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The definition of the local dissolution environment is central to accurate particle dissolution simulation, and is
determined by the apparatus and conditions used. In the flow-through apparatus dissolution occurs in the cell,
often in a low velocity environment, with the reservoir considered the relevant volume for dissolution kinetics.
Dissolution simulations were conducted using a reduced-order model based on the Ranz-Marshall correlation for
mass transfer from spherical particles. Using ibuprofen as a model drug, the effect of defining a local volume to
simulate dynamic bulk concentration conditions in the flow-through and paddle apparatus was assessed by
comparing use of a near particle volume (NPV), extending a distance of one radius from the particle surface, with
a flow-through apparatus cell volume or paddle apparatus vessel volume as the relevant instantaneous volume
for dissolution. The instantaneous inlet concentration to NPV or cell volume is the reservoir/vessel concentration
at that simulation time point, reflecting the continuous input to the cell of more dilute solution from the reservoir
(closed system). Additionally, inputting particle size distribution (PSD) instead of a median particle size (MPS)
and enabling or disabling particle motion were investigated, in two media (resulting in low and high solubility)
and with two fluid velocity conditions in each apparatus.

The NPV predicted effects of fluid velocity differences on dissolution in the high solubility medium in the flow-
through apparatus, but had no effect on predictive ability in the paddle apparatus. In both apparatuses, simu-
lations were reasonable for the high solubility environment but underpredicted dissolution in the low solubility
environment. The PSD option and disabling particle motion increased the predictive ability of the simulations in
low solubility media in the flow-through apparatus. The results highlight the necessity to incorporate the local
dynamic dissolution conditions in the flow-through apparatus for accurate dissolution simulation, and the
challenges of defining an effective particle size for dissolution simulation and of reflecting hydrodynamic
complexity in simulating dissolution in the paddle apparatus.

1. Introduction Flanagan, 1999; Hintz and Johnson, 1989; Johnson, 2012; Sugano,

2008). Wang et al., 2012 considered the influence of bulk definition on

Dissolution simulation models build from theoretical mathematical
equations that predict the dissolution rate of an active pharmaceutical
ingredient (API) based on inputs describing the particle, fluid and other
dissolution-related parameters (Sugano, 2009). They can help select in
vitro conditions, serve as inputs for pharmacokinetic modelling and
assess how manufacturing changes affect the dissolution profile (Pathak
et al., 2017). Many models have been described in literature (Wang and

dissolution simulation. They defined confinement as the increase in bulk
concentration as a result of particles being present in a limited bounded
volume or container. Confinement can be negligible when bulk con-
centration is very small compared to solubility which can be the case if
the volume available for the particle to dissolve is very large or the drug
is highly soluble. In dissolution testing, a drug mass is dissolved into a
reservoir volume that is considered the relevant bulk volume, that is, the
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volume available for the particle to dissolve into at any instant in time.
Bulk concentration can have a large influence on dissolution rate and it
is not instantaneously uniform throughout the dissolution medium, as
drug molecules diffuse in a time-dependent manner, according to Fick’s
law of diffusion (Bergman et al., 2011)(Mills, 1999). Bulk concentration
is affected by mass dissolved, although simulation models can assume
zero bulk concentration in sink conditions or mass dissolved in just one
volume (Siepmann and Siepmann, 2013).

In the flow-through apparatus, the reservoir would normally be
considered the relevant volume for bulk concentration, but dissolution
occurs in the cell (D’Arcy et al., 2010; Todaro et al., 2017). However,
even the flow-through cell volume could be considered an over-
prediction of the effective available volume and may overestimate the
dissolution rate. Providing a simulated near-particle volume (NPV)
(Fig. 1), could render the simulated profile more accurate when the drug
initially dissolves in a limited volume due to the low local fluid velocity
regions and then diffuses through the cell and reservoir volumes .

An NPV was implemented and explored in the mechanistic simula-
tion code, SIMDISSO™, which has been previously described (D’Arcy
and Persoons, 2019, 2011). SIMDISSO™ operates in Matlab (The
MathWorks Inc.), but is otherwise a non-commercial dissolution simu-
lation platform. Two options are available in SIMDISSO™ to define bulk
concentration: cell and NPV. The NPV option has a local fluid domain
volume extending to a distance of one radius from the particle surface. If
the system is defined as a closed system, as it was for this work, media
recirculates from the cell into the reservoir and from the reservoir into
the cell if the cell volume is defined as bulk volume (Fig. 2). If the NPV
option is enabled, media flows directly from the reservoir into the NPV,
reflecting the continuous input to the dissolution region of the cell of
more dilute solution from the reservoir, and then the mass released is
transported back into the cell, which is assumed to be ideally mixed.
Finally, the new cell concentration is the inlet to the reservoir concen-
tration in the next timestep as, while dissolution is a continuous process,
dissolution is simulated over a series of timesteps with each timestep
simulating a (user-defined) fraction of a second.

Aqueous
diffusion
boundary layer

O API
@

("‘-) Near-particle

- volume
Dissolution
medium

Fig. 1. Illustration of spherical API particle with radius r,, near-particle volume
(NPV), with radius extending a distance of one particle radius from the particle
surface into the dissolution medium, aqueous diffusion boundary and dissolu-
tion medium surrounding each particle in the dissolution media.
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In the paddle apparatus, unless poor mixing is detected, it is
reasonable to consider a homogeneous distribution of drug particles in
the dissolution medium and therefore using vessel volume as bulk vol-
ume could result in an accurate simulated dissolution profile (McCarthy
et al., 2004). Nevertheless, there can be some regions of low velocity in
the bottom of the vessel (Baxter et al., 2005; Kukura et al., 2004) or some
particular situations where the mixing is poor (Kukura et al., 2003), for
example, when viscous media is used (Higuchi et al., 2015), that could
benefit from a more local volume to the particle when aiming for a more
accurate simulated dissolution profile. In the simulations in the current
work, the two options available for bulk concentration calculation are
explored, the whole vessel volume or NPV with recirculation between
them when the latter is enabled (Fig. 2).

