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Abstract

Objective Therapeutic contact lenses, able to store drug and deliver it to the eye surface in a sustained fashion, gained
interest as an effective and patient-friendly alternative to eye drops. Recent animal studies also demonstrated the presence
of therapeutic drug levels in the back of the eye after wearing drug-loaded contact lenses, thus opening the possibility of
treating the posterior segment without need of invasive intraocular injections. The drug pathways from contact lenses to the
back of the eye require further investigation.

Methods A mechanistic mathematical model was developed to evaluate the drug concentration over time in the tears, sclera
and choroid, retina, aqueous humor and vitreous humor after the application of a therapeutic contact lens. The main drug
transport mechanisms of the eye and the barrier properties of the different tissues were included in the model. Validation
was performed by comparison with experimental data in literature.

Results The model predictions of drug concentration over time reflected the experimental data both in the anterior and
posterior segment of the eye. The model can differentiate between contributions to transport from different pathways.
Conclusions The model constitutes a first step towards the possibility of predicting the ocular drug distribution and the
treatment efficacy in the early stage of contact lens development, and it may help reduce both the need for in vivo tests (with
ethical and economic advantages) and the gap between the lens design and clinical application. It also allows for an improved
understanding of drug transport in the eye.
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Introduction such injections are invasive for the patient, usually require a

monthly administration and are associated with side effects [2].

Due to the ageing of population, chronic pathologies affecting
the posterior segment of the eye, such as macular degeneration,
diabetic retinopathy and macular edema, are affecting a grow-
ing number of patients worldwide [1]. The standard treatment
for these conditions is performed by intravitreal injections,
which allows overcoming the anatomical ocular barriers and
delivering high drug doses in the posterior segment. However,
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The use of injectable drug-eluting intravitreal implants, able
to provide a therapeutic drug concentration for several months
[3], reduces the frequency of injections but does not overcome
the risk of adverse events associated with them.

The possibility of using soft contact lenses (SCLs) for ocu-
lar drug delivery gained interest as a patient-friendly approach
involving a non-invasive and easily replaceable device, which,
if compared to eye drops, can provide a sustained delivery
over time and a longer drug residence time on the cornea, thus
increasing the therapeutic efficiency. While most of the cur-
rent research on drug-eluting SCLs focuses on the treatment of
pathologies of the anterior segment [4—7], animal tests recently
evidenced the presence of therapeutic drug levels also in the
vitreous, choroid and retina after SCLs wearing [8—11]. These
findings imply the presence of drug transport pathways from
the anterior to the posterior segment, which would allow for
the use of non-invasive topical drug delivery systems for the
treatment of the back of the eye.
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Understanding the ocular physiology and pharmacokinet-
ics is fundamental for the design of effective therapies and
devices. Mathematical models constitute an important tool for
this purpose, and various examples of models for the simula-
tion of drug delivery from SCLs to the tear film and aqueous
humor are available in literature [12—15]. However, a com-
prehensive model of the eye pharmacokinetics after wearing
a therapeutic SCL, including drug transport from the anterior
to the posterior segment, the barrier properties of the various
ocular tissues and the eye physiology, is still missing.

Herein, a mathematical model simulating drug diffusion
from SCLs and drug accumulation over time in the ocular
tissues of both the anterior and posterior segment of the eye
(i.e. aqueous humor, sclera and choroid, vitreous and retina)
is proposed. Two main pathways were identified for drug
transport from the SCL to the choroid, and subsequently to
the retina: transcorneal and non-corneal transport (Fig. 1).
In transcorneal transport, drug diffuses to the aqueous humor
during prolonged SCL wearing, and is then transported to
the choroid and sclera by the uveoscleral outflow [16]. In
non-corneal transport, drug diffuses from the SCL to the tear
film, and then permeates across the bulbar conjunctiva and
sclera to reach the choroid [17]. In both cases, after reaching
the anterior choroid, the drug can rapidly reach the posterior
segment of the eye via pressure-driven convection [18] and
diffuse to the retina along the path.

