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Abstract. Viscosity, influenced by medium composition, will affect the hydrodynamics of a
dissolution system. Dissolution simulation methods are valuable tools to explore mechanistic
dissolution effects, with an understanding of limitations of any simulation method essential to
its appropriate use. The aims of this paper were a) to explore, using dissolution simulation,
the effects of slightly viscous media on particulate dissolution and b) to illustrate approaches
to, and limitations of, the dissolution simulations. A lumped parameter fluid dynamics
dissolution simulation model (SIMDISSO™) was used to simulate particulate (20 and
200 μm diameter) dissolution in media with viscosity at 37 °C of water (0.7 mPa.s), milk
(1.4 mPa.s) and a nutrient drink (12.3 mPa.s). Effects of flow rate, modality (constant vs
pulsing), viscosity and gravitational and particle motion/sedimentation effects on simulated
dissolution were explored, in the flow through and paddle apparatuses as appropriate.
Shadowgraph imaging (SGI) was used to visualise particle suspension behaviour. Flow rate,
hydrodynamic viscous effects and disabling particle motion and gravitational effects affected
simulated dissolution of larger particles. SGI imaging revealed retention of particles in
suspension in 1.4 mPa.s medium, which sedimented in water. The effect of diffusion adjusted
for viscosity was significant for both particle sizes. The limitations of this 1D simulation
approach would be greater for larger particles in low velocity regions of the paddle
apparatus. Even slightly viscous media can affect dissolution of larger particles with
dissolution simulation affording insight into the mechanisms involved, provided the
assumptions and limitations of the simulation approach are clarified and understood.

KEY WORDS: dissolution simulation; fluid dynamics; viscosity; particle dissolution; modelling and
simulation.

INTRODUCTION

Recent advances in dissolution science include hydrody-
namic measurements and simulations (1), more detailed
categorisation of biorelevant dissolution media (2,3), novel
apparatus design to replicate more closely the gastrointestinal
environment (4,5) and an increasing capacity for in-depth in silico
dissolutionmodelling. These developments have occurred against
the background of the rapidly evolving field of physiologically
based pharmacokinetic (PBPK) modelling. In the field of

biopharmaceutics, it is attempted to address the challenge of
bridging in vitro dissolution testing and PBPK through develop-
ment of in vivo predictive dissolution (IPD) testing. The in vivo
gastrointestinal environment is recognised as having many
sources of variability, from luminal media composition (6–8) and
physicochemical variation (9–11) to hydrodynamic considerations
such as intestinal liquid distribution and pressures (12,13).
Consequently, in vitro dissolution test conditions are continuously
being developed to facilitate more biorelevant dissolution
environments for IPD. As increasing efforts are being made to
replicate some of these properties in in vitro dissolution testing, it
is crucial tomaintain amechanistic understanding of the impact of
the dissolution environment on the dissolution rate. There is now
a significant body of literature available detailing fluid dynamic
simulations and velocimetric measurements to characterise
hydrodynamics in the paddle, basket, reciprocating cylinder and
flow through apparatuses (1,14,15), along with a growing body of
in silico simulation studies aiming to characterise the gastrointes-
tinal hydrodynamic environment (16–20).
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Whereas, consensus has evolved concerning the
categorisation and composition of various types of
biorelevant dissolution media in in vitro dissolution testing,
a biorelevant in vitro hydrodynamic environment is less well
defined. Nonetheless, agitation conditions and hydrodynamic
variability can affect dissolution rates, and a greater under-
standing of hydrodynamic conditions in the dissolution
apparatuses supports interpretation of dissolution data gen-
erated. However, hydrodynamics can be interpreted as
relating to agitation conditions, and thus sometimes
interpreted as an aspect of dissolution test conditions separate
to media composition. Media composition can affect fluid
density and, in particular, viscosity, which can notably affect
the hydrodynamic environment.

