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ABSTRACT

For a solid understanding of drug characteristics, in vitro measurement of the intrinsic dissolution rate is
important. Hydrodynamics are often emphasized as the decisive parameter influencing the dissolution. In
this study, experiments and computational fluid dynamic (CFD) simulations showed that the mixing
behavior in the rotating disc apparatus causes an inhomogeneous flow field and a systematic error in the
calculation of the intrinsic dissolution rate. This error is affected by both the experimental time and the
velocity. Due to the rotational movement around the tablet center, commonly utilized in pharmacopeia
methods, a broad variance is present with regard to the impact of fluid velocity on individual particles of
the specimen surface. As this is significantly reduced in the case of uniform overflow, the flow channel is
recommended for investigating the dissolution behavior. It is shown that rotating disc measurements can
be compared with flow channel measurements after adjusting the measured data for the rotating disc
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based on a proposed, representative Reynolds number and a suggested apparatus-dependent correction
factor. Additionally, modeling the apparatus-independent intrinsic dissolution rate for different tempera-
tures in the rotating disc apparatus is possible using the adapted Levich’s equation.

1. Introduction

Intrinsic dissolution testing in pharmaceutical research provides
insight into the performance of individual substances, especially
during preformulation (Zakeri-Milani et al. 2009; Andersson et al.
2021). The heterogeneous dissolution process is the transform-
ation of a solute from the solid phase into the formed solid-liquid
interface, before transferring it into the bulk fluid by diffusion and
convection (Paus et al. 2015; Gopal Rangarao et al. 2022). This is
“the mixing of two phases with the formation of one new homo-
geneous phase” (Siepmann and Siepmann 2013). The intrinsic dis-
solution rate (IDR) describes the mass transfer rate and is
therefore a velocity phenomenon. In contrast to solubility, which
is an equilibrium phenomenon, IDR may be better suited to cor-
relate with the dissolution rate in vivo (Yu et al. 2004; Zakeri-
Milani et al. 2009).

One advantage of the intrinsic dissolution test for experimen-
tally determining the intrinsic dissolution rate is that the sample
is fixed in place such that only one surface of the sample is in
contact with the liquid. This prevents movement of the com-
pacted sample with the flow (Peltonen et al. 2003; Kakhi 2009;
Todaro et al. 2017), and edge effects have negligible influence
(Missel et al. 2004). In the common intrinsic dissolution test appar-
atus according to Ph. Eur. (method 2.9.29), also known as the
rotating disc or Wood's apparatus, compressed, pure, solid sub-
stances with minimal porosity and constant surface areas of 0.5 to
1.3cm? are used (Berger et al. 2007; Avdeef and Tsinman 2008;
Alsenz et al. 2016; European Pharmacopoeia 2019). Reduction of
the required sample size (e.g. powder suspension) has been inves-
tigated in various research projects over the last two decades

(Tsinman et al. 2009; Alsenz et al. 2016; Etherson et al. 2020;
Teleki et al. 2020; Andersson et al. 2021), because this allows
potential problems to be identified or predicted at an early devel-
opment stage (Issa and Ferraz 2011). However, disc systems are
preferred when the focus is on substance properties (Bergstrom
et al. 2019), particularly because the flow conditions around each
individual particle are not known, and particle shape and size
have an influence on the dissolution rates (Mosharraf and
Nystrom 1995; Andersson et al. 2021). In general, external factors
such as hydrodynamics, temperature or pH affect the intrinsic dis-
solution. Therefore, a robust dissolution test is necessary for
meaningful results (Shiko et al. 2011; Shekunov and Montgomery
2016), and a distinction between the two mechanisms of surface
reaction and mass transfer, which are combined phenomena dur-
ing dissolution, should be possible (Kaunisto et al. 2009).