The model parameters consisted in the barrier properties of
the ocular tissues to drug diffusion and their drug partition coeffi-
cients, which can be determined via ex vivo studies, and the drug
partition coefficient and diffusivity through the SCLs, obtained
in vitro. The validation of the predicted results was performed
by comparison with literature data on the in vivo drug delivery
of from SCLs to the anterior and posterior segment of the eye.

Fig. 1 Schematic representation
of the eye anatomy, SCL place-
ment and main drug transport
pathways to the posterior
segment: transcorneal and non-
corneal routes. SCL
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Bulbar conjunctiva
Palpebral conjunctiva
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Methods
Model Description

The abbreviations used in the model are defined in Table I
for clarity. The drug concentrations in the contact lens, tears
and ocular tissues can be computed by solving the mass
balance equations along with appropriate boundary condi-
tions. The model considers drug concentrations in seven
different compartments: contact lens (Cgc;), tears (C)),
sclera-choroid (Cg,(y,), retina (Cg,,), vitreous humor (Cy,),
aqueous humor (C,,) and corneal epithelium (Cg,). The
sclera and choroid are lumped into a single compartment
with weighted average partition coefficient, as there is no
significant transport barrier between these tissues [19, 20].
The concentration in each tissue is considered independent
of the position, as the drug distribution is assumed to be
homogeneous. It is further assumed that the mass transfer
resistance offered by the corneal endothelium is negligible
[21], thus allowing for the stroma to be lumped together
with the aqueous humor in the model, while the corneal epi-
thelium is treated as a separate compartment (C,). Based
on these assumptions, the following equations are obtained
for the seven compartments:

()CSCL _ aZCSCL 1
- ot - ~SsCL ayg ( )
dcC aC

t_t = _DSCLﬂ(y = O)ASCL - QDrainCt
dt dy 2
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Table | Definitions of the Model Components. /Parameters’ Values Reported in Literature; ®’Calculated as in Eq. 14; ©Assumed Equal to 1;
@Estimated for the Specific Drug from Literature Values, Based on the Drug’s Lipophilicity, and Fine-Tuned During the Model Validation;
©Qbtained from the Drug Amount Loaded in the SCL and/or the Release Profile