The effect of bulk volume is depicted in Fig. 3. As the volume
available for the particle to dissolve increases, by switching from NPV to
cell or vessel volume (cases A and B), the dissolution rate is expected to
increase due to bulk concentration reduction. In general, when working
closer to saturation conditions — greater mass, lower solubility and lower
fluid velocity -, it is hypothesised that having an NPV will be more im-
pactful on the dissolution rate simulation. The change in NPV concen-
tration over time is a function of fluid velocity, flow-through cell cross-
sectional area and the ratio between bulk volume and cell or vessel
volume.

In terms of particle diameter, either an average or median experi-
mentally obtained particle size, or different particle size bins to capture
particle size distribution, can be used. The latter is expected to increase
the accuracy of the prediction (Hintz and Johnson, 1989; Okazaki et al.,
2008). In that case, each particle size bin dissolves at a rate based on its
mass and surface area, but against a concentration gradient which
contains a contribution from every bin. Apart from the combined
contribution to the concentration gradient, any other interactions be-
tween particles in the experimental setup are not currently considered in
the simulations. As the particles dissolve, a new particle size is calcu-
lated for each time step, which will impact surface area and particle
velocity, ultimately affecting the mass transfer rate at the next timestep.

The dissolution rate will also be affected by particle motion. Particle
motion for a moving particle in the flow-through apparatus is pulsing
due to the pulsing flow of the fluid, but more complex velocity patterns
have been found (D’Arcy and Persoons, 2011). Two possibilities are
available in SIMDISSO™, namely enabling or disabling particle motion.
When particle motion is disabled, particles are exposed only to fluid
velocity whereas when particle motion is enabled, particles are exposed
to a relative velocity, which is the difference between fluid and particle
velocity.

Ibuprofen was used as a sample drug in the current work. It is a class
I drug according to the Biopharmaceutical Classification System (BCS)
(Potthast et al., 2005) and class I according to the Developability Clas-
sification System (DCS) (Butler and Dressman, 2010), due to its high
permeability (Loisios-Konstantinidis et al., 2020) and pH-dependent
solubility, low at pH 1.2 and 4.5 and high at pH 6.8.

The aim of this paper is to assess the predictive ability of SIMDIS-
SO™ when (1) using the near-particle volume (NPV), which extends
from the particle surface to a distance of one particle radius, versus the
flow-through apparatus cell volume or the paddle apparatus vessel
volume as the relevant instantaneous volume for the dissolution of two
drug loadings in a closed system, (2) assessing the effect of inputting
particle size distribution instead of a median particle size and (3)
exploring the effect of enabling or disabling particle motion, in two
media and with two fluid velocity conditions. The applicability of the
model is investigated by means of extracting the predicted time to 85%
or 50% dissolution and comparing it to the experimental time in each of
the three simulated scenarios.

2. Simulation theory

The SIMDISSO™ model has been described elsewhere (D’ Arcy and
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Fig. 2. Schematic definition of bulk concentration in each apparatus. C,, bulk concentration, C,, vessel concentration, C,, cell concentration, C,, reservoir con-

centration, V;, near particle volume.
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Fig. 3. Initial conditions for dissolution in a sample volume containing a mass of spherical particles (white circles) of a given diameter, solubility and diffusivity
surrounded by a near-particle volume (light blue circles). Once dissolved, molecules are transported from the NPV to the total volume. The intensity of the colour
reflects the degree of saturation, light blue or light grey being a dilute system and dark blue or dark grey a concentrated system.

Persoons, 2019, 2011). Briefly, it represents a lumped parameter
mechanistic dissolution model which estimates a mass transfer coeffi-
cient (k) (Equation 1) for each timestep by calculating the Reynolds
number (Re), Schmidt number (Sc) and Sherwood number (Sh) for a
particle in a known fluid velocity field, through the Ranz-Marshall
correlation (Cammarn and Sakr, 2000)(Sugano, 2008) (Equation 2)
and associating it with solubility and drug surface area to predict the
dissolution rate at any moment in time.

Sh =k(d,)/D @

Sh =2+ 0.6Re"/Sc'/? 2
where D is the diffusion coefficient and d, is particle diameter, which
can be a median particle size (MPS) or several particle diameters from a
particle size distribution (PSD). In line with equations (1) and (2), the

particles are assumed to be spherical and to act independently in the
dissolution environment. These assumptions can result in an underes-
timation of available surface area due to the low surface:volume ratio of
a sphere, and conversely an overestimation of surface area as particle
aggregation effects are not captured in the simulation. Nonetheless, in
addition to being a common approach to mechanistic mass transfer
simulations, the assumption of sphericity facilitates particle motion
simulations and thus hydrodynamic effects.

One of the features of SIMDISSO™ is that it can capture the hydro-
dynamic effects of the in vitro system used by means of incorporating a
relative velocity term in Re. If particle motion is disabled, the relative
velocity becomes equal to the fluid velocity. SIMDISSO™ is a reduced-
order model and only one time-dependent fluid velocity parameter is
included, which represents a characteristic fluid velocity in the disso-
lution cell. When particle motion is enabled, it is calculated for each
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timestep as the sum of the forces acting over the particle divided by the
apparent mass of the particle. By simulating the effect of these forces, the
change in particle velocity with time can be estimated and the new
particle velocity can be used as an input for the next timestep.

3. Experimental methods
3.1. Solubility study

120 mg and 30 mg of ibuprofen (Glentham Life Sciences Ltd) were
added to 10 ml of 0.2M phosphate buffer pH 6.8 or 10 ml of 0.1M HCI,
respectively, following the shake flask method (Alsenz and Kansy,
2007). Tests (n=3) were carried out in parallel in medium containing
0.003% w/v Tween 20. The solutions were placed in a shaking water
bath at 37°C and 100 rpm (Precision Reciprocal Shaking Bath Model
25). Samples were withdrawn at 1, 5, 24, 48 and 72 hours, filtered
through a 0.45 um PVDF filter (UltraCruz™, Santa Cruz Biotechnology,
Inc.) and analysed at 222 nm in a UV-Vis spectrophotometer (Phar-
maSpec 1700, Shimadzu) (n =3).