In the case of a rotating disk, the specimen holder is continu-
ously rotated, and the flow, especially in the vicinity of the speci-
men, is affected (Kaunisto et al. 2009; Todaro et al. 2017; Gopal
Rangarao et al. 2022). Due to hydrodynamics, local concentrations
of the substance differ within the dissolution media. A concentra-
tion boundary layer in the immediate vicinity of the sample is
formed (Levich 1962; Grijseels et al. 1981) and saturation effects
influence the dissolution process (Siepmann and Siepmann 2020).
It was shown that the hydrodynamic boundary layer was thicker
for the rotating disc method compared to the theory (Kaunisto
et al. 2009), and since local differences in hydrodynamics affect
the boundary formation and the dissolution rate (Viegas et al.
2001; Shiko et al. 2011), various attempts have been made to
exploit  well-defined  hydrodynamics using  flow-through
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apparatuses (Peltonen et al. 2003; Missel et al. 2004; Greco et al.
2011; Sleziona et al. 2021).

The aim of this study was to compare the flow channel
method with the rotating disc method, which is the standard for
intrinsic dissolution measurements. Therefore, the influence of
hydrodynamics was a focus. Flow simulations and experiments
were applied to investigate different settings concerning the fluid
velocity and temperature. Theophylline monohydrate was used as
model substance to determine the intrinsic dissolution rate. The
different mixing characteristics of the methods and the radius-
dependent shear on the specimen due to rotation was used to
model the two compared methods and reconcile the results.

2. Methods and materials
2.1. Materials

Pure theophylline monohydrate (BASF, Ludwigshafen, Germany)
was used without further purification or modification, while water
was filtered and deionized (Milli-Q Advantage A 10 System; Merck
KGaA, Darmstadt/Germany) for all experiments before being used
as dissolution medium. The saturation concentration was deter-
mined via spectrophotometry (Specord200Plus; Analytik Jena AG,
Jena/Germany) after a dissolution time of 48 h at the desired tem-
perature. The measurements were conducted at the absorption
maximum at 272 nm.

2.2. Rotating disc investigations

2.2.1. Rotating disc dissolution experiments

For the experiments with the rotating disc apparatus according to
the Ph. Eur. method 2.9.29 (Erweka DT6; Erweka GmbH, Langen/
Germany), an 8 mm die was used. 180 mg of theophylline mono-
hydrate was inserted in the die cavity and compressed by a
punch using a benchtop hydraulic press (Paul-Otto Weber GmbH,
Remshalden/Germany) at 3 MPa for about 30s.

In order to avoid any disturbance of the fluid motion during
testing by the entrainment of air bubbles, as previously discussed
in the literature (Viegas et al. 2001; Sleziona et al. 2021), an
advanced preparation procedure was applied in this study.
Specifically, the die was stored at least 15min in a thermal cham-
ber (IPP 30; Memmert GmbH & Co. KG, Schwabach/Germany) at
test temperature before the dissolution test was performed.
Immediately before starting the test, the surface of the matrix
was wetted with a damp paper towel under brief, planar contact.
The threaded holes were filled with a few drops of the tempered
(25°C or 37°C, 15min) and degassed (S180H Elmasonic; Elma
Schmidbauer GmbH, Singen/Germany) dissolution medium
(900 mL), before the holder was positioned at the prescribed pos-
ition (3.8cm from the bottom (European Pharmacopoeia 2019)) in
the vessel. Immediately after reaching the position, the rotation
was ramped up to the test speed.

The amount of dissolved substance was quantified under sink
conditions using UV-spectroscopy (Lambda2S; Perkin Elmer
GmbH, Rodgau/Germany).

2.2.2. Rotating disc mixing experiments

For the determination of the mixing behavior, the mounting was
removed as quickly as possible (~12 s) after a specified time of
dissolution testing, and the medium was homogenized by stirring
before the amount of dissolved substance was measured.

2.2.3. Rotating disc simulation

In the simulation, the experimental conditions were recreated by
computational fluid dynamics (CFD) using the software CFX 2020
R1, ANSYS, Inc., Canonsburg, PA, USA. The geometry of the dissol-
ution device was recreated in a computational domain and discre-
tized into about 1.5 million elements. The resulting, unstructured
grid had higher resolution in areas of high velocity gradients, like
the rotating wall, and a maximum aspect ratio of 7.3 in order to
obtain quick convergence to the numerical solution. An average
orthogonal quality of 0.77+0.14 (1 being the best) and a skew-
ness of 0.23+0.14 (0 being the best and 1 the worst) indicating a
high-quality grid (Sirasitthichoke et al. 2023).