Physiological parameters(a>

Agup (cm?) Exposed area of bulbar conjunctiva Quyse (mL/s)  Uveoscleral outflow
Acomea (cm?) Area of the cornea Quitaq  (mL/s)  Vitreous-aqueous drug elimination pathway
AGiobe (cm?) Area of the eye globe Vaq (mL) Volume of the aqueous humor
Apap (cm?) Exposed area of palpebral conjunctiva Vet (mL) Volume of the retina
Clearanceg., (mL/s)  Drug clearance in the sclera-choroid through Vg o, (mL) Volume of the sclera and choroid
choroidal blood flow
Q Aq (mL/s)  Aqueous humor renovation rate V. (mL) Volume of the tears
Qbrain (mL/s)  Tears drainage Vyic (mL) Volume of the vitreous humor
Drug-dependent parameters
F (%) Drug bioavailability in the aqueous humor® K, - Partition coefficient of the drug in tears with
respect to buffer®
Kaq - Partition coefficient of the drug in the aqueous Ky - Partition coefficient of the drug in the vitreous
humor with respect to buffer® with respect to buffer®
Kepiaq - Partition coefficient of the drug in the corneal P (cm/s)  Drug permeability across the conjunctiva®
epithelium with respect to aqueous humor@
Kepi - Partition coefficient of the drug in the corneal ~ Pg.y;,  (cm/s)  Permeability of the inner limiting membrane®
epithelium with respect to tears@
Kscr - Partition coefficient of the drug in the contact ~ Pg.cpper (cm/s)  Permeability of the retinal pigment epithelium®
lens with respect to buffer®
Kge - Partition coefficient of the drug in the retina Piaq (cm/s)  Permeability of the corneal epithelium®
with respect to buffer®
Kscn - Partition coefficient of the drug in the sclera-
choroid with respect to buffer®
SCL-dependent parameters
Agcr (cm?) Area of the contact lens y (cm) Spatial coordinate of the contact lens in trans-
verse direction
Dgcr. (cm?/s)  Drug diffusivity in the contact lens® Mgejeasea  (DE) Drug amount released by the contact lens®
H (cm) Thickness of the contact lens R (ng/s) Drug release rate from the contact lens®©
Exposure measurements
Caq (ng/mL) Drug concentration in the aqueous humor Cseon (ng/g)  Drug concentration in the sclera and choroid
Cegp (ng/g)  Drug concentration in the corneal epithelium  C, (ng/mL) Drug concentration in tears
Cser (ng/g)  Drug concentration in the contact lens Cyic (ng/mL) Drug concentration in the vitreous humor
CRret (ng/g)  Drug concentration in the retina
dCs.cn Cscon . )
Vseon =g = QuiseCag = QUVS“@ VViz% = AGiobeP Ret—vit <% - %) = QviraqCvis (5)
c Ce Ret Vit
+ P oA (Er - KSLCh ) — Clearanceg.,Cy.c)
L. Va2 0 Cn e L -0 ) = 0uCu (6)
= Agtobe P scci-rer <% - KM) « e
ScCh Ret
©) ¢, - (KgpjagCaq + KipyiC1) D
1% @ =A. P <M - %) ! 2
Ret dt Globe® ScCh—Ret KScCh KRet ) ) ) ) ) )
) Equation 1 is a partial differential equation because the
_A P ) (% _ %) concentration in the contact lens depends both on time
Globe* Ret—Vit K K. .. .
Ret Vit (t) and position (y), the latter referring to the transversal
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direction of the SCL, with y =0 at the anterior lens-tears
interface, and y =H at the lens-post lens tear film (POLTF)
interface. The lens thickness H is assumed to be homoge-
neous. All other mass balance equations are ordinary dif-
ferential equations because the spatial variations in tissue
concentrations are neglected. The left-hand side of each
of the mass balances is the net accumulation in the tissue,
while the right-hand side includes the rates of all transport
pathways that bring drug in or take drug out of the tissues
(Fig. 2, arrows a-1). The rate of transport across any mem-
brane is the product of the exposed area (A), permeability
(P), and the net driving force (i.e., the concentration dif-
ference). The flows between compartments are indicated as
Q. In Eq. 2, the drug accumulation in tears results from the
sum of four transport pathways: drug in from lens (a), drug

Fig.2 Schematic representa- A
tion of the eye anatomy, SCL

placement and drug transport

pathways (red arrows a-1) (A);

mathematical model design

with transport pathways (red

arrows a-1) (B). N\

Aqueous humor

Cornea

Tears

out via drainage (b), drug out via palpebral conjunctiva (c)
and drug out via bulbar conjunctiva (d). The terms on the
right-hand side of sclera-choroid mass balance (Eq. 3) rep-
resent drug in from aqueous humor via uveoscleral outflow
(e), drug clearance due to seepage of the uveoscleral out-
flow into the orbit vasculature (f) [22], drug in from tears
across bulbar conjunctiva (d), clearance through choroidal
blood flow (g) and drug out into retina through retina pig-
ment epithelium (h). The two transport pathways of Eq. 4
represent drug into retina from sclera-choroid (h) and drug
out into vitreous humor (i). The two terms in Eq. 5 rep-
resent drug into vitreous from retina (i) and drug out into
aqueous (j). The three terms in Eq. 6 represent drug into
the aqueous from vitreous (j), drug in from the contact lens
across the corneal epithelium (k) and drug out by aqueous
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humor renovation (including drug out into the vasculature
through trabecular meshwork/Schlemm canal pathway (1)
and uveoscleral outflow (e) [22, 23]). Finally, the corneal
epithelium concentration (Eq. 7) is assumed to vary lin-
early across its thickness and to be in equilibrium with
tears on one side and with the aqueous humor on the other.
Equation 1 requires the following boundary conditions:

Csc(v = 0) = Ky, G, (®)

aC‘SCL
_DSCL (y =H)= ACorneaPt—Aq

Csc, v = H)
3y T Ky M

Kscr,

)
which imply equilibrium between tears and the anterior side
of the lens (Eq. 8) and equality between the flux out from the
lens into the POLTF and the flux across the epithelium into
aqueous humor (Eq. 9). At =0, all tissue concentrations are
zero and the concentrations in the anterior and posterior sur-
faces of the SCL are known based on the loading conditions.