Currently, biorelevant media are defined as a hierarchy
with four levels of complexity (2). Viscosity is presented as
being relevant to the most complex level and it is relevant in
particular to conditions representing the fed stomach and the
lower intestine. Fed stomach contents would be expected to
be highly viscous (21,22) based on observed viscosity values
of a standard FDA meal. Whereas, the viscosity of an FDA
meal (diluted to 900 mL) was 467 ± 100 mPa.s, even orange
juice with an observed viscosity of 3.37 mPa.s is several times
more viscous than water at 37 °C (0.7 mPa.s) (23) (22), as are
fasted state gastric aspirate fluids (range 1.7–9.3 mPa.s (6)).
The potential small increases in viscosity relative to simple
buffer systems, from media used to represent the fed gastric
state without necessarily aiming to replicate in vivo viscosi-
ties, could affect hydrodynamics and therefore dissolution.
Milk, which has been investigated as a single or major
component of the dissolution medium (3,8,24) with relevance
in particular for, for example, the early post-prandial phase in
the infant population (3), has a viscosity of approximately
1.4 mPa.s, double that of water at 37 °C. The main focus of
the current work was to explore, through dissolution simula-
tion using a fluid dynamics mass transfer model (25,26), the
effects of viscosity on simulated particulate dissolution.
Dissolution in media with viscosity values representing water,
milk and a food supplement (Ensure plus® (21)) were
simulated in the paddle and flow through apparatuses (USP
apparatus 2 and 4, respectively (27)), along with some
dissolution imaging results illustrating the effect on particle
motion of a small increase in viscosity of the dissolution
medium. A range of simulation options to represent the
dissolution environment in a lumped parameter model with a
unidirectional velocity field were employed.

A secondary focus of the current work was to present
approaches and limitations to in silico simulation of particu-
late dissolution in different apparatuses (the paddle and flow
through dissolution apparatuses), with a focus on consider-
ation of the spatial limitations of the dissolution environment,
the simulation of a pulsing vs. constant flow, and the inclusion
of gravitational effects.

Advances in computer technology have enabled access
to considerable computational capacity even on a standard
PC/laptop, facilitating use of simulation technology to inves-
tigate many complex cause-effect relationships. As in silico
modelling and simulation now represent a valuable core tool
in the development of IPD, it is also critical that the strengths
and limitations of any particular simulation approach are
understood. For example, in dissolution simulation, is the 3D

spatial environment simulated, are gravitational effects in-
cluded, is particle motion accounted for in the relative fluid
velocity parameter, is the simulation time-varying or
representing a steady state? Increasing the complexity of a
simulation should increase its accuracy, but the computational
resources required for such increased complexity might
represent an undesirable, and unnecessary, cost. Ultimately
every simulation will include assumptions and limitations, and
understanding the simulation limitations will aid interpreta-
tion of the results, adding confidence and value to the role of
in silico simulation in IPD.

METHODS

Dissolution Simulations and Theoretical Basis

The dissolution simulations were carried out using in-
house in v i t ro dis so lu t ion s imula t ion sof tware
(SIMDISSO™). The methods used, employing a lumped
parameter fluid dynamics-based mass transfer model, have
been previously described (26). Simulations were solved using
Matlab (The MathWorks, Natick Massachusetts, USA), using
the ‘ode15s’ variable time step solver. This method has been
shown to perform well in predicting dissolution of non-
agglomerating particulate systems in the flow-through appa-
ratus with the cell-size used in the current work (26,28).
Variables being solved in the lumped parameter model
include particle diameter, dp, cell concentration (Cc) and
reservoir concentration (Cr). To facilitate better replication of
the local near-particle environment, an option of another
user-defined parameter was introduced to describe available
local volume (Vb) for the dissolving particle, scaled to the
particle radius. Total Vb cannot exceed the cell volume. Cb,
the bulk concentration in Vb, is a further variable solved.
(Paddle apparatus simulations combine cell and reservoir
volumes for vessel volume).

In brief, the following steps were undertaken in each
time step (0.001 s):

Step 1

Using known inputs of particle density (ρp), initial dp and
initial mass to be dissolved, the number of particles present in
the system was calculated.

Step 2

The Reynolds number, Re, which relates dimensions,
density, velocity and viscosity, was solved using Eq. 1. Initial
dP, fluid density (ρf) and dynamic viscosity (μf) were input to
the simulation model, along with fluid velocity, which was
input as an oscillating semi-sinusoidal velocity profile (pulsing
flow through cell) or a constant velocity (flow through cell
without pulse or paddle apparatus configuration):

Re ¼ ρ f jU f−Upjdp=μ f ð1Þ

where Uf is the fluid velocity and Up is the particle velocity.
In Eq. 1, if particle motion is disabled, the particle is

static, particle motion (Up) is zero and the relevant fluid
velocity term is the absolute velocity, Uf.
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If particle motion is enabled, the relevant velocity term is
the relative fluid velocity (the difference between fluid and
particle velocities), represented in Eq. 1 by |Uf − Up|.

When particle motion was enabled, the Up value in Eq. 1
was calculated using the particle size at each time step
(reducing as the particle dissolves), by the following:

mp
dUp

dt
¼ Fdrag þ Fbuoy þ F fluid acc þ FBasset ð2Þ

where Fdrag, Fbuoy, Ffluid acc and FBasset are the drag, buoyancy,
fluid acceleration and (negligible) Basset history integral
forces, respectively, acting on the particle. The term mp

represents the apparent particle mass, which includes a
contribution from the adjacent fluid mass for the calculation
of particle motion (26).