Two fluids, air and a mixture consisting of water and theophyl-
line monohydrate, were defined and a density difference fluid
buoyancy model was utilized. The “Volume of Fluid Method” was
applied for the location and reconstruction of the free surface
between the two fluids. For the “variable composition mixture” the
material group of “constant property liquids” was used, containing
the model substance, theophylline monohydrate (198.18 g mol™),
and water. In the fluid specific models, the kinematic diffusivity of
theophylline monohydrate (198.18 g mol™") in water was calculated
according to Stokes-Einstein as 9.033-107'° m? s™' (25°C) and
1.207-107° m? s7' (37°Q) for the two temperatures shown, and
used in the model. In the component models a constrained condi-
tion for the water was used. No mass transfer between the air and
the theophylline-water mixture was permitted in the model. The
tablet was defined as a bulk source with an experimentally deter-
mined flux of theophylline monohydrate of 1.467-107*kg m™2 s™"
(25°C) and 2.893-10"*kg m™2 s~ (37 °C). Liquid properties of dens-
ity, viscosity, specific heat capacity and surface tension at the
respective temperatures (25°C and 37°C) were chosen, assuming
that the dissolved component at maintained sink conditions has
the same properties as the surrounding liquid.

For the boundary type “wall” used for the vessel, the mounting,
and the tablet, no-slip condition was selected, so the die and holder
as well as the tablet in the die are defined as rotating wall with a
rotational speed of 100 rpm. This leads to a stationary domain with
a rotating wall and an impulse transfer between the rotating sur-
face of the holder with the tablet and the surrounding fluid.

In the basic settings of the solver control, a high resolution
advection scheme was used with a second-order, backward-Euler,
transient scheme. A coefficient loop timescale control with a min-
imum coefficient loop of one and a maximum of 10 was chosen.
The convergence criteria was a root mean square (RMS) residual
type with the residual target of 1-107°. In the equation class set-
tings, a transient scheme with second-order, backward-Euler was
set for continuity and for mass fraction. In the advances options,
a segregated multiphase control was used.

A total physical time of 4 min was simulated with time steps of
0.05s in the transient calculations. The sampling point was
defined according to the coordinates in the experiment.

2.3. Flow channel investigations

2.3.1. Flow channel dissolution experiments

In the flow-through dissolution apparatus according to Sleziona
et al. (2021), in accordance with the principle of the rotating disc,
the substance to be investigated is presented as compact in a die
with one exposed surface to the dissolution media. Due to the
lack of insulation or temperature control of Sleziona's flow chan-
nel, dissolution tests were only carried out in the flow channel at
25°C (Sleziona et al. 2021).



In the experiments, a 13 mm die was used. 1000 mg of theophyl-
line monohydrate was inserted in the die cavity and compressed by
the punch using a benchtop hydraulic press (Paul-Otto Weber
GmbH, Remshalden/Germany) under 3 MPa for about 30s.

The dissolution medium (700 mL) was tempered (25°C), and
degassed (S180H Elmasonic; EIma Schmidbauer GmbH, Singen/
Germany) for 15min, and then continuously stirred in a reser-
voir vessel and fed into the channel via a gear pump (BVP-
Z7200; Ismatec, Wertheim/Germany) during testing (Sleziona
et al. 2021). The amount of dissolved substance was quantified
using UV-spectroscopy (Specord200Plus; Analytik Jena AG, Jena/
Germany).

In addition to the previously published results of Sleziona et al.
(2021), dissolution experiments at higher flow rates up to approxi-
mately 1805 mL min~", leading to Reynolds numbers (Re) of up to
1000, were investigated. Moreover, transient flow conditions, par-
ticularly for high Reynolds numbers, in the channel can be
assumed, and a transient numerical solution utilized.

2.3.2. Flow channel running-in experiments

For the determination of the running-in behavior, a tracer solution
was injected at the area where the tablet is usually placed in the
setup, and the amount of dissolved substance was quantified
over time. The time until a constant concentration (>98% of the
final value) was reached was identified. These equilibration times
were considered for the evaluation of the dissolution experiments
and the dissolution kinetics.

