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Abstract

New and efficient drug delivery to the posterior part of the eye is a growing health necessity worldwide. Current treatment of
eye diseases, such as age-related macular degeneration (AMD)), relies on repeated intravitreal injections of drug-containing
solutions. Such a drug delivery has major drawbacks including short drug life, significant medical service, and high medi-
cal cost. In this study, we explored a new approach to controlled drug delivery by introducing unique porous implants. Our
computational modeling contained key physiological and anatomical traits. Incompressible flow in a porous media field,
including the sclera, choroid, and retina layers, is governed by Darcy law and the time evolution of the drug concentration
was solved via three convection—diffusion equations in the three layers, respectively. The computational model was validated
by established results from independent studies and experimental data. Simulations of the IgG1 Fab drug delivery to the
posterior eye were performed to evaluate the effectiveness of the porous implants for controlled delivery. Overall, our results
indicate that drug therapeutic levels in the posterior eye sustain for eight weeks similarly to those using intravitreal injection.
We first evaluated the effects of the porous implants on the drug delivery in the posterior layers. Subsequent simulations were
carried out with varying porosity values in a porous episcleral implant. We found that the time evolution of drug concentra-
tion is distinctively correlated to drug source location and pore size. A correlation between porosity and fluid properties for
selected porous implants was revealed for the first time in this study.

Keywords Drug delivery - Posterior eye - Computational modeling - Age-related macular degeneration - Transcleral
delivery

Introduction

Age-related macular degeneration (AMD) is a degenera-
tive disease of the retina layer where uncontrolled growth
of cells in the blood vessels causes protein and blood leak-
age and scars the macula (a part of the retina layer inside
the eyeball). It is a condition that often results in blurred
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or no vision in the central visual field. Such a vision loss
is permanent, affecting people with the ability to recognize
faces, drive, or perform daily activities. AMD is the leading
cause of severe vision loss in people over age 60 years old
[1]. According to the National Eye Institute, as the older
population in the USA grows larger, more people are devel-
oping eye diseases. In fact, from 2000 to 2010, the number
of elderly people with AMD grew 18%, from 1.75 million
to 2.07 million [1]. It is known that vascular endothelial
growth factor (VEGF), a signal protein produced by cells
that stimulate the formation of blood vessels, is responsible
for this eye disease condition. Anti-VEGF drugs, such as
Ranibizumab, Macugen, and IgG1 Fab fragment, are fre-
quently used to treat AMD.

An injection is a common way to deliver drugs for the
treatment of AMD. However, this adds potential risks such
as endophthalmitis, hemorrhage, and retinal detachment [2],
among others. The oral consumption of drugs is an alterna-
tive but ineffective method to deliver the drug via blood
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flow. Since the blood supply into the human eye is small,
a large amount of drug consumption is needed, which may
put other non-diseased tissues in danger. Sclera permeabil-
ity is a less risky, less invasive, and more sustainable drug
transport method of drug delivery for AMD, enabling trans-
scleral drug delivery [3, 4]. In this type of drug delivery, an
implant that contains a drug is implanted on the posterior
eye (AMD normally affects the posterior eye) and the drug
diffuses into the eye slowly [5], providing a sustainable drug
transport source.

It is essential to predict drug transport in the different
layers of the posterior eye to design an effective delivery
system. Drugs available for AMD have a narrow therapeutic
concentration window (i.e., a limited range of drug dosages
which can treat the disease effectively without having toxic
effects). Medication with such a restricted therapeutic win-
dow must, therefore, be administered with care and control.
High drug concentrations can be harmful to the eye, while
low drug supply results in the ineffective treatment of AMD
[6]. Therefore, it is crucially important to determine the time
evolution of drug concentration in each layer in the pos-
terior eye. There are experimental techniques available to
measure drug concentration in the eye, such as absorption
spectroscopy [7] and direct sampling [8]. Some studies have
emphasized the benefits and challenges of such experiments.
Miller et al. [7] have reported minimally invasive and direct
measurements of drug concentration in the eye via absorp-
tion spectroscopy, whereas Conrad et al. [8] have described
that direct sampling is possible but difficult for the patient.