Model Validation

Previous studies [9, 10, 24-27] reporting in vivo data on
the drug concentration in the ocular tissues after the appli-
cation of a therapeutic SCL were collected to validate the
model predictions. Rabbit models are the current standard
for in vivo studies involving contact lenses, with well-known
geometrical and physiological parameters of the rabbit eye
available in literature. While most of the studies on ocular
drug distribution after wearing a SCL only analyze drug
concentration in the internal ocular tissues at a single time
point [10, 27], a study by Ross et al. [9] reports the con-
centration of dexamethasone, a commonly administered
anti-inflammatory drug, in both the anterior and posterior
segment of rabbit eyes over a 7-days period. Such data cur-
rently constitutes the only available information on ocular
drug distribution from contact lenses over time.

Despite the mathematical model being originally
developed considering drug delivery from the SCLs as
a diffusion-controlled phenomenon (Eqgs. 1 and 2), the
type of SCL used in Ross’ study is a sandwich device
encapsulating a degradable drug-eluting polymer film
between two hydrogel layers. Such lens is a complex
system, and the modelling of its release profile requires
both the degradation of the polymer film and the sub-
sequent diffusion across the hydrogel shell to be con-
sidered. Development of the matrix degradation model
requires multiple parameters that are not available and
so a modified approach was adopted by directly using in
vitro release data to estimate release from the lens in the
eye. The drug released from the lens could diffuse both
towards the tears and towards the cornea. A model based

on diffusion through the lens with appropriate bound-
ary condition at the interface with tears can predict the
fraction of drug that diffuses in both directions. Since
the detailed transport model through the lens is not uti-
lized, a fitting parameter is needed to reflect the portion
of drug released from the lens that diffuses towards the
cornea. Equations 2 and 6 were therefore modified as in
Eqgs. 10 and 11, where R is the in vitro drug release rate
from the SCL and F is the drug bioavailability in the
aqueous humor (obtained from in vivo data).
dc, C, M)

Vi—* = (1= F) R = QiyuinC = PonipaiyCi = PeonApun | = =
= ( ) OprainCy ConjAPalp™t Conj Bulb( K,  Kgon

(10)

dc,,
VAqT = Qit—agCvis + F R — 04,Cyy 1)

The drug release from the SCL over time, f, was
obtained by fitting the experimental in vitro data to an
exponential curve (Eq. 12). Then, R was calculated as in
Eq. 13, where Mg, .,seq 15 the total amount of drug released
by the SCL and T is the time constant obtained by curve
fitting.

f = MReleased(l - e_t/T) (12)
d M
R e (13)

F was then calculated as follows:

S Qg X Cyy dit

M Released

Q4 XAUC(c,
q (Cay) %1

F% = x 100 = 00

Released
(14)
Where Q,4 and C,, are the aqueous humor renovation
rate and drug concentration, respectively. The area under
the curve (AUC) of C,, over time is obtained by fitting the
in vivo data to an exponential curve and integrating up to
Caq=0 (Supplementary Fig. S1).

Sensitivity Analysis

The variations in the concentration-time curves of the vari-
ous compartments (i.e., vitreous humor, aqueous humor,
sclera-choroid, retina and tears) with different input values
were registered to investigate the sensitivity of the model.
The anatomical parameters of the eye were considered con-
stant and are reported in Table II.

A local sensitivity analysis was performed by increasing
or decreasing by 10% one parameter at a time (i.e., barrier
properties of the tissues, physiological transport pathways
and partition coefficients) and evaluating the impact of the
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Table Il Anatomical Parameters of the Rabbit Eye Used in the Simu-
lations

Table IV Physiological Parameters of the Rabbit Eye Used in the
Simulation

Parameter Value Ref. Parameter Value Ref
\A 7E-03 mL [28] Quyse 0.176 pl/min [37]
Vit 1.7 mL [29] Quitaq 0.19 pl/min [35]
Vsecn 0.361 mL Thickness of sclera [30] and Qaq 4.2 pl/min [38]

choroid [31] x Aglobe Qprain 0.5 pl/min [39]
Viet 0.086 mL Thickness of retina [29] X Ag;gpe Ky 1 Assumed equal to buffer
VAq 0.325 mL [29] KAq 1 Assumed equal to buffer
AGlobe 8.6 cm? (32] K, 1 Assumed equal to buffer
Apylp 14 cm? (33] Clearanceg,, 1 mL/min [40]
Apun 3em? [33]

variation on the AUC and maximum drug concentration
(Cphay) of each concentration-time curve.