2.3.3. Flow channel simulation

In the simulation of the flow channel using CFD software
(FLUENT 2020 R1, ANSYS, Inc., Canonsburg, PA, USA), a version
of 3D, pressure based, trans-sst model (Menter 2009) and a
transient solver were selected. The setup described in Sleziona
et al. (2021) with a volume of approximately 0.19L and a tetra-
hedron mesh containing 0.91 million elements with an aspect
ratio of about 1.9 was used. The boundary conditions at the
inlet correspond to certain Reynolds numbers and were imple-
mented as a velocity magnitude with a turbulent intensity of
5%. For the outlet, the boundary condition was set as
“pressure-outlet”. The primary convergence criterion was estab-
lished as being residuals lower than 1-107°. The mixing behav-
ior within the channel was not investigated because a
homogeneous mixture was formed due to turbulence in the
mixing tank connected to the channel.

2.4. Common calculations

The dissolution tests were performed under constant stirring rate
or flow velocity and at constant temperature (25°C or 37°Q),
using the Reynolds number (Re) to describe the hydrodynamics
via the linear velocity (u), the diameter as characteristic length (d),
and the fluid kinematic viscosity (). (Equation 1)

d
Re=u-— (M

|
The linear velocity (u) of a discrete point at the rotating sur-
face can be represented as a function of the rotational speed (w)

depending on the radius (r). (Equation 2)

u=2mrw ()
In contrast, the linear velocity (u) in a flow channel is cal-

culated based on the volume flow (V), width and height of
the channel cross-section (Sleziona et al. 2021). (Equation 3)
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v

Y= Width - height

The calculation of the intrinsic dissolution rate (IDR) from

experimental data is described in the Ph. Eur. and Nernst-Brunner,

considering the volume of the dissolution medium (V), the surface

area of the compacted substance in contact with the dissolution

medium (A) and the slope of the regression line of the cumulative

mass of substance dissolved over time (dc/dt) (Etherson et al.
2020). (Equation 4)

3)

dc

v
IDR=— - — 4
A dt @
3. Results
3.1. Calculations and modeling
3.1.1. Rotational Reynolds number
For the determination of the intrinsic dissolution rate, the

Reynolds number (Re) (Missel et al. 2004) is a suitable reference
to harmonize set points for different apparatuses. Hereby, a char-
acteristic length is considered to determine apparatus-dependent
values of Re. In this work, the Reynolds number is used to deter-
mine the characteristic radius for the rotating disc. Therefore, the
area under the curve of the Reynolds equation (Equation 1 extended
by Equation 2) over the specimen radius (r,) (Equation 5) is used.

Itab Ttab 4-7- 4-1- 1
J Re dr = J IO pdr =20 Ty (5)
0 0 | ] 3

The area under the curve corresponds to the surface stress of
the rotating specimen and is divided at the characteristic radius
(r) into two equally stressed areas independent of the rotational
speed (Figure 1). After simplification, the characteristic radius can
be calculated via Equation 6.

p e
2
In this study, the characteristic radius of the rotating disc is
approximately 3.2 mm.
With the radius of the specimen (r.,p), the rotational speed (w) and
the kinematic viscosity of the dissolution medium (v)), the rotational
Reynolds number (Re) can be calculated according to Equation 7.

(6)
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Figure 1. Visual determination of the characteristic radius for the rotational rey-
nolds number with equal areas under the curve in light and dark grey. Shown
for 100 rpm at 37°C.
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at the sample point (mean+sd, n=3).

4-7-
Re — 72?(1).

Ttab 2
Qﬁ) %
3.1.2. Extension of common calculation approach for intrinsic
dissolution rate
For the comparison of the IDR (see Equation 4) determined with
the individual devices, a mathematical correction factor is
required to account for the stress on the specimen surface caused
by the relative velocity (Sleziona et al. 2021). For the customized
IDR (IDRY), equation 4 is extended by an apparatus-dependent
factor (Fapparatus) (Equation 8).

V dc
IDRT = Z : E : Fapparatus

|

(8)

A value of Fehannet =1 represents no differences in relative velocity
for a uniformly overflowed specimen (Sleziona et al. 2021). The
extended apparatus-dependent factor for the rotating disc apparatus
(Faiso) is given by the relative deviation of the characteristic sample
area from the real tablet area. According to Equation 9, a generally
valid value of 0.37 is obtained after substituting Equation 6.

2
(L) — 0.370
I'tab

9

3.2. Running-in and mixing behavior

3.2.1. Rotating disc tests

For the rotating disc, the flow simulation was used to charac-
terize the shift of the velocity (see Figure 2A,B) and mixing
behavior (Figure 2C,D). The velocity plane and velocity vectors
beneath the mounting signifies the presence of a radial velocity
caused by a centrifugal force (Figure 2A). The relative velocity
at the sample point (circle) was calculated for different rota-
tional speeds and a run time of 4min (Figure 2B). The mixing
behavior is monitored by the distribution of the dissolved com-
ponent within the liquid phase in the cross-section (Figure 2C),
and the mass fraction at different temperatures (Figure 2D) was
calculated. Additionally, the experimentally determined mass
fraction was compared to the simulation results.

The highest speed was found at the outer wall of the rotating
mounting, while the lowest velocities were near the walls of the
vessel (per definition) and in the central axis below the specimen
(Figure 2A). Fluctuations in velocity at the sampling point are also
present in shorter time durations (Figure 2B). Especially within the
first minute, the largest changes of velocity occur in short time
intervals due to the start-up behavior of the apparatus. For
100 rpm, which corresponds approximately to Re=303 (at 37 °C,
Equation 8), the assumed stationary state at the sampling point is
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(at Re =200).

reached after about 2 min, with a deviation of 2% from the final
mean value (average over 9s) (Figure 2B). For higher velocities,
this mixing time can be reduced (e.g. to 53s for 327rpm
(Re=990)). For 33rpm (Re=100), the disturbances apparently set
in after approximately 3min within a fluctuation range of +7%.
With regard to the time rate of change of the mass fraction (Figure
2D), there is only a difference in slope between the experiment
and simulation in the first 15-30s for 37°C, in accordance with an
inhomogeneous mass fraction distribution in the vessel (Figure 2C).
Subsequently, the increase of the mass fractions matches overall
between experiment and simulation.

The mixing behavior was additionally investigated experimen-
tally at different rotational speeds (15 to 300rpm) and different
times (2 to 6 min) by removing the mounting, manually homoge-
nizing the dissolution medium, and then determining the relative
difference between the last measuring point of the online

concentration determination and the concentration of the homo-
genized medium (Figure 3).

A decrease in the relative differences can be seen with increas-
ing rotation speed of the mounting during the test (Figure 3A) or
time (Figure 3B). Lower speeds led to non-uniform rotation of the
rotating disc with short interruptions, and higher speeds could
not be realized. A systematic error in the dissolution tests with an
underestimation of the dissolving substance quantity of at least
—5% was determined.

3.2.2. Flow channel tests

Since the mixing in the experiment with the flow channel is
ensured in the intermediate container (Sleziona et al. 2021), the
distribution of the dissolving species in the channel itself is not
relevant.
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The time required to obtain a homogeneous mixture in the
intermediate container after starting the pump was determined
experimentally to differentiate the kinetics of the channel and the
intermixed container from the kinetics of the dissolution. Longer
mixing times were determined for lower speeds (Figure 4A).
Setting the criterion for a homogeneous mixture to >98% of the
final value, the corresponding mixing time is 6.9 min for Re =60
or 1.4 min for Re =300.

Moreover, the flow pattern (Figure 4B) at the tablet is of inter-
est since a uniform velocity profile across the cross-section of the
tablet is desirable to ensure robust analytics of the dissolution
test. This criterion can be used to define the range of application
for dissolution experiments in this specific flow channel. For the
uniformity of the profile, a deviation of 10% between the velocity
in the center and the tablet edge (diameter 13 mm) was chosen.
The smallest Reynolds number tested was 50 (corresponds to
approximately 20 mL min~" (25 °C)).

The velocity plane of the flow channel (Figure 4C) implies a
starting contact of the flow at Re=200 with the wall at the
beginning of the inlet zone. Only at larger Reynolds numbers
does the attachment of the flow to the wall lead to a non-axisym-
metric flow profile until the tablet is reached (Figure 4B).
Nevertheless, according to the defined criterion, for Re > 150, the
velocity profiles are no longer classified as uniform (see appendix
Figure A1).

Steady-state flow profiles in the channel were obtained within
the time for the homogenization in the vessel, so there was no
need to adjust the mixing time for the dissolution tests. This was
investigated experimentally in Sleziona’s previous work using par-
ticle image velocimetry (PIV) (Sleziona et al. 2021).

3.3. Dissolution

3.3.1. Apparatus reconciliation

Usually, dissolution tests are carried out with the rotating disc
method at normal human body temperature, 37°C. For a com-
parison with the flow channel introduced in Sleziona's work
(Sleziona et al. 2021), tests were carried out at 25 °C.

The calculation of the apparatus-independent intrinsic dissol-
ution rates (IDR*, Equation 8) was performed with consideration
of the equilibration times for the flow channel (between 1 min for
Re >350 and 7min for Re=60) as well as for the rotating disc
(2min) over the obtained concentration changes for a 2min
measuring time.

Figure 5 shows the values determined for the flow channel
(FQ) (dark squares (Sleziona et al. 2021) and bright squares (this
study)), which, by definition, are apparatus-independent. For the
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Figure 6. Comparison of the apparatus-independent intrinsic dissolution rate of

theophylline monohydrate at different temperatures measured with the rotating
disc apparatus (mean +sd, n=4) and calculated according to Levich’s model.

rotating disc (RD), the apparatus-independent data (white circles)
are shown in contrast to the data not considering the apparatus-
dependent factor (grey circles).

By accounting for the apparatus-dependent factors in the cal-
culation of IDR* (Equation 8), the data from the rotating disc and
the flow channel overlap. Larger rotation speeds lead to larger
differences between rotating disc and flow channel. For Re > 350,
the IDR* determined for the flow channel is smaller than the val-
ues of the rotating disc.

3.3.2. Temperature reconciliation

Investigations were conducted on the rotating disc at different
temperatures and faster dissolution rates were determined for the
higher temperature (Figure 5). An attempt was made to compare
them against a model proposed in the literature (Levich 1962; Yu
et al. 2004; Kaunisto et al. 2009) (Figure 6). The mass flux at the
surface of the disc is described via Levich's equation (Levich 1962,
p. 69) (Equation 10) containing the diffusion coefficient (D), the
rotational speed (w), the kinematic viscosity of the dissolution
medium (v}) and the saturation concentration (c;).
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The diffusion coefficients were calculated according to the
modified Stokes-Einstein equation (Equation 11) with the
Boltzmann's constant (kg), the temperature (T), the dynamic vis-
cosity (n), a numerical factor of the modified equation (n) and the
Van-der-Waals-radius (Ryqw) (Edward 1970; Zhao et al. 2003).
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The saturation concentration of theophylline monohydrate in
water was determined in this study at 25°C (6.52+0.12g L") and
37°C (10.82+1.00g L™"). These results are in good agreement
with literature values (Fokkens et al. 1983; Zhang and Rasmuson
2012; Liu et al. 2014). For the investigated temperature, it is
assumed that no effects of hydrate transformation are to be
expected (Lange 2017).

The model prediction fits well with the experimental results of
the apparatus-independent intrinsic dissolution obtained with the
rotating disc apparatus.



4. Discussion
4.1. Stationarity of the measurement and flow characteristics

4.1.1. Characteristics of robust dissolution testing

Dissolution tests should provide consistent results under constant
conditions. Both investigated methods have an equilibration
period due to the ramping up of the rotation (rotating disc;
Figure 2B, Figure 3) or due to the initiation of pumping (flow
channel, Figure 4A), which has to be respected during the meas-
urement. The measurements are conducted after a stationary
state is assumed. The dissolution process itself is considered sta-
tionary, even if the surface of the specimen changes due to the
dissolving mass (see appendix Figure A2). Thus, the shortest pos-
sible test times should be selected. The duration depends on the
solubility of the substance and the analytics and should be deter-
mined for each substance separately.

4.1.2. Rotating disc characteristics

It is mentioned in the literature that for the rotating disc method,
the laminar flow conditions are attributed to the range of rota-
tional speed between 25-200rpm (Greco et al. 2011) and are
maintained until at least Re~10* (Kaunisto et al. 2009). This
approximate value refers to the disc diameter (54 mm (European
Pharmacopoeia 2019)) as the characteristic length. Using the char-
acteristic radius introduced in this study results in a value for the
maintained laminar flow of Re = 869 (Equation 7).