Numerical simulation of drug delivery in the eye is a
new and non-invasive method to measure the time evolu-
tion of drug concentration. This technique offers several
advantages, including the ability to (i) study a system or
phenomenon at different length and time scales; (ii) obtain
reliable results, once well validated by available analytical
and/or experimental data; (iii) perform analysis of var-
ied conditions; (iv) evaluate critical situations that can be
investigated without risk; and (v) carry out cost-effective
studies that can speed up so that system or phenomenon
can be evaluated over a long time. Simulations are usually
much faster than experiments. In the present study, we
simulate 8-week drug delivery in less than 30 min with
standard CPUs of personal computers. Some of the disad-
vantages of simulations of drug delivery in the eye include
(1) an understanding of the controlled drug delivery phe-
nomena is needed as well as the associated limitations
and approximations of the model to discern the solutions
from potential artifacts, and (ii) limited experimental data
[9, 10] is available regarding posterior eye layers. Sev-
eral simulation studies have been reported to date inves-
tigating the drug delivery in the eye computationally by
Kavousanakis et al. [11] and Balachandran and Barocas
[12], in which drug delivery from a standard implant in the
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posterior eye is simulated using the finite element method
(FEM) and drug concentration evolution is calculated for
different eye layers. Other studies [13—15] have focused on
computational modeling to simulate the intravitreous drug
injection in the human eye.

The thermally responsive hydrogel (N-isopropyl acryla-
mide) NIPAM has been used to evaluate ocular drug deliv-
ery computationally [11, 16] by placing it on the sclera close
to the optical nerve. Previous simulations of drug delivery
from an episcleral NIPAM-gel implant by Ninawe et al. [16]
predicted sustained delivery times of 8 weeks with both 1.0
and 0.5 mg monthly doses using a compartmental model.
Later, simulations by Kavaousanakis et al. [11], using a com-
putational model of IgG1 Fab delivery from an episcleral
NIPAM-gel implant, released the drug at the same rate and
monthly doses as in Ninawe et al. [16] in a new model of
the human eye to determine the time needed for sustained
delivery. Results from the latter study [11] show that the
average drug concentration is at therapeutic levels within
all three layers in the posterior eye during the first 8 weeks
after drug administration, similarly to those with intravit-
real injection and related [15, 17, 18]. Kavaousanakis and
co-workers [11] concluded that delivery of the IgG1 Fab
drug from an episcleral NIPAM-gel implant seems to be an
effective alternative to more invasive means of delivery to
the posterior eye by injection. Thus, we used these results
in our validation phase in this work. Since we need to keep
the drug concentration in the desired therapeutic range, it is
imperative to use the proper amount of drug concentration.
It is noteworthy that we excluded the vitreous humor and
confined our simulations to the eye posterior layers (sclera,
choroid, and retina) from a porous implant.

In this study, we present a new computational model
of a drug storage (implant) in which a porous separator or
divider is introduced (inside the implant itself) and simulate
the drug delivery to the posterior eye. The research objec-
tive is to achieve an appropriate time evolution of the drug
concentration, avoiding the overshooting of drug concentra-
tion at initial times and increasing the later concentration.
This can be done by changing the implant internal struc-
ture and including pores. We keep the drug concentration
in the desired therapeutic range. The computational model
includes the posterior eye layers (sclera, choroid, and retina)
and drug storage. We first validate our computational model
by repeating the results in Kavousanakis et al. [11]. Then,
we systematically investigate how the porous structure in the
implant affects drug delivery. The remainder of this paper
is organized as follows: The “Computational modeling,
governing equations, and validation” section describes the
computational model, governing equations, and validation.
The simulation results and discussion are presented in the
“Numerical results and discussion” section, followed by con-
clusions in the “Conclusions” section.
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Computational modeling, governing
equations and validation

Human eye representative and computational
modeling

To study the effects of implant structure on the drug deliv-
ery to the posterior eye, we created a model representative
of the human eye together with an implant attached to the
sclera layer on the back of the eye. Figure 1(a) illustrates a
cross-sectional view of the human eye. The vitreous humor
is a gel-like porous medium, which comprises most of the
interior of the eye. It is enclosed by the retina layer on the
posterior eye and by the lens and hyaloid membrane on the
front side of the eye.

