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Preface

Research in ophthalmic drug delivery has developed significant advances in the last few
years, and efforts have been made to develop more effective topical formulations to increase drug
bioavailability, efficiency, and safety. Drug delivery to the posterior segment of the eye remains
a great challenge in the pharmaceutical industry due to the complexity and particularity of the
eye’s anatomy and physiology. Some advances have been made with the purpose of maintaining
constant drug levels in the site of action. The anatomical ocular barriers have a great impact on drug
pharmacokinetics and, subsequently, on the pharmacological effect.

Despite the increasing interest in efficiently reaching the posterior segment of the eye with
reduced adverse effects, there is still a need to expand the knowledge of ocular pharmacokinetics that
allow the development of safer and more innovative drug delivery systems. These novel approaches

may greatly improve the lives of patients with ocular pathologies.

Francisco Javier Otero-Espinar and Anxo Fernandez Ferreiro
Editors
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Abstract: An in vitro dissolution model, the so-called EyeFlowCell (EFC), was developed to test
intravitreal dosage forms, simulating parameters such as the gel-like consistency of the vitreous
body. The developed model consists of a stereolithography 3D-printed flow-through cell with a
polyacrylamide (PAA) gel as its core. This gel needed to be coated with an agarose sheath because
of its low viscosity. Drug release from hydroxypropyl methylcellulose-based implants containing
either triamcinolone acetonide or fluorescein sodium was studied in the EFC using a schematic
eye movement by the EyeMovementSystem (EyeMoS). For comparison, studies were performed in
USP apparatus 4 and USP apparatus 7. Significantly slower drug release was observed in the PAA
gel for both model drugs compared with the compendial methods. Drug release from fluorescein
sodium-containing model implants was completed after 40 min in USP apparatus 4, whereas drug
release in the gel-based EFC lasted 72 h. Drug release from triamcinolone acetonide-containing
model implants was completed after 35 min in USP apparatus 4 and after 150 min in USP apparatus
7, whereas this was delayed until 96 h in the EFC. These results suggest that compendial release
methods may overestimate the drug release rate in the human vitreous body. Using a gel-based
in vitro release system such as the EFC may better predict drug release.

Keywords: in vitro model; in vitro drug release; intravitreal implants; SLA 3D-printing; triamci-
nolone acetonide; USP apparatus 4; USP apparatus 7; vitreous substitute; dissolution

1. Introduction

The incidence of eye diseases has increased steadily in recent years as a result of
demographic change. In particular, diseases of the posterior segment of the eye, such as
diabetic retinopathy, macular edema, or age-related macular degeneration, are more and
more common [1-3]. Intravitreal therapy as a minimally invasive procedure, in which
suspensions, solutions, or implants containing antibodies like bevacizumab (Avastin®)
or glucocorticoids like dexamethasone (Ozurdex®) or triamcinolone acetonide (TA) are
injected into the human vitreous body, is becoming increasingly crucial for the treatment
of such clinical conditions [4]. Implants, in particular, provide better patient compliance
because of their sustained release, as the intervals between the individual applications may
be extended [5].

For ethical and practical reasons, in vivo studies in humans in preclinical development
of new intravitreal dosage forms are complicated. On the one hand, an in vivo determina-
tion of the drug in the vitreous body is almost impossible. On the other hand, the human
eye is a susceptible organ, where even minor damages can lead to visual impairment.
Therefore, the use of animal models plays a significant role in preclinical development.
Aside from rats and mini-pigs, rabbits are the most commonly used animal species [6].
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Even if animal models provide preliminary conclusions regarding the behavior of dosage
forms in the human vitreous, it must be taken into account that the physiological conditions
differ to a variable extent; that is, different vitreous volumes, aqueous flows, and vitreous
diffusional pathlength between the species may complicate the transferability of results
from in vivo studies [7,8]. Another important aspect is the age-related liquefaction of the
human vitreous body. Whereas this frequently occurs in humans with increasing age,
possibly leading to a different release and distribution behavior of dosage forms, young
animals used in in vivo studies have a more gel-like vitreous body that cannot reflect this
fact [9-11]. For this reason, the combination of in vivo animal studies with more biorelevant
in vitro models is a possible option to reduce the number of animal studies and obtain a
better first idea of the behavior of new drug formulations in the human vitreous body.