Step 3

The value of Re from Eq. 1 was used to simulate mass
transfer, and thus dissolution rate, through calculation of the
mass transfer coefficient, k, via the Sherwood number (Sh);

Sh can be defined as kdp
D , where D is the diffusion coefficient

(known value for D is input in the simulation model, with the
dp value reducing with each time step as the particle
dissolves). Sh is related to Re and the Schmidt number (Sc),
using the Ranz Marshall correlation (29), as follows:

Sh ¼ 2þ 0:6Re1=2Sc1=3 ð3Þ

where Sc is defined as ν f

D, νf being the kinematic viscosity, thus
relating momentum and mass diffusivity.

Equation 3 can also be written as:

kdp
D

¼ 2þ 0:6
jU f−Upjdp

ν f

� �1
2 ν f

D

� �1
3 ð4Þ

Step 4

The mass transfer coefficient, calculated from Eq. 4, was
used to estimate the change in particle diameter with time,
through the following relationship:

d dp
� �
dt

¼ −k:
2 Cs−Cbð Þ

ρp
ð5Þ

where Cs is the solubility.

Step 5

Estimation of the change in individual dp with time from
step 4, along with the total particle number and particle
density, allows simulation of total mass dissolved with time.

Step 6

The total mass dissolved in each time step affects Cc,
which is also modulated by the flow through the cell over

each time step; Cc along with the flow rate and reservoir
volume determine Cr. Cb and thus the concentration gradient
in Eq. 5, varies with inlet concentration (Cr in closed system),
flow rate, mass dissolved and Vb.

In terms of particle motion, gravitational effects are
relevant to Fbuoy, and viscosity to Fdrag in Eq. 2. Re decreases
with increased viscosity, as evidenced by the presence of μf as
the denominator in Re (Eq. 1). Furthermore, if particle
motion is enabled, increased viscosity will decrease Re
through increased drag (Eq. 2) and therefore reduced relative
velocity value, Uf − Up. On the contrary, an increase in νf,
with a corresponding decrease in D, will lead to an increase in
Sc, having a positive effect on the dissolution rate. As evident
in Eq. 4, this positive effect on Sc is outweighed by the
negative effects of viscosity on Re and Sh. Ultimately,
considering Eqs. 2–4, increasing viscosity should decrease
the dissolution rate. However, considering these equations in
abstract without considering the spatial environment of the
dissolution test can be misleading, as viscosity can also affect
particle sedimentation behaviour and thus the dissolution
environment the particle is exposed to.

Limitations and Assumptions in the Model

The main assumptions of the model were (i) of rigid
spherical, particles; (ii) that there was no interaction between
particles (besides concentration being affected by total mass
dissolved from all particles); (iii) of a uniform and unidirec-
tional velocity field.

The lumped parameter model does not include a
hydrodynamic simulation (apart from the input flow profile);
therefore, the effect of reservoir/vessel dimensions was
limited to concentration effects on simulated dissolution rate.
As the primary flow direction in the paddle apparatus occurs
in the horizontal plane, gravitational effects in this unidirec-
tional model could not be included in the paddle apparatus
simulations. Table I further outlines the relevance of the
model and its approximations to the real operational config-
uration of the dissolution apparatuses considered in the
simulations.

Properties Investigated

The reference case employed in the simulations
(Table II) was a 200-μm diameter particle, solubility
0.23 mg mL−1, diffusion coefficient (D) of 8.7 × 10−10 m2 s−1,
using the flow through apparatus (12 mm diameter cell) with
a reservoir volume of 250 mL and a pulsing flow mode. These
are conditions relevant to, for example, carbamazepine
(CBZ) particulate dissolution (30,31).

An initial drug mass of 20 mg was used for all
simulations.

Simulations were also carried out in an environment
representing the paddle apparatus (900 mL) with velocity
values taken from ultrasound-pulse-echo data (32,33) and
CFD simulations (34,35), representing an approximate range
of fluid velocity magnitudes at the centre of the base of the
paddle apparatus at 25–50 rpm (0.0024 ms−1) and at the top
of a tablet located at the centre of the vessel base at 50 rpm
(0.05 ms−1). The properties investigated in the simulations
(Table II) include flow rate, viscosity, flow modality (pulsing/
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constant) and the D value; along with variation in particle
motion:

(Particle motion enabled: relative velocity used to
calculate Re in SIMDISSO™ (Eq. 1); particle motion
disabled (static particle): absolute velocity used to calculate
Re in SIMDISSO™ (Eq. 1)).