The front side of the eye (i.e., lens and pupil) were not
be taken into account in this study because they are almost
impermeable to drugs as there is constant flow drainage
between the iris and lens, which washes any drug away.
Since the transport of macromolecules such as IgG1 Fab is
not significant in the front of the eye (cannot penetrate the
hyaloid membrane) and the drug for the AMD targets the
three posterior layers, the vitreous humor was not included
in this study either.

Figure 1(b) shows the 2D axisymmetric model consisting of
posterior layers (retina, choroid, and sclera) and a drug storage
implant with a porous structure. This 2D model can be extended
to a 3D domain to form a spherical shell through a rotation along

the pupillary axis, covering the three posterior layers, which will
be closer to the real eye model. We used COMSOL Multiphys-
ics version 5.4 (COMSOL, Inc., Burlington, MA) to simulate
the delivery of IgG1 Fab drug from the porous implant to the
posterior layers. The main physical property values and dimen-
sions were based on experimental data [11, 12], as summarized
in Table 1. Boundary conditions were introduced as follows. The
pressure at the outer surface of the sclera layer, P, (= 1300 Pa)
known as previously reported [19, 20]. The pressure at the hya-
loid membrane and the interface of the retina and vitreous humor
is equal to the intraocular pressure, i.e., P, (= 2000Pa) [11].

The hyaloid membrane is a layer permeable to small drugs
such as fluorescein but impermeable to heavier drug molecules
such as IgG1 Fab. There is no concentration gradient at the
sclera’s and retina’s external walls, and the implant’s walls, i.e.,
n e DVc|,,; = 0, in which 7 is the normal vector to the sur-
face, D is the diffusion coefficient, and c is the drug concentra-
tion. The initial velocity is considered zero for the entire domain
as well as zero concentration of the drug. The specific location
of the drug supply will be identified later (“Validation: drug
delivery via hydrogel implant”). The numbers of mesh in the
radial direction are 3 in the retina and choroid layers and 4 in the
sclera layer, respectively. The number of mesh in the tangential
direction is 1400. The distribution of the mesh in each direction
is uniform. The convergence check is done for the considered
mesh size.

The parameters used in the simulations for the transport
of the IgG1 Fab fragment are summarized in Table 1.
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Fig. 1 Schematics of a cross section of the human eye showing an
episcleral implant and key features. (a) An anatomical view of the
posterior segment consisting of three distinct layers (sclera, choroid,
and retina). (b) Computational geometry involving the posterior lay-

ers (retina, choroid, and sclera) and a drug storage implant with a
porous separator (white and black squares mean solid pieces and
pores, respectively). Dimensions are to scale. Relevant dimensions
and properties are listed in Table 1

@ Springer



Drug Delivery and Translational Research

Table 1 Physical property
values for the posterior eye

Parameter

Value

Source

layers and implant in this study Sclera (outer layer)

Hydraulic conductivity (K/u),

s

Thickness (d,)
Diftusivity (D,)

Choroid (middle layer)
Hydraulic conductivity (K/pu).

Thickness (d,)
Diffusivity (D,)

Drug elimination rate constant (k,.)

Retina (inner layer)
Hydraulic conductivity (K/u),
Thickness (d,)
Diffusivity (D,)

Drug elimination rate constant (k,,)

Implant with porous separator
Diftusivity (D;)
Rectangular shaped, radius

Rectangular shaped, width
Separator, width
Separator, pore size (d)

1.5% 107" cm*Pas

0.6 mm
4.596 x 107”7 cm?/s

1.5x 107" cm?/Pa s

0.32 mm
3.616 x 1078 cm%/s
0.2398 day™!

2.36 x 107" cm?/Pa s
0.22 mm

2.442 x 107 cm?/s
0.2063 day™!