3.2. Optical microscopy

Ibuprofen powder was visualized under an Olympus BX53 optical
microscope (Mason Technologies) with a 20x magnification.

3.3. Particle size analysis

Ibuprofen particle size determination (n=3) was carried out using a
Mastersizer 3000 (Malvern Analytics) in wet mode with the Hydro MV
accessory and a measurement time of 10 seconds. A saturated solution of
ibuprofen in phosphate buffer with 0.003% w/v Tween 20 was used as
the dispersant. The refraction index of the particle was 1.52 and the
absorption index was 0.010. A PSD was calculated by generating five
fractions each containing 20% of the total volume of particles. The
median size was calculated for each fraction. To allocate bins for PSD,
20% of the total mass was allocated to each median size.

3.4. Surface area analysis

Samples (n=2) were degassed at 50°C overnight under nitrogen gas
flow using a SmartPrep degasser (Micromeritics). Subsequently, specific
surface area was measured in a Gemini VI analyser (Micromeritics)
following the Brunauer-Emmett-Teller (BET) method by determining
the amount of nitrogen adsorbed to the ibuprofen crystals’ surface at the
relative pressures of 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3.

3.5. Dissolution tests

Dissolution tests were carried out in triplicate in a SOTAX CE7 smart
flow-through apparatus and an Agilent 708-DS paddle apparatus.

3.5.1. Media preparation

3.5.1.1. Phosphate buffer. 0.2M phosphate buffer was prepared and
degassed according to the United States Pharmacopeia (USP) (Buffer
Solutions, (USP) 2021). 6.8 g of potassium phosphate monobasic
(Honeywell Fluka®) and 0.003% w/v Tween 20 (Sigma-Aldrich) were
added to 112 ml of a 0.2M NaOH solution and the volume was made up
to 1L of deionised water. The pH of the buffer was 6.80+0.02.

3.5.1.2. 0.1IM HCL 1000 ml of 0.1M HCI were prepared by diluting 8.3
ml of 37% HCl (Honeywell Fluka®) and 0.003% w/v Tween 20 in
deionised water.
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3.5.2. Dissolution tests in the flow-through apparatus

Two average linear fluid velocities were achieved by combining a
flow rate of 16 ml/min and a cell diameter of 12 mm (2.35 mm/s; fast
velocity) or a flow rate of 8 ml/min and a cell diameter of 22.6 mm (0.33
mm/s; low velocity) in a closed system. The reservoir volume was 200
ml.

The ibuprofen mass was placed in the cell on top of the glass beads,
which filled the conical part of each cell. Each glass bead was 1 mm in
diameter and 2.8 mg. The mass used was 0.947 g for the 12 mm diameter
cell and 6.128 g for the 22.6 mm diameter cell. A GF/D glass microfiber
filter (GE Healthcare Life Sciences Whatman ™) was placed on top of the
cell to retain undissolved particles. 2 ml samples were taken at 2, 4, 8,
15, 30, 45, 60, 90 and 120 minutes for phosphate buffer and 10, 20, 40,
60, 90, 150, 210 and 270 minutes for HCl. Samples were replaced with
fresh medium at 37°C after each sampling point.

3.5.3. Dissolution tests in the paddle apparatus

The ibuprofen mass was placed inside a Vcaps® HPMC capsule size 3,
kindly donated by Lonza, and a sinker and added to 500 ml of dissolu-
tion medium. Time zero was set as the time when the first capsule was
observed to rupture.

3 ml samples were taken at 2, 4, 6, 8, 10, 15, 30, 45 and 60 minutes
for phosphate buffer and at 10, 20, 40, 60, 90, 120, 180, 240 and 300
minutes for HCL. The sampling probe was only introduced at the moment
of sampling to minimize alteration of hydrodynamics in the vessel
(Chapter 1094, (USP) 2021). Samples were filtered using PTFE filters
(0.45 pm, Fisherbrand) and the first millilitre was discarded. Samples
were replaced with fresh medium at 37°C after each sampling point.

3.5.4. Analysis of the samples

All samples were analysed by UV-Vis spectrophotometry (Phar-
maSpec 1700, Shimadzu) at either 222 nm for 5 mg tests or 264 nm for
50 mg tests, due to the higher sensitivity at 222 nm and reduced need for
dilution at 264 nm.

3.6. Computational methods

3.6.1. Input parameters for the flow-through apparatus

Simulations in the flow-through apparatus were performed with
either (1) 5 or 50 mg, (2) pH 6.8 phosphate buffer or 0.1M HCI and (3)
2.35 mm/s and 0.33 mm/s as average linear fluid velocities in a pulsing
flow field. Inputs are presented in Table 1.

The cell volume was calculated based on 30 mm of the upper cy-
lindrical part of the cell and not including the conical section containing
the glass beads, nor regions in the upper cell where the diameter
changes, as a constant diameter is required to calculate the instanta-
neous linear velocity in the cell and the relative particle velocity.

The cell volume, the experimentally determined median particle size
(MPS) and particle motion enabled were inputs for the initial reference
simulation. Simulations were assessed for improved predictability by (1)
using an NPV (2) inputting a PSD and (3) disabling particle motion.

Particle size, density and phosphate buffer solubility inputs were
experimentally determined. In HCI (pH 1.5), the theoretical solubility
value obtained using equation (3) (D’Arcy and Persoons, 2011;(Healy
and Corrigan, 1992)) was used in the simulations (0.064 mg/ml)

Solubility (mg / ml) = 0.064(1 + 1077~4) 3)

Fluid density and simulation time were media-dependent. Particle
density is an estimate from measurement results described in literature
(D’Arcy and Persoons, 2011). The flow profile was set to be pulsating
with a pump frequency of 2 Hz (Chapter 711, (USP) 2021) and gravity
was enabled as it is relevant to the direction of the flow profile in the
vertical flow-through cell (D’Arcy et al., 2011).
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Table 1
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Experimentally determined (*) and literature extracted () inputs to SIMDISSO dissolution simulation code. p,, particle density, D, diffusion coefficient, u, fluid
viscosity, V;, reservoir volume, mo, mass, d,, particle diameter, Uy, particle velocity, Uy, fluid velocity, Cp, bulk concentration, Cs, solubility, Pfs fluid density.