The viscosity values used represent the following: level 1
(0.7 mPa.s), water at 37 °C (23); level 2 (1.4 mPa.s), milk at
37 °C, (21) (1.5 mPa.s), (36)(1.3 mPa.s); level 3 (12.3 mPa.s),
nutrient feed Ensure Plus ® at 37 °C (21).

When the D value was adjusted for viscosity, this was
done based on the Stokes-Einstein equation, where D is
proportional to the reciprocal of viscosity.

BD unadjusted^ refers to the situation in the simulation
where the fluid viscosity is level 2 or 3, but the D value is
retained at the reference value, level 1, representing media
where the D is not altered by increased viscosity (e.g. some
polymeric solutions). BD adjusted^ refers to the D value
being adjusted appropriate to the relevant fluid viscosity.

Shadowgraph Imaging

Shadowgraph imaging (SGI) was conducted as previously
described (26), with the exceptions of an LED light source being
used in place of a laser, camera a Grasshopper 3 GS3-U3-23S6c
(Point Grey Research), and in-house code used to determine
particle dimensions. Fifteen seconds of videowere recorded at each
dissolution sampling time, with a 10-Hz frame rate. In brief, 20 mg
CBZ powder (Sigma) were used in the flow through apparatus
(Sotax CE1, 12 mm cell, 250 mL reservoir volume, 8 mL min−1,
closed loop).Media usedwere degassedwater (viscosity 0.7mPa.s)
and 0.3% w/v HPMC solution (viscosity 1.37 mPa.s) (H9262,
Sigma). Due to the low concentration and grade of HPMC used,
Newtonian behaviour was assumed. Viscosity was measured using
Vibro SV-10 viscometer (A and D company Ltd.) (n= 3). CBZ
particle size was measured using a Malvern Mastersizer 2000
(Hydro μP, dispersant water) (n= 3); the d50 value was 262 μm.

SGI facilitates a quantitative analysis of particle numbers
and size, present in the imaging window (approximately the
centre portion of the cell) (26,28). The image sequences
presented were recorded at 10, 20 and 30 min after the
beginning of the dissolution test.

RESULTS

This section is presented as a series of simulated
dissolution results progressing from the reference case in the
flow through apparatus, exploring effects of flow rate,
viscosity and particle motion through to the effect of flow
modality (constant vs pulsing) and gravitational effects.
Thereafter, the simulation evolves through changing cell/
reservoir volume, while maintaining constant flow and
disabling gravitational acceleration, thus finally presenting
results from the paddle apparatus simulations.

Flow Through Apparatus

Effect of Viscosity and Flow Rate (Particle Motion Enabled)

The effects of flow rate and viscosity on simulated
dissolution rates (200 μm diameter particles), with particle
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motion enabled, are illustrated in Fig. 1. A small change in
viscosity from level 1 to level 2 had a greater impact on
dissolution rate than the effect of flow rate, even when D was
not adjusted for viscosity. The effect was similar when
dissolution was slower due to lower solubility (Fig. 1b).

With D adjusted for viscosity, the effect of viscosity on
dissolution was more pronounced, the effect of flow rate less
notable and the dissolution rate much reduced (Fig. 2).

Effect of Particle Size

Figure 3 shows the simulated dissolution of 20 μm
diameter particles. As expected, the dissolution rate was
much higher than for the 200 μm particles, but the flow rate
was associated with a greater effect for the 20 μm particles.
There was no observable effect on dissolution from viscosity
when D was unadjusted, however with D adjusted for

viscosity, the effect of viscosity on diffusion dominated, with
the overall dissolution rate much lower.

Therefore, the hydrodynamic effect of viscosity was
more relevant for larger particles, but the effect of viscosity
on diffusion was notable for both particle sizes.

Simulated Particle Velocities and Motion

When particle motion was enabled, Re (Eq. 1) was based on
the relative velocity, i.e. (Uf − Up). Figure 4 illustrates the
simulated fluid and particle velocity in level 1 and 3 viscosity
medium, at both 8 and 16 mL min−1. The relative velocity was
similar at both flow rates for any given viscosity for both particle
sizes (e.g. Figure 4a vs. b, e vs. f). For the 200 μm particles, the
relative velocity decreased as the viscosity increased (e.g. Fig. 4a
vs c), but for the smaller 20 μmparticles, neither viscosity nor flow
rate substantially affected the relative velocity value (Fig. 4e–h).
Although the relative velocity at each flow rate was similar, in