In this study, however, differences in velocity and mass fraction
in the vessel occur for all settings tested (Figure 3). The inhomo-
geneity in the velocity distribution (Figure 2A) cannot be elimi-
nated by holding the mixing time for the rotating disc method
constant at 2min (Figure 2B). This is in agreement with the find-
ings of Tsinman et al. (2009), who also mentioned a "lag" time
needed for delays caused by experimental timing or wettability.
Inhomogeneity with running measuring time is caused by fluctua-
tions of the velocity (>5%) in the sampling point and differs also
for a variation of the rotation speed (Figure 2B, Figure 3). The low
mixing effect (< —5% relative difference of the mixing offset,
Figure 3) is the reason for the non-uniform distribution of solute
in the vessel (Figure 2C) and thus introduces a systematic error in
the concentration determination (Figure 3). Medium velocities are
preferable, since at higher velocities (981rpm, Re=2969) more
fluctuations (~7%) are present even after a longer run time
(Figure 2B) and no improved solute distribution can be obtained
(Figure 3A). These observations correlate with the magnitude of
the experimental errors (Figure 3, Figure 5).

In general, the method-characteristic fluid movement with the
swirled flow pattern (Figure 2C) is necessary to circulate the entire
fluid. This implies that sink conditions cannot be guaranteed to
exist near the sample (Figure 2C) (Siepmann and Siepmann 2020).
The erosion of the tablet (see appendix Figure A2) due to hydro-
dynamic induced shear could influence the local fluid motion and
thus affect the intrinsic dissolution rate (Kaunisto et al. 2011).
However, since the simulation reproduces the experimental data
well (Figure 2D), the removal of mass can be assumed to be neg-
ligible in this study. Accordingly, the experimental error of the
results seems to be due to hydrodynamics only.

While the shortest possible mixing time is reasonable with
regard to material removal (see appendix Figure A2) a longer mix-
ing time must be observed with regard to the expected stationar-
ity (Figure 3B). A good compromise was achieved for theophylline
monohydrate with a mixing time of 2 min followed by a test time
of 2min.
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4.1.3. Flow channel characteristics

For a flow channel method, laminar flow can be ensured by
means of a rule of thumb for calculating the length of the inlet
section as a function of Reynolds number (Equation 1) and the
hydraulic diameter (Boswirth et al. 2012, p. 183). An evaluation
can be made experimentally using PIV or color filament. In previ-
ous work it was determined that laminar flow is present in this
flow channel up to Re=250 (Sleziona et al. 2021), but for
Re > 150 the deviation between tablet center and tablet edge are
larger than 10% (Figure 4B, appendix Figure A1). This can be
explained by an asymmetric flow pattern due to attachment to
the wall (Figure 4Q). In the range of higher flow velocities an
over- or underestimation of the data can occur due to the vari-
ability of the flow, which may explain the larger error bars in the
experimental data for higher Re (Figure 5).

By definition, there is no mixing of the liquid in the laminar
flow channel. Since the channel contains 27% of the total
medium with a volume of approximately 192mL, a large propor-
tion of which is unmixed, complete mixing is only achieved after
longer times (up to 6.9 min for Re =300; Figure 4A). A relaxation
of the set >98%-criterion for homogeneity and a smaller channel
volume could reduce this. In this study, within the equilibration
time, a steady flow is built up in the channel.

In contrast to the rotating disc, the use of a channel method
reduces the range of variation in velocities across or at the tablet
(see appendix Figure A1). Thus, the flow channel provides more
robust information about the dissolution behavior of pharmaceut-
ical substances, particularly with respect to the distinction
between diffusion-controlled release and surface reaction-limited
dissolution.