Constant inputs Variable inputs

Flow-through Paddle Flow-through Paddle
T pp (g/em®)'? 1.018 my () 0.005, 0.050 0.003, 0.050
d, (mm) 0.160, PSD 0.160, PSD
Number of Size bins 1,5 1,5
T D (m%/s) 13 8+10°1° U, Enabled, Disabled Enabled
1 Cell diameter (mm) '3 0.0226 0.012 -
Particle shape Spherical T Flow rate (ml/min)'® 8 16 -
t Uy (m/s) 2829 - 0.0766 (50 rpm), 0.1476 (100 rpm)
t 4y (mPa s)'? 0.7 Cp calc. NPV, Cell NPV, Cell
Pumping mode Pulsating Steady Medium properties and solubility
Flow-through Paddle
V, (ml) 200 500 Phosphate buffer 0.1M HCl Phosphate buffer 0.1M HCl
G (mg/cm®)!? 3.5 0.064 3.5 0.064
Gravity (m/s?) 9.81 Disabled s (g/cm®) 1.009 1.006 1.009 1.006
T Pump frequency (Hz)! 2 Simulation time (min) 90 300 45 300
Type of system Closed Time steps (s) 0.004 0.004 0.004 0.004
3.6.2. Particle motion simulations 4. Results

10-seconds simulations were run to interpret the initial effect of
disabling or enabling particle motion in the flow-through apparatus.

Two average linear fluid velocities were used: 0.33 mm/s and 2.35
mm/s, to match the experimental flow rates and cell diameters. Other
inputs were 5 mg mass, 160 um MPS, 200 ml reservoir volume, 0.064
mg/ml solubility and 1.006 g/cm® fluid density. The constant inputs are
as described in Table 1. Particle motion and gravity were enabled. The
results presented here are calculated in 0.1M HCI, but the same results
were obtained for phosphate buffer, due to an almost equal density,
same fluid velocity, same particle properties and minimal dissolution
over 10 seconds.

3.6.3. Input parameters for the paddle apparatus

Inputs to the simulations in the paddle apparatus are shown in
Table 1. The fluid pumping mode was set to steady as there is no pul-
sating option for the paddle apparatus, particle motion was enabled and
gravity disabled as tangential velocity is the main velocity component in
the paddle apparatus (McCarthy et al., 2003; Todaro et al., 2017), and
fluid velocity data were extracted from literature (Bai et al., 2011, 2007)
to be equivalent to a rotational speed of 50 rpm or 100 rpm.

3.7. Statistical analysis

All experimental measurements were carried out in triplicate apart
from surface area analysis, and presented as the mean value + standard
deviation. Two-sided t-tests were carried out to determine whether there
was a statistically significant difference between the solubilities of the
dissolution media with and without surfactant. A confidence level of
95% was selected.

The time to 85% dissolution in phosphate buffer (t85) and 50%
dissolution in HCI (t50) was directly extracted from simulation outputs
and experimental profiles.

For profiles exploring the effect of PSD, the experimental dissolution
profiles were compared to the simulated MPS and PSD profiles for each
time point by calculating the percentage predicted error (PE%) and the
root mean square error (RMSE) to illustrate predictability over the
whole profile:

|Simulated value — Experimental value|

PE% = 100 4

Experimental value

o
RMSE = \/— Z (Simulated value — Experimental value)® 5)
=

4.1. Solubility study

The solubility of ibuprofen in phosphate buffer with and without
Tween 20, was 3.5+0.5 mg/ml and 4.1+0.3 mg/ml after 48 hours of
incubation. The pH values of the saturated solutions were 6.05 and 6.10,
respectively, which is in accordance with the surface pH of ibuprofen in
phosphate buffer reported in literature (Cristofoletti and Dressman,
2016). The solubility values with and without surfactant were not sta-
tistically significantly different, therefore the value of 3.5 mg/ml was
used in the simulations of dissolution in phosphate buffer with Tween
0.003% w/v. Solubility in 0.1M HCI with and without Tween 20, was
0.063+0.016 mg/ml and 0.066 +0.012 mg/ml after 24 hours of incu-
bation, which was in agreement with intrinsic solubility values pre-
sented in literature (Krieg et al., 2015; Levis et al., 2003). Therefore, the
calculated value (eq 3) of 0.064 mg/ml was used as input for the
simulation.

4.2. Particle size analysis

The experimental d50 value was 160+0.197 pm. The particle sizes of
the each of the PSD bins were 12.7 pm, 81.2 pm, 135.5 pm, 240 pm and
551 pm.

4.3. Dissolution tests in flow-through apparatus

4.3.1. Cell volume vs near-particle volume

The experimental and simulated dissolution profiles of 5 mg of
ibuprofen at two average fluid velocities, 2.35 mm/s and 0.33 mm/s, in
phosphate buffer and 0.1M HCI were compared (Fig. 4). Simulated re-
sults were obtained using an MPS and enabled particle motion and either
the cell volume or the NPV.

The experimental dissolution rate of 5 mg of ibuprofen in phosphate
buffer would be considered rapid (85% within 30 minutes) by the FDA
guidance for BCS class I or III drugs in the paddle apparatus at 50 rpm
((FDA, 2017) ), which was expected due to its high solubility at pH 6.8.
In 0.1M HCI, after 270 minutes, only 73% was dissolved in the fast fluid
velocity test and 57% in the low fluid velocity test, due to the low sol-
ubility of ibuprofen in HCI and the lack of sink conditions, as has been
reported for other drugs (Van der Vossen et al., 2019).