Table II. Dissolution system parameters investigated in the dissolution simulations. (reference conditions italicized). Viscosity values as
indicated are referred to as levels 1–3 throughout the manuscript

Viscosity
(mPa.s)

Flow rate
for pulsing
flow
(mL min−1)

Flow through
apparatus
velocity
without
pulse (m s−1)

Solubility
(mg mL−1)

Particle
size (m)

Diffusion
coefficient
(D) (m2 s−1)

Particle
motion

Gravitational
force

Reservoir
volume (mL)

Paddle
apparatus
velocity
(m s−1)

0.7
(Level 1)

8 0.0012
(8 mL min−1)

0.23 200 × 10−6 8.7 × 10−10 Enabled Enabled Flow through
apparatus:
250

0.0024

1.4
(Level 2)

16 0.0024
(16 mL min−1)

0.02 20 × 10−6 4.38 × 10−10 Disabled Disabled Paddle
apparatus:
900

0.05

12.3
(Level 3)

0.495 × 10−10

a b

Fig. 1. Effect of flow rate and viscosity (D unadjusted) on simulated dissolution of 200 μm diameter
particles. a: solubility 0.23 mg mL−1, b: solubility 0.02 mg mL−1. Levels 1–3 refer to viscosity 0.7 mPa.s,
1.4 mPa.s and 12.3 mPa.s respectively
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level 1 viscosity, the simulated particle motion suggested negative
(downward) motion for the 200 μm diameter particles at all
periods of the pulse at 8 mLmin−1, whereas at 16 mLmin−1 some
positive (upward)motionwas simulated (Fig. 4a vs b). In the level
3 viscosity medium, both positive and negative velocities were
observed, but higher positive velocity, implying more upward
motion than downward at both flow rates (Fig. 4c vs d).

Figure 4a (level 1 viscosity, 8 mL min−1), therefore,
illustrates a relatively high particle velocity in the downward
direction; however, the particle will not, in reality, continue
indefinitely downwards, and will eventually rest at the base of
the cell. Similarly, Fig. 4d (level 3 viscosity, 16 mL min−1)
shows a higher overall upward particle velocity, nonetheless
the particle will not continue indefinitely upwards, but would
be halted at the top of the cell.

In situations where particles are not moving, with motion
halted by the spatial limitations of the top or base of the cell, the
dissolution simulation can be set such that particle motion is
disabled, and the Re is calculated based on absolute fluid velocity.

Effect of Absolute Velocity (Particle Motion Disabled)

From Fig. 5, it is clear that using absolute fluid velocity at
16 mL min−1 (disabling particle motion) for the larger 200 μm
particles, decreased the simulated dissolution rate in the level 1
viscosity medium, as the fluid velocity relative to a particle (now

with zero motion) was less than when particle motion was
enabled, and the simulated dissolution rate was reduced. On the
contrary, for the example of level 3 viscosity where relative
velocity was low when particle motion was enabled (e.g. Fig. 4d),
by disabling particle motion the velocity relative to the particle,
and thus the simulated dissolution rate, was increased. The effect
of enabling or disabling particle motion on dissolution therefore
depends onwhether the relative velocity is greater or less than the
absolute velocity in any dissolvingmedium-particle system, which
in turn is affected by particle size and fluid viscosity. When D is
adjusted for viscosity, the effect of viscosity on diffusion
dominates over particle motion/hydrodynamic effects.

Identifying Particle Suspension Behaviour

Figure 6 shows particle motion of 200 μm particles at
8 mL min−1 in level 2 viscosity. Velocity data taken from the
first 10 s illustrate that initially the particle motion was
predominantly negative. However, as the particle diameter
reduces, there was less negative particle velocity, and
examining the motion of the dissolving particle over 2 h
(Fig. 6b) it is clear that the particles had both positive and
negative motion, suggesting that they are likely to be retained
in suspension. This simulation is supported by observed data.
When CBZ (particle size d50 262 μm) was subject to a
dissolution test in media approximating level 1 (water) and
level 2 (0.3% w/v HPMC; viscosity 1.37 mPa.s) at 8 mL min−1,

Fig. 2. Effect of adjusting diffusion coefficient for viscosity on
simulated dissolution of 200 μm diameter particles, solubility
0.23 mg mL−1. Levels 1–3 refer to viscosity 0.7 mPa.s, 1.4 mPa.s and
12.3 mPa.s respectively. D-adjust refers to the simulated dissolution
profile when the diffusion coefficient (D) is adjusted for the increased
viscosity; when D is not adjusted D for the reference condition (water
at 37 °C, level 1 viscosity) is used