6.0 X 1078 cm?/s
0.10 cm

0.70 mm
0.045 mm
0.008-2.0 mm

Fatt and Hedbys [21];
Balachandran and
Barocas [12]

Missel [15]
Ninawe et al. [16]

Fatt and Hedbys [21];
Balachandran and
Barocas [12]

Missel [15]
Ninawe et al. [16]
Ambati et al. [4]

Tsuboi [17]
Missel [15]
Ninawe et al. [16]
Ambati et al. [4]

Hettiaratchi et al. [18]

Kavousanakis et al. [11];
Ninawe et al. [16]

n/a
n/a
n/a

Mathematical model and governing equations

The flow domain, including the sclera, choroid, and retina
layers in Fig. 1(b), is treated as a porous medium. The eye
drug is stored in the implant and delivered to the posterior
layers. As the flow in the sclera, choroid, and retina layers
is weak, we used the Darcy (creeping) flow equation. The
creeping flow equation is coupled with the diffusion equa-
tions to reflect the convective drug transfer. We, therefore,
focused on the diffusion and convection of IgG1 Fab drug
doses to the posterior layers.

Diffusion flow model for the IgG1 Fab drug

The porous media flow in the posterior layers is assumed
incompressible and governed by the following Darcy flow
equation:

=_XK
v=-2VP ey

where v, K, i, and P are the flow velocity, the perme-
ability of the medium, the viscosity, and the pressure of
the fluid, respectively.

@ Springer

Diffusion-convection equations for the sclera, choroid,

and retina layers

Drug diffusion through the layers of the posterior eye
is modeled by Fick’s first law. As seen in Fig. 1(b), the
drug solution (IgG1 Fab) is released in the gel implant
and delivered to the posterior eye. Molecular diffusion
is deemed the main driving mechanism for drug transfer
through the layers of the posterior eye. For calculating the
transport of the drug through the layers of the posterior
eye, we introduce the diffusion-convention equation in

each layer of the posterior eye as follows:

Sclera (outer) layer:

dc )

— —D,Vc+veVc=0 2)

ot ’
Choroid (middle) layer:

adc, 5

~ -D.Vic+k,c+veVc=0 3)
Retina (inner) layer:

dc, )

dt_D’V c+k,c+veVc=0 “)
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Fig.2 The setup of IgG1 Fab
drug in a hydrogel implant.
Tllustrations show (a) the drug
source is placed on the hydrogel
implant-sclera interface (black
line) and (b) the exponential
decay of the drug concentra-
tion at the implant when
C(t=0)=C,=1mg/cm®[16]

(a)

In Eqgs. (2)-(4), D,, D, and D, are the drug diffusivities
in the sclera, choroid, and retina layers, respectively, and
k,. and k,, are rate constants of drug elimination due to the
absorption to the veins in the choroid and retina, respec-
tively. There is no drug elimination in the sclera, and thus,
there is no rate constant of drug elimination in Eq. (2).

Validation: drug delivery via hydrogel implant

IgG1 Fab is a macromolecular anti-VEGF drug routinely
used to treat AMD. Experimental data on IgG1 Fab drug
concentration in the layers of the posterior eye for intra-
vitreal (IVT) injection or delivery from a local implant is
not currently available. Clinical studies have shown that the
therapeutic effects of drug doses of 0.5 and 1 mg/cm?, regu-
larly delivered by IVT injection, extend for 2 months [20]. In
this section, we validate our simulation with independently

(a) so¢
70% 5
60

—— Sclera, current work

—— Chroid, current work

— Retina, current work
Sclera, open data
Choroid, open data
Retina, open data

(o))
o
T

CIclherapeu(ic
N W
O O O

-
o

10 16" 10"
Time (week)

o

Fig.3 Validation results regarding drug delivery to the posterior
layers. Calculations show (a) time evolution of the average IgG1
Fab drug concentration in the sclera (black), choroid (red), and ret-
ina (blue) layers, respectively. Solid lines are the results of the cur-
rent simulations and solid squares are data from a previous study by

(b) «_ 11,

(b)

e e e
> » ™ -

e
N

Drug concentration C(t) (mg/cm?)

- 1

10 20
Time (hour)

30 20

O —r—

reported data [11] for the delivery of IgG1 Fab to the layers
of the posterior eye using a hydrogel implant (Fig. 2(a)).
Then, we simulate the episcleral delivery of IgG1 Fab drug
to the layers of the posterior eye via a new type of porous
implant (Fig. 2(b)). The parameters used in the simulations
for the transport of the IgG1 Fab fragment are shown in
Table 1.