4.2. Method independent dissolution behavior and modeling

The stress on the specimen is characterized by the Reynolds num-
ber and different for rotation (Equation 7) and overflow (Equation
1). Nevertheless, the introduction of the characteristic diameter
for the rotating disc method (Figure 1, Equation 6) aligns the
stress on the tablet comparable to the flow channel method.
Without the apparatus-dependent correction factor, the intrinsic
dissolution rate is overestimated (Figure 5) since the true radius is
greater than the characteristic radius (Figure 1; Equation 6) and
therefore is normalized to a greater area (Equation 8). The cor-
rected rotating disc data (IDR* according to Equation 8 and Re
according to Equation 7) were in good agreement with the flow
channel method data determined using the equations (/DR
according Equation 4 and Re according to Equation 1; Figure 5).
The determined mixing offset (Figure 3) does not lead to signifi-
cantly different data, so the influence on the sample point pos-
ition is not considered in the introduced equation of the
apparatus-independent /DR (Equation 8). Only for Re>350 do
the values of rotating disc and flow channel experiments not
overlap (Figure 5). This may be due to the fact that during rota-
tion a part of the tablet around the axis of rotation is constantly
exposed to low velocities and therefore possible limitations of the
dissolution by surface reaction cannot be reached, while other
particles are hardly stressed. Moreover, in the flow channel, for
greater Re, which are no longer in the laminar flow range, the dif-
fusive transition could be enhanced and thus the IDR overesti-
mated. Nevertheless, the deviations in the flow profile (see
appendix Figure A1) are always smaller (<12%) than for the rotat-
ing disc (~21%) and therefore the channel appears to provide
more robust data for IDR compared to the rotating disc.
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In this work, modeling of the apparatus-independent rotating
disc data with Levich’s model (Equation 10) for both tested tem-
peratures showed good agreement with the experimental data. In
most cases the data are slightly underestimated (Figure 6).
Insignificant larger differences were found at 25°C (25°C
~—8.6+5.6%; 37°C: ~—2.6+1.8%), which is attributed to the
small temperature variations during the experiments.

5. Conclusion

Within this study, flow simulations and dissolution tests with
theophylline monohydrate were conducted and a model for com-
parison of dissolution in the standard rotating disc (Ph. Eur.
method 2.9.29) with a flow channel apparatus was established.
The adapted Levich's model shows agreement with experimental
data with moderate deviations.

Based on hydrodynamics, the simulation studies of the rotating
disk apparatus and the flow channel apparatus demonstrated that
the interpretation of the results of the measured intrinsic dissol-
ution rate varies between the two methods. Although both meth-
ods were operated in closed-loop mode, the flow channel
method can allow a clear correlation between flow velocity and
intrinsic dissolution rate due to the uniform overflow of the sam-
ple and the spatial separation of sample and mixed medium as
well as sampling. For the rotating disk apparatus, the simulation
of hydrodynamics and mass fraction as well as the experiments
provided a new approach for interpreting the intrinsic dissolution
rate determined with this method.

It was shown that the rotating disc apparatus has poor mix-
ability, and that results vary with the test duration and rotational
speed. For the measuring time range, a compromise must be
found between a velocity state assumed to be stationary at the
measuring point and the mass removal from the specimen. The
influence of the sampling point is considered to be negligible if
the measurement is carried out at a sufficient distance from the
specimen. For the flow channel an equilibration time results,
which is related to the inner volume of the laminar flow channel.

This study demonstrates that a comparison between the rotat-
ing disc and the flow channel is possible, with suggested equa-
tions for the calculation of the Reynolds number and an
apparatus-independent intrinsic dissolution rate. For the rotating
disc, a characteristic radius was introduced to compensate the
relative velocity differences over the specimen due to the rotation
around the center axis. In the flow channel, the specimen was
overflowed uniformly, demonstrating the usefulness of this
method for investigating surface reaction-limited systems. By
adjusting the geometry of the channel and the flow rates of the
fluid, the method is not limited to investigations of a wider
Reynolds range, and it is possible to gain deeper insight into the
dissolution behavior of different specimens.
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Appendix

Figure A1. Velocity at the characteristic length compared to the deviation against the tablet center for the rotating disc (theoretical calculation using Equations 2 and
7 assuming no-slip conditions) and the flow-through dissolution apparatus (flow simulations) according to Sleziona et al. (2021). The standard deviations indicate the
velocities at the edge of the tablet for both methods. For the rotating disc, an infinitely low effective velocity results mathematically in the center of the tablet.

Figure A2. Surface topography measured via white light interferometer (MicroProf; Fries Research & Technology GmbH, Bergisch Gladbach/Germany) for a
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theophylline monohydrate tablet used in the rotating disc at 100 rpm before the test and after 4 min dissolution testing.
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