Compendial release apparatuses of the United States Pharmacopeia (USP) such as
the flow-through cell (USP apparatus 4) or the reciprocating holder (USP apparatus 7)
are the first approach for dissolution testing of new intravitreal dosage forms. Both are
recommended, for example, for in vitro release studies of implants [12]. The so-called
shake-flask method, in which implants are incubated with release medium in tubes under
agitation, is also commonly found in the literature [13,14]. With these methods, it is possible
to represent lower liquid volumes, as they are present at many application sites of implants.
Nevertheless, when it comes to simulating the physiological conditions of the human
vitreous body, unique characteristics such as the gel-like consistency or the aqueous flow
are neglected here. There are only a few in vitro models that try to simulate the behavior of
drug formulations in the human vitreous. One of them is the PK-Eye developed by Awwad
et al., which attempts to simulate the clearance of drugs via the aqueous flow-through the
anterior chamber of the eye [15]. Another model is the EyeMovementSystem (EyeMoS)
created by Loch et al. [16] and adjusted by Stein et al. [17], which takes the influence of
simulated eye movements on the distribution and release of drugs into account. Both
models investigate the influence of individual aspects on the distribution behavior of active
ingredients in a simulated human vitreous body. However, they are nevertheless fairly
limited regarding the information they provide about the release of the drugs from different
dosage forms.

This work aimed to develop a gel-based flow-through system and combine it with
the previously developed EyeMoS so that continuous dissolution testing is possible over
a more extended time. Until now, it was necessary for dissolution studies in the EyeMoS
either to perform multiple studies with different endpoints or to transfer the test objects into
fresh gels at defined time points. This transfer meant that the dosage form was subjected
to mechanical stress. By adding a flow-through system around the gel, sampling from an
external vessel should be possible without affecting the dosage form.

For this purpose, model implants based on hydroxypropyl methylcellulose (HPMC)
containing fluorescein sodium (FS) or TA were manufactured by hot-melt extrusion. In
the first studies, the model was tested with the analytically accessible, hydrophilic model
substance FS, which is used as a dye in fluorescein angiography for staining tissue layers,
among other applications [18]. The glucocorticoid TA is used as a vascular endothelial
growth factor (VEGF) inhibitor in the therapy of diseases of the posterior segment of
the eye [19].

The drug release from the implants was investigated in the newly developed so-called
EyeFlowCell (EFC) after injection into a gel-like core. For this purpose, a polyacrylamide
(PAA) gel developed by Loch et al. was used, corresponding to the human vitreous body
in essential characteristics such as water content, pH, density, and viscosity [16]. As the
PAA gel used by Loch et al. has a low viscosity, a setup had to be found to prevent
it from being washed away by the flowing media. For this purpose, the PAA gel was
coated with a form-stable agarose sheath and the dual gel was placed centrally in a 3D-
printed basket so that the release medium could flow around it. By combining it with
the EyeMoS, the influence of schematic eye movement on drug release was investigated.
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Moreover, for reasons of comparison, dissolution studies were performed in the USP
standard apparatuses 4 (flow-through cell) and 7 (reciprocating holder).

2. Materials and Methods
2.1. Materials

Sodium chloride, potassium chloride, disodium hydrogen phosphate, and potassium
dihydrogen phosphate as components of phosphate buffered saline (PBS) pH 7.4 were pur-
chased from AppliChem (Darmstadt, Germany). A PAA gel developed by Loch et al. [16]
simulating the vitreous body was prepared according to the composition given in Table 1.
Rotiphoresis gel 30 (37.5:1), ammonium peroxodisulfate, and tetramethylethylenediamine
were purchased from Carl Roth (Karlsruhe, Germany). Agarose for the PAA gel-sheath
was purchased from Sigma Aldrich, Germany. Model implants were prepared via hot-melt
extrusion of FS (Sigma Aldrich, St. Louis, MO, USA) or TA (Caelo, Hilden, Germany)
as active pharmaceutical ingredients, hydroxypropyl methylcellulose (HPMC; Affinisol
100LV / Affinisol 15LV; Dow Chemicals, Midland, TX, USA) and polyethylene glycol (PEG)
6000 (Carl Roth). All chemicals and solvents for the high-performance liquid chromatog-
raphy (HPLC) were of analytical quality. A standard Formlabs Clear Resin (Formlabs,
Somerville, MA, USA) was used for the 3D-printed EFC.

