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ABSTRACT Drug-filled implants (DFIs) have emerged as an
innovative approach to control the delivery of drugs. These
devices contain the drug within the structure of the implant
itself and avoid the need to include additional drug carrier
materials such as a polymers, which are often associated with
inflammation and delayed healing/tissue regeneration at the
implant site. One common feature of i vitro experiments to
generate drug release profiles is stirring or agitation of the
release medium. However, the influence of the resulting fluid
flow on the rate of drug release from DFIs has yet to be quan-
tified. In this paper we consider two DIFTs, which although
similar in shape and size, employ different strategies to control
the release of drug: a porous pin with pores on the order of pm
and a pin drilled with orifices of the order of mm. We develop
a multiphysics mathematical model of drug release from these
DFIs, subject to fluid flow induced through stirring and show
that fluid flow greatly influences the drug release profile for the
orifice pin, but that the porous pin drug release profile is
relatively insensitive to flow. We demonstrate that drug release
from the porous pin may adequately be described through a
simplified radial 1D dissolution-diffusion model, while a 3D
dissolution-advection-diffusion model is required to describe
drug release from the orifice pin. A sensitivity analysis reveals
that that the balance of reaction-advection-diffusion in terms
of key nondimensional numbers governs the overall drug re-
lease. Our findings potentially have important implications in
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terms of devising the most relevant experimental protocol for
quantifying drug release from DFIs.

KEY WORDS fluid dynamics - drug filled implants -

drug release - mathematical modelling - porous implants

INTRODUCTION

Drug-filled implants (DFIs) have emerged as a novel technol-
ogy that enable localised drug delivery without the need for a
polymer drug carrier. This is potentially advantageous since
polymer-coated implants have been associated with adverse
effects such as lack of biocompatibility, inflammation, or de-
layed healing/tissue regeneration at the implant site (1-3).
Instead, DFIs incorporate the drug within the structure of
the implant itself. The drug is typically contained within one
or more reservoirs, with the surrounding material porosity (on
varying length scales) being a key design parameter in terms of
controlling the rate of drug release. DFIs are being investigat-
ed in several application areas, with prototype devices having
already been designed for cardiovascular and orthopaedic ap-
plications, for example, drug-filled coronary stents (4) and
drug-filled fixation pins (5, 6), respectively.

Early-stage testing of drug-delivery implants usually in-
volves a series of i vitro experiments, primarily to explore
the effect of different design configurations and to test the
repeatability of the drug release profile. Only the most prom-
ising designs are taken forward to i viwo studies and eventually
clinical trials, primarily because of the prohibitive costs and
associated cthical issues. Therefore, it is of paramount impor-
tance that the i vitro testing is performed under the most
suitable experimental conditions. Unfortunately, experimen-
tal protocols for such testing vary widely in the literature,
meaning that it is often difficult to make comparisons and,
more importantly, extrapolate the i vitro drug release profile
to the more complex i vivo setting.
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The features of i vitro experimental protocols that typically
differ can be roughly separated into five areas:

(i) Selection of Release Media. The release media selected can
strongly influence the drug release kinetics observed  vitro.
Phosphate Buffered Saline (PBS) maintained at 37 °C is often
used to mimic physiological conditions. The release of
protein-binding drugs can be modified by the presence of
proteins within release media. For characterisation of hydro-
phobic drug release, the media will often include agents to
enhance solubility in order to better capture i vivo release,
with the inclusion of ethanol (7) and Tween (8) having been
reported. In common with the methods used for dissolution
testing of more conventional pharmaceutical dosage forms,
accelerated release studies can be performed through selection
of release media with maximal drug solubility. The extent to
which the release profiles generated from such modifications
allows accurate predictions of i viwo drug release remains
unclear.

(li) Release Volume. The volume of the release media greatly
impacts upon ¢ vitro drug release characteristics. It is often
recommended that such experiments are performed under
infinite sink conditions (9), thereby necessitating the use of
relatively large media volumes. Smaller volumes may be se-
lected, which can make analytical measurement of the drug
concentrations less challenging, but given that this will give
rise to temporal changes in the media drug concentration, this
requires careful consideration when characterising systems
where diffusion is a dominant release mechanism.

(lii) Sampling Method. Continuous i situ monitoring of i vitro
drug release from medical implants is rarely reported, with
periodic sampling more typically used to allow drug measure-
ments to be performed on standard analytical instruments.
Periodic sampling in this way allows the media to be refreshed
at each time point, with complete removal of the media and
replacement often selected in order to maintain infinite sink
conditions as closely as possible. However, partial replacement
of media has also been reported. It is clear that the evolution
of drug concentration within the release media will be impact-
ed by the frequency of sampling and the media replacement
strategy, with this in turn having potentially important effects
on the drug release kinetics, particularly where diffusion is the
dominant transport mechanism (10, 11).

(Iv) Geometry Effects. The release media volume selected gov-
erns the choice of incubation vessel used, with the geometry of
this in turn potentially impacting upon the drug release kinet-
ics. Cylindrical glass vials are widely used, particularly for
examination of drug release from small medical implants such
as vascular stents (12). Flasks of various geometries are also
used, permitting the introduction of stirred regimes. The
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geometry of the implant material and its placement within
the incubation vessels will also impact upon drug release char-
acteristics. The drug-coated surface should be exposed uni-
formly to the release media, although this is not always
achieved in systems where the samples are placed at the bot-
tom of the vessel.

(v) Stirring/Agitation Conditions. The release media can be
stirred or unstirred. For conventional dosage forms,
standardised dissolution testing apparatus is used in accor-
dance with United States Pharmacopeia (USP) standards
(13). The standards governing the evaluation of drug release
kinetics from implantable devices rely on similar testing appa-
ratus and protocols, although are less well defined (14). For
vascular implants that are exposed to blood flow, perfusion
systems are often used to characterise drug release (15) al-
though more simplified agitation systems have also been em-
ployed (7). Gentle agitation can be provided to mimic move-
ment of extracellular fluid around other implantables, such as
orthopaedic or subcutancous devices. The nature of the i vitro
flow regime achieved will be governed by all of the factors
outline above to some extent, although the precise impact of
this upon the drug release characteristics remains unclear.

In this article, we shall primarily be concerned with (z)-
stirring/agitation conditions. Specifically, through the devel-
opment of a multiphysics mathematical model applied to two
DITs with quite different material properties, we seek to un-
derstand the influence of fluid flow on drug release from these
DFIs.

TEST CASES

In this study, we consider two different prototype drug-filled
orthopaedic-fixation pins (5, 6) as shown in Fig. 1. Each pin is
made of stainless steel and comprises a cylindrical geometry
with a cylindrical hollowed-out portion acting as a reservoir
filled with dry drug. The geometrical parameters of the pins
are similar and are summarised in Table 1. The key difference
between the pins is related to the drug release route: the first
(the orifice pins, Fig. 1a) contains a small number (2-8) of large
orifices on the surface, while the second (the porous pin, Fig. 1b)
encompasses a homogeneous porous wall.

MATHEMATICAL MODEL FORMULATION
The Orrifice Pins

Geometrical Model. Although four versions of the orifice pin
were created by Gimeno et al. (6), we consider here only the 2-
orifice and 8-orifice pins, representing the extreme cases. The
orifice pins (Fig. 2) comprise a central drug-filled hollow core
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(a)

Fig. | (a) The orifice pins showing (left to right) 8, 6, 4 and 2 drilled holes, highlighted by the red circles, through which the drug is released (6). (b) lllustration of
the porous pin with blue arrows showing drug transport through the porous wall (5).

(€3) connected to orifices (€) drilled through the cylindrical
wall of the pins. Following correspondence with the authors, it
was revealed that the release medium and orifice pins were
contained within 250 mL conical flasks, whose dimensions are
available from the manufacturer (16). Although the release
medium vessel is a conical flask, only the volume occupied
by the release medium is required for the computational
modelling and so the neck of the conical flask is not included
in the computational geometry. Moreover, the authors con-
firmed that the pins were suspended in the release media. The
geometry of each pin and release container was constructed in
COMSOL Multiphysics®, version 5.3a, where the default
Cartesian (x, 9, z) co-ordinate system was employed. In Fig. 2
we display the geometries associated with the 8-orifice pin,
highlighting the notation used to define each domain and
boundary.

Fluid dynamics. While the release medium used in (6) is known
to be Simulated Body Fluid (SBF), we have been unable to
identify the fluid properties (e.g. density and kinematic viscos-
ity) of SBF in the literature. For the purposes of this study, we
assume that SBF has similar properties to those of water and,
therefore, describe the fluid dynamics in the container and
within the pin using the incompressible Navier-Stokes equa-
tions (1) supplemented with appropriate boundary and initial
conditions (2-4):

Table |  Geometrical parameters of the pins considered

Geometrical feature Orifice Pins (6) Porous Pin (5)

Radius of drug filled core 4 mm [.575 mm
Wall thickness [.6 mm [.6 mm
Pin length 25 mm 254 mm
Outer diameter 6 mm 6.35 mm
Wall porosity N/A 0.17
Orifice diameter 0.5 mm N/A

(36_1; = VVzu*(u-V)uf%Vp, V=0, (1)
in Q,Q, and Q3, (>0,

u = (—rsin(0),r cos(0),0)0, onI, >0, (2)

u=20, only, (>0, (3)

u=0, inQ,Q,andQ;, (=0, (4)

where % denotes the fluid velocity field, assumed to be zero
initially (4), p is the fluid density, p is the pressure and v is the
kinematic viscosity of the fluid. On the boundary I'}, a moving
wall boundary condition (2) is imposed. For ease of implemen-
tation, a cylindrical co-ordinate system was employed for this
boundary condition, in which  is the magnitude of the an-
gular velocity of the rotating wall in rad/s. This condition
ensures that the fluid at this boundary takes the wall’s angular
velocity: this is the driving force behind the fluid flow. A no-
slip/no-penetration boundary condition (3) is applied to the
collection of boundaries that comprise the body of the pin,
denoted by I',. We note that this model inherently assumes
that the submerged pin is filled with fluid at ¢ = 0. In reality,
the SBF will take some finite time to infiltrate the pin and will
depend on many factors including the diameter of the orifices
and the structure of the (porous) dry drug core. In cases where
the timescale associated with drug dissolution is significant,
this model may represent an under-estimation of the drug
release time.

Drug transport. Drug transport within the release medium may
in principle be governed by advection as a result of fluid flow
as well as diffusion as a result of random molecular motion.
Additionally, when the drug is loaded in a dry solid form, as is
the case in Gimeno et al. (6), the rate of dissolution of drug
may be a key driver of drug release. Indeed, (6) considered in
their study two commercially available drug products with
differing solubilities (Cefazolin Sodium and Linezolid, with
solubilities in water of 50 mg/mL and 3 mg/mL, respectively),
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(a)

(b)

Fig. 2 (a) A close-up of a segment of the 8-orifice pin, clearly showing the drug core Q3 and the collection of orifices €2,, which extend through the wall of the
pin. I, represents the entire surface area of the pin, including the cylindrical walls of the orifices in each pin configuration. (b) Geometrical configuration of the 8-
hole pin within a section of a conical flask. The release medium fluid is represented by €. The set of boundaries between the release medium and the flask are
collectively represented by T'j. The default Cartesian (x,,z) co-ordinate system within COMSOL Multiphysics™, version 5.3a, was employed, with the origin
located at the centre of the flask base and the z-axis pointing vertically upwards. On the boundary I'j, a moving wall boundary condition (2) is imposed to simulate
stirring. For ease of implementation, a cylindrical co-ordinate system was employed for this boundary condition: r denotes the radius from the central z -axis to the
outer wall and B'is the angle which €| makes with respect to its original position as it rotates.

noting significant differences between the drug release pro-
files. Thus, to enable the possibility of each of these mecha-
nisms being equally important, we propose a dissolution-
diffusion-advection model to describe drug transport within
the hollow interior of the pin:

0b

5= —pb*3(S—c), inQs, (>0, (5)
Oc 2 23 :

azl)fv c—uNe+ pb7°(S—¢), inQz, >0, (6)

where b(x,, z,¢) and ¢(x,, z,1) are the concentrations of
undissolved and dissolved drug, respectively, S is the solubility
of the drug in the release medium, f is the drug dissolution
rate, and Dy is the isotropic free-diffusion coefficient of the
drug in the release medium. This nonlinear dissolution model
was originally proposed by (17) and represents a modification
of the classical Noyes-Whitney model (18) allowing for the
possibility of the dissolution rate being a function of the surface
area of spherical dissolving drug particles. The model (5-6)
assumes that the orifice pins are rapidly infiltrated by the
release medium fluid and that the drug 1s fully wetted. This
enables the dissolution process to begin throughout the drug
core immediately. In reality, dissolution is a complex process
consisting of several steps. There are more complex models in
the literature (19) which account for each individual step,
highlighting the importance of the initial wetting stage. The
equation proposed to model mass transport in the bulk fluid
domain and in the orifices is:
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0
- vazc—u-Vc,

o in Q) and Q;,

t>0. (7)

We impose the following boundary and initial conditions

n(-D/Ve+cu) =0, onl|, >0, (8)
-nD/Ve=0, only, >0,

b=1by, inQ3, =0, (9)
c=0, inQ,Q, andQ;, (=0, (10)

where 7 is the outward facing unit normal to applicable
boundary surfaces and bg is the initial drug loading
concentration.

The Porous Pin

Geometrical Model. The porous pin is comprised of two dis-
tinct regions: the inner drug core (€23) and the porous wall (€o)
as shown in Fig. 3a. In the absence of any information to
suggest otherwise, the container for the release medium is
assumed to be a beaker of radius 30 mm (20). Since the vol-
ume of release medium is known to be 100 ml (5), the depth of
the release medium may be easily calculated to provide as
accurate a representation as possible for the model. The po-
rous pin geometry (Fig. 3a) is then suspended in the centre of
the beaker geometry as shown in Fig. 3b. This configuration
was motivated through correspondence with the authors of
the original work detailing the prototype pins (5). The geom-
etry of the porous pin and release container were constructed
in COMSOL Multiphysics®, version 5.3a, where the default
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(a)

(b)

Fig.3 (a) The 3D porous pin highlighting €2, (the porous wall) and €23 (the inner drug core). The outer boundary of the porous wall of the pin in contact with the
release medium is denoted I, and the interface between the inner drug core and the porous wall is represented by I'3. The collection of boundaries that form the
top and bottom caps of the pin are designated by I'4. (b) 3D geometry of the porous pin experimental set-up, where the domains €2, £, and €3 represent the
release medium, the porous wall of the pin and the inner drug core of the pin, respectively. T' is the outer boundary of the release medium, Bis the angle that Q.
makes with respect to its original position as it rotates and r is the radius from the central z-axis to the outer wall.

Cartesian (x, y, z) co-ordinate system was employed. The no-
tation used to define each domain and boundary is show in

Fig. 3.

Fluid Dynamics. As with the orifice pins experiments, the
release medium is SBF (5) with fluid dynamic properties
assumed similar to water. The time-dependent incom-
pressible Navier-Stokes equations (11,13) are used to
model fluid flow in the bulk release medium and the
inner drug core of the pin. However, these equations
are not appropriate for fluid modelling in the porous
wall of the pin (£;), where we instead impose the
time-dependent incompressible Brinkman equations
(12,13). The Brinkman equations, preferred to Darcy’s
law because of their more accurate approximation of
bulk fluid-porous domain transitions (21,p. 16), intro-
duce two additional parameters: k, the permeability of
the porous wall of porosity ¢. respectively. Furthermore,
v is the kinematic viscosity of the fluid (the ratio of
dynamic viscosity to density). The fluid dynamics model
is then given by:

0 |
a—?quzu*(u-V)uf—Vp, in Qand Q3, ¢>0, (11)
p
| ouw v _, [ | v
MV (wVu —-Vp— L inQ,, >0
TR d)z(u Ju p b _u, iny, > 0,
(12)
Vu=0, inQ, Q and Q3, ¢>0. (13)

These equations are supplemented with appropriate
boundary and initial conditions (14-17):

u = (—rsin(0),7cos(d),0)w, onT|, ¢>0, (14)
Wy = Wy, Py =Py, onlzandIs, (>0, (15)
u=40, onl, (>0, (16)
u=20, inQ, QandQ;, ¢=0. (17)

The definitions of u, p, p, v and @ are the same as with the
orifice pins case. As before, a moving wall boundary condition
(14) 1s used. Also, a no-slip/no-penetration boundary condi-
tion (16) is applied along with the assumption that the release
medium is at rest initially (17). At the boundaries #, p, p, v and
® we impose continuity of velocity and pressure (15), where
the subscripts s and br indicate the velocity field and pressure
associated with Navier-Stokes (ns) and Brinkman (br),

respectively.

Drug Transport. The fluid dynamic equations (11-17) are
coupled with a set of reaction-diffusion-advection equations
(18-21). The drug concentration in the inner drug core (€23),
the porous wall of the pin (€;) and the bulk release medium
(Q)) are denoted ¢;(x, 9, 2, 1), ¢,(x,, 2, 1) and ¢,,(x, 9, 2, 1), re-
spectively. The proposed model is:

ob

== b3 (S—c), inQs, (>0, (18)
Ocy 2 2/3

= = DVia—uNe+prl(s—o), (19)

nQs, (>0,
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0
¢% =DV, ~uVe, inQ, (>0, (20)
Ocp, 9 .
E:DJ-V cn—uVe,, Q) >0, (21)

where D, is the effective diffusion coefficient within the porous
wall, calculated via D, = ¢, Dy /7 (22). The parameters ¢,
and 7 are the effective porosity of the porous wall and the
tortuosity, respectively. These governing equations are supple-
mented with the boundary and initial conditions:

¢4 = ¢, (22)
ﬁ-(—DfVcd + cdu) = ’ﬁ-(—DI,,ch + C/,u),

onl3, >0,

S (23)

ﬁ-(—Dchﬁ + cpu) = ﬁ-(—Dfch + cmu),
t>0,

ﬁ-(—Dfch + cmu) =0, >0, (24)
n-DVey = n-D)Ve, =n-D;Ve, =0,

on Fz,

onF|,

onTy4, >0, (25)
b=by, Q3 =0, (26)
=0, inQ3, ¢ =0, infy,
c, =0, inQ,, ¢=0. (27)

Continuity of concentration and flux conditions (22—23)
are applied to boundaries I'y and I's. On I'} and Ty, zero-
flux boundary condition (24-25) are applied to prevent drug
from leaving the system, with the latter neglecting the advec-
tive component due to the zero-flux/zero-penetration condi-
tions imposed on the fluid (16). Initially, there exists only un-
dissolved drug (26) and no dissolved drug (27).

Summary of Investigated Scenarios

Since the focus is on establishing the influence of flow on drug
release, we initially neglect dissolution and solve the corre-
sponding 3D advection-diffusion models with all of the drug
assumed to be in the dissolved phase initially at concentration
bo. This approximation is valid when the drug is either initially
in a dissolved form, or is rapidly dissolved (e.g. high dissolution
rate and/or solubility). We also consider the case of steady
flow versus time-dependent flow. Once the effect of flow is
established, we then reintroduce dissolution to the models.
Given the geometry of the porous pin, we proceed to explore
whether or not it is possible to exploit symmetry to simplify the
model. Finally, when we have established the feasible simpli-
fications to the model for each pin, we conduct a sensitivity
analysis to explore the effect on drug release of varying the key
model parameters. The key measure we use to compare the
results is the drug release profile, defined as the mass of drug
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that has accumulated in the release medium (or released from
the pins) at any time, £ normalised with respect to the initial
drug loading.

Numerical Solution

The orifice and porous pin model equations (1-27) were
nondimensionalised prior to solving numerically and applied
to the geometries shown in Figs. 2 and 3, respectively.
Additionally, a 2-orifice pin geometry was also considered,
with the orifices located as shown in Fig. la. All spatial vari-
ables were scaled with the radius of the drug core, L;. The
remaining scalings employed were:

' C ’ b ' Df ' Ld
c=—=, b=—, t=—1 u=—u,
S bo L Dy
. L
b= 5 -
pD}

The models were solved using the commercial finite ele-
ment method (FEM) software, COMSOL Multiphysics®,
version 5.3a. There exist several numerical methods within
the software, with the default methods for a given combina-
tion of physics selected by the software automatically. The
particular methods considered for each study are described
in the Results and Discussion Section. However, in all numer-
ical studies, ime-advancement was handled by the backward
differentiation formula (BDF), with free time stepping. To aid
in conservation of mass when the drug-transport equations
had an advective component, the equations of each study
were solved in conservative form. Preliminary modelling sug-
gested that mass conservation could be influenced by the spe-
cific values of the parameters. Therefore, suitably dense
meshes were constructed for use across all parameters consid-
ered. The meshes used in all studies were considered suitable if
the error in mass conservation was less than 1%. For the
models involving the Navier-Stokes equations, since the pres-
sure is not defined anywhere in the system, a pressure point
constraint was imposed by setting the pressure to zero at an
arbitrary point in the pin domains to allow the numerical
scheme to find a solution.

Parameter Values

A summary of the baseline parameter values used in this study
1s provided in Table 2. Several of the parameters have been
taken or inferred from (5) and (6). The initial drug concentra-
tion and solubility values are based upon the antibiotics used
in these studies: Cefazolin for the Orifice pins and Linezolid
for the Porous Pin. The drug loading in the case of the orifice
pins is explicitly stated (100 mg (6)), therefore, the initial drug
concentration can be calculated. However, in the case of the
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Table 2  Baseline parameter values

Description Parameter Orrifice Pins Porous Pin

Initial undissolved drug concentration bo 775.194 kg/m?® (6) 505.19 kg/m3(5)
Rate of dissolution B 107° s (m >kg)** 107° 57" (mkg)??
Reaction exponent a 2/3 2/3

Rotational velocity magnitude 30 RPM 30 RPM
Free-diffusion coefficient Dr 1077 m?s 1077 m?s

Drug solubility 50 kg/m® 3 kg/m?®

Permeability K N/A 8.63x 107" m%(25)
Kinematic viscosity ) 6.96% 1077 m?/s (24) 6.96 % 1077 m?/s (24)
Orifice diameter d 0.5 mm N/A

Wall porosity 0] N/A 0.17

Release medium length scale L N/A 3x102m

Effective porosity & N/A 09 x¢

Effective diffusion coefficient D, = ¢,D,/t N/A 510x 107" m%s
Tortuosity - N/A 3

porous pin, the authors state that the porous pins were loaded
with 95 — 120 mg of the drug for the release experiments. For
simplicity, we assume the drug loading is the same as in the
case of the orifice pins (100 mg). We now discuss the remain-
ing parameters.

The free diffusion coeflicient of drug in the release medium
is assumed to be of O(10™) m?/s with the upper limit value of
110 m*/s selected for the baseline case. The effective po-
rosity of the porous wall, ¢, is taken to be 90 % of the overall
porosity, while the tortuosity, 7, is assumed to take the value 3,
which is considered an average value of the typical range of
tortuosities (22). We are unaware of literature estimates of the

(a)

dissolution rate, f, for these drugs. Therefore, we selected the
baseline value such that the associated second Damkohler is of
O(1) (23). The rate of stirring in the orifice pin experiments was
quoted as 30 RPM, however, the rate of stirring in the porous
pin experiments was not reported, therefore, we assume it to
also be 30 RPM. The kinematic viscosity of the release medi-
um (v) was inferred from (24) while the permeability of the
porous wall k¥ was derived from (25).

In order to assess the effect of varying the model parame-
ters on the resulting drug release profile, a sensitivity analysis
was conducted whereby several of the model parameters were
varied from the baseline values.

(b)

Fig. 4 (a) FEM mesh generated for the 3D 8-orifice pin geometry for the influence of flow study. Mesh consists of 217,071 domain elements, 10,434 boundary
elements, and 928 edge elements. A similar mesh for the 2-orifice pin was also created which consisted of 178,296 domain elements, 9050 boundary elements,
and 728 edge elements. (b) FEM mesh generated for the 3D porous pin geometry for the influence of flow study. Mesh consists of 243,870 domain elements,

8652 boundary elements, and 652 edge elements.
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Fig. 5 (a) Plot showing the effect of including fluid flow compared to a purely diffusive problem for (a) the 2-orifice pin and (b) the 8-orifice pin. The baseline free
diffusion coefficient of D, = 1077 m? /s and rotation speed of w = 30 RPM have been used to generate these plots. The fraction of drug released was

calculated using M., (£) = [q, ¢dQ /bofq,dQs.
RESULTS AND DISCUSSION

The Influence of Flow on Drug Release from the Orifice
and Porous Pins

Our initial study explores the extent to which the agitation of
the release medium influences the release of drug from the
orifice and porous pins. The baseline parameter values used
in this study are shown in Table 2 and the computational
meshes are shown in Fig. 4. The meshes were constructed

(a)

within the software using tetrahedral elements and for both
meshes, the “Normal” element size was used, calibrated for
“Fluid Dynamics” physics. To aid computational accuracy in
fluid/boundary interactions, three additional boundary layers
were added to each surface for both meshes. Both models
were solved using the iterative generalized minimal residual
(GMRES) numerical method.

In Fig. 5 we display the drug release profiles resulting from
the time-dependent diffusion and advection-diffusion models
for the 8-orifice and 2-orifice pins. Moreover, we compare the

Surface: Velocity magnitude (mm/s) Arrow Surface: Velocity field Streamline: Velocity field

= 3o

(b)

Fig. 6 (a) A horizontal cross-sectional slice through the centre of the top pair of orifices of the 8-orifice pin. (b) Image of the velocity field within the red box region
of the cross-sectional slice. The baseline rotation speed of (w = 30 RPM has been used to generate this plot.
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Fig. 7 Plot showing the effect of including fluid flow compared to a purely
diffusive problem for the porous pin. The baseline free diffusion coefficient of
Dy = 1077 m?%s and rotation speed of w = 30 RPM have been used to
generate these plots. The fraction of drug released was calculated using M,,;

(t) = fﬂ. Cm dQI/bofgng?).

drug release profiles when we approximate the time-
dependent flow field by steady flow. Firstly, we note that there
is a negligible difference between the drug release profiles
assuming a time-dependent or steady velocity field, with the
implication that the less-computationally intensive steady flow
equations are sufficient. However, we note significant differ-
ences between the drug release profiles resulting from the
diffusion and advection-diffusion models. Specifically, the

inclusion of flow through the rotation of the container results
in faster drug release for both the 2-orifice and the 8-orifice
pin, noting the difference in scale on the time axis between the
2-orifice pin (days) and 8-orifice pin (hours) release profiles.
The effect is notably larger for the 8-orifice pin, suggesting
that the influence of flow becomes more prominent with in-
creasing number of orifices.

To probe this further, we considered the flow field within
one of the orifices of the 8-orifice pin. As can be seen in Fig. 6,
the fluid flows into the orifices of the pins, reaching maximal
flow speeds of O{10”%) mm/s, and creating interesting recir-
culation patterns. The typical Péclet numbers based upon the
average fluid velocity magnitudes in each region of the porous
pin are calculated to be:

UQ‘Lm 6
Peg, = 22" <) 8 x 108,
| Df
L
Peq, = 22 ~13.8-26.4,
Dy
L
Peg, = ”‘1’; 1 ~(2.3-8340) x 1074,
;

where ug, , ug, and ug, are the average velocity magnitudes in
each domain and where a range is specified, the lower value
corresponds to the 2-orifice pin while the upper value corre-
sponds to the 8-orifice pin. The length scales utilised to com-
pute the Péclet numbers (L,,, L, and L), are chosen to be the
average ‘thickness’ of the release medium (average radius of
container minus radius of pin), the length of the orifices and
the radius of the inner drug core, respectively. The

(b)

Fig. 8 (a) FEM mesh generated for the 3D porous pin geometry. Mesh consists of 136,059 domain elements, | 1,316 boundary elements, and 664 edge
elements. (b) FEM mesh generated for the 2D porous pin geometry. Mesh consists of 24,930 domain elements and 472 boundary elements. The red circle
indicates the interface between the inner drug core and the porous wall of the geometry.
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Fig. 9 Plot showing fraction of drug released for the porous pin for the 1D,

2D and 3D diffusion models using the relevant baseline parameters

from Table 2. The fraction of drug released in the case of the 3D

model was calculated using M, (1) = I—(fg3 ¢t dQ3+ [q, ¢p dQ))

JboSq,dQs3.

calculations show that advection dominates over diffusion
within the orifices and within the core for each orifice pin, with
the effect more pronounced for the 8-orifice pin. Since we have
assumed our baseline free diffusion coefficient to be the upper
limit of the range of diffusion coefficients of solutes (26), our
finding that the advective component of drug transport within
this system is significant is likely to be valid for all physically
realistic solute diffusion coeflicients. In the sensitivity analysis in
“Orifice Pin Sensitivity Study” section, we further explore the
influence of varying the rotational velocity of the conical flask.

q 2-orifice pin

0.9
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In Fig. 7, we turn our attention to the influence of
fluid flow on drug release from the porous pin. The re-
sults show clearly that the drug release profile is insensitive
to flow, regardless of whether time-dependent or steady-
flow is simulated. The implication is that the model for
the porous pin can be significantly simplified by neglecting
the fluid dynamics equations. We explore this further in
the following Section.

Porous Pin Model Reduction

Given that our results demonstrate that fluid flow may reason-
ably be neglected for the porous pin, we now explore whether
the cylindrical symmetry of the porous pin and release medi-
um (Fig. 3a) lends itself to further model reduction, with po-
tential benefits including a reduction in computational cost
and the possibility of obtaining analytical solutions.
Specifically, in addition to the 3D diffusion model, we consid-
er the corresponding 2D and 1D diffusion models. For sim-
plicity we approximate the release medium by an infinite sink
boundary condition. Each of the models in this study were
solved using the GMRES iterative numerical method. It
should be noted that the 2D and 3D models were solved in
the software’s default Cartesian coordinate system, whilst the
1D model was solved in a cylindrical coordinate system, with
diffusion modelled only in the radial direction. For both the
3D and 2D models, the generated meshes were constructed
using the “Extremely Fine” mesh setting in COMSOL
Multiphysics®, version 5.3a. This produced the meshes shown
in Fig. 8, using tetrahedral elements for the 3D mesh and
triangular elements for the 2D mesh. The 1D model,
consisting purely of an interval, was also discretised using the
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o
©

o
[

——w=60rpm

—w=30rpm
w=15rpm

—w=0rpm

o©
=

g o
[3

Fraction of drug released
© o o o
N w e

o
=

o

0 50 100 150 200 250 300 350
Time (Hours)

(b)

Fig. 10 Plots showing the effect of varying the rotational flow speed for (a) the 2-orifice pin and (b) the 8-orifice pin. The remaining parameters are the baseline
parameters as stated in Table 2. The fraction of drug released was calculated using. M,(t) = [q, ¢d<2| /bo [q, d2s.
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Fig. 11 Plots showing the effect of varying the orifice diameter d for (a) the 2-orifice pin and (b) the 8-orifice pin. Plots showing the effect of varying the drug free
diffusion coefficient D¢for (c) the 2-orifice pin and (d) the 8-orifice pin. The remaining parameters are baseline parameters as stated in Table 2. The fraction of drug

released was calculated using M, (1) = [q, ¢dQ /bo [q, dQ3

“Extremely Fine” mesh setting, resulting in an interval of 101
equally spaced points.

In Fig. 9 we observe that the release profiles generated from
the 1D, 2D and 3D models are barely distinguishable, con-
firming that drug release from the pin may be simplified as a
1D problem.

Sensitivity Analysis

In this Section we conduct a sensitivity analysis to assess the
effect of varying the key model parameters on the resulting
drug release profile for both the orifice pins and the porous
pin. Dissolution is now included in the models so that for the
orifice pins we simulate the 3D dissolution-diffusion-advection
model with steady flow, while for the porous pin we simulate

the 1D dissolution-diffusion model. The baseline parameter
values used in this study are shown in Table 2, while the range
of parameter values considered are provided in the
Supplementary Data. In addition to the Péclet numbers re-
ported in “The Influence of Flow on Drug Release from the
Orrifice and Porous Pins” section, in order to help rationalise
the results, we also calculate the first and second Damkohler
numbers (Da; and Dayy ) as well as the normalised solubility s"
for the orifice and porous pins. These numbers are defined as
follows:

*

7S:_

Y
bo

DaI B
UuQ; Df

These numbers are tabulated along with the times for 50%
and 95% drug release in the Supplementary Data.
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Fig. 12 Plots showing the effect of varying the drug solubility S for (a) the 2-orifice pin and (b) the 8-orifice pin. Plots showing the effect of varying the dissolution
rate 3 for (c) the 2-orifice pin and (d) the 8-orifice pin. The remaining parameters are the baseline parameters as stated in Table 2. The fraction of drug released

was calculated using M, (t) = [q, ¢dQi/bo [q, dQs3.

Numerical Solution

The 2 and 8-orifice pin meshes used in this study are similar to
those shown in Fig. 4a, including the use of tetrahedral ele-
ments. However, the resultant meshes were chosen to be con-
siderably denser in this study due to (i) the wide variation in
parameter values to be considered; (ii) the inclusion of the
drug dissolution process and; (i) the multiple timescales for
drug release that will be encountered. In the case of the 2-
orifice pin, the final mesh consisted of 969,889 domain ecle-
ments, 18,094 boundary elements, and 1052 edge elements
and the 8-orifice pin mesh consisted of 1,094,980 domain
elements, 21,520 boundary elements, and 1404 edge ele-
ments. These meshes were created using the “Finer” mesh
setting, calibrated for “Fluid Dynamics” problems. Both the

@ Springer

2 and 8-orifice pin models were solved using the GMRES
method. In the case of the porous pin a 1D interval was cre-
ated and discretised into 2500 equally spaced points. Lastly,
the 1D porous pin model was solved using the PARDISO
direct numerical method.

Orifice Pin Sensitivity Study

We start by varying the rotation speed from 0-60 RPM (Fig. 10).
As expected, the faster the rotation, the quicker the drug release.
However, the effect is more pronounced for the 8-orifice pin
compared with the 2-orifice pin: doubling the rotation speed
results in the time for 95% drug released to be approximately
halved for the 8-orifice pin, yet only reduced by a factor of
approximately 1.1 for the 2-orifice pin. Note again the
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Fig. 13 Plots showing the effect of varying the following porous pin model parameters (a) porosity of the porous wall @, (b) free drug diffusion coefficient D, (c)
drug solubility S and (d) drug dissolution rate 3. The remaining parameters are baseline parameters as stated in Table 2. The fraction of drug released in all cases

Li+Ly+Ly,

was calculated using M, (t) = Lol c,,lrdr/bofé”rdr.

difference in scale on the time axis between the 2-orifice pin
(days) and 8-orifice pin (hours) release profiles, which will be a
recurrent feature in this sensitivity analysis. While Peg, increases
with rotation speed for each pin, diffusion remains the fastest
transport process for the 2-orifice pin, with Pegq, only increasing
above 1 for the 8-orifice pin for the fastest rotation speed con-
sidered. Taken together, these results demonstrate that rotation
speed should be an important consideration and chosen careful-
ly to take account of the pin geometry (in this case the number of
orifices).

In Fig. 11a and b we vary the diameter of the orifices d. As
one might expect, drug is released more quickly with increas-
ing diameter of the orifices. It is notable for the 8-orifice pin
that the difference between release profiles reduces markedly

with increasing orifice diameter. In particular, a relatively
small difference in release profile is observed between the
I mm and 0.75 mm diameter orifices. Analysis of the non-
dimensional numbers reveals these larger orifice diameters
result in Da; < 1, indicating that the time scale associated with
advection is smaller than reaction: in other words, the disso-
lution of drug is becoming the rate limiting step and increasing
the orifice diameters further will have an increasingly negligi-
ble effect on the release profile.

In Fig. 11c and d we vary the free drug diffusion coeflicient
Dy Ultimately, for each of the 2-orifice and 8-orifice pins,
decreasing Dy results in slower drug release. The effect of re-
ducing Dy is more pronounced for the 2-orifice pin, where
diffusion remains the fastest transport process as evidenced

@ Springer
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Fig. 14 Plots showing the effect of (a) varying the length scale of the release medium (b) approximating the release medium through an infinite sink boundary
condition. The remaining parameters are baseline parameters as stated in Table 2. The fraction of drug released in all cases was calculated using

(L,, +Ly+L, )

Mu(t) = f(/‘,,+1‘/,)

by Peq, << 1 for all values of D considered. However, for the
8-orifice pin, reducing D s has a much smaller influence on the
release profile since decreasing D, consistently results in
Peq,> 1, meaning that advection is the fastest transport pro-
cess. Interestingly, for the 8-orifice pin, the release profiles are
remarkably similar until around 40% of the drug is released. A
probable explanation is that the medium is fully saturated
during this initial period and since advection is the fastest
transport process, reducing D, has a negligible effect on the
rate at which the dissolved drug is released. The point at
which the release profiles diverge likely corresponds to the
time taken for the dissolved drug concentration to fall back
below the saturation level.

In Fig. 12a and b we vary the drug solubility S. In essence,
with increasing solubility, more drug is able to dissolve more
quickly. It is evident that drug release from each pin is highly
sensitive to changes in .S: when the drug solubility is increased
10-fold, the 95% drug release time reduces approximately 5-
fold for the 2-orifice and 8-orifice pins. Conversely, when the
drug solubility is decreased 10-fold, the 95% drug release time
increases approximately 10-fold. Since $™< 1 in all cases con-
sidered (i.e. the solubility is less than the initial drug loading
concentration) the solubility is release-rate limiting until the
undissolved drug concentration falls below the solubility of
drug in the release medium, after which the transport process-
es of diffusion and advection govern the release rate, provided
the dissolution rate is sufficiently fast. This likely explains the
transition from linear to nonlinear release rate as shown in Fig.
12a and b.

In Fig. 12¢ and d we vary the drug dissolution rate f. It is
notable that as we increase f the effect on the drug release

@ Springer

cmrdr/bofé"’ rdr, except for the infinite sink case where M, (t) = | — ( ([)‘” cardr + ¢f£

:N—L/‘) ¢prd r) Jbop [ rdr was used.

profile becomes increasingly negligible, particularly so for the
2-orifice pin. The rationale for this is that while increasing S
results in both Da; and Daj; becoming increasingly greater
than 1, indicating that the dissolution of drug becomes the
fastest process, S° remains much less than 1 for all cases. In
other words, the drug release becomes limited by the solubility
of the drug in the release medium, rather than the rate of
dissolution. For sufficiently high f, the medium becomes sat-
urated and more drug is only able to dissolve following the
time scale over which the transport processes (diffusion and
advection) are able to release drug from the system. For high
B, where the curves are barely distinguishable for a large por-
tion of the release, the point of divergence likely relates to the
point where drug solubility is no longer rate-controlling.

Porous Pin Sensitivity Analysis

While the general trends observed when varying parameters
in the orifice pin model are qualitatively the same for the
corresponding parameters in the porous pin model, a separate
sensitivity analysis 1s warranted in the case of the porous pin
since flow is neglected. In Fig. 13a we observe that increasing
the porosity of the porous wall results in faster drug release.
While the material properties, manufacturing techniques and
application area will ultimately dictate the range of porosities
possible, varying the porosity over the range 0.1 — 0.75 results
in 95% release times of 81 — 23 days, demonstrating that the
results are relatively sensitive to this parameter. The reduction
in drug released with decreasing diffusion coeflicient shown in
Fig. 13b is a direct result of the increase in the timescale for
diffusion, which governs the rate at which dissolved drug is
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transported out of the pin. In Fig. 13¢ we examine the effect
on drug release of varying drug solubility S'and observe that a
ten-fold increase in solubility results in an approximately 4-
fold decrease in 95% drug release time. For all values of .S
considered, $"<< 1 indicating that solubility is the rate-
limiting step. As S is increased, more drug dissolves more
quickly, after which point drug transport out of the system is
governed by diffusion. In Figure Fig. 13d we observe that
increasing the dissolution rate £ results in faster drug release.
Similarly to the orifice pins, we observe that there becomes a
point where increasing £ further has a negligible impact on the
drug release. In this case the drug is able to dissolve more
quickly than it is able to diffuse out of the system, such that a
combination of the drug solubility and diffusion govern the
rate the of release.

Given that we have already demonstrated the ability to
reduce the porous pin model from 3D to 1D, it is also of
interest to explore the effect of varying the length scale L,
associated with the release medium (related the volume of
the release medium and ultimately the dimensions of the re-
lease container) with a view to approximating the release me-
dium as an infinite sink boundary condition. In Fig. 14a we
demonstrate that selecting L, to be sufficiently small results in
incomplete drug release as a result of the drug becoming sat-
urated in the release medium: further drug release would only
be possible if the release medium was replenished. On the
other hand, as we increase L, the release profiles become
increasingly similar, suggesting that the drug concentration
in the release medium is becoming sufficiently small such that
the concentration gradient between drug inside the porous
wall and drug in the release medium is maintained at a similar
level. In Fig. 14b we consider the extreme case of an infinite
sink boundary condition and show that simplifying the model
in this way may overestimate the drug release.

Limitations

The models we have described make a number of assumptions
as described in the preceding text. The most notable assump-
tions relate to the dissolution process. We assume that fluid is
able to infiltrate the cores of the pins rapidly such that the drug
becomes instantly fully wetted, meaning that the dissolution
process is initiated throughout the entire core. In reality, flow
will likely take a finite time to penetrate into the core and a
more accurate description of the dissolution process may in-
volve a moving dissolution front. This assumption also has
implications in terms of the description of fluid flow that we
employ within the drug core. Specifically, the Navier-Stokes
equations may not represent the most appropriate description
of the fluid dynamics while the drug is dissolving. Taken to-
gether, these model assumptions may lead to overestimation
of the drug release profile at sufficiently early times during

which the drug is still dissolving, but should be valid in the
case of rapid dissolution.

We acknowledge that the fluid environment created in
in vitro experiments may well be different from those found
in i vio experiments. While it is desirable to test DFIs in the
most realistic environment possible, simple  vitro testing, as
described in this paper, is still ubiquitous in the literature. This
does not affect the findings and conclusions of our work, which
highlight the importance of considering the fluid environment
when assessing drug release from DFIs.

CONCLUSIONS

In this paper, we have developed a series of multiphysics
mathematical models to explore the influence of fluid flow
on drug release from two seemingly similar DFIs: a porous
pin and an orifice pin. We have established that the impor-
tance of fluid flow on the drug release profile varies substan-
tially between the two pins, owing to their differing porous
properties. In particular, a porous wall pin with pores on the
order of um is insensitive to the fluid flow environment in the
release medium, whereas a pin with orifices of the order of
mm leads to not insignificant fluid flow within the device and
ultimately has a substantial influence on the drug release pro-
file. We have demonstrated that the porous pin model may be
simplified to a radial 1D dissolution-diffusion model while a
3D dissolution-advection-diffusion model is required to accu-
rately describe the drug release from the orifice pins, albeit
with the approximation of steady flow being reasonable.
Through a thorough sensitivity analysis, we have shown that
the balance of reaction-advection-diffusion in terms of key
nondimensional numbers is critical in determining the overall
release rate of the drug. Our findings potentially have impor-
tant implications in terms of devising the optimal experimen-
tal protocol for quantifying drug release from DIIs.
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