To validate our computational modeling with previous
experimental and computational studies [11, 16], we placed
the IgG1 Fab drug source on the left inner wall of a hydrogel
implant, as seen in Fig. 2(a), to study drug delivery to the
posterior layers. On the implant’s inner wall, the drug con-
centration is set to decay exponentially for 2 days of release,
as seen in Fig. 2(b).

We focus on the drug delivery across the posterior layers
in terms of the time evolution of the drug concentration and
drug delivery velocity across the layers. Figure 3(a) shows

1

>i10

PR L L

Velocity magnitude (cm/s)

Wl

2
Arc length (cm)

Kavousanakis et al. [11]. The velocity profile (b) along the choroid-
sclera shows agreement with prior findings [11]. The solid line is
from the current simulation and the open squares are from reported
open data reported by Kavousanakis and co-workers [11]
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the time evolution of the average IgG1 Fab drug concentra-
tion in the sclera (black), choroid (red), and retina (blue)
layers within 2 months after administration begins, for a
monthly dose, C, = 1 mg/cm®. Drug concentrations have
been normalized with the therapeutic concentration value of
Cinerapeuric = 150 mg/cm? [11]. This therapeutic concentra-
tion is the minimum required concentration of the drug that
must exist to have an effective treatment. The correspond-
ing solid symbols are computational results from a previous
study [11].

Because of the very high amount of the initial drug
concentration at the implant, there is a high value of
drug concentration at the beginning in the three different
layers (Fig. 3(a)). By the time the drug source weakens
and the drug absorption overpowers the drug transfer
from the implant, the concentration shows a decline.
The velocity profile along the choroid-sclera interface is
shown in Fig. 3(b). The rapid change of the velocity at
the beginning and the end of the graph can be attributed
to the fact that there is a sharp pressure gradient between
the outer surface of the sclera and the hyaloid membrane

Fig.4 Spatial concentra-

tion distribution of the drug,
logIO(C/Ctheraputic)’ in the
xz-plane through the sclera,
choroid, and retina layers, when
the initial drug concentration

at the implant-sclera interface
is C, = 1 mg/cm>: 8 hours (top
row) and 8 weeks (bottom row),
respectively. Our simulation
results (right column) are

8 hrs

,

consistent to the open data from
a previous study (left column)

8 weeks

=N
| 1§
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and the measurement starts to close the intersection of
the sclera and the hyaloid membrane. The pressure gra-
dient is uniform through the rest of our arc because the
distance between the retina’s outer surface and sclera’s
outer surface remains the same. Also, Fig. 4 shows the
logarithmic distribution of the normalized drug concen-
tration on the entire domain at 8 hours (top row) and
8 weeks (bottom row). Our simulation results (right col-
umn) are comparable to those from open data reported by
Kavousanakis et al. [11]. Overall, our simulation results
have well reproduced the spatial-temporal drug deliv-
ery of IgG1 Fab placed on the hydrogel implant-sclera
interface (black line) in Fig. 2(a) to the posterior layers
of Fig. 1(b).

Furthermore, the time evolution of the normalized drug
concentration in 8 weeks at three representative locations in
the retina layer is shown in Fig. 5(a)-(c), respectively, with
the locations indicated in Fig. 5(d). The three locations at 1,
2, and 3 reach the peak concentration after 0.063, 1.13, and
1.97 weeks, with normalized peak concentration of 1232.6,
7.3, and 1.5, respectively.

|Og 1 0( (‘/ (ﬁlhcn.-_wutw)
Max: 8.00
5

Min: -36.0
Max: 2.00

- N

Min: -8.00
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Fig.5 Time evolution of normalized drug concentration in 8 weeks at three specific locations in the retina layer, namely, (a) location 1, (b) loca-

tion 2, and (c¢) location 3, as indicated in (d)

Numerical results and discussion

In this section, we investigated the effects of implant setup
and implant structure on drug delivery. We studied the role
of drug source location on the concentration levels calcu-
lated in the posterior eye layers. Then, we conducted simu-
lations of the delivery of IgG1 Fab to the posterior layers
using a porous implant. In this case, we analyzed the effect
of pore size on drug concentration evolution and compared
results against the former standard hydrogel implant. All
these results and analysis are described next.