The visualization of uncertainty was then obtained by
simultaneously varying all input values, except for the
anatomical parameters. Each parameter was randomized
in the +£10% range from its nominal value (N =400 runs).

Software

The model implementation and the sensitivity analysis were
performed in MATLAB - version R2019b (The MathWorks
Inc., Natick, MA, USA). Results were plotted on Prism 8.0.1
software (GraphPad, San Diego, CA, USA).

Results and Discussion

Model Validation

In vivo data by Ross et al. [9] were used for model validation
by comparison with the simulated values over time. In Ross’
study, dexamethasone was detected over a 7-days span in the
aqueous humor, choroid and sclera, retina and vitreous humor
of rabbits after SCL wearing. The anatomical parameters of
the eye used in the simulation are reported in Table II. The
drug- and SCL-specific parameters (i.e., drug permeability
P across the ocular barriers, the partition coefficient K of the
drug with the tissues and the aqueous humor bioavailability
F %) are reported in Table III. The physiological parameters
of the rabbit eye are reported in Table IV.

A comparison between experimental and predicted val-
ues is shown in Fig. 3. A large variability was observed
in the reported in vivo concentrations, possibly due to the
natural differences between the tested animals and to the
error associated with drug extraction from biological tis-
sues. Nonetheless, the model was able to predict experimen-
tal data in both the anterior and posterior segment tissues
and provided a good estimate of the drug concentration over
time both in the long term and short term.

The experimental values obtained for the retina are pre-
dicted by the mathematical model in the first days of treat-
ment, but overestimated in the long term (i.e., after 5 and
7 days). The high metabolic activity of the retina pigmented
epithelium may play a role in the faster clearance kinetics
of dexamethasone in the tissue [41]. In fact, higher levels of
cytochrome P450 enzymes and drug transporters (which regu-
late drug metabolism and transport in the liver, small intestine
and kidneys) were detected in the retina/choroid when com-
pared with other ocular tissues [42]. However, Ross’ study
constitutes the only available data on drug concentrations in
the retina over time. The future availability of in vivo data on
the delivery of different drugs from SCLs to the posterior seg-
ment will allow for a more extended validation of the model
for the prediction of drug concentration in the retina.

Comparisons of the model predictions to other reported
in vivo data [10, 24-27] are shown in Fig. 4. The selected
drug- and SCL-specific input values for the simulations are
reported in Supplementary Table S1. The model results were
considered representative of the experimental data and pro-
vided a prediction of the drug concentration over time both

Tablelll Drug- and SCL-

i . Parameter Value Ref
Specific Parameters Used in
b ot Ve P 230506134
w

Reported In Vivo Data [9] Pscenret 10E-06 cm/s (31]
Pretvit 13E-06 cm/s Considered 30% higher than Pg.cppe [35]
Ksecn 15 Adapted for dexamethasone from previously reported data [36]
Kret 10 Adapted for dexamethasone from previously reported data [36]
F 2.08% Calculated as in Eq. 14
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Fig.3 Comparison between experimental data obtained in rabbits (points) [9] and model prediction (curves) of dexamethasone concentration in

the ocular tissues after application of a drug-loaded contact lens.

in the long term (dexamethasone and latanoprost release)
and short term (melatonin, ofloxacin and pravastatin release).

All the selected studies reported the drug concentration in
the aqueous humor, which could be predicted by the math-
ematical model with different degrees of error. For what con-
cerns the drug distribution in the internal ocular tissues, the
concentration of ofloxacin was measured in the retina and
sclera [27], while amounts of pravastatin were quantified in
the sclera and vitreous humor [10]. The model predicted well
the experimental data in the internal tissues, but, for these
data sets, an evaluation of the accuracy of prediction over time
was not possible due to the availability of a single time point.

Sensitivity Analysis

The development of a mathematical model involving the full
eye allows to evaluate the role of each parameter on drug
accumulation in each ocular tissue, and the relative impor-
tance of these parameters in drug transport to the posterior

segment. The model prediction of the drug concentration in
the tears and ocular tissues over time, obtained with the input
parameters values reported in Section 3.1, is shown in linear
scale in Fig. 5. Results of the local sensitivity analysis on the
AUC and C_,,, are reported in Figs. 6 and 7, respectively.

As expected, the AUC and C,,, of the deeper tissues (i.e., the
retina and vitreous humor) are dependent on a higher number of
input parameters if compared to the external layers of the eye.

The drug permeability across the ocular tissues, and in
particular the conjunctival permeability P, appears to
be an influential factor in the determination of the AUC
values of all tissues (Fig. 6). The AUC of the retina and
vitreous humor are also determined by the permeability of
the retinal pigment epithelium (Pg.cy, re) and of the inner
limiting membrane (Pg..y;). The AUC of the vitreous
humor, sclera-choroid and retina is strongly impacted by
the affinity of the drug with the tissues, represented by the
partition coefficients K., and Ky, and by the clearance
of the sclera-choroid due to choroidal blood flow.
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Fig.4 Comparison between experimental data obtained in rabbits (points: melatonin [24], dexamethasone [25], latanoprost [26], ofloxacin [27]
and pravastatin [10]) and model prediction (curves) of drug concentration in the tears and/or ocular tissues after application of a drug-loaded

contact lens.
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Fig.5 Model output: drug concentration in the ocular tissues over
time, normalized per tissue or fluid weight. A zoomed representation
is shown in the figure inset.
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Similarly to what was observed from the AUC results,
the partition coefficients (Kg ¢, and Kg,) and the clearance
of the sclera-choroid determine the C,,, in the vitreous,
sclera-choroid and retina (Fig. 7). The drug permeability
values across the tissues (P¢yyj, Prepvic and/or Pgecy gey) are
significant in the determination of the C,,, in all tissues with
the exception of the aqueous humor. The C,,, of the aqueous
humor is instead determined by its renovation rate Q, and by
the bioavailability F, which implicitly includes information
on the drug hydrophilicity and permeability through the
cornea. The influence of the ocular flows Q is higher on the
variation of C,, in all tissues, if compared to variations in
the AUC. Variations in Qp_,;,, in fact, reflect not only on the
C,ax Of the tear film, but also of the sclera-choroid, retina
and vitreous.

The visualization of uncertainty is shown in Supple-
mentary Fig. S2 for all tissues. The concentration profiles
obtained with the input values reported in Section 3.1 are
represented in a cloud of curves obtained with randomized
input values in the +10% variation interval from the nomi-
nal values. The uncertainty is limited to the proximity of
the curves’ peak, and is not increasing over time, thus
describing an overall robust model.
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Potential and Limitations of the Model

A mathematical model was proposed to better understand
the ocular pharmacokinetics after the application of a thera-
peutic SCL. With a simplified physiology-based approach,
the model includes the most important drug transport path-
ways and was validated by comparison with in vivo data
available in the literature. The model allowed for the study
of the relative importance of the involved drug transport
parameters (i.e., drug permeability in the tissues, ocular

flow rates and partition coefficients of the drug in the tis-
sues), and constitutes an important tool for the identification
of the most critical barriers to the treatment of the posterior
segment by topical drug administration. As such, it could
be used for the strategic design of drug delivery technolo-
gies focused on overcoming these barriers and increase the
efficiency of delivery.

The model was specifically developed for SCLs. Despite
this, it offers a comprehensive view of the drug transport
pathways in the eye and could be easily tuned to account for
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the use of other drug delivery devices. As an example, by
changing the drug source location in the equations, it could
be possible to model the ocular drug distribution over time
from an intracameral or intravitreal implant, as well as from
a drug-loaded intraocular lens or episcleral implant.