The experimental dissolution rates decreased in a lower fluid ve-
locity environment in both media. In phosphate buffer, the NPV and cell
options predicted very rapid dissolution, however use of the NPV sug-
gested velocity effects on dissolution which were not apparent in the
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Fig. 4. Experimental dissolution profiles of 5 mg of 160 um median diameter ibuprofen particles in 200 ml of (a) pH 6.8 phosphate buffer or (b) 0.1M HCI, with
0.003% w/v Tween 20 at 37°C in the flow-through apparatus at two average linear fluid velocities: 2.35 mm/s (white circles) and 0.33 mm/s (black circles).
Simulated profiles were obtained with an MPS and particle motion enabled and either cell volume (solid lines) or a near-particle volume (dashed lines) for 2.35 mm/s

(black) and 0.33 mm/s (blue).

simulation using the cell option as the bulk volume. Furthermore, the
NPV option was better at predicting t85 than the cell volume option, in
both velocities (Table 2). In 0.1M HCl, the NPV underpredicted the
dissolution rate in both fluid velocities and did not increase the t50
predictive ability. The underprediction from all simulations in 0.1M HCl
(Fig. 4) could be attributed to the assumption of sphericity by the model,
whereas the majority of the particles are needle-shaped, as shown by
optical microscopy (Fig. 5). However, while the calculated surface area
for the 5 mg sample using the MPS (1.8 cm?) was lower than the
measured surface area (5.3 cmz), the calculated surface area using the
PSD (6.15 cm?) compared well with the measured area. Therefore the
underestimation of surface area resulting from the assumption of
spherical particles is likely to have a minor impact in the current work.

The effect of fluid velocity on dissolution rate is due to the local
medium being more concentrated in each timestep because of a reduced
mass transport rate away from the dissolving surface affecting the local
concentration gradient and slowing down the dissolution process. An
effect of the flow rate on dissolution rates has been described before

Table 2

(D’Arcy and Persoons, 2011), possibly due to a better dispersal of the
particles as the flow rate increases as well as the effect on local con-
centration gradients.

Therefore, an NPV seemed more accurate in predicting dissolution in
high solubility than low solubility conditions, although other simulation
parameters, such as particle size and particle motion definition can
affect the accuracy of the prediction, as will be discussed.

4.3.2. Particle size distribution vs median particle size

The simulations were run with an NPV, particle motion enabled and
either an MPS or a PSD. Although the shape of the 5 mg dissolution
profile in phosphate buffer resembled the experimental results more
closely than when an MPS was used in both velocities, (Fig. 6a), the
predictive error and RMSE were larger for the simulations using a PSD
(Fig. 7a). This is due to the fast simulated dissolution at early timepoints
from the contribution of the small particles (12.7 pm) and the slower
simulated dissolution at later timepoints due to the dissolution of larger
particles (551 pm).

Time to 85% or 50% dissolution (min) in the flow-through apparatus with a constant 200 ml reservoir volume and gravity enabled. Some of the simulations in the low
solubility environment (0.1M HCI + 0.003% w/v Tween 20, represented by a solubility of 0.0064 mg/ml) did not reach 50% dissolved in 300 min.

Variables Time to 85% dissolution in flow-through apparatus
Test ID Solubility (mg/ml) Mass (mg) Velocity (mm/s) Bulk volume Particle size (um) Particle motion Simulated Experimental
1 3.5 5 2.35 Cell MPS On 9.99 16.92+5.51
2 3.5 5 2.35 NPV MPS On 12.55
3 3.5 5 2.35 NPV PSD On 18.03
4 3.5 5 2.35 NPV PSD Off 16.11
5 3.5 5 0.33 Cell MPS On 10.09 22.43+4.36
6 3.5 5 0.33 NPV MPS On 22.13
7 3.5 5 0.33 NPV PSD On 22.34
8 3.5 5 0.33 NPV PSD Off 30.53
9 3.5 50 2.35 Cell MPS On 10.98 40.89+1.38
10 3.5 50 2.35 NPV MPS On 16.05
11 3.5 50 2.35 NPV PSD On 19.98
12 3.5 50 2.35 NPV PSD Off 18.23
13 3.5 50 0.33 Cell MPS On 11.53 69.65+7.01
14 3.5 50 0.33 NPV MPS On 37.19
15 3.5 50 0.33 NPV PSD On 30.58
16 3.5 50 0.33 NPV PSD Off 38.30
Time to 50% dissolution in flow-through apparatus
17 0.064 5 2.35 Cell MPS On 282.68 131.01+16.85
18 0.064 5 2.35 NPV MPS On >300
19 0.064 5 2.35 NPV PSD On 223.42
20 0.064 5 2.35 NPV PSD Off 174.50
21 0.064 5 0.33 Cell MPS On 284.30 219.35+44.84
22 0.064 5 0.33 NPV MPS On >300
23 0.064 5 0.33 NPV PSD On >300
24 0.064 5 0.33 NPV PSD Off >300
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Fig. 5. Ibuprofen crystals visualized under Olympus BX53 optical microscope with a magnification of x20.
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Fig. 6. Experimental dissolution profiles of 5 mg of 160 um median diameter ibuprofen particles in 200 ml of (a) pH 6.8 phosphate buffer or (b) 0.1M HCI, with
0.003% w/v Tween 20 at 37°C in the flow-through apparatus at two average linear fluid velocities: 2.35 mm/s (white circles) and 0.33 mm/s (black circles).
Simulated profiles were obtained with a near-particle volume and particle motion enabled and either an MPS (solid lines) or a PSD (dashed lines) for 2.35 mm/s

(black) and 0.33 mm/s (blue).
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Fig. 7. Percentage predicted error (al) and log percentage predicted error (PE) (a2) vs time profiles and RMSE values of 5 mg of 160 um median diameter ibuprofen
particles in 200 ml of (a) pH 6.8 phosphate buffer or (b) 0.1M HCI with 0.003% w/v Tween 20 at 37°C in the flow-through apparatus at two average linear fluid
velocities, 2.35 mm/s or 0.33 mm/s. Simulated results were obtained with a near-particle volume (NPV), particle motion (PM) enabled and either a median particle
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Moreover, there was a particularly high predictive error for early
timepoints when a PSD was used in the phosphate buffer medium,
especially in the lower velocity flow field. This could be due to the hy-
drophobic nature of the ibuprofen particles making them prone to ag-
gregation and therefore behaving as bigger particles at the beginning of
the test, even though a small amount of surfactant was used to promote
dispersal. An aggregation effect could be considered more likely in the
low velocity flow field. Therefore, a PSD could be more useful for drugs
not as prone to aggregation as ibuprofen (D’Arcy and Persoons, 2011).
However, it was as accurate as an MPS when predicting t85 in the low
velocity environment and even more accurate than an MPS in fast fluid
velocity (Table 2).