Table 1. Composition of the modified polyacrylamide gel by Loch et al.

Compound Content (%)
phosphate buffered saline pH 7.4 92.21
rotiphoresis gel 30 6.69
ammonium peroxodisulfate 1
tetramethylethylendiamine 0.1

2.2. Methods
2.2.1. Preparation of the Model Implants

For the preparation of the drug-loaded model implants, the components listed in
Table 2 were mixed, dried in an oven for 24 h at 40 °C, and then extruded with a twin-screw
extruder (Three-Tec ZE12, Seon, Switzerland) through a 0.5 mm nozzle. The powder
inlet was cooled to 15 °C, and the barrel was heated to 180 °C. A Three-Tec conveyor
belt was used to stretch the extrudates. The produced filaments were cut to a length of
approximately 6 mm with a disposable scalpel, and their mass was determined individually
using a Sartorius SE2 ultra-micro balance (Sartorius, Goettingen, Germany).

Table 2. Composition of the powder mixtures for fluorescein sodium and triamcinolone acetonide
implants produced via hot-melt extrusion.

Compound Batch 10 Batch 20
Content (%) Content (%)
fluorescein sodium 40 -
triamcinolone acetonide - 20
silicone dioxide 0.5 0.5
polyethylene glycol 6000 10 10
hydroxypropyl methylcellulose 49.5 69.5

2.2.2. Fabrication of the EyeFlowCell

The 3D-printed dissolution chambers, the so-called EyeFlowCell, were designed with
FreeCAD (version 0.17), sliced with Preform (version 3.4.5) software, and printed with a
Formlabs Form 3 (Formlabs, Somerville, MA, USA) stereolithography printer. A clear resin
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was used as material for all cells. A schematic view of the intended design is shown in
Figure 1. The chamber was developed to consist of a closed bottom side and a top side
with an injection channel for injecting the dosage forms to be tested and a basket keeps
the vitreous substitute centered in the middle. Sealing is achieved by a self-manufactured
sealing ring made of silicone; the injection channel is closed by a plug so no medium can
leak out this way. In contrast to conventional flow-through cells, the dissolution chamber is
perfused with a release medium from the bottom inlet to the top outlet. Special holders were
printed from polylactic acid (Formfutura, Nijmegen, The Netherlands) using an Ultimaker
3 Extended (Ultimaker, Ultrecht, The Netherlands) to mount the EFC on the EyeMoS.

basket for vitreous
substitute

sealing ring

Figure 1. Schematic view of the EyeFlowCell. The vitreous substitute should be placed centrally in
the basket allowing the flow to pass through the inlet to the outlet and surround the substitute.

2.2.3. Fabrication of the Vitreous Substitute

In order to prevent the PAA gel from washing out, a method to produce a sheath
around it had to be developed. To mimic the volume of the human vitreous body, a spheric
4 mL gel body of the PAA gel was cast in silicone molds (r = 10 mm; Figure 2a) and frozen
at —80 °C for at least 2 h (Figure 2b). A 2% agarose solution in PBS 7.4 mixture was heated
on a heating plate to 100 °C under agitation until the agarose was completely dissolved
and then cooled down to 50-60 °C. Evaporation loss was corrected and the frozen PAA
gel was fixed centrally with a metal rod in a larger silicone mold (r = 14 mm; Figure 2c).
This mold was used to coat the PAA gel with the hot agarose solution and create a uniform,
4 mm thick sheath. The dual gel was stored at 8 °C for at least 2 h.

(a) (b)  ©

Figure 2. (a) Silicone molds for the production of the polyacrylamide (PAA) gel vitreous body substitutes; (b) frozen PAA

gel core; (c) mounted PAA gel-core before coating with agarose-solution.
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2.2.4. In Vitro Drug Release Studies Using Compendial Methods

In vitro release testing of the FS and TA-containing HPMC implants in USP apparatus
4 was performed using flow-through cells under sink conditions at room temperature in
a closed system. A magnetic stirrer stirred the test volume of 100 mL PBS in a vessel at
250 rpm. An Ismatec IPC peristaltic pump was used to circulate the release medium at a
flow rate of 5 mL/min through the cells. Samples of 1 mL were withdrawn at predeter-
mined time points from the vessel and replaced with fresh PBS after sampling. In vitro
release of TA-containing HPMC implants was furthermore studied under sink conditions
in a USP 7 apparatus (400-DS Dissolution Apparatus 7, Agilent Technologies, Santa Clara,
CA, USA) at room temperature. Cells were filled with a volume of 10 mL of PBS and each
cell was loaded with a 12-port mesh basket dipping at 30 dips per minute through an
externally controlled magnetic plate. A sample volume of 1 mL was withdrawn at each
time point, and the remaining volume was discarded and replaced with 10 mL of fresh PBS.