Fig. 3. Effect of viscosity and flow rate on simulated dissolution of 20μm
diameter particles, solubility 0.23 mg mL−1. Levels 1–3 refer to viscosity
0.7 mPa.s, 1.4 mPa.s and 12.3 mPa.s respectively. D-adjust refers to the
simulated dissolution profile when the diffusion coefficient (D) is
adjusted for the increased viscosity; when D is not adjusted D for the
reference condition (water at 37 °C, level 1 viscosity) is used
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the particle behaviour was found to be considerably different.
In water, the particles mostly remained as a loosely moving
bed at the base of the cell with some particles suspended,
while in the HPMC solution more of the CBZ particles were
retained in suspension. This is illustrated in the SGI data in
Fig. 7, showing the presence of particles suspended in the
observation window over 30 min dissolution from each
system. The retention of particles in suspension in the more
viscous HPMC solution (level 2 viscosity) over the course of
the dissolution test is compliant with the suggestions from the
simulation model, as is the sedimentation of the particles in
water (level 1 viscosity, particle motion similar to Fig. 4a) due
to the higher downward particle velocity in this medium.

Effect of Pulsation and Gravity (Particle Motion Enabled)

Figure 8 illustrates that, for the 200 μm particles with
gravity enabled, there was little difference between simulated

dissolution based on flow modality (i.e. in a pulsing vs. constant
flow), but the effect of gravity was significant. In the absence of
gravitational acceleration, the overall dissolution rate was much
lower. Furthermore, for the constant flow case, there was no
effect on simulated dissolution profiles from altering viscosity (D
unadjusted) when gravity was disabled (data not shown).

Conversely, for the smaller 20 μm particles there was
little effect from either gravity or pulse on the overall
dissolution rate (data not shown), with the simulated disso-
lution profiles being very similar to those in Fig. 3 (D
unadjusted).

The particle and fluid velocity plots in Fig. 9 illustrate the
minimal relative velocity attained by the particle motion in
the absence of gravitational acceleration for the 200 μm
particles, for either pulsing or constant flow. When gravita-
tional effects were included in the simulation, the relative
velocity magnitude was similar with and without the pulse
(Fig. 9c/Fig. 4a).

a b

c d

e f

g h

Fig. 4. Simulated particle and fluid velocities over first 10 s of simulation, solubility
0.23 mg mL−1: a-d 200 μm diameter particles, E–H 20 μm diameter particles. a:
8 mL min−1, b: 16 mL min−1, level 1 viscosity; c: 8 mL min−1, d: 16 mL min−1, level 3
viscosity; e: 8 mL min−1, f: 16 mL min−1, level 1 viscosity; g: 8 mL min−1, h:
16 mL min−1, level 3 viscosity. (Pulsating) blue line, fluid velocity; black line, particle
velocity; horizontal blue line is average fluid velocity
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In summary, for the flow through apparatus, incorporat-
ing the effect of gravity notably affected the simulated

dissolution results of the larger 200 μm particles but not the
20 μm particles with particle motion enabled, but flow
pulsation had little effect.

Paddle Apparatus

Effect of Viscosity and Flow Velocity on Simulated Dissolution
in the Paddle Apparatus

Dissolution in the paddle apparatus simulations were
in zero-gravity conditions, with constant flow and 900 mL
dissolution medium. Based on the results from the flow
through apparatus, it was expected that disabling gravity
and using a constant flow would result in the viscosity
values (D unadjusted) used having a negligible effect on
the simulated dissolution rate. Simulated dissolution rates
of the 200 μm diameter particles in the paddle apparatus
are presented in Fig. 10a. As expected, neither the effect
of velocity or viscosity (D unadjusted) impacted notably
on the simulated dissolution rate over 30 min (< 10%
dissolved), whereas molecular diffusion (D adjusted)
clearly affected the simulated dissolution. Simulated dis-
solution from the 20 μm diameter particles suggested
100% dissolution in 16 min (0.0024 m s−1) (data not
shown). When comparing dissolution simulations in the
flow through and paddle apparatuses, an analogous case
in the flow through apparatus is a constant flow field with
gravity disabled, at 16 mL min−1 (0.0024 ms−1, (Table II)),
level 1 viscosity. In this situation, conditions are the same
as those used in the lower velocity paddle apparatus
simulations, except for reservoir and cell volumes affecting
simulated local concentrations. The simulated dissolution
in the flow through apparatus was slower for the 20 μm
diameter particles, with 69% dissolved at 16 min (com-
pared to 100% in paddle apparatus) and 92% dissolved at
30 min.

Fig. 5. Effect of disabling particle motion (absolute velocity) and
enabling particle motion (relative velocity) on simulated dissolution
of 200 μm diameter particles, solubility 0.23 mg mL−1, at
16 mL min−1. Levels 1 and 3 refer to viscosity level 1 (0.7 mPa.s)
and level 3 (12.3 mPa.s). D-adjust refers to the simulated dissolution
profile when the diffusion coefficient (D) is adjusted for the increased
viscosity; when D is not adjusted D for the reference condition (water
at 37 °C, level 1 viscosity) is used

Fig. 6. Particle (200 μm diameter, solubility 0.23 mg mL−1) and fluid motion at 8 mL min−1, level 2 viscosity, for a: 10 s and b: 2 h (red line
highlights zero velocity, at the transition between upward and downward motion). This figure (b) represents pulsing particle and fluid motion;
however, the pulsing particle and fluid profiles visible in this figure (a) appear as a block of colour in this figure (b), due to the condensed time
baseline in the image in panel b. Blue line, fluid velocity; black line, particle velocity; horizontal blue line in this figure (a) is average fluid
velocity
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Simulated Particle and Fluid Velocities

The particle velocity increased with increased fluid

velocity, but in each case was similar to the fluid velocity
(Fig. 10b, c) in the paddle apparatus, resulting in the low
relative velocity.

DISCUSSION

Particle Motion Effects

The role of viscosity on tablet disintegration and/or
dissolution has been explored from a number of perspec-
tives (22,37–43), with an increase in viscosity generally
being associated with a reduction in tablet disintegration,
particularly when reduced water diffusivity in more viscous
media was observed. The results presented here illustrate
the mechanistic effects of small increases in medium
viscosity on dissolution of particulate systems—i.e. dissolu-
tion of active ingredient only or dissolution post-disintegra-
tion. The effect of viscosity on particle motion, especially
larger particles, and consequent impact on dissolution even
when D is unaffected is highlighted. An increase in viscosity
is anticipated to reduce dissolution due to a decrease in
relative particle motion and Re. However, reduced particle
motion, under certain combined conditions of flow velocity,
viscosity and particle size, can result in the particles
remaining suspended rather than sedimenting to the cell
base or floating to the top. Sedimentation can lead to
formation of a powder bed/cone with consequent reduction
of exposed surface area and local concentration gradients,
negatively impacting the dissolution rate. The observed
example presented in the SGI images in the current work
illustrates two very different particulate systems: one
retained in suspension throughout the cell and the other
tending to locate near the base of the cell, with the
difference in behaviour in these systems resulting from just
a small increase in viscosity, equivalent of water to milk at
37 °C. As the solubility of CBZ is higher in HPMC solution
than water (44), the difference in dissolution for the same
CBZ particulate system in the same flow through apparatus
dissolution conditions, could erroneously be attributed to

Fig. 7. CBZ particle size and frequency of suspended particles captured in the SGI
visualisation region of the cell (cell mid-section), over the 15 s of SGI analysis at each time
point, from 10 to 30 min in 0.3% w/v HPMC solution (1.37 mPa.s) and degassed water
(0.7 mPa.s); 8 mL min−1 flow through dissolution apparatus. HPMC solution 10 min;
HPMC solution 20 min; HPMC solution 30 min; Water 10 min; Water 20 min;
Water 30 min

Fig. 8. Effect of pulse and gravity on simulated dissolution of 200 μm
diameter particles, solubility 0.23 mg mL−1, at 8 mL min−1. Levels 1–2
refer to viscosity 0.7 mPa.s and 1.4 mPa.s respectively. D-adjust refers
to the simulated dissolution profile when the diffusion coefficient (D)
is adjusted for the increased viscosity; when D is not adjusted D for
the reference condition (water at 37 °C, level 1 viscosity) is used.
Continuous and pulsing profiles are superimposed except under zero-
gravity conditions
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medium solubility effects alone. The current work demon-
strates the value of the additional insight, from dissolution
simulation and imaging, into viscosity-mediated changes in
particulate behaviour during dissolution testing in media of
differing viscosity.

Simulation Limitations and Potential

The simulated effect of flow rate on dissolution, when
particle motion was enabled, was particularly evident for the
simulated dissolution of the smaller 20 μm particles. As the
relative velocity values were very low for these smaller
particles, the effect of flow rate on concentration local to the
dissolving particle mediated the simulated effect on dissolu-
tion. The inlet medium from the reservoir has a lower
concentration than the local bulk medium; therefore, a higher
flow rate essentially ‘flushes’ the inlet medium through at a

faster rate, leading to simulation of a higher local concentra-
tion gradient. It is unlikely in reality that a situation can arise
where flow rates notably affect the concentration at the
dissolving surface when relative velocity approximates zero;
rather, the simulated results suggest whether relative particle
velocity or flow rate effects on the local concentration
gradient might dominate observed results. These results
highlight the importance, especially for smaller particles, of
considering local volume and fluid flow rates, both in the
observed apparatus and as defined in the simulation.

Flow along one axis only is simulated in the current
work, since the model does not simulate a 2- or 3-D
hydrodynamic environment. Nonetheless, in the case of
this lumped parameter unidirectional simulation, simulated
particulate behaviour can facilitate selection of the most
appropriate particle motion status (enabled or disabled) to
approximate the behaviour of the system in the dissolu-
tion environment. This selection could be further refined
according to particle size distribution (particle motion
enabled for smaller particles and disabled for larger) and
time (as the larger particle dissolves motion could be
enabled upon reaching a threshold value). In this manner,
a more realistic particle motion environment can be
captured through exploitation of the particle motion
option for a particular particulate system. However, if all
particles tend towards one of the cell boundaries there are
likely to be additional inter-particulate effects on local
concentration gradients.

A consequence of the limitation of a unidirectional flow
profile is that gravitational effects can only be included
when the flow profile is in the same dimension as
gravitational acceleration. Contrary to the situation with
vertical flow in the flow through apparatus, simulation of
dissolution in the paddle apparatus excludes gravitational
effects due to the primary direction of flow being rotational
about the vertical axis. As described, for smaller particles in
suspension, enabling gravity had no observable effect on the
simulated dissolution rate, with the main effect on simulated
dissolution being from variation in D. Comprehensive
replication of all of the complex mechanistic effects of the
hydrodynamic environment on dissolution in the paddle
apparatus, including axial and radial velocities and centrif-
ugal forces, would require a full 3D simulation, and there is
likely to be an influence from gravity in particular in lower
velocity regions.

The effect of agitation rate (via paddle rotation speed)
on coning potential in the low velocity region in the centre
of the vessel base has been investigated for both viscous and
non-viscous fluids (associated with laminar and turbulent
flow, respectively, based on the Reynolds numbers attained)
(45,46), using a form of the Zwietering equation. The
results suggested mechanistic differences in coning phenom-
ena in viscous vs non-viscous fluids, likely relating to
countering effects of viscosity. An increased viscosity will
both aid particle suspension and reduce coning potential,
but also hinder momentum transfer from increased rotation
of the paddle, reducing local velocity and increasing coning
potential. Thus, a small increase in medium viscosity is
likely to reduce cone formation via sedimentation, as long
as local velocities are sufficient for particulate suspension to
take place.

Fig. 9. 200 μm diameter particle and fluid velocity over first 10 s of
simulation, at 8 mL min−1, level 1 viscosity a: constant flow zero
gravity; b: pulsing flow zero gravity; c: with gravity constant flow. Blue
line, fluid velocity; black line, particle velocity (particle and fluid
velocity profiles are superimposed in this figure (a and b). Horizontal
blue line in this figure (b) is average fluid velocity
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The simulations presented in this work employ a single
value for the inputs used, and the topic of simulating
variability has not been presented. Variability could be
represented by, for example, a particle size distribution rather
than one particle size value, as previously illustrated (26); the
execution of batch simulations which include a frequency
distribution of data (e.g. variation of solubility with pH, based
on a frequency distribution of physiological pH values); or
use of Monte Carlo simulations to simulate variability from
an input data set.

CONCLUSION

Whereas viscosity is proposed as a medium property
whose effect on dissolution is addressed in the most
complex media, incidental changes in medium viscosity,
consequent to gastric fed state medium composition in
particular, could affect the dissolution rate. Effects of
viscosity on dissolution include reduced molecular diffusion,
reduced relative particle velocity, and the potential to retain
particulate systems in suspension. The dissolution simula-
tion options presented enable interpretation of these effects
of viscosity. A limitation of the lumped parameter, unidi-
rectional simulation approach is the negation of gravita-
tional acceleration when flow direction is not vertical, and
of a spatially resolved hydrodynamic field—factors which
are likely to be less influential for smaller particles. The
range of simulated situations presented in the current work
illustrates the potential of in silico dissolution simulation,

which can be expanded to include sources of variability in
the simulation. In conclusion, IPD testing should include an
understanding of the impact of relatively small changes in
dissolution medium viscosity on dissolution results obtained.
In silico predictions using the fluid dynamics model can
assist in this endeavour, and are optimally employed when a
thorough understanding of the benefits and limitations of
the simulation model are clarified.
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