gel cylinder especially of
test specimen
With the exception of PVA the preparation of reference and the hydrogel lumen. The experimental results indicate that
test gels was easy and fast as only a few working steps were this was not the case with regard to the reference, PAA and
necessary. The solidification process of the thermally gelled PVA. Nevertheless, swelling/shrinkage behavior did not affect
polymer solutions of agar and agarose is caused by an perfusion of dissolution media in the vFTC as observed lumen
increasing number of hydrogen bonds between molecules renarrowing was negligibly small.
of neighboring polymer chains when the polymer coils
The theory of equilibrium swelling of cross-linked hydrogels
become ordered as the solution is cooled [28]. In the case was developed by Flory and Rehner in 1943 [38]. Here, swelling
of the chemically cross-linked PAA gels, the cross-linking is understood as a balance between elasticity of the gel
density is controlled by the amount of crosslinker as well as formulation and the evolved opposite osmotic pressure of
the ratio of acrylamide to N,N´-methylene-bis-acrylamide [5]. the liquid phase. The maximum degree of swelling is limited
Accordingly, the observed brittleness of PAA gels containing by the numbers of cross-links, and the extent of swelling is
more than 10 wt% of the Rotiphorese® gel 30 may be due inversely proportional to the density of the polymeric network
to a denser polymeric network structure and resulting in [38]. However, prepared agar and agarose samples appear to
breakage of the gel during removal from the vFTC. Using be non-swell- or shrinkable. This may be explained by the
10 wt% of the monomer/dimer stock solution of an acrylamide/ assumption that the gel system is balanced between negative
bis-acrylamide ratio of 37.5:1 seems appropriate to attain enthalpy (dissolution of polymer in the aqueous phase) and
form-stable gels. The process of network densification upon positive entropy (expansion/organization of dissolved polymer
freezing and thawing of PVA is caused by the formation of chains), i.e., native gel formulations of agar and agarose
microcrystalline structures in the polymer solution, hydrogen with a polymer fraction of 2 wt% have finally reached state
bonds and phase separation (liquid - polymer fraction) during of energetic equilibrium. Accordingly, the studied alginate
freezing and thawing [24,29]. Mechanical properties such as and PAA gels had not reached a balanced water to polymer
elasticity [30], tensile moduli [29], swelling [29,31] dissolution ratio resulting in changes during incubation. The degree
[32] and pore size [33,34] are a function of the percentage of water uptake of cryogels is influenced by the number of
of the PVA solution and the number of cryogelation steps.
freezing-thawing cycles [23,29,31] as well as the initial polymer
To facilitate balloon catheter/stent placement sample content of the solution. The observed loss in sample weight
transparency is preferable. Clear and transparent test specimens may be related to dissolution of PVA chains which are not
were observed in the case of PAA. The cooling process during incorporated in the physical network. However, differences
gel-formation of agar and agarose is accompanied by between expected and detected degree of swelling can only
increasing turbidity. The formation of hydrogen bonds may be partly explained by this as only a fractional dissolution
be the cause of this as reported by Gelfi et al., for PAA gels of 0.3-0.5 wt% of various cryogels was observed by Hassan
formed under cooling [35]. As indicated by optical density et al., [32].
measurements light absorbance is increased in 1 wt% agarose
Differences between the results of the swelling experiments
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and the observations made during perfusion in the vFTC for
28 days may be attributed to the differences in the test setups
used. These differences are very obvious for alginate which
was swollen in the incubation setup but showed signs of
erosion in the vFTC. This might be caused by different volumes
of media that were used (100 mL vs. 350 mL) providing more
volume for Ca2+ ion washout in the vFTC. The replacement of
Ca2+ ions from alginate gels by monovalent buffer ions is the
most likely reason for gel erosion. Furthermore, the type of
agitation (moderate shaking vs. perfusion through a small
opening at a high flow-rate) most likely influenced the gel
erosion. Swelling of gels in the vFTC was not observed in spite
of the mass gain of PAA samples in the swelling experiments.
However, changes in the general volume are mainly excluded
in the vFTC due to the direct contact with the wall of the
vFTC. Narrowing of the vessel-simulating lumen was also
not observed.

at day 0 match the TA.XTPlus profile at day 28 (identical
shapes) with approximately identical hysteresis area. Slightly
decreased hardness (day 0 vs. day 28) may be attributed to
minimum differences in sample heights so identical sample
deformation could not be reached. As no softening for PAA
and PVA gels was observed these candidates are suitable for
prolonged test periods in the vFTC. This phenomena for PAA
(day 0 vs. day 28) is in agreement with Sun et al., who studied
deformation behavior of alginate, alginate/PAA hybrid and PAA
gels [3]. In this study, no differences were observed between
loading and unloading curves of PAA indicating high elasticity
of the network structure without breakage of junction points.
Time dependent rebuilding of network structure was
observed for alginate, agar and agarose gels. The observed
hysteresis of these test gels may be caused by a positional
change of the junction points between polymer chains
(alginate [3]) or by breaking hydrogen bonds of polymer
chains (agar, agarose).
Long-term stability
When comparing stress-strain curves of day 0/day 28 with
Texture analyses were conducted in order to evaluate long- TA.XTPlus profiles obtained after 1st loading/2nd loading at
term stability of prepared gels and to compare mechanical day 0 comparable tendencies for the hydrogel formulations
properties before and after 28 days perfusion.
are notable. Alginate and agar gels were softened after 28 days
Gel hardness decreased for alginate gels with increasing buffer perfusion, comparable to the degree of sample softening
perfusion time. In addition, sample erosion was observed observed during the 2nd compression step at day 0. Moreover,
leading to liquefaction of alginate gels after 7 days. This is loading and unloading curves of the 2nd loading differ from
most likely caused by the displacement of the chelating the first loading and less compressive stress (or force) was
agent (Ca2+) by monovalent ions of the perfusion media. As required to cause the same percentage of gel deformation.
shown by LeRoux et al., the compressive modulus of 2 wt% Stress-strain behavior and value of hardness at 35% sample
calcium alginate gels was reduced by 63% after 15 h exposure deformation of PAA and PVA gels remained almost unchanged
to aqueous media containing physiological concentrations of after long term perfusion as well as repeated compression.
sodium chloride compared to media without sodium chloride In the case of agarose, slight differences between the 1st and
[39]. Furthermore, time dependence of gel softening is highly 2nd loading were observed. However, no differences of the
affected by the ionic strength of buffered media and the stress-strain curves between the 1st loading at day 0 and day
interval of media replacement as reported for alginate-based 0/day 28 were detected.
films by Livnat et al., [40]. Highly concentrated buffer-salt
No apparent changes in Young’s moduli of test specimens
media and a narrow replacement interval will accelerate were observed for alginate, agarose and PAA. E of agar
the process of sample erosion which finally leads to material decreased and E of PVA increased with exposure to flowing
failure of alginate gels in the vFTC. However, the experimental PBS pH 7.4. In the first case, elasticity will increase due to
data on mechanical properties of gelled solutions of alginate hydrolysis of the polysaccharide chains corresponding to its
and agarose after a prolonged buffer exposure using a static lowered hardness. The results of E for PVA are in accordance
incubation setup by Shoichet et al., [8] do not completely with the amount of desorbed water of the respective
match the data outcome under flow conditions of the work gel formulation. In theory, gel shrinkage will result in
presented here. Shoichet et al., reported that gel stability of denser polymeric networks leading to hardening of the test
1.5 wt% alginate gels decreased within the first 30 days [8]. specimen. In addition, as demonstrated by Alcantâra et al.,
In their study, gel stability of 1 wt% agarose gels was also of PVA gels were lower for samples of higher cross-linking
lowered due to microbial growth and a related reduction in density independent of the preparation technique and the
framework stability by interference with hydrogen bonding. In gel composition used [41]. The complexity of cardiac tissue
our experiments the measured texture properties of agarose or human vessel wall components regarding mechanical
did not change considerably, only in the case of agar distinct properties has been reported by Bank et al., [42]. Experimental
differences were observed. Although, microbial growth cannot data varies over a wide range depending on different vessel
be ruled out, we assume that softening of agar gels is related wall structures (collagen, elastin and smooth muscle) which
to spontaneous hydrolysis of the polymeric backbone of are either reported as elastic (elastin/collagen) or contractile
polysaccharide chains. Agarose profiles indicate long-term (smooth muscle) components depending on the smooth
stability since loading and unloading curves of agarose profiles muscle tone (fully relaxed, relaxed or fully contracted) and the
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applied pressure (50 or 100 mmHg). As gel compartments are 28 days of perfusion. PAA and PVA samples also showed longintended to be used in the vFTC setup in order to allegorize term mechanical stability. None of the other test specimen
some properties of the cardiac tissue it might be useful to fulfilled all target gel parameters, however, each formulation
mimic vessel wall elasticity. However, literature data vary may be useful to clarify drug diffusion characteristics and
in wide range indicating discrepancy of reported results characterize drug release from DES in vitro using the vFTC.
obtained by different authors and setups and are hardly Further research will be undertaken to investigate possible
comparable [42,43]. In consequence, no target value for the variation in transport properties of the developed gels.
Young’s moduli can clearly be defined. All prepared gels are
elastic and provide the choice of varying Young’s moduli for Competing interests
The authors declare that they have no competing interests.
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