Some limitations of the model, however, need to be con-
sidered. Firstly, only a few in vivo studies [9, 10, 27] report
the drug concentration in the posterior segment of the eye
after wearing a therapeutic SCL, thus excluding the possibility

@ Springer

of an extensive model validation. Among these studies, only
Ross et al. [9] analyzed more than one time point, therefore
allowing the comparison with the predicted drug concentra-
tion curves over time. Furthermore, the complex SCL system
of Ross’ study required the introduction of a fitting parameter
obtained from in vivo data (F), which could be overcome in
the future by the possibility of validation with studies involv-
ing pure diffusion-controlled drug delivery from SCLs. As a
result, the model would be independent on in vivo data and



Pharmaceutical Research (2023) 40:1939-1951

1949

could be used as a predictive tool, able to provide an estimate
of the duration of the therapeutic efficacy after the application
of a SCL and simulate the drug concentration over time in the
ocular tissues without need of animal testing. Mathematical
simulations, in fact, are useful not only to clarify the ocular
drug pathways and their relative importance in drug delivery,
but also to reduce the gap between in vitro studies and clini-
cal investigation, allowing for a fast, simple and inexpensive
evaluation of the efficacy of SCLs in the early stage of product
development and shortening the path towards the commer-
cialization of such drug delivery devices. The high cost and
ethical issues associated with animal testing [43] are obstacles
to SCLs optimization based on their in vivo performance. In
vitro characterization, on the other hand, may be used in the
early stages of design but is generally insufficient to provide
adequate predictions of the device efficacy [44].

The precision of the model validation was affected by the
high standard deviation observed in the in vivo experimen-
tal data, which is mainly due to inter-animal variability and
to difficulties in the handling and analysis of ocular tissues.
The intrinsic variability in animal tissues also influences the
determination of the values of the input parameters: while the
physiological parameters of the eye could be considered as
fixed values, the barrier properties of the tissues (described
in the model by the permeability values P and partition coef-
ficients K) still require experimental data, usually obtained ex
vivo. Ex vivo tests allow for the estimation of the drug-tissue
interactions to some extent, but are still subjected to the vari-
ability associated with biological tissues, as demonstrated by
the wide range of values reported by different authors for the
same drug-tissue combination (e.g., P, =2-25x 1076 cm/s
for dexamethasone across the excised cornea [45-47]). More-
over, as active mechanisms of drug transport may not be fully
preserved in excised tissues [48], the correlation between ex
vivo and in vivo data could be inaccurate. Despite these known
limitations, ex vivo studies allow to reduce the use of in vivo
tests, are currently the standard tool to obtain information on
drug permeation across the tissues (especially in comparative
studies) and, as opposed to in vitro cellular models, allow for
the preservation of the natural tissue structure [49].

It is worth considering that the reported in vivo tests were
performed with small drug molecules (e.g., 392.47 Da for
dexamethasone). For this reason, it was not possible to verify
the validity of the mathematical model for the delivery of
macromolecules. Despite small drugs being the most com-
monly used in both research and clinical applications, the
use of biopharmaceuticals have had a significant growth in
ophthalmology with an associated increased research inter-
est for alternative and more efficient delivery methods [50].

The use of permeability enhancers, prodrugs, drug carrier
molecules or nanoparticles also gained interest in the last dec-
ade to improve drug delivery efficiency and therapeutic effi-
cacy, especially in the treatment of the posterior segment of the

eye. These strategies are not considered in the model, which
assumes the properties of each tissue and drug to be constant
over time and space. Modifications of the model are possible
but would increase the complexity of the proposed transport
mechanisms, would require validation for each specific drug
transport method and extensive understanding of the drug/car-
rier behavior in vivo, which is generally not easily available.

Conclusion

A mathematical model was developed to include the most
important ocular drug transport pathways and tissues prop-
erties and help understanding the mechanisms of drug
delivery from the anterior to the posterior segment of the
eye after the application of a drug eluting SCL. The drug
concentration in the tears, aqueous humor, sclera and cho-
roid, retina and vitreous humor was predicted and results
were validated by comparison with previously reported in
vivo data. The sensitivity analysis identified the drug per-
meability across the conjunctiva (P,,;) and the partition
coefficient of the drug in the sclera-choroid (Kgp,) as the
most influential parameters in the determination of the drug
accumulation over time in the majority of the ocular tissues.
The model can also be tuned to estimate drug delivery to the
posterior segment from other types of ocular drug delivery
devices.
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