2.2.5. In Vitro Drug Release Studies in the EyeFlowCell

The release testing of the drug-loaded model implants was performed in the newly
developed system combined with or without the EyeMovementSystem (EyeMoS). For both
methods, 100 mL PBS 7.4 was used as the release medium. The medium container was
stirred at room temperature by a magnetic stirrer at 250 rpm. An Ismatec IPC peristaltic
pump was used to circulate the release medium at a flow rate of 5 mL/min through the
chambers. A picture of this setup is shown in Figure 3.

Figure 3. Setup of the EyeFlowCell combined with the EyeMoS.

For the release in the EFC, the gel vitreous bodies were prepared as described above
and inserted into the dissolution chambers. The drug-loaded implants were injected
into the gel vitreous bodies with a Sterican cannula (0.5 x 16 mm) through the injection
channel. The cannula was fitted with a spacer to ensure reproducible injection, placing the
implant centrally in the vitreous substitute. For dissolution testing with the simulated eye
movement, the repetitive 24 h scheme given in Table 3 was used, which was also used in
previous works [16,17]. To determine the residual drug content in the gel, TA or FS was
extracted from the gel with 10 mL of acetone. Extraction was carried out in an incubator
at room temperature for 24 h and 150 rpm. The PAA gel collapsed upon exposure to
the solvent and was removed with the parts of the agarose sheath. The acetone was then
evaporated, and the residue was taken up in 10 mL PBS and measured by high-performance
liquid chromatography (TA) or fluorescence spectroscopy (FS).
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Table 3. Movement pattern of the applied schematic eye movement.

Movement Pattern (x-Axis) Angle (°)  Angular Velocity (°/s)
Mode 1 Slow pursuit movement 35 41
Mode 2 Fast pursuit movement 33 83
Mode 3 Saccadic movement 42 165
Mode 4  Pursuit movement with distinct amplitudes 90 330
Movement pattern y-axis 20 60

290 min (mode 1), 5 min (mode 3)
280 min (mode 4), 5 min (mode 3)
260 min (mode 2), 5 min (mode 3)
300 min (mode 1), 5 min (mode 3)
285 min (mode 4), 5 min (mode 3)

24 h day rhythm
Minutes (mode)

2.2.6. Quantification

TA was quantified using a Shimadzu Nexera XR Modular high-pressure liquid chro-
matography system (Shimadzu, Kyoto, Japan) consisting of a SIL-20ACxr autosampler, a
CTO-10AC column oven, SPD-M20A diode array detector, DGU-20A3R degasser, CBM-
20A system controller, and LC-20AD pumps. A Kinetix Polar C18 column (2.6 pm,
150 x 2.1 mm; Phenomenex, Torrance, CA, USA) was used. The column oven was heated
to 40 °C, and the wavelength of the detector was set to 238 nm. The mobile phase consisted
of 30% millipore water and 70% methanol, both mixed with 0.5% formic acid. The injection
volume was 20 pL, the flow rate was 0.45 mL/min, and the retention time was approx-
imately 1.8 min. The concentration range for the calibration was 0.1-10 pg/mL with a
coefficient of determination (R?) of 0.999. The evaluation was performed with the software
LabSolution (Shimadzu).

FS was determined by UV /vis spectrometry using a Cary 60 spectrophotometer
(Agilent, San Diego, CA, USA) with a fiber optic-based system (slit width 10 mm). In a
two-minute interval, measurements were carried out at a wavelength of 490 nm (Amax of
fluorescein) and 600 nm (baseline correction). The calibration range was 0.1-10 pg/mL
(coefficient of determination R? = 0.999). All FS experiments were performed under
protection from light.

3. Results
3.1. Preparation of the Vitreous Substitute

The PAