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Abstract: This paper outlines the methodology and results for a two-species finite volume scalar
computational drug transport model developed for simulating the mass transport of Poly(lactic-
co-glycolic acid (PLGA)) from a half-embedded single strut implanted in a coronary arterial vessel
wall. The mathematical drug transport model incorporates the convection-diffusion equation in
scalar form (dimensionless) with a two-species (free-drug and bound-drug) mass transport setup,
including reversible equilibrium reaction source terms for the free and bound-drug states to account
for the pharmaco-kinetic reactions in the arterial wall. The relative reaction rates of the added
source terms control the interconversion of the drug between the free and bound-drug states. The
model is solved by a 2D finite-volume method for discretizing and solving the free and bound drug
transport equations with anisotropic vascular drug diffusivities. This model is an improvement over
previously developed models using the finite-difference and finite element method. A dimensionless
characteristic scaling pre-analysis was conducted a priori to evaluate the significance of implementing
the reaction source terms in the transport equations. This paper reports the findings of an investigation
of the interstitial flow profile into the arterial wall and the free and bound drug diffusion profiles with
a parametric study of varying the polymer drug concentration (low and high), tortuosity, porosity,
and Peclet and DamK&hler numbers over the course of 400 h (16.67 days). The results also reveal
how a single species drug delivery model that neglects both a reversible binding reaction source term
and the porosity and tortuosity of the arterial wall cannot accurately predict the distribution of both
the free and bound drug.

Keywords: arterial vessel; bound drug; DamKohler number; diffusivity; finite volume; free drug;
internalized drug; stent; Pecklet number; poly(lactic-co-glycolic acid); porosity; scalar; species;
tortuosity; transport

1. Introduction

Cardiovascular disease remains to be the leading cause of death worldwide [1-8]. Drug
eluting stents have demonstrated exceptional benefits in reducing in-stent restenosis [9,10].
These stents are commonly used in coronary angioplasty procedures to provide structural
support and release drug molecules locally at the implanted arterial site to prevent adverse
outcomes (such as in-stent restenosis) in patients. Although drug-eluting stents are now
the main choice of treatment in coronary interventions, questions regarding their longevity
and safety are still prominent [11]. In the United States, present drug-eluting stent designs
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incorporate sirolimus and paclitaxel and release these drugs into the arterial wall from
the eluting struts [12-14]. Both sirolimus and paclitaxel eluting stents appear to have
comparable clinical benefits.

Initial drug eluting stent treatments were prone to washout by transmural plasma
flow, which lowered the drug residence time in the arterial vessel wall. This was a major
hindrance since these implants were designed to provide local drug delivery to the diseased
site. Hydrophobic drugs, such as sirolimus and paclitaxel, were reported to have higher
retention times as compared to other drugs because they can bind to structural elements
and intracellular targets in the vessel wall [15,16]. Hydrophobic drugs, such as these, exist
in both bound and unbound states within the vessel wall. These states are in equilibrium,
and the binding is reversible. Consequently, the diffusion of a hydrophobic drug into the
arterial wall from a stent cannot be modeled without interaction of both the bound and
free drug forms in the vessel wall.

Several experimental and numerical investigations have been carried out recently with
the aim of quantifying the capability of this device to reduce in-stent restenosis after stent
implantation. Lovich et al. [17-19] studied the behavior of heparin in implanted arteries
and concluded that the presence of binding sites changes along the transmural direction,
being higher in the endothelium and lower in the adventitia. Lovich and Edelman studied
the effects of specific binding sites inside the arterial wall on drug uptake [20], where
the presence of specific binding site action was modeled using the reversible chemical
reaction. Sakharov et al. [21] disregarded the convective effects on the transport of free
drugs. Hwang et al. [22] predicted the free and bound drug concentrations by solving for
the distribution of the free drug, then using a multiplicative factor (partition approach)
to predict the concentration of the bound drug. Migliavacca et al. [23] studied the drug
release pattern in the vascular wall from drug-eluting stents using a single species ap-
proach in addition to a partition coefficient approach to relate the free and the bound drug
concentrations. Borghi et al. [24] stated that the inclusion of reversible binding leads to
delayed release and that the erosion of the polymer affects the drug release from a single
strut. Horner et al. [25] considered a two-species drug delivery model including reversible
binding sites, and their model predicted that a single species drug delivery model cannot
accurately predict the distribution of bound drugs. They also concluded that a two-species
approach that includes reversible binding is the way forward for future stent-based drug
delivery systems.

Following Tzafriri et al. [26], a second-order dynamic model that describes a saturating
reversible binding process by treating the bound drug as a dynamic variable has been
taken into account to explore drug interaction with cells of the arterial wall. In most of the
studies cited above, transient drug release has been modeled as a uniform release, which
is unrealistic and not representative of actual stent-based delivery. Instead, a simple time-
dependent Dirichlet boundary condition is often applied on the surface of the struts [27-29].
Arterial properties, such as porosity and tortuosity, dictate the transport of drugs within the
arterial tissue. When an endovascular drug-eluting stent is implanted, it has a major impact
on the structure of the arterial wall, eventually influencing the overall rates of diffusion
through tissues [30]. For diffusion in a porous medium, the effective diffusion coefficient
is assumed to depend on two factors: porosity (a dimensionless parameter, which is the
ratio of pore volume to the total material volume) and diffusion path tortuosity (ratio of
the actual pore length to the distance between its ends; i.e., arc-chord ratio) [31]—these
parameters change the free diffusivity of the drug eluted from a pair of struts [32].

The goal of this work is to develop a two-dimensional two-species scalar finite volume
computational model that can model the reversible binding characteristics of poly(lactic-
co-glycolic acid) (PLGA) released into a coronary artery wall from a single drug eluting
strut. The model described in this work is an improvement over previous works and
considers the integrated process of the drug release in the PLGA coating, the free and
bound drug diffusion profiles with varying polymer drug concentration (low and high),
vascular diffusivities, tortuosity, porosity, and Peclet and Dahmokoler numbers over the
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course of 400 h (16.67 days) [33]. The mechanism of diffusion in the PLGA is adapted from
the work of Zhu and Braatz [34] and couples the drug diffusion to degradation and erosion
along with the drug pharmacokinetics taking place in the arterial wall from the work of
Saha and Mandal [35]. The main contributions of the proposed work include:

e A theoretical methodology for computational modeling of the diffusion of PLGA into
a coronary arterial wall from a single half-embedded drug eluting stent strut.

e A computational drug diffusion model that considers the pharmaco-kinetic reactions
in the arterial wall as equilibrium reversible binding reaction source terms for the free
and bound-drug.

e  Validation of the reported computational model via simulation-based results from a
finite difference model developed from methods reported in previous works.

e A computational drug diffusion model that provides an understanding of the relation-
ship between drug physicochemical properties and the local transport environment
which is crucial to the success of new stent designs.

e  The model reported in this work is the second reported model in literature that
successfully uses an ANSYS FLUENT user-defined scalar (UDS) model to model the
diffusion of the free and bound drug in the arterial wall with reversible binding source
terms. Additionally, this is the first reported model to use a UDS model to incorporate
the polymer layer in the computational domain.

The next section presents the methodology of this work.

2. Material and Methods
2.1. Model Development
In this work, an implanted drug eluting coronary stent (as shown in Figure 1a) is

analyzed in the coronary artery where the stent struts are evenly placed and half-embedded
in the cross-section of the lumen (as shown in Figure 1b).
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Figure 1. Cross-sectional view diagram of the arterial stented model: (a) Schematic of a single PLGA
coated half-embedded stent strut implanted into the arterial wall and (b) the full stented (all stent
struts included) arterial model.

The strut and arterial wall configuration is based on a previous study by Xiaoxiang
and Braatz [36] involving a bio-durable polymer coating and is common for drug eluting
stent diffusion analysis applications. The blood flow is moving in the direction of the
paper plane, as labeled in Figure 1b. Standard square-shaped stent struts are considered
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in this work [37-39]. Due to symmetry, a single stent strut with its surrounding arterial
wall domain is extracted for the study to simplify the computational domain and reduce
computational costs. The model was developed in ANSYS SpaceClaim (2022) and deployed
in ANSYS Meshing (2022) for meshing.

The extracted model domain is illustrated in Figure 1a, where half of the stent strut is
embedded into the arterial wall. Distinct from previous works, here, the curvature of the
arterial wall is kept intact, and the computational domain consists of a cartesian coordinate
system (observed as x and y). The mathematical models for describing the drug delivery
process are described in Sections 2.2 and 2.3. The model for describing drug transport and
pharmacokinetics in the arterial wall was developed based on the works of Xiaoxiang and
Braatz [36] and Saha and Mandal [35]. The next section describes the boundary conditions
for the developed domain model.

2.2. Boundary Conditions and Meshing

The names for each boundary zone are provided in Figure 2. The “inlet” zone repre-
sents the exposed inner surface of the artery where plasma flow enters the arterial domain.
The “stent surface” represents the location where the stent is in contact with the vessel wall.
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Figure 2. Model diagram of the half-embedded stented arterial model: (a) Surface model created in
ANSYS SpaceClaim and (b) mesh computational domain (model used in the simulations is a finer
meshed model). P; is the location point of interest for evaluating the concentration profiles over
time). At the PLGA coating and artery wall interface, the following flux condition is applied:
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where Ry is the mass transfer resistance, Cy, is the drug concentration on the arterial
wall side of the interface, is the partition coefficient, and C, is the perivascular drug
concentration. The right and left sides of the arterial zone domain are treated as symmetrical
boundary conditions, as shown in Figure 2.

ANSYS Meshing (2022) was used for meshing the computational domain. The meshing
scheme used is a tetrahedral cell mesh type which is applied to all surfaces with the surface
size meshed based on the edge spacing selection and an inflation scheme applied to rectify
meshing irregularities. The next section describes the plasma flow modeling methodology.

2.3. Plasma Flow

In this work, ANSYS FLUENT (2022 R1 (ver. 21.1)) computational fluid dynamic (CFD)
software was used to model both the fluid flow (plasma flow) and the convection-diffusion
of the free, bound, and internalized drug. For plasma flow in the arterial domain, a pressure
drop filtration is implemented to simulate the steady flow of plasma through the domain.
The arterial domain tissue is assumed to behave as a porous media. The Darcy Law model
was used to solve the plasma flow field. FLUENT allows implementation of the Darcy Law
equation as a source term in the Navier-Stokes equations as shown below in Equation (2):

p(ifﬂ-w) = —VP+ V20— (%) 2)
where v is the velocity vector, P is the pressure, K is the permeability of the vessel wall,
and p and y are the density and dynamic viscosity of plasma, respectively. The density
of plasma is 1020 kg/m?> and the dynamic viscosity is 0.0035 Pa-s [2-7] at the standard
body temperature (37 °C) Whale et al. [40] examined the effects of aging and pressure on
the Darcy permeabilities of human aortic walls. A representative value of 2.0 x 10718 m?
was implemented for this work. Equation (2) is subject to the incompressibility constraint.
As described above, the vessel lumen is not a part of the computational domain. This
introduces an additional assumption because luminal flow decreases axial non-uniformity
of the drug in the artery wall [37,41]. The degree of non-uniformity was observed to increase
with increasing the aspect ratio of the stent strut [41]. The impact of this assumption is
therefore minimized in the case of square struts and/or stents with an abluminal coating.
The next sections discuss the drug transport modeling methodology.

2.4. Drug Transport in the PLGA Coating and Arterial Domains

When the drug is released into the arterial wall, the drug molecules are exposed and
interact with the physiological environment. Various drug-tissue interactions occur that
affect the arterial wall drug transport, distribution, and drug uptake. The drug-arterial
wall interaction has been commonly modeled as a reversible binding reaction of the drug
molecules with binding sites present in the arterial wall. During this process, the bound
drug Cp is formed by associating the free drug C; with the available binding sites S. The
bound drug is immobilized, and only the free drug can diffuse. The reversible binding
process, however, does not provide a mechanism for drug consumption (e.g., drug uptake
by tissue cells), which can be characterized by drug internalization. This work did not take
into consideration the internalization of the drug.

Drug Binding:

kq
Cr+ sokﬁcg (3)
d
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Free Drug in the Arterial Domain:
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Bound Drug in the Arterial Domain:
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Drug Transport Boundary Conditions:
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where x and y are coordinates along the horizontal and vertical directions, respectively, and
k, and k; are the rates of association and dissociation constants, respectively. Sy is the net
tissue binding capacity. Dr is the is the true diffusivity of the free drug diffusing into the
arterial wall and is expressed as:

So
Dr = (1+32) %Dy (10)

where c
Deff = p X Dfree (11)

¢ and 7 are the porosity and the tortuosity of the wall material, respectively. Dg,, and
D, (Equations (9) and (10)) are the coefficients of free and effective diffusivity, respectively.
Ry = (k;/k;) is the equilibrium dissociation constant.

As mentioned in Section 2.2, symmetry boundary conditions for both the free and
bound drug are imposed at the proximal and distal walls of the computational domain. An
impermeable boundary condition for the bound drug is also imposed at the perivascular
wall, lumen-tissue, and strut-tissue interfaces (Equation (7)). For the free drug, a perfect sink
condition is imposed at the perivascular end (Equation (8)). In this work, we considered two
situations, either that flowing blood is extremely efficient at washing out the mural-adhered
drug, modeled as a zero-concentration interface condition [42], or that mural-adhered
drug is insensitive to flowing blood, modeled as a zero-flux boundary condition (Equation
(6)). As a substitute to modeling the uniform release of drug from a single strut, a simple
time-dependent release kinetics with a flux condition (Equation (9)) is assumed at the strut
eluting surface.

In this work, the contribution of the true diffusion term was minimized by setting
Dy =1.0 x 1077 Dy,. The 1.0 x 10~7 pre-factor was adopted from the study of Horner et al. [25]
and was used to decrease the true drug diffusivity until the bound drug distribution became
independent of the diffusivity results. A cartesian coordinate system was used to specify
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the components of the diffusion tensor D in the x and y directions, corresponding to Dy
and Dy, respectively. Both D, and D;, have two independent components:

Dy 0
P= [ 0 Dyy} (12)

PLGA tends to localize within elastic sheathes in the vessel wall. Hwang and Edelman [22]
have proven this experimentally. In our study, we assume that D, is larger than Dy.

User Defined Scalar and Numerical Modelling

In this work, we implemented the user-defined scalar (LIDS) model available in ANSYS
FLUENT for solving Equations (5)—(7). A fluent UDS model allows a user to define up
to fifty UDS transport equations in a single computational model. The general (UDS)
transport equation is shown below in Equation (12) with the four terms (transient, flux,
diffusivity, and source terms) that can be customized. The UDS model allows the user to set
boundary conditions for the variables within cells of a fluid or solid zone for a particular
scalar equation. This is done by fixing the value of ¢;. When ¢y is fixed in a given cell, the
UDS scalar transport is not solved, and the cell is not included when the residual sum is
computed. For the present work, the value of the initial drug concentration, Cy was fixed,
and the coating diffusivity was allowed to vary as a function of ¢, time, and molecular
weight, also allowed to vary with time. For the bound drug transport equation, the mass
transport was deselected, which allowed the convection term to be neglected, thus making
the bound drug immobile. The same was done for the internalized drug transport equation.
The source terms Sy include the reversible binding reactions in Equations (6) and (7).

W, 0 r, 2

—( F —T, 5= S 13
at, "oyt Bt ~Tig) = S (12
convection T~ sources
unsteady diffusion

For the drug transport and plasma flow simulations, the drug concentration was
assumed to be low enough that it does not affect the plasma velocity field. Therefore,
the velocity and scalar transport equations were decoupled and solved sequentially. The
velocity field in the tissue was solved using a steady-state formulation. FLUENT’s pressure-
based segregated solver was used with the pressure-implicit with splitting of operators
(PISO) scheme to couple pressure and velocity degrees of freedom. The standard pressure
interpolation scheme was used along with second order up-winding for discretizing the
velocity degrees of freedom. The default under-relaxation factor (URF) for pressure was
increased to 0.5, and the URF for momentum was lowered to 0.4.

The convergence criterion for the steady fluid flow problem was 10~ for the mo-
mentum equations. The drug transport problem was solved using a transient solver, with
the velocity field fixed for all time steps. A first-order implicit time integrator was used
along with the QUICK up-winding scheme for spatial discretization of the scalar transport
equations. Smooth convergence was observed when using the default URFs of 1.0 for both
transport equations. The convergence criterion for concentration at each time. All plasma
flow and drug concentration simulations were conducted with a time step of 1 picosecond
and resulted in a simulation run time of at least 15 days. All simulations were conducted
on an ASUS ROG STRIX desktop computer (ASUS ROG; Taiwan) with 12 cores and an
NVIDIA GeForce GTX 1660 TI graphics card. All simulations were conducted in parallel
with 11 CPU cores and the NVIDIA graphics card.

2.5. Non-Dimensional Pre-Analyses

Similar to our previous work, we began by performing a dimensionless characteristic
scaling analysis to gain insight into the dominant mechanisms of transport throughout the
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arterial wall. The dimensionless scaling parameters for scaling Equations (2) and (3) are
shown below: v c
* X * YV oo« t Y * f * Ch
= — = = t = — = — = —
S U A Aot B
Using these characteristic dimensionless terms, the drug transport equations take the
following form:

* 2 % 2
aCf _ 1 d Cf N d Cf 14)
ot Pec | dx*2  Jy*
[P PG Do e e
ot~ Per|ox2 a2 | pTT{Cf (1-Cp) —aC] (15)
oC  eDa
b _ 2 (1 ¥\ *

W) =\ ot 17)

where Vy is the transmural filtration velocity, Per = [V6/(Dr)], and Da = [(k2S00%)/(D7)]
are the Peclet and DamKohler numbers in the tissue. Here, €1 = (R3/Cy), €2 = (Cp/Sp), and
&3 = (Ry/So) are three scaling parameters. Pe. = [Vy(h2 /9)]/D¢ is the Peclet number in the
coating of the strut, and / is the thickness of the coating of the strut.

In these dimensionless equations, three characteristic time scales appear, 71, T2, and
T3, corresponding to diffusion coating, transmural diffusion, and the binding reaction. The
characteristic time’s scales are shown below:

52
Tl FT/
oo X
2 DT,
and
e L
3 = kd/

The evaluation of the magnitude of the three groups gives 71, 103-10° s, 75, 10>°~10° s,
and 73 10 s, which indicate that reversible binding is very fast compared to diffusion. The
relative significance of diffusion and reversible binding in the wall is also implied by their
corresponding dimensionless groups DamKohler and Peclet numbers. Compared with the
coefficient of the transmural diffusion component (which is one), the reaction components
have very large DamKohler numbers on the order of 10%2-10%, which also implies that
the binding reactions perform a very strong role in the spatiotemporal dynamics. The
non-dimensional analysis is provided in the Appendix A of this paper.

2.6. Grid Independence Analysis, Modelling Parameters, and Validation and Verification

A grid independence analysis was conducted on the developed computational do-
mains for obtaining a mesh that produces results independent of the mesh size for model
simulations. The grid independent analysis results are shown in Table 1. The grid inde-
pendence analysis was performed with constant drug diffusivities in the coating and in
the arterial wall, and the relative error was calculated for the drug release profile. The
reference mesh uses a 0.1 um element size for the coating and a 5 um element size for the
arterial wall. During the analysis, the relative errors were similar and remained under 5%
error for different mesh sizes of the arterial wall domain, while the mesh size of the coating
remained the same at 0.1 um. Although not shown, the final mesh yielded a relative error
of less than 5% and contained 372,125 cells. The chosen mesh was approximately 3.3 times
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the size of the previous mesh of 113,114 cells in which the results were well under a 5%
difference which signifies grid independence. A mesh inflation was also applied to the final
mesh to create high-quality geometry-aligned elements within the computational domain
and along the boundaries.

Table 1. Table of grid independent study results.

Element Number Average Weighted Concentration Average Velocity
74,212 1.121327 13.72 x 107°
82,458 1.057641 12.68 x 107°
91,621 1.034241 10.23 x 107°
101,802 0.983541 9.83 x 10°°
113,114 0.977732 9.77 x 107°
372,125 0.977654 9.76 x 10—°

The physiological and pharmacokinetic parameters modeled in Equations (1)—(20) are
listed in Table 2. These values were obtained from other relevant works [35,36].

Table 2. Model description table. Parameters from this work are obtained from prior works [35,36].

Description Parameter Value
Outer diameter of the artery, mm D 3
Artery wall thickness, pm Ly 200
Strut dimension, m 6 0.00014
Transmural filtration velocity, m/s Vy 4x1078
Porosity of the arterial wall € 0.787
Tortuosity of the arterial wall T 1.333
Coating drug diffusivity, m? /s D, 1.0 x 10712
Coefficient of free diffusivity, m?/s Dfree 3.65 x 10712
Coefficient of effective diffusivity, m2/s Dy 2.15 x 10712
True diffusivity of the free drug, m?%/s Dr 24 x 10712
Initial drug concentration in the coating, mol/m?3 Co 0.01
Tissue binding capacity, mol/m3 ka 10
Dissociation rate constant ky 0.01
Equilibrium dissociation constant, mol/m3 Ry 0.001
Dimensionless Peclet number in the coating Pec 100
Dimensionless Peclet number in the tissue Per 2
Dimensionless DamKohler number in the tissue D, 40
Dimensionless scaling parameter 1 g 0.001
Dimensionless scaling parameter 2 & 100

For validation and verification of the developed finite volume scalar model, we
compared the free drug concentration profiles in the arterial domain of the developed finite
volume scalar model with a MATLAB finite difference code developed in our previous
work [33]. Similar to the finite volume scalar model, the MATLAB finite difference model
uses a cartesian coordinate system that describes the arterial domain, including the square-
shaped stent strut. A rectangular domain is used as opposed to a curvature domain, as
shown in Figure 3a. The same dimensions for the arterial domain are used for the finite
difference and finite volume simulations. The same boundary conditions are imposed
in the MATLAB finite difference code. Additionally, the same dimensionless diffusion
equations are implemented in the MATLARB finite difference code. The PLGA coating is not
modeled in the finite difference code. For the finite difference solution, a numerical grid
with a size of 400 x 200 and an initial time step value of J; = 0.00001 s was used for the
sake of computational power and time.
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Figure 3. Validation results for the finite volume model using a finite difference model developed in
reference to the work of Saha and Mandal [35]: (a,b) Distribution of normalized mean bound drug
concentration for values of: Per =2, Da = 40, and ¢, = 100.

Figure 3b shows a comparison of the finite difference and finite volume free drug
concentration solution within the arterial domain at point 1 with values of Per = 2, Da = 40,
and & =100. As shown in the plot in Figure 3b, the overall trend in the growth of the plots is
similar; however, the finite volume model has a higher concentration profile (approximately
10 percent higher). This could be attributed to the fine mesh used in the finite volume
model, the implementation of the PGLA layer, the application of a diffusion pre-factor, and
the application of the diffusive tensor. The key takeaway is that the free drug concentration
trend behaves as expected when compared to a finite difference model that was developed
based on work reported in the literature. The next section discusses the results of this work.

3. Results

This section of the paper presents the results of the interstitial plasma flow profile
into the arterial wall, the initial diffusion flow modeling results using an eroding polymer
coating (free and bound drug concentration profile with the interstitial flow), and the
parametric study results of varying polymer drug concentration (low and high), tortuosity,
porosity, and Per and Da numbers over the course of 400 h (16.67 days). The next section
discusses the initial diffusion flow modeling results.
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3.1. Interstitial Flow into the Arterial Wall

The steady flow of plasma through the cross-section of the coronary arterial vessel
wall is shown in Figure 4. The stent strut obstructs the plasma flow due to the no-slip
boundary condition being applied at the boundaries of the polymer coating. There are two
small regions of high velocity due to the energy loss incurred by the sharp regions on the
top edges of the strut. The flow magnitude dampens out away from the top and middle
region of the strut. There were three drug concentration analyses that were conducted in
this work: (1) a plasma flow and drug concentration analysis conducted without the no-slip
condition applied at the polymer and arterial wall interface (polymer erosion analysis),
(2) a plasma flow and drug concentration analysis conducted with the no-slip condition,
and (3) a drug concentration analysis conducted without plasma flow.

Figure 4. Interstitial flow profile into the half-embedded strut arterial wall. Black arrows represent
the velocity vectors.

The next section discusses the free and bound drug concentration with erosion and
interstitial flow results.

3.2. Free and Bound Drug Concentration Profiles with Erosion and Interstitial Flow

Figure 5a,b show the free and bound drug concentration profiles with erosion and
interstitial plasma flow. The interstitial flow within the arterial wall is induced by the
pressure difference between the lumen and the perivascular space and is typically very
small (in the range of 0.01-0.1 um/s [43]) in reference to the centerline pulsatile flow and
the convective transport term for the arterial wall is often left out in the drug transport
models of drug-eluting stents [44,45]. In this scenario, the no-slip condition is not applied
at the boundaries of the stent, and the plasma flow is allowed to flow through the polymer,
which is modeled as a porous medium. In this case, the average free and bound drug
concentrations in the arterial wall are significantly impacted by the presence of convection
and cause the polymer region to erode, as shown in both Figure 5a,b. The peaking of the
average drug concentrations also suggests an early expected resident time, as the transient
time of the bound drug is within 2 days. This is again due to the high convection due to
plasma flow and the eroding effect of the polymer.
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Figure 5. Drug concentration contours at 2 days: (a) free drug and (b) bound drug. With an initial
concentration of Cy = 0.01. The light blue lines incorporate the stent strut boundaries.

Figure 6 shows the free and bound drug concentration contours at 8 days. Similar to
the results shown in Figure 5a,b at 2 h, the high convection due to plasma flow and the
eroding effect of the polymer has a significant effect on the transit time and diffusion profile.
It also appears that when modeling the polymer boundary as porous media without the
no-slip condition, washing out of the polymer tends to lower the concentration magnitudes.
It is evident that the presence of interstitial flow increases the transport in the transmural
direction and leads to faster drug clearance at the perivascular interface using this modeling
method. In an effort to compare other works, we continued this study by applying the
no-slip condition at the boundaries of the polymer and arterial wall interface and not
incorporating interstitial flow with plasma flow through the inlet. Convection is modeled
with the tissue Peclet number.
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Figure 6. Drug concentration contours at 8 days: (a) free drug and (b) bound drug. The light blue
lines incorporate the stent strut boundaries.

3.3. Free and Bound Drug Concentration Profiles with Erosion and Convection

As mentioned previously, the results shown in this section are results from the simula-
tion by applying the no-slip condition at the boundaries of the polymer and the arterial wall
interface and neglecting the interstitial flow with plasma flow through the inlet. Convection,
in this case is modelled with the tissue Peclet number. Figure 7a,b show the free drug diffu-
sion contours in the arterial wall with convection modeled with the tissue Peclet number.
The drug release contour profiles have similar release rates in the first 4 to 8 days when the
PLGA diffusion, degradation, and erosion are insignificant. In Figure 7b, a lower concen-
tration of the free drug in the polymer coating is observed in the case of time-dependent
release of the drug from the coating. This is due to the time-dependent boundary condition
of Equation (21). The effect of release kinetics on the spatial distribution of the free drug can
be visualized clearly in Figure 8. In this case, the heterogeneous distribution and retention
of the drug are found to be observed throughout the domain.

The characteristics of the release profiles in the intravascular delivery reported here
are in good correspondence to what was reported for in vitro release in previously reported
works [46]. In the simulation comparison, significant drug release is achieved in the PLGA
coating at around day 17. The arterial bound drug distributions are shown in Figure 8 for
the PLGA coating on day 17, shortly after the drug levels have peaked in the arterial wall.
The bound drug distribution is close to uniform in the circumferential direction, whereas in
the transmural direction, a gradient is clearly observed closer to the perivascular interface.
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Improved uniformity in the circumferential direction is expected with the anisotropic drug
diffusivity, which results in fast drug diffusion in the circumferential direction. This is
an improvement over the results shown previously in Figures 5 and 6. In Figure 7, the
observed arterial drug distribution pattern for the PLGA coating case is similar to previous
studies of a bio-durable coating [34].

(b)

Figure 7. Contours of the free drug diffusion into the arterial wall at: (a) 4 days and (b) 8 days.

Although the free and bound drug concentration cases are shown here, the internalized
drug is neglected. Although not modeled in this work, drug internalization describes the
cellular uptake of drug molecules after they associate with the binding sites. This is an
important mechanism for drug metabolism in the physiological environment [47,48]. Only
limited studies have considered the impact of the internalization process on stent-based
drug delivery. While the drug internalization rate may vary for the different drugs, and
such data are lacking in the literature, the model discussed in this paper only considers the
free and bound drug case. Future work will involve examining the internalized drug.

The distributions of the average weighted free and bound drug concentrations for vary-
ing values of the scaling parameter ¢; = (R;/Cp) are presented in Figures 9 and 10, respectively,
and the same for different values of &, = (Co/Bps), which are shown in Figures 11 and 12,
respectively. The value of the scaling parameter ¢;, decreases with a decrease in the dissoci-
ation rate constant k; and with an increase in the association rate constant k, depending on
Ry = (k;i/ks). Additionally, ¢, increases with decreasing Sy (while keeping ¢ fixed).



Biophysica 2023, 3

399

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0

Bound Drug Concentration
(Dimecnsionless)

(a)

(b)

(c)
Figure 8. Contours of drug diffusion into the arterial wall at: (a) 4 days, (b) 8 days, and (c) 16.67 days.

Figure 4a shows that the normalized mean free drug concentration decreases with
decreasing ¢; for Per = 2, Da = 40, e, = 100, up to a certain time and, thereafter, no
significant changes occurred. It can be concluded and justified that, as 1 decreases, the rate
of reversible binding (k;) decreases and/or the rate of forward binding increases, which
lowers the mean concentration of the free drug.
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Figure 9. Distribution of normalized mean bound drug concentration for different values of ¢; at
Per =2, Da = 40, &, = 100.

Figure 10 shows how the rates of forward and reversible binding affect the average
weighted concentration of bound drug within the arterial tissue. It can be concluded that the
average weighted concentration is increased with the decrease in €1, which is attributed to the
increase in the rate of forward binding and/or to the decrease in the rate of reversible binding.

Eroding Effect

_________________________________ T ————————— -
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Figure 10. Distribution of normalized weighted average free drug concentration for different values
of €1 at Per =2, Da =40, &, = 100.

The effects of €, (i.e., net tissue binding potential on the mean concentrations of free
and bound drug) are displayed in Figures 11 and 12, respectively. As previously mentioned,
&y increases with decreasing binding potential.
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Figure 11. Distribution of normalized weighted averaged bound drug concentration for different
values of &5 at Per =2, Da =40, e; = 0.001.

The results of these figures indicate that the average weighted concentration of free
drug increases with decreasing binding potential up to &, = 100, but the concentration
reaches a quasi-steady state for weaker binding capacity (e, = 1000) as compared to the
other cases.

Free Drug, eta2=1
~ ~Free Drug, eta2=10
oo Free Drug, eta2=100
——Free Drug, eta2=1000

1 6 8 10 12 14 16 18
Time (days)

Figure 12. Distribution of normalized weighted averaged free drug concentration for different values
of & at Per =2, Da =40, e; = 0.001.

In the case of the free drug for e, < 100, the quasi-equilibrium is not fully established
until approximately 17 days, while the PLGA coating has eroded significantly. On the other
hand, in the case that bound drug for &; > 10, the quasi-equilibrium is attained very rapidly.
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3.4. Average Weighted Concentration Results for Varying Tortuosity

We also conducted a simple analysis to demonstrate the effect of tortuosity (T as listed
in Equation (11)) on the average weighted concentration. We observed that a decrease in
the mean concentration of free drug took place with while increasing tortuosity (i.e., an
inverse relationship between free drug concentration and tortuosity is revealed) as shown
in Figure 13. A similar pattern is also observed for bound drug in Figure 14.
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Figure 13. Normalized average weighted free drug concentration for varying tortuosity (7).

The above observation may be justified in the sense that as the tortuosity increases so
too does the effective distance over which diffusion has to take place (i.e., the progression
of diffusion eventually lowering the mean concentration of both drug forms is impeded).

008358 -
008356 |
008354 [
0.08352
00835 |

0.08348

Bound Drug Concentration (dimensionless)

0.08346

133
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Figure 14. Normalized average weighted bound drug concentration for varying tortuosity (7).

4. Conclusions

This paper reports the findings of an investigation of the interstitial flow profile
into the arterial wall and the free and bound drug diffusion profiles with a parametric
study of varying polymer drug concentration (low and high), tortuosity, porosity, and
Peclet and DamKohler numbers over the course of 400 h (16.67 days). Acquiring an
understanding of the relationship between drug physicochemical properties and the local
transport environment is crucial to the success of new stent designs. Computational studies
can provide highly detailed predictions of the drug distribution in the vessel wall over time.
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Most computational investigations of drug delivery include only one drug form. This has
the drawback of not accounting for binding and convective diffusive transport directly. The
developed mathematical model discussed in this paper provides the basis for evaluating
and studying diffusion characteristics for drug-eluting stent applications.

Future work will be carried out to enhance this model to characterize the internalized
drug, evaluate further the eluting behavior of the PGLA coating, compare PLGA to other
bio durable coatings, describe the anisotropic behavior of the diffusion coefficient within the
arterial wall with the ease of adaptation to more sophisticated scenarios (e.g., consideration
of more pathological conditions) and compare the effect of stent position on drug diffusion
profiles (i.e., half, full, and partial embedment). Simulations using the presented model can
help provide insight into the drug release and distribution by a stent with PLGA coating,
and the potential impacts of various factors that can affect the efficacy of drug delivery.
With the developed preliminary model, optimization of the model parameters, such as
different stent strut geometries and coating thickness, can also be performed for exploration
on the design of drug-eluting stents.
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Abbreviations

Cr Free drug

Cp Bound drug

Cp Perivascular drug concentration

Cuw Wall drug concentration

Co Initial drug concentration

D Outer diameter of the artery

Dc Coefficient of the coating diffusion

D, Dimensionless DamKohler number in the tissue
Dfree Coefficient of free diffusivity

D Coefficient of effective diffusivity

Dy True diffusivity of the free drug

Jup PLGA flux parameter

Ly Arterial domain length

Ly Arterial domain wall thickness

Lsx Stent length

Lsy Stent thickness

ka Tissue binding capacity

ky Dissociation rate constant

Pec Dimensionless Peclet number in the coating
Per Dimensionless Peclet number in the tissue
Ry Equilibrium dissociation constant

Rup Mass transfer resistance

So Available binding sites

T Time
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Vy Transmural filtration velocity
x x-coordinate

y y-coordinate

) Strut dimension

€ Porosity of the arterial wall
g1 and & Dimensionless scaling parameters
T Tortuosity of the arterial wall
T1, Ty, and Ty Characteristic time scales
PLGA Poly(lactic-co-glycolic acid)
UDS User defined scalar
Appendix A

This section provides an overview of the characteristic scaling methodology imple-
mented to dimensionless Equations (4)—(6). In this method, we begin with stating the free
and bound drug transport equations as mentioned previously:

Free-drug in the PLGA Coating Domain:

oC 92C, 92C
f _ f 9%
= DC< 2t o ) (A1)

Free-drug in the Arterial Domain:

aCy dCy  9Cs . ??°Cy  9°Cy G (S — Co) — kaC A2
at——U<ax+ay>+ T %2 +Ty2 _[a b(O_ b)_ d b]/ ( )

Bound-drug in the Arterial Domain:

9,

2 = [kaCr(So = C) kG, (A3)

The dimensionless scaling parameters used for scaling Equation (A1) through (A3) are

shown below: v c
* Xk Y o« t Y * f * Cb
= =, = =, T = — ’ C = = C = & A4
YTy T 5T TS (a4
The first order free and bound drug concentration derivatives are first non-dimensionalized
using the characteristic dimensionless parameters as shown below:

Scaled free-drug concentration time derivative:

ac; (%) v, ac

ot  9(t/Vy) & ot (A5)
Scaled bound-drug concentration time derivative:
9(C;S SoV, oC;
9C, _ 9(CySo) _ SoVy G (A6)
ot a(t*d/Vy) 5 ot
Scaled free-drug concentration first-order x-direction derivative:
aC a| C:Co oC%
J_(f)_co f (A7)

ox  a(x*0) 4 ox*
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Scaled free-drug concentration first-order y-direction derivative:

ac; 3(csc0) 9

) _ =2 A
ay a(y*9) 5 oy* (A8)
The second-order derivatives are scaled as shown below:
Scaled free-drug concentration second-order x-direction derivative:
BZCf _ 0 BCf - 0 a(C}CO) B Co BZCf A9
0x2  9x ax  9(x*6) o(x*5) 6% ox*2 (A9)
Scaled free-drug concentration second-order y-direction derivative:
?Cy 9 aC a 9ICG 92C
f_ 9 9% (f )_CO f (A10)

a2 Ay dy  A(ys) o(yre) 0% y2

The dimensionless derivatives are now substituted into Equation (A1) as shown below:

Cav, 9C% Fele ?C
oVy f:DC<CO fy G097ty (A11)

5 ot* 62 9x*2 52 y*?

Dividing Equation (A11) through on both sides by CyVy /4 yields the following:

oC* 92C; 9%C
f_p COl( Sy f), (A12)

o~ CCoVy o\ a2 T 9x2
The finalized dimensionless form of the free-drug transport into the PLGA coating is

shown below: . 5 X
p 0-C 0-C
L 1( L | ) (A13)

ot*  Pec \ ox*2 = 9x*2

where Pec =[V},6/(D¢)]. The scaled free-drug concentration derivatives (Equations (A5) and (A7)
are now substituted into the free drug transport equation into the arterial wall domain:

CoVy 9CF Gy (9 | 9 ?2C; | PCy
sl W i +DT Fredule v (A14)

kaSoCo [C}(l -Gp) — kfdicb ],

Dividing Equation (A14) through on both sides by CyVy /4, factoring out the first- and
second-order derivative constants, and substituting the equilibrium constant R; = (k;/k,)

yields the following:
9C* V.Cas [9CE  aCk 2C 02C
f— _ "G f%r G f £ —
oF T W (a"* "o ) +Drgy (a"*z " ay*2> (A15)

kSoCocdyy BES [C5 (1 - G) — &,

Recognizing that the Peclet and DamKohler numbers are Per = [V),6/(D7) and
Da = [(k,S002)/(Dr)] are in the tissue and that & = (Ry/Cp) is an additional scaling pa-
rameter and yields the final non-dimensional form of the free-drug transport equation in
the arterial domain as shown below:

aC* oC:  9C: 92C 92C
f_ f f f 9
[ (ax* +3 ) + PeT <8x*2 - By*z) (A16)

Belci1-¢p) —slcb],

Q|
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The scaled bound-drug concentration derivative (Equation (A6) and the scaling pa-
rameters are now substituted into the free drug transport equation into the arterial wall
domain:

SoVy 9C;, Dré

Dy —k ZTe

5 ar S

Dividing through by SoVy /& and entering the relations for €5, Da, and Pe yields.

* * R *
[Cf(l —C) - C‘O’cb}, (A17)

dC; e Da
b _ 2 K01 x) *
ot De [Cf(l Cy) elcb} ' (A18)
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