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The performance of colon-targeted solid dosage forms is commonly assessed using standardised pharmacopeial
dissolution apparatuses like the USP II or the miniaturised replica, the mini-USP II. However, these fail to
replicate the hydrodynamics and shear stresses in the colonic environment, which is crucial for the tablet’s drug
release process. In this work, computer simulations are used to create a digital twin of a dissolution apparatus
and to develop a method to create a digital twin of a tablet that behaves realistically. These models are used to
investigate the drug release profiles and shear rates acting on a tablet at different paddle speeds in the mini-USP
II and biorelevant colon models to understand how the mini-USP II can be operated to achieve more realistic (i.e.,
in vivo) hydrodynamic conditions.

The behaviour of the tablet and the motility patterns used in the simulations are derived from experimental
and in vivo data, respectively, to obtain profound insights into the tablet’s disintegration/drug release processes.
We recommend an “on-off” operating mode in the mini-USP II to generate shear rate peaks, which would better

reflect the in vivo conditions of the human colon instead of constant paddle speed.

1. Introduction

The performance of a drug formulation is commonly accessed using
United States Pharmacopeia (USP) dissolution apparatus. Besides drug
performance analysis, this in vitro drug testing tool is also used in
product development and quality control (Abrahamsson et al., 2005;
Stamatopoulos et al., 2015). The USP dissolution apparatus are simpli-
fied in vitro models also used to replicate the complex in vivo conditions
in the gastrointestinal tract that significantly control the dis-
integration/dissolution process of a solid dosage form (e.g., shear
stresses evoked by wall motion) (Schiitt et al., 2021). The USP II is the
commonly most used USP dissolution apparatus for evaluating solid oral
dosage forms (Stamatopoulos et al., 2015). The USP II is a container
equipped with an agitator (paddle) and a fluid volume capacity of
approximately one litre (Stamatopoulos et al.,, 2015). The most
commonly used volumes are 500 and 900 mL. A miniaturised version of
the USP II, the mini-USP II has received more attention in recent years
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because this dissolution test device requires significantly less material
mass than its larger counterpart (i.e., fluid volume of approximately 100
mL) (Stamatopoulos et al., 2015; Klein and Shah, 2008). This is of
particular interest when biorelevant media or cost-intensive samples are
used (Klein and Shah, 2008).

The dissolution profile of a solid dosage is of paramount importance
in the development and optimisation of new formulations. Furthermore,
the dissolution profile serves as a basis for physiologically based phar-
macokinetic models (PBPK) to predict the absorption of drugs based on
human physiology and their chemical properties (Stamatopoulos,
2022).

Investigations of the USP II showed that the shear rates in this
dissolution apparatus depend on the paddle speed used (Hopgood et al.,
2018). These results can also be transferred to the mini-USP II (Klein and
Shah, 2008). However, Schiitt et al. (2021) showed in a computational
model of the proximal colon and a modelled tablet that the shear stresses
acting on the tablet surface and thus influencing the tablet drug release

0928-0987/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Schematic representation of the mini-USP II with the dimensions used in Stamatopoulos et al. (2015) (a) and the computational model (b) including the

variables for the dimensional analysis (Section 2.2.2).

process mainly depend on the colonic motility and the forces are
dynamic.

In this study, we develop a method to model create a digital twin of a
tablet with the same disintegration/dissolution behaviour as a real
tablet. Additionally, we create a digital twin of the mini-USP II disso-
lution apparatus and validate the hydrodynamic conditions with
experimental and computational data from Stamatopoulos et al. (2015)
and Wang and Armenante (2016). Then, we use experimental dissolu-
tion data of a tablet from Stamatopoulos et al. (2015) and model a tablet
that behaves similarly in the modelled mini-USP II. Finally, this tablet is
used in a biorelevant computational model of the proximal colon
replicating in vivo motility patterns to evaluate the difference in drug
release profile in the simplified in vitro model and the more realistic
colon model. The motility patterns used in the colon models (i.e., called
‘PEG’ and Maltose’) are reproduced from Schiitt et al. (2021).

2. Methodology
2.1. Modelling approach

This study uses a simulation technique called Discrete Multiphysics
(DMP) (Alexiadis, 2015, 2014). DMP is a mesh-free technique that uses
computational particles instead of computational grids and has been
successfully used to model human organs: Ariane et al. (2017a, 2018a,
2018b, 2017b), Baksamawi et al. (2021), Mohammed et al. (2020,
2021), Alexiadis (2015b, 2015a, 2019), Alexiadis et al. (2017), and
Schiitt et al. (2021, 2022, 2020). It couples particle-based methods such
as Smoothed Particle Hydrodynamics (SPH), Lattice Spring Model
(LSM), and Discrete Element Method (DEM) and Peridynamics (Sanfi-
lipo et al., 2021). In particular, the model in this study couples SPH and
LSM. In the mini-USP II model and the colon models, SPH is used to
model the fluid, while the colon models also account for LSM to model
the colon’s membrane. The reader can refer to Refs. Alexiadis (2015b,

2015a), Ref. Liu and Liu (2003), and Refs. Kot (2021), Kot et al. (2015),
Pazdniakou and Adler (2012) for a general overview of the DMP, SPH
and LSM theory, respectively. The solid dosage form dissolution is
modelled similarly to the methodology discussed in Schiitt et al. (2021).

2.2. Mini-USP II model

2.2.1. Geometry container and impeller

The mini-USP II dissolution apparatus (also called small volume
dissolution apparatus) consists of a cylindrical container with a hemi-
spherical bottom. The agitator, also called paddle, rotates at a specified
speed and accelerates the fluid in the container. In this study, the rota-
tional speed of the mini-USP II is 50 rpm as in Stamatopoulos et al.
(2015). A schematic representation of the mini-USP II (100 mL capacity)
and the computational model is given in Fig. 1(a) and Fig. 1(b),
respectively.

The following model details refer only to the mini-USP II model,
which replicates the experimental apparatus of Stamatopoulos et al.
(2015). Data from literature (Wang and Armenante, 2016) are used for
validation of the model velocity. For validation of the tablet, drug
release profile data from Stamatopoulos et al. (2015) are used.

The dimensions of the mini-USP II dissolution apparatus used in
Stamatopoulos et al. (2015) and in Wang and Armenante (2016) differ
slightly from each other. Therefore, to validate the velocity profile inside
the container against experimental data from Wang and Armenante
(2016), the dimensions of the model are adjusted (i.e., the paddle
clearance, the container diameter, and the diameter of the agitator shaft,
see Section 3.1) and the results are compared.

The mini-USP II model has a total height of 1.12 x 107! m, a
diameter of 0.42 x 10! m and a paddle diameter of 0.30 x 10~! m with
a total capacity of 100 mL. Further details are given in Fig. 1(a).

The container walls are built with 69,154 stationary SPH particles.
The agitator or paddle is composed of 13,039 SPH particles building a
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Table 1
mini-USP II parameters.
Parameter (mini-USP II) Value
SPH
Number of SPH particles (container) 69,154
Number of SPH particles (agitator) 13,039
Mass of each particle m¢ 2.55 x 1077 kg
Mass of each particle my 2.40 x 1077 kg
Table 2
Variables for the dimensional analysis.
Variable Unit Description
(€8] t s Dissolution time
2) N st Agitator rotational speed
(©)) h m Tablet thickness
(&) d m Tablet diameter
(5) " kgm1s7! Dynamic viscosity of the fluid
6) p kg m 3 Density of the fluid
@) D m?s7! Diffusion coefficient
(€)) Dy m Paddle diameter
) H m Height of the fluid in container
(10) R m Radius of the container
Table 3
Dimensionless variables for the dimensional analysis.
Dt H:N h d
Hl*Hz I, = D Hg—ﬁ HS_ITI
Da R - r
s = T Mg = I I; = Dy

rigid body that rotates at a constant speed of 50 rpm around its longi-
tudinal axis. Further details of the mini-USP II model are given in
Table 1.

2.2.2. Dimensional analysis

From Buckingham’s n-theorem, physically significant equations with
n physical variables can be rephrased in terms of several p = n - k
dimensionless parameters IIj, IIy,..., II,, where k is the number of
physical dimensions involved.

For the case analysed, the results can be expressed as a mathematical
function f of the type

f(t7 N7 h7 d7 ﬂ7p7D7DA7H7R) :07 (l)

where all the variables and their physical units are represented in

Fluid inside
colon: SPH

particles
(fluid)
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Table 2. The listed variables are shown in Fig. 1(b). With the ten vari-
ables listed in Table 2, and three units (kg, s, m), Eq. (1) can be rewritten
based on seven dimensionless parameters:

¢(H17~~~7H7) :07 (2)

The ten dimensional variables are combined into seven dimension-
less parameters. One possible way is shown in Table 3.

From the dimensionless 11, we can see that the dimensionless time is
inversely proportional to the diffusivity if the height of the fluid in the
container is constant (i.e., fluid volume). This result will be used later on
(see Section 2.5.2).

2.3. Colon model

2.3.1. Geometry, membrane, fluid, and colonic motility

The models used in this study are similar to the ‘Stimulant PEG’ and
‘Stimulant Maltose’ represented in Schiitt et al. (2021). Both are
enlarged models of the human ascending colon (i.e., the length of the
colon model is three times the length of the real ascending colon). The
model has the form of a cylindrical body with a total length of 6.0 x
107! m and an inner diameter of 4.0 x 10~2 m. The membrane of the
models is constricted at regular intervals, representing the colon haustra.
The models are built with closed ends to ensure no fluid can exit the
tube. The closed ends result in a back pressure when the fluid flow
reaches the end of the tube. In vivo observations showed that most
waves propagate only over a short distance in the proximal colon and
usually terminate before the hepatic flexure, a sharp bend between the
ascending and the transverse colon, creating backflow/back pressure
(Bampton et al., 2000; Dinning et al., 2008).

The membrane is composed of 2500 LSM particles and modelled
similarly to Schiitt et al. (2020). These particles are tied to their initial
position with a Hookean spring so that the membrane particles return to
their initial position after activation (i.e., contraction or relaxation).
This spring also ensures that the model is fixed in the domain during the
simulation. The adjacent membrane particles are connected with an
additional Hookean force to obtain an elastic membrane. The created
lattice structure replicates, therefore, the properties of an elastic solid
(Kot et al., 2015). The motility of the colon is achieved by applying a
radial force to the particles representing the membrane in a specific
pattern. Fig. 2 shows a section of the colon model.

The Hookean forces are calculated using Hooke’s law:

F; = k(r,;/- — rg), 3

where Fj; is the resulting spring force between particle i and j. k is the
Hookean constant, and r; represents the current distance between

Haustrum
A

~ . _r' WM
Constrictions : i Membrane:
i LSM particles
o (solid)

Fig. 2. Representation of the colon model showing the construction of the membrane, the constrictions of the membrane building the haustrum, and the SPH

particles representing the fluid inside the colon.
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Table 4

Colon membrane parameters.
Parameter Membrane (Colon) Value
SPH
Number of SPH particles (1 layer) 2500
Mass of each particle myo 3.89 x 1074 kg
LSM
Hookean coefficient (bonds) ky;p 02Jm2
Hookean coefficient (position anchor) ky;p 0.012J m2
Viscous damping coefficient ky,, 1.0 x 10 %2kgs!
Equilibrium distance ry, o 6.28 x 10> m

Table 5
Fluid parameters.

SPH Parameter Fluid Value mini-USP 1T Value Colon

Number of SPH particles (fluid) 131,442 64,298

Mass of each particle mpyig 8.06 x 1077 kg 4.72 x 10 % kg
Density (fluid) pria 1000 kg m 3 1000 kg m 3
Dynamic viscosity (fluid) #uiq 1 mPas 1 mPas

particles i and j. ry is the equilibrium distance between these particles.
The Hookean coefficient used for the lattice of the membrane is ka; and
for the springs that return the particles to their initial position is kap.

To improve the stability of the simulation and to give viscoelastic
properties to the membrane (e.g., as in (Sahputra et al., 2020)), an
additional viscous force of the following form is added to the membrane
particles:

Fi = —kuvi @
Here, v; is the particle velocity, and ky, is a viscous damping coefficient.

After calculating all the forces acting on each particle, the particles
move according to Newton’s equation of motion

dr; ul
Myt = Z Fy, %)
dt 5

where r; is the position of particle i.
Further details of the simulated membrane are shown in Table 4.

Table 6
Fundamental model parameters.
Parameter Value mini-USP II Value
Colon

SPH

Artificial speed of sound cg 0.5ms™! 0.1ms™!

Time-step At 1.0x107°s 5.0 x 107*

s

Momentum - Smoothing 245 x 10> m 2.45 x
length (fluid) hyr 10°m

Momentum - Smoothing 1.76 x 10 m 1.76 x
length (tablet) hy, 10 m

Momentum - Smoothing 1.80 x 103 m 1.80 x
length (fluid/tablet) hy; r, 103m
T

Diffusion — Smoothing 1.39 x 10°m 1.39 x
length (fluid/tablet) hp, z/ 103m
T

Diffusion — Smoothing 2.45 x 10°m 2.45 x
length (fluid) hp, 103m

Diffusion — Smoothing 1.14 x 10 °m 1.14 x
length (tablet) hp 103 m

Diffusion coefficient 1.0 x 10730 m?%s~1 1.0 x
(tablet) Dy 10 ¥ m

8.0 x 10 °m2s718.0 x 107/ m?s™?
8.0 x10%m% 180x10°m?s ! m?s!
8.0 x 107 1m?s7?

Diffusion coefficient (fluid/
tablet) D,
(varies between
simulation)

European Journal of Pharmaceutical Sciences 179 (2022) 106310

2.4. Fluid

The fluid volume in the mini-USP II is modelled with 131,422 SPH
particles corresponding to a fluid volume of 100 mL as used in Stama-
topoulos et al. (2015). The number of fluid particles used in the mini--
USP 1I results from several simulations performed with different
resolutions. By comparing the velocity fields obtained, the simulation
with approximately 130,000 fluid particles proved to be the best
compromise between accuracy and computational time.

The resolution obtained in the mini-USP II was accordingly also used
in the colon models. Both models account for the same filling level of
luminal content, modelled with approximal 64,000 SPH particles. The
fluid level is taken from the study of Badley et al. (1993), where they
measure the fluid volume in the ascending colon using scintigraphy. The
colonic fluid volume found in this study corresponds to a filling level of
about 40% in the ascending colon (Prasanth et al., 2012), which is
accordingly used in the simulations.

In all models, the fluid is modelled as a Newtonian fluid; more
complex rheology could be incorporated with the method developed in
Duque-Daza and Alexiadis (2021).

Further details of the fluid used in the mini-USP II and colon model is
given in Table 5.

2.4.1. Fluid structure interactions

In SPH, the equations of motion result from the discrete approxi-
mations of the Navier-Stokes equation on a number of points, which
result from the discretisation of the continuum domain. These points can
be considered as particles characterised by their mass, velocity, pres-
sure, and density. SPH is based on the mathematical identity:

’

f(r) = fF(x)8(r —x')dr , 6

where f(r) is any scalar function defined over the volume V, with vector
1, a position vector in the space V. In the SPH formulations, the three-
dimensional delta function §(r) is approximated by a smoothing
kernel W with its characteristic smoothing width or smoothing length h:
limW (x, ) = 5(x) %
Several kernel functions can be found in the literature. In this study,
we use the simple Lucy kernel (Lucy, 1977). By replacing the delta
function in Eq. (6) with a kernel or smoothing function W, the equation
becomes

F(0) = fF (YW (r =1, h)dr'. (®

By discretising the identity equation over a series of particles of mass
m = p(r )dr’, the equation results in

f(r) ~ Z';if (£)W(r —r;, ), ©)

where m; is the mass and p; is the density of the ith particle. i ranges over
all particles within the smoothing kernel W (i.e., |r — r;| < h). The
Navier-Stokes equation can be approximated by Eq. (9) which repre-
sents a discrete approximation of a generic continuous field:

dv; P, P;
M = Zmimj (/7 +p—£ + Hi_J) ViWi; +f; . (10)
J ! J

Here, v; represents the velocity of particle i, P is the pressure, and W;;
is the concise form of W(|r; — r;|,h). The term V; is the gradient of the
kernel with respect to the coordinate rj, and f; denotes a body force (e.g.,
gravity). II;; represents the viscous forces. In literature, various ex-
pressions are available for the tensor I1;;. Here we use the expression
from (Morris et al., 1997)
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Table 7
Tablet parameters.
Parameter Tablet Value
SPH
Number of SPH tablet particles 582
Mass of each particle mrgple 9.73 x 1077 kg

Density (Tablet) prapier 1502 kg m 3
LSM

Hookean coefficient krj 0.1Jm?
Equilibrium distance (linear bonds) ryz,¢ 8.8 x10*m
Equilibrium distance (diagonal bonds) rrp,o 124 x10°m

Fig. 3. 3D-representation of the tablet. Linear and diagonal springs connect the
particles representing the tablet to obtain a solid structure.

m, = Bt an
PiPiXij

where p is the dynamic viscosity, and p is the density of particles i and j,
respectively. v;; is the relative velocity.

The Tait equation is used to calculate the pressure forces between the
fluid particles and to link the density p and the pressure P in Eq. (10):

Spl(r\
p=-070 <_) -1/, 12)
7 Po

where ¢y is the reference speed of sound and pg is the density at zero
applied stress.

For the solid-fluid interactions (i.e., between the container and the
fluid, the agitator and the fluid, the membrane and the fluid, and the
tablet and the fluid), a repulsive potential in the form

1+ cos (” r”)} with ry < r, 13

¢

is used. Here, A is an energy constant, r represents the distance between
particles i andj. r. is the cut-off distance. Viscous forces approximate the
no-slip boundary conditions between the solid and fluid particles. These
forces are similar to those of Eq. (11) but are applied to the interaction
between solid and fluid particles.

Further details of the fundamental simulation parameters are given
in Table 6.

2.5. Tablet

In our model, the tablet is modelled similarly to Schiitt et al. (2021).
The tablet is composed of 582 LSM particles and has a total weight of
566 mg, which corresponds to the tablet in Stamatopoulos et al. (2015).
The adjacent particles of the tablet are interconnected with linear and

European Journal of Pharmaceutical Sciences 179 (2022) 106310

diagonal springs to archive a rigid structure according to Eq. (3). The
Hookean coefficient used for the lattice of the tablet is kr,;, and can be
found in Table 7. The tablet is modelled accordingly to the tablet used in
Stamatopoulos et al. (2015): a cylindrical body with a height of 5.0 x
103 m and a diameter of 1.0 x 1072 m. A schematic 3D representation
is shown in Fig. 3. The magnification in the figure shows the linear and
diagonal bonds of the neighbouring tablet particles.

2.5.1. Tablet disintegration

The dissolution/disintegration process of the tablet is modelled
similarly to Schiitt et al. (2021). Each of the 582 LSM particles repre-
senting the tablet is assigned a specific concentration representing the
tablet’s active pharmaceutical ingredient (API). The dissolution of the
tablet is achieved by mass diffusion between the fluid and tablet parti-
cles and between the tablet particles themselves. In the SPH framework,
the diffusive mass balance for a multi-component system can be written
in the following form (Alexiadis, 2015):
Py CADNC=D, 5w, (14

j FiFj ij

Here, w; is the mass of the fluid in the particle, and D; is the diffusion
coefficient. C; is the concentration that belongs to each particle i. Eq.
(15) is used to close Eq. (14) with the following relation between m;, C;
and p; (Alexiadis, 2015):

wi = Gt (15)

The API used in the experimental tablet from Stamatopoulos et al.
(2015) is Theophylline (THE), a highly water-soluble drug. The solubi-
lity of THE in water at 37 °C is approximately 12.5 mg mL™! (Grassi
et al., 2001). This means it is possible to dissolve the entire tablet in the
fluid volume within these models. The diffusion coefficient of THE was
determined in distilled water and estimated to be 8.21 x 1071® m? ™1
(Grassi et al., 2001).

The tablet is modelled as 100% drug and we assume that the drug is
uniformly distributed within the real tablet. We are aware that the tablet
used in Stamatopoulos et al. (2015) contains excipients (e.g., to control
the drug release) and not only drug. However, this study focuses on the
tablet’s realistic dissolution/disintegration behaviour and not on the
influence of different excipient compositions on the dis-
solution/disintegration behaviour. We indirectly accounted for the in-
fluence of excipients on tablet dissolution/disintegration by using
experimental tablet optimisation data and modifying the modelled
tablet to behave like the experimental tablet as a whole (i.e., drug +
excipients).

In the tablet model, all the neighbouring particles are interconnected
with each other with bonds. If the concentration of at least one of two
adjacent tablet particles falls below a predefined threshold X (e.g., X =
0.90 means 10% dissolved), the bond between these particles is removed
weakening the solid structure of the tablet. A bond between two parti-
cles is also deleted if the distance between two bonded particles in-
creases by 10% of their initial spacing (e.g., due to the influence of shear
forces). If a computational tablet particle has no bond with any other
tablet particles, the particle detaches completely from the tablet. In this
way, the disintegration process of the tablet is simulated.

Finally, when the concentration of the active ingredient in the tablet
is below its solubility concentration Cs (defined as 5%, i.e., 95% dis-
solved), the type of the tablet particle is changed from LSM to SPH: i.e.,
the particle stops behaving like a solid particle and behaves like a fluid
particle.

In the models (i.e., mini-USP II and colon), the fluid and the tablet
were discretised differently (i.e., different particle resolution). This re-
sults in a different initial particle distance between the fluid and the
tablet particles. Thus, a different ‘momentum’ smoothing length is used
between the fluid and tablet particles. The ‘diffusion’ smoothing length
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Fig. 4. Validation of the computational mini-USP II model by comparison of the velocity profile from the simulation with experimental and simulated data from
Wang and Armenante (2016). (a) shows the dimensions of the mini-USP II used in both, the experimental and computational part, (b) Experimental and compu-
tational data reproduced with permission from Wang et al., and (c) the velocity profile obtained from the simulation.

between the fluid and tablet particles is obtained from a weighted
smoothing length based on the smoothing length of the fluid particles
and the tablet particles. Further details of the general model parameter
and specific model properties are given in Table 6 and Table 7,
respectively.

2.5.2. Development of the tablet and data analysis

The simulation of a disintegrating/dissolving tablet in a stirring tank
with SPH is computational very intensive. In our case, to simulate
approximately 2 min of real-time 144 cores with 576 GB memory, a wall
time of 10 days is needed.

To overcome this problem, we notice that the time scale of the hy-
drodynamics Ty in the stirring tank and the time scale of the tablet
dissolution process Tp are different (i.e., Ty ~ 1 s and Tp ~ 1 hour) and
do not overlap (Tp >> Ty). Since the tablet dissolution is considerably
slower than the hydrodynamics, we can assume that, if we consider
small time intervals of the order of Ty, the dissolution process does not
affect the hydrodynamics. Furthermore, the results of the dimensional
analysis (Section 2.2.2) confirms that it is possible to compare different
diffusion coefficients D by rescaling time t, because t is inversely pro-
portionally to the diffusion coefficient:

1
tocB7 (16)

By using Eq. (16), it is possible to compare the dissolution profiles of
tablets with different diffusivities. For instance, the dissolution profile of
a tablet with total dissolution time t; = 10* s and D = 107'° m? s ! has
the same shape of the dissolution profile of a tablet with ty =1 sand D =
107%m? s~ L. That s, if we use dimensionless numbers, these two profiles
overlap. In the next sections, we are going to use a dimensional time ©
defined as
fq-]=1 a7

Iy

where ty is the total dissolution time and t is the actual time. For the
simulation data tp = 90 s and for the experimental data of Stamato-
poulos et al. (2015) ty = 18000s.

Stamatopoulos et al. (2015) analysed the dissolution process in the
mini-USP II across a time interval of approximately 8 hours,

corresponding to a time scale of 10* s. The diffusion coefficient of the
pure drug used in the experimental tablet is approximately 8.0 x 10710
m?sL.

In order to find a tablet that behaves as similarly as possible to the
experimental one, we built tablets with different thresholds X: 0.1, 0.35,
0.60, and 0.85 (see Section 2.5.1). This means that the bond between
two tablet particles breaks when 90%, 65%, 40%, or 15%, respectively,
of the API concentration of the bound particles, is dissolved in the fluid.
Simulations were carried out with the modelled tablets and with
different diffusion coefficients of the API: 8.0 x 10°®m?s™!,8.0 x 1077
m?> s’l, 8.0 x 108 m? s’l, 8.0 x 1072 m? s’l, and 8.0 x 107 19m?s7 L.

Data analysis of the different tablets and diffusion coefficients D
shows (Section 3.2) that the API mass flow ¢ * for each tablet follows the
following equation:

# = eD", 18)

where ¢ is a tablet specific constant and a = 0.61 an exponential constant
valid for all tablets.

To determine the model that best represents the behaviour of the
experimental tablet from Stamatopoulos et al. (Stamatopoulos et al.,
2015), the Péclet number Pe was used:

N

P, ,
e D

19)

where N is the paddle speed, d the paddle diameter and D the diffusion
coefficient.

The experimental dissolution data from Stamatopoulos et al. (2015)
show a linear progression (see Section 3.2 Fig. 10) and an average mass
flow rate of the API from the tablet of approximately 8.29 x 10 *kg s~ ".
The corresponding Pe number for these conditions is 9.15 x 10°. Due to
the limited data available, only this single data point is used to select the
computational tablet whose dissolution profile best matches the
behaviour of the real tablet.

2.6. Software

The simulations in this study were performed using the University of
Birmingham’s BlueBEAR HPC service (Birmingham, 2021). For the
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Fig. 5. Mass flow rate ¢ of the API from the tablet obtained from the simulations in the mini-USP II for different X and for different diffusion coefficients D.

numerical calculations, the open-source code LAMMPS (Ganzenmiiller
et al., 2011; Plimpton, 1995) is used. OVITO (Stukowski, 2010) is used
for the visualisation and MATLAB (MATLAB 2022) for the post-
processing of the simulation data.

3. Results and discussion
3.1. Model validation - hydrodynamics

To validate our computational model of the mini-USP II in terms of
hydrodynamics, we compared the obtained velocity profile with
experimental and computational data from Wang et al. (Wang and
Armenante, 2016). The experimental data were determined using Par-
ticle Image Velocimetry (PIV). The computational data were obtained by
using ANSYS GAMBIT 2.4.6.

Fig. 4a) represents the dimensions of the mini-USP II used by Wang
et al. (Wang and Armenante, 2016), Fig. 4b) the experimental and
computational results obtained from Wang et al. and Fig. 4c) the result
from the DMP simulation. The DMP model shows good agreement with
the results of Wang et al. (Wang and Armenante, 2016).

3.2. Evaluation of the tablet disintegration/dissolution

As discussed in Section 2.5.2, four different tablets with different
threshold values X (i.e., value for the bond/break specification) and
different diffusion coefficients have been developed. In total, 20
different simulations were performed to investigate the tablet that best
matches the performance of the experimental tablet from Stamatopou-
los et al. (2015).

The results from the simulations for each X are represented in Fig. 5.

The data for the different threshold values X show that the Mass flow

Table 8

Values for the constant ¢..
X €
0.1 2.3 x1073
0.35 2.9 x 1072
0.60 2.4 x1072
0.85 1.9 x 1073

rate of the API from the tablet can be represented by Eq. (18). The
exponential constant was determined to be a = 0.61. The values for ¢ are
shown in Table 8:

Fig. 6(a) shows the entire diagram of the simulations, where the mass
flow rate ¢ * (i.e., calculated using Eq. (18)) of the different computa-
tional tablets is represented over the Péclet number. The red star in-
dicates the data point of the experimental tablet.

To be able to analyse the region of the experimental tablet (i.e., with
the red star) more precisely, an enlarged section of this region is shown
in Fig. 6b).

From Fig. 6b) it can be observed that the modelled tablet with a
bond/break threshold X = 0.35 best represents the behaviour of the
experimental tablet.

To further verify the realistic disintegration behaviour of the
modelled tablet, the disintegration course of the modelled tablet was
compared with the disintegration course of a real tablet. Unfortunately,
the tablet used in Stamatopoulos et al. (Stamatopoulos et al., 2015) is
customized and therefore not available for direct comparison. Never-
theless, to be able to compare the disintegration process of the modelled
tablet with a real tablet, we used a commercially available tablet. The
reference tablet shown in Fig. 7 (top) is an immediate-release (IR) tablet
(i.e., Metoprolol tartrate, an oral administered tablet) from Aurobindo
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Fig. 6. a) Representation of the results obtained from the simulations and a characteristic data point from the experimental tablet. b) Enlarged section from a) of the

region of the experimental tablet.

Pharm - Milpharm Ltd. Images of the disintegration/dissolution process
of the tablet were taken at four different time points, each fifteen mi-
nutes apart. The conditions in the mini-USP II were similar to the model
conditions: rotational speed of the paddle 50 rpm, water temperature
37 °C.

In Fig. 7, the tablet is in its initial rigid state at tp and slowly

disintegrates from the left to the right. The computational tablet shows a
very similar behaviour to the real tablet. At Phase = 0, water diffuses
into the tablet and some tablet particles detach from the tablet. From
Phase = 1 to Phase = 4, the tablet shape changes in both cases, the
computational and the real tablet, from a cylindrical body to a cone and
releases more and more particles. The fact that the disintegrating tablet
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Fig. 7. Comparison of the tablet disintegration/disso-
lution process of a real tablet (top) and the computa-
tional tablet (middle and bottom) at different phases of
the tablet disintegration/dissolution process. The par-
ticles of the modelled tablet (middle) are coloured ac-
cording to their API concentration, where red indicates
100% API and dark blue 0% API. At the bottom the
particles of the modelled tablet are coloured according
to the shear rate exposed, where purple indicates low,
and yellow a high shear rate.

forms a cone is a typical picture in the USP II dissolution apparatus and a
result of the lower hydrodynamics below the paddle (Pepin et al., 2022).

The drug release process from the tablet and the disintegration/
dissolution of the tablet occurs in four main steps as shown in Fig. 8. As
an example, we used the tablet that represents the real tablet and scaled
the time and the diffusion coefficient according to Eq. (16). Thus, we use
a diffusion coefficient of D = 8.0 x 107® m? s™! for the simulation and
run the simulation for 120 s real time.

In the first step, water diffuses into the tablet and the API into the
fluid, resulting in an almost linear release of active ingredient. In the
second step, the rigid structure of the tablet begins to weaken, and the
first drug particles detach from the tablet into the fluid. In our case, a
particle that detaches from the tablet but is not yet completely dissolved
in the fluid is counted as a "tablet particle". The drug release profile is
still linear, but with a lower slope. The outer layer absorbed water and
thus its API content, creating an additional mass transfer resistance
between the core of the tablet (rich in drug) and water. In the third step,
more particles detach from the tablet. This temporarily leads to an
increased release of the API, as a larger part of the tablet is exposed to
the fluid. Finally, in the fourth step, the solid structure continues to
weaken, resulting in fragments detaching from the tablet, and leading to
an increased release of active ingredient.

One main parameter influencing the disintegration/dissolution of
the tablet is the shear stress acting on the surface of the tablet (Schiitt
et al., 2021). Fig. 9 represents the dissolution profile and the average
shear rate acting on the tablet particles over time. The profile is taken
from the same tablet used in Fig. 8.

In the model, the paddle was ‘switched on’ and the tablet was

‘activated’ as soon as the hydrodynamics in the container were steady
state. For this reason, the shear rate acting on the tablet is already at a
higher value at t = 0. In the course of disintegration, the average shear
rate also increases. This is because the structure of the rigid tablet be-
comes weaker and individual particles detach from the tablet, creating
edges on the tablet on which the fluid can act more effectively.

The shear stresses and, consequently, shear rates acting on the tablet
surface are in good in agreement with the shear stresses found in
Kindgen et al. (Kindgen et al., 2015), where they performed simulations
of the hydrodynamics and stresses in the PhEur/USP Disintegration
Tester with different fluids (i.e., Newtonian and non-Newtonian fluids
and different fluid viscosities). These values also correspond very well
with the shear stresses found in other studies, even though they focused
on the stomach (Abrahamsson et al., 2005; Pal et al., 2003).

In Fig. 10, the drug release data from the modelled tablet obtained in
the mini-USP II model is compared to the experimental data from Sta-
matopoulos et al. (2015). This is done using the dimensionless time t©
(Eq. (17)). Stamatopoulos et al. (2015) received the drug release data
using two different sampling points Sj, in the mini-USP II container (i.e.,
19 and 66 mm above the paddle). For comparison, we use an average of
these measurements, indicated as Stamatopoulos et al. ‘average’ in
Fig. 10.

The standard deviation s in Fig. 10 is calculated as follows:

= |Sp-,2 — SM}

20
N (20)
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3.3. Comparison of the drug release profile from the experimental tablet in
the mini-USP II with the drug release profile of the computational tablet in
the colon model

To compare the dissolution profile of the conventional dissolution
apparatus with the colon model, we run the simulation with the same
tablet properties used in the mini-USP I model (i.e., D = 8.0 x 10~ m?
s71, X = 0.35) in the colon model and determine drug release profile and
shear stress acting on the tablet. Fig. 11 shows the drug release profile in
the colon models with two different in vivo motility patterns, ‘PEG’ and
‘Maltose’ (Schiitt et al., 2021). The dimensionless time 7 is calculated
according to Eq. (14).

The grey shaded area represents the drug release obtained in the
mini-USP II in Fig. 10 at 7 = 1. In the colon models, it takes approxi-
mately 13.5 times longer in the case of the PEG motility pattern and
approximately 20 times longer in the case of the maltose motility pattern
to achieve the same drug release as in the mini-USP II.

This can be explained by the shear rate acting on the tablet surface,
represented in Fig. 12. In the colon models, the shear stress is induced by
the wall motion of the colon.

By comparing Fig. 9 and Fig. 12 (i.e., mini-USP II and colon model,
respectively), it can be established that the shear rate acting on the
tablet surface in the colon models is about one order of magnitude
smaller than in the mini-USP II at 50 rpm. Also, the shear stress profile
shows different progress in the mini-USP II compared to the colon
model. In the mini-USP II, the shear rate acting on the tablet is rather
constant, whereas, in the colon model, it occurs in peaks, which accel-
erates the drug release process (Schiitt et al., 2021).

To investigate whether a slower paddle speed in the mini-USP II
results in a shear rate acting on the tablet that is of the same order of
magnitude as in the colon model and thus more closely mimics in vivo
conditions, we built several mini-USP II models with different paddle
speeds. The paddle speed was set to 1, 5, 15, 25, 35 and 50 rpm
accordingly. The properties of the tablet are the same as those used
previously (i.e., D = 8.0 x 107° m? s’l, X = 0.35).

Fig. 13 shows the influence of the paddle speed on the tablet’s drug
release profile in the min-USP II.

With an increased paddle speed and thus a higher fluid flow around
the tablet, the drug release process is also accelerated.

Likewise, the shear rate acting in the tablet increases with an in-
crease in paddle speed, which is represented in Fig. 14.

According to Metzner et al. (1961), the average shear rate in the
liquid is a function of the impeller speed and behaves proportionally. In
this case, the shear rate experienced by the tablet is not proportional to
the paddle speed. This can be attributed to the fact that different velocity
profiles occur in the container and that the fluid flow around the tablet is
not proportionally to the paddle speed. Even at low paddle speeds of 1
and 5 rpm, the average shear stress experienced by the tablet is about
one order of magnitude larger than the ‘baseline’ shear stress acting on
the tablet in the colon models (Fig. 12). As mentioned previously, the
tablet is ‘activated” when the hydrodynamics in the container reaches
steady-state conditions. Therefore, the shear stress is already at an
increased value at T = 0. From the results in Fig. 14, even a paddle speed
of 1 rpm in the mini-USP II results in a slightly too high average shear
rate acting on the tablet compared to the colon models. However, by
using an "on-off" operating mode in the mini-USP II, the conditions (i.e.,
the generation of shear rate peaks) would better reflect the in vivo
conditions of the human colon instead of a constant paddle speed of 50
rpm normally used.

4. Conclusion

In this study, we reuse a computational model of ascending colon
developed in Schiitt et al. (2021) with in vivo motility patterns, a digital
twin of the mini-USP II dissolution apparatus and a digital twin of a
tablet that mimics a real tablet. The models are used to compare the
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Fig. 14. Shear rate acting on the modelled tablet during the drug release process in the mini-USP II shown in Fig. 13.

disintegration/dissolution behaviour of a tablet in a standard dissolution
apparatus and a biorelevant colon model. We show the extreme case
where the fluid exerts higher shear rates on the tablet surface than a
fluid with higher viscosity, as previously demonstrated in Schiitt et al.
(2021).

The shear rates acting on a tablet surface determined in the colon
models are in the same order of magnitude as in Abrahamsson et al.
(2005), even though their study focuses on the stomach. This is probably
due to elevated colon motility stimulated by PEG and maltose, resulting
in increased shear rates that also occur in the fed stomach.

The results show that the average shear forces acting on a tablet are
relatively low in the colon models and follow a different pattern than in
the mini-USP II. A much lower paddle speed and a structured stirring
profile could be used to replicate these conditions better. A different
approach could be to lower the “baseline” shear rate acting on the tablet,
increased clearance in the mini-USP II could be used. However, whether
the mini-USP II or even the USP II dissolution apparatus is the most

12

appropriate apparatus to mimic in vivo conditions in the colon is worth
considering.

The current challenges and limitations of the approach to developing
a computational tablet that mimics a real tablet are based on the
available experimental data. Future work needs to incorporate more
data from the real tablet, such as the release profile at different paddle
speeds in the mini-USP II, to support further the accuracy of the method
used. Nevertheless, the approach shows a first step towards modelling a
real tablet.
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