Role of drug source location

The previous study placed the drug on the left inner wall of
the implant, Fig. 2(a), which has eliminated the functionality
of the implant. Here, we explore the effect of drug source
location in the implant on the drug delivery in the posterior
eye layers. Figure 6 shows the time evolution of the IgG1
Fab drug concentration in the three posterior layers using
two different drug source locations in the implant: (a) left
wall and (b) right wall. It is evident from these results that
the location of the drug source (i.e., concentration bound-
ary condition) is important to consider in the evolution of
the mean drug concentration. Placing the drug source in
the sclera-implant interface (case (a)) was found to be more
accurate when comparing data against prior simulations
[11] than the alternative (case (b)). This despite the fact our
implant dimensions are smaller than those reported before
by Kavousanakis et al. [11], yet the concentration levels and
trends are similar as demonstrated in Fig. 3(a). It is reason-
able to expect drug concentration levels in the eye layers to
be higher in case (a) than in case (b)—where drug transport
will require more time to reach all three layers, and thus con-
centration levels will decrease. Note also that case (a) has an
enlarged sclera-implant interface (i.e., length of black line)
compared to case (b) and hence the higher values.

Furthermore, as seen in Fig. 6, the drug concentration
curves show higher peaks for case (a) than case (b) in all
three layers. This can be attributed to the fact that drug
spreads into the eye faster than it gets eliminated, and con-
centration peaks are higher since the drug source is closer to
the eye layers or in “direct contact with the sclera.” However,
the drug source will change location (case (b)) for an implant
containing a porous separator as in Fig. 7(a), which will
essentially create a diffusion barrier to drug transport and
further slowdown drug diffusion (Diffusion through porous
implants: pore size effect”).

Diffusion through porous implants: pore size effect

The objective of the current research is to explore a new
implant with a porous media structure that can efficiently

80
70

Sclera, case (a)
Sclera, case (b)
Choroid, case (a)

60 f_ o Chclhroid, case (b)
[ = Retina, case (a)
.% 50 :_ = = = Retina, case (b)
H n
2 F
& L
s 40F
O F
o 30f
20f
10F
0: _,,‘..2 6 @ 1(a) o ABE o .
107 10 10

Time (week)

Fig.6 Time evolution of the average IgGl Fab drug concentration
in the sclera (black), choroid (red), and retina (blue) layers, during
the first 2 months after administration begins. The drug sources are
placed on the (a) left wall (case a) and (b) right wall (case b) of the
implant
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Fig. 7 Illustration of the porous
implant structure comprising of

(a) Separator wldlt'h (w)=0.045mm (b)

a single separator with adjust- S—hie—
able pore size. The diagrams 1 J
show (a) key dimensions of the 831 .
implant and (b) implant posi- 3 T
tion next to the sclera, arrows ° -I
indicating drug flow towards
posterior layers. In this study, I
the IgG1 Fab drug source loca-
tion is placed on the right inner I
wall of the implant

——————

Implant width=0.7mm

control drug delivery in the posterior eye. In this study, we
introduce a single separator in the implant to mimic the
porosity of a porous media structure, as seen in Fig. 7(a),
and study the effects of the separator traits (i.e., pore size) on
the drug delivery. The physical properties of this implant are
the same as the physical properties of the sclera (i.e., diffu-
sion coefficient and permeability). As shown in Fig. 7(b), the
drug is placed on the right inner wall of the implant with the
same concentration decay as in Fig. 2(b). The pore arrange-
ment is adjustable therefore the drug release to the posterior
layers can be precisely controlled through the porosity of the
porous media structure.

The concept of introducing porous barriers (separators)
within an implant is used in this study to examine the effect
of porosity on drug release. Since the drug source (concen-
tration boundary condition) is placed on the right side of the
porous implant as in Fig. 7(b), this allows the evaluation of
pore sizes inside the implant for sustained drug delivery in
a systematic manner.

We have used different pore diameters in a separator
inside a hydrogel implant (Fig. 7(a)) to examine their

Separator
Concentration

E <1 boundary condition
o~ &
AL .

z 3

= @ ~—

.50 = -~

> =

= >

4 -

[ —

5 I <

o

E .

The Implant

effect on drug concentration to the posterior eye lay-
ers. Clinical studies with IgG1 Fab, delivered by IVT
injection, have reported that the time during which the
drug concentration in the choroid and retina layers is
at a therapeutic level is about 8 weeks [20]. Figure 8
summarizes the evolution of drug concentration in each
of the eye layers (sclera, choroid, and retina) as a func-
tion of pore diameter during this period of interest. Drug
concentrations have been normalized with the therapeu-
tic concentration (Cy,pqpeuric = 150 pg/l=150 mg/cm?),
which completely inhibits neovascularization. As Fig. 8
shows, the average drug concentrations in the sclera (a)
remains higher at all times compared to those in the cho-
roid (b) and the retina (c). This can be attributed to the
fact that the released drug in the latter (b) and (c) has to
pass through the implant and larger sclera, diffusing at
a lower speed into the eye due to differences in diffusiv-
ity values and drug elimination rates. Note also that the
average drug concentration is at therapeutic levels within
all three layers throughout the first 2 months after dose
administration began.

50 50 50
(a) (b) (c)
40f 40}
30 330
— i Y 20 O 20
e d=0.2 mm o ©
[ = d=0.04 mm

10 d=0.008mm 10 10

LT 10" 10° 10' ST 10" 10° 10' "o 10" 10" 10"
Time (week) Time (week) Time {week)

Fig.8 Average drug concentration in the (a) sclera, (b) choroid, and
(c) retina using a porous implant, as a function of pore sizes as shown
in Fig. 7(a), during the first 2 months after administration begins and
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where ¢, = 1 mg/cm®. Legend denotes pore size vary in diameter d in
case: 2, 0.2, 0.04, and 0.008 mm
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Results in Fig. 8 indicate that the average drug concentra-
tion levels in all three layers are lower for the porous implant
than those for the standard hydrogel implant in Fig. 3(a).
This is expected as the drug source is located as in Fig. 7(b)
and Fig. 6(b). The porous separator is essentially a barrier
to drug diffusion, and thus, drug concentration levels are
expected to diminish. The trends in Fig. 8(a-c) show that all
drug concentration curves increase at the beginning until
they reach a maximum value (peak) before decreasing rap-
idly for all pore sizes. The differences in drug concentrations
in Fig. 8(a-c) can be explained as follows. It will likely take
more time for the drug to diffuse through the porous implant
(than the standard implant) and reach all three layers, and
given the different diffusivities per layer, the average drug
concentrations would be lower in each subsequent inner
layer (i.e., sclera> choroid > retina with the lowest drug
concentrations) as seen in Fig. 8(a-c).

More significantly, results in Fig. 8 show that as pore
size decreases in the porous implant so does the average
drug concentration in all three layers. Figure 8 suggests a
correlation between pore size and drug concentration (i.e.,
the smaller the pore diameter is the lower the average drug
concentration is in each layer and vice versa). The average
drug concentration profiles reveal distinct peaks in the lay-
ers, in particular in the sclera (Fig. 8(a)). It is noteworthy
that as pore diameter shrinks, the drug diffuses through
the porous implant into the sclera faster (Fig. 7(b)) than
veins can eliminate the drug, and thus, drug concentration
increases in the sclera.

Conclusions

In summary, the overall findings from this study indicate that
drug source location and morphological features such as pores
within the porous implants have measurable effects on the fluidic
behavior in the posterior eye layers (sclera, choroid, and retina).
Specifically, the role of a porous separator with varied small
pores contributes distinctively to the overall fluidic response of
the implant. While the very small pores lead to dissimilar behav-
iors of average drug concentrations in each posterior eye layer,
as the pore diameter shrinks this behavior reduces the average
drug concentration of the sclera more significantly. This suggests
the pores in the implant could be tailored further to control other
variables such as drug release rates, other drugs, patient needs,
etc. To validate this hypothesis, further studies are necessary to
determine whether it is valid to assume there are implant mor-
phologies that can lead to optimum drug delivery rates. Future
directions regarding simulations will include investigating the
effect of separator thickness, drug type on drug delivery, and
role of the diffusion coefficient as it is an important parameter in
drug transport and its effects need to be investigated further for

different routes of delivery and optimum drug delivery devices
for controlled release applications [22-24].
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