In the low solubility media, 0.1M HCl, a PSD increased the prediction
accuracy, reducing the RMSE and predictive error to a similar extent in
both velocities (Figs. 6b and 7b). It increased the ability of the simula-
tion to predict the t50 in a fast fluid velocity environment, even though
the observed time was still exceeded by approximately 92 minutes
(Table 2).

Overall, PSD improved the predictive accuracy in the low solubility
environment, but a notable underprediction was still observed.

4.3.3. Particle motion enabled vs disabled

Preliminary particle motion simulation results are shown in Fig. 8.
Both velocities present a semi-sinusoidal profile due to the pulsating
flow with which the media enters the dissolution cell. Fluid velocities
fluctuated between zero and positive values, as defined by the velocity
input in the code, with two pulses per second. Particle velocity fluctu-
ated between positive and negative values, which represent upward flow
and downward flow, respectively, but the magnitude of the positive
values was larger, suggesting particles would move to the top of the cell
and be held there at initial stages of dissolution until small enough to
move with the fluid. Therefore, these results suggest that particle motion
should be disabled, at least during the first instances of dissolution. In
the light of these results, simulations were run with disabled particle
motion in both media.

In the case of phosphate buffer, the results were similar when
disabling and enabling particle motion (Fig. 9), and within or very close
to the error bars for the 5 mg profile, therefore the usefulness of
disabling particle motion was not proven in that particular situation
(Fig. 9a).

With respect to the predictive ability of the simulation in phosphate
buffer, it gave an accurate prediction of t85 in a fast fluid velocity media,
but so did the options with particle motion enabled and an NPV, and in
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1
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1
g
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the low fluid velocity situation it predicted a larger t85 than observed
(Table 2).

In the case of 0.1M HCIl, disabling particle motion in a fast fluid
velocity situation led to the most accurate prediction of the four options
and the closest t50 to the observed, but it resulted in an almost super-
imposable profile as that generated when particle motion was enabled in
the case of a low fluid velocity (Fig. 9b). This is because the difference
between maximum initial relative velocity (0.225 mm/s) and maximum
initial fluid velocity (1.033 mm/s) was very small in this scenario,
therefore the velocity that the particle is exposed to is similar when
particle motion is enabled or disabled. In the case of a higher fluid ve-
locity, when the particle is exposed to fluid velocity only (maximum
7.398 mm/s) - that is, when particle motion is disabled - this is of a
notably larger magnitude than the relative velocity it is exposed to when
particle motion is enabled (0.235 mm/s) (Fig. 8), leading to a faster
dissolution rate in the former case.

Therefore, disabling particle motion only slightly increased the
predictive ability in the low solubility-fast velocity conditions simulated
in the current work.

4.3.4. Predictive ability of the simulation with different drug loadings

All simulation options predicted the dissolution of 5 mg of ibuprofen
in phosphate buffer in the flow-through apparatus at both velocities
reasonably well whereas there was a large overprediction for a mass of
50 mg (Fig. 10), especially for the fast velocity environment (Fig. 10a).
Even inputting a PSD, with and without particle motion enabled, did not
improve the predictions for a mass of 50 mg, compared to inputting an
MPS.

Furthermore, all predicted t85 values were lower than the experi-
mental times obtained (Table 2). This overprediction of the dissolution
rate was previously observed with a mass of 10 mg in the flow-through
apparatus when clumping was suspected (D’Arcy and Persoons, 2011).
The lower predicted t85 values in the current work could be due to
visible clumping which was observed to occur in the experimental test,
which reduces the surface area exposed to the medium and therefore the
dissolution rate. This is not captured by the simulation, which assumes
individual spherical particles that do not interact. To ensure particle
dispersal a small amount of surfactant was used in the medium, namely
0.003% w/v Tween 20. This was successful in dispersing the particles
without affecting solubility to a great extent when a small mass of
ibuprofen was used, but clumping was still visible for the bigger mass of
50 mg. Furthermore, the time to wet the particles at the beginning of the
test, resulting in a reduced initial effective surface area for dissolution,
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Fig. 8. Particle motion simulations for 5 mg of 160 um diameter ibuprofen particles in 200ml of 0.1M HCI at 37°C in the flow-through apparatus with (a) a flow rate
of 16 ml/min and a cell diameter of 12 mm or (b) a flow rate of 8 ml/min and a cell diameter of 22.6 mm.
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Fig. 9. Experimental dissolution profiles of 5 mg of 160 pm median diameter ibuprofen particles in 200 ml of (a) pH 6.8 phosphate buffer or (b) 0.1M HCI, with
0.003% w/v Tween 20 at 37°C in the flow-through apparatus at two average linear fluid velocities: 2.35 mm/s (white circles) and 0.33 mm/s (black circles).
Simulated profiles were obtained with a particle size distribution, near-particle volume and particle motion enabled (solid lines) or disabled (dashed lines) for 2.35

mm/s (black) and 0.33 mm/s (blue).
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Simulated (sim) profiles were obtained for 5 mg (dashed lines) and 50 mg (solid lines) with an MPS, particle motion enabled and cell volume (black); an MPS, particle
motion enabled and near-particle volume (blue); a PSD, particle motion enabled and near-particle volume (green); a PSD, particle motion disabled and near-particle

volume (red).

may be influencing the overprediction. Wetting issues have been
observed previously in the dissolution of ibuprofen API (Cristofoletti and
Dressman, 2017). Therefore, the effect of mass is important in terms of
inputting an accurate particle size in the simulation.

In addition to clumping, the saturation with a higher mass can affect
the local instantaneous concentration. When using the cell volume op-
tion in the simulation, combined with an MPS and enabled particle
motion, no difference in dissolution rate was predicted between both
masses in phosphate buffer at both velocities. This can be attributed to a
very low bulk concentration in the whole reservoir volume of 200 ml
entering cell volume and affecting cell concentration. When an NPV was
input in the simulations instead, and the rest of the inputs where
maintained, the simulations predicted a difference in the dissolution rate
of the two masses in phosphate buffer, and this difference was larger for
a low fluid velocity. This was due to a smaller instantaneous volume
available for the particles to dissolve, and therefore a reduction in the
magnitude of the gradient driving dissolution.

When working under sink conditions, as defined by reservoir volume
concentration, this observed difference in dissolution between masses is
not expected as bulk concentration is assumed to be negligible, however
this assumption may be too simplistic for dissolution conditions with
low fluid velocity, where the amount of drug transported from the cell
into the reservoir is smaller per timestep. Therefore, the fluid local to the
dissolving particle might become more concentrated and theoretical
sink conditions may not be occurring at all instances in practice.

Overall, even though there was an overprediction in simulated
dissolution rates, the relative difference between dissolution rates in
each flow field, for a mass of 50 mg, was somewhat captured by the NPV-

PSD simulations (70% experimental difference vs 55% simulated
difference).

4.4. Dissolution tests in the paddle apparatus

Four tests in the paddle apparatus are presented in Fig. 11: 50 mg in
phosphate buffer at (1) 100 rpm and (2) 50 rpm and 3 mg in HCI at (3)
100 rpm and (4) 50 rpm. Again, dissolution in phosphate buffer was
rapid (85% within 30 minutes) and, in contrast to the flow-through
apparatus, 100% dissolved was observed in the experimental 0.1M
HCI test at 100 rpm due to presence of sink conditions.

There was an experimental difference in the dissolution profiles be-
tween operating at 50 and 100 rpm in both media that was not reflected
in the simulated profiles, where both profiles were superimposable. This
can be due to better dispersion at 100 rpm and observed sedimentation
at 50 rpm which would result in the particles being exposed to very
different velocities in each case. Dissolution in phosphate buffer was
incomplete after one hour, but it was sufficient to determine t85.
Furthermore notable variability was observed, especially at 50 rpm
(Table 3). The observed sedimented undissolved material at the 1 hr
time point is likely due to poor initial wetting and subsequent poor
dispersal of ibuprofen particles in the low velocity region at the centre of
the vessel base. Whereas it is also possible that the relatively high con-
centration of buffer salts used resulted in the formation and precipita-
tion of sodium or potassium salts of ibuprofen during the dissolution test
(Cristofoletti and Dressman, 2017), similar undissolved material was not
noted in the flow through apparatus tests, suggesting an impact from
system hydrodynamics.
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Fig. 11. Experimental dissolution profiles of 50 mg of 160 um median diameter
ibuprofen particles in 500 ml of pH 6.8 phosphate buffer with 0.003% w/v
Tween 20 (squares) and 3 mg in 500 ml 0.1M HCl with 0.003% w/v Tween 20
(circles) at 37°C in the paddle apparatus at two agitation speeds: 50 rpm
(white) and 100 rpm (black). Simulated profiles were obtained with an MPS
(blue) or a PSD (orange). Simulated results were obtained using a velocity of
0.1746 m/s, representing 100 rpm or 0.0766 m/s, representing 50 rpm (results
were superimposable) and cell volume or near-particle volume (results were
superimposable). Particle motion was enabled in all simulations.

In both media, the PSD option seemed more accurate than an MPS
from the dissolution profiles in Fig. 11. However, in terms of predictions,
an MPS was relatively accurate in predicting <30 minutes for t85 in
phosphate buffer at a 100 rpm (predicted 14 min vs experimental 8
min), and more accurate than a PSD, due to the slow simulated disso-
lution of the bigger particles in later stages of dissolution (Table 3).

Neither an MPS nor a PSD were accurate in predicting the time
dissolved at 50 rpm probably because the sedimentation observed dur-
ing the test was not captured by the simulation, which incorporated only
tangential velocity effects. Furthermore, there was no difference in using
the cell volume or an NPV for either medium. This can be due to both the
fluid velocity and the cross-sectional flow area, which influence how
NPV concentration changes over time, being of a higher magnitude in
the paddle apparatus simulations than in the flow-through apparatus.

In 0.1M HC], a PSD simulation predicted a closer t50 when compared
to an MPS (Table 3), however both t50 predictions were of a much
higher magnitude than the experimental results, as can be observed by
the underprediction in Fig. 11.

Table 3
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5. Discussion

The predictions were overall accurate for the rapid dissolution of a
low mass of ibuprofen in phosphate buffer, but there was a general
underprediction in 0.1M HCL. This could be due to surface area effects
leading to a faster dissolution due to the discrepancy between the actual
particle morphology and the assumption of spherical particles in the
simulation, however in the current work the simulation using PSD
suggested only a minor impact if any from the assumption of sphericity
on available surface area. Conversely there was an overprediction of
dissolution rate in a high mass system, likely influenced by agglomer-
ated particles observed in the dissolution cell. The observed needle-
shaped particle morphology is also likely to contribute to particle
agglomeration and caking to a greater extent than would be expected
from spherical particles.

In considering dissolution according to Nernst Brunner equation,
flow rate will affect dissolution rate as it would impact the aqueous
diffusion boundary layer thickness. In the presented model, using the
Ranz-Marshall correlation, the hydrodynamic effect is captured by the
Reynolds number, even without considering an NPV. However, defining
bulk concentration using NPV better captured the velocity effect.

An NPV volume in the current work was defined as a spherical vol-
ume surrounding the particle, which extends a distance of one radius
from the particle surface. This NPV is a hypothetical situation of a bulk
volume which is smaller than the reservoir (or vessel) volume, but how
this volume is defined can vary. Any multiple of radii can be input but
one radius was chosen as the smallest NPV thickness that can reasonably
be explored since in a static fluid, due to the asymptotic molecular
diffusion effect, the Sherwood number has been demonstrated to equal
2, meaning the aqueous diffusion boundary layer (ADBL) thickness
equals the particle radius (Sugano, 2008). In a moving fluid, where an
Re-dependent term is included, the ADBL thickness will decrease,
although due to the pulsing flow in the flow-through apparatus there can
still be periods of near static fluid. Therefore, the thickness of the ADBL
will not exceed the NPV thickness at any moment in time. An NPV
extending one radius from the particle surface is considered to be the
minimum NPV which can be explored if the dissolution media has pe-
riods of static motion. The current work represents an illustration of the
effect of a reduced volume in dissolution simulations as sink conditions
might be present globally but not locally, especially in the flow-through
apparatus with a pulsing flow with periods of very low velocity. The
results presented indicate that the concept of a more dynamic bulk
concentration definition, influenced by both local and reservoir con-
centrations and transport between both, is potentially useful both in
simulating dissolution in the flow-through apparatus and in considering
the effect of flow rate, pulsation and cell size on experimental results.

A PSD increased the predictive ability of the simulations in low
solubility media, but it might not always be required, as was shown in
the case of a hydrophobic drug such as ibuprofen in a fast dissolution
environment, pH 6.8 phosphate buffer, where use of an MPS could be
considered sufficiently accurate for many applications. The measured

Time to 85% or 50% dissolution (min) in the paddle apparatus with 500 ml reservoir volume and gravity disabled. Some of the simulations in the low solubility
environment (0.1M HCl + 0.003% w/v Tween 20, represented by a solubility of 0.0064 mg/ml) did not reach 50% dissolved in 300 min.

Variables Time to 85% dissolution in paddle apparatus
Test ID Solubility (mg/ml) Mass (mg) Velocity (rpm) Particle size (um) Particle motion NPV Vessel volume Experimental
1 3.5 50 50 MPS On 14.30 14.05 28.14+16.74
2 3.5 50 50 PSD On 40.70 40.55
3 3.5 50 100 MPS On 14.16 14.05 8.04+6.70
4 3.5 50 100 PSD On 40.58 40.61

Time to 50% dissolution in paddle apparatus
5 0.064 3 50 MPS On >300 77.87+5.08
6 0.064 3 50 PSD On - 230.46
7 0.064 3 100 MPS On >300 >300 44.59+5.48
8 0.064 3 100 PSD On - 230.46
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PSD might also not be representative of the effective PSD in the disso-
lution medium.

Furthermore, it is important to characterize particle motion, as if the
difference between fluid velocity and relative velocity is large, as was
the case in the fast fluid velocity in 0.1M HCI, this can affect the accuracy
of the prediction. SIMDISSO™ takes particle motion into account but
there is scope to better explore the simulation of particle motion and
local volume to optimally capture the interplay between hydrodynamic
effects and local concentration gradients.

Limitations and assumptions include the assumption of individually
dissolving spherical particles in the simulation code used for the current
work. Therefore agglomeration of hydrophobic drugs or needle-shaped
particles, which were observed experimentally, are not taken into ac-
count, and the effect of non-spherical particle morphology on surface
area is not captured. The particle size input also has a large influence on
the simulated profiles, and particle size measurement methodology and
bin allocation will affect the predicted dissolution rates. As SIMDISSO™
is a reduced-order model and only one time-dependent fluid velocity
parameter is included, it is not possible to include the change in internal
cell diameter in the upper region of the 12 mm diameter cell. In the
current work, the 12 mm diameter cell simulations were used for the
high velocity conditions only, and preliminary investigations showed
that the simulated dissolution rate was not notably sensitive to a change
in volume when approaching the simulated cell volume. Thus, a cylin-
drical portion of the cell only was simulated, to reflect the highest ve-
locity region. If simulating lower flow rates and/or lower solubilities, it
is recommended that the impact of representative velocity vs. available
volume in the simulation be investigated when defining the cell volume.
Finally, particle density, which can impact particle motion and thus the
simulated dissolution profiles, was not measured for the current work
but extracted from literature, as its effect on ibuprofen dissolution
simulations was previously investigated extensively by this group
(D’Arcy and Persoons, 2011).

6. Conclusions

The implementation of an NPV available for the particle to dissolve
in was compared with the flow-through cell volume or paddle vessel
volume. The NPV was useful to predict effects of velocity differences in a
high solubility media in the flow-through apparatus, accounting for the
reduction in the dissolution rate as velocity is reduced. The simulation
could capture two very different environments in terms of solubility for
the same drug: HCl, where ibuprofen is not very soluble (0.064 mg/ml),
and phosphate buffer, where ibuprofen is highly soluble (3.5 mg/ml),
even though it underpredicted the dissolution rate in low solubility
conditions — in both apparatuses -, especially when the NPV option was
used.

In the light of these findings, it could be argued that the cell volume
option resembled the experimental profiles better in 0.1M HCI in the
flow-through apparatus, however this underprediction was reduced
when other factors were included in the simulation, namely a PSD and
disabling particle motion. Therefore, the advantage of cell over NPV
cannot be ascertained without further investigation of the confounding
effects of other simulation inputs, including effects of particle
morphology on exposed surface area.

The PSD option served to increase the predictive ability of the sim-
ulations especially in low solubility media. In high solubility media, the
accuracy of the prediction when a PSD was used suggests that in fast
dissolution situations use of an MPS could result in a sufficiently accu-
rate simulation, reducing the computational cost.

Whether to have particle motion enabled or disabled can be informed
by preliminary simulations which predict particle motion in the first ten
seconds of dissolution based on particle mass, particle density and fluid
velocity and density. Disabling particle motion was not advantageous in
a high solubility media, but it increased the predictive ability in a high
velocity-low solubility scenario pointing towards the need for a good

11
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particle motion model in dissolution simulation.

Finally, the current work also presents the predictive ability of
SIMDISSO™ as applied to the paddle apparatus. The accuracy of the
prediction was reasonable for fast dissolution — high solubility media,
but it underpredicted the dissolution rate in a low solubility situation.
This underprediction was probably due to the relative velocity being too
low when only tangential velocity was included, without the impact of
axial flow and gravitational effects. Consequently, the different hydro-
dynamic environment for sedimented vs suspended particles is not
considered in the current simulations. This highlights the need to
identify optimal hydrodynamic inputs for situations where dissolution is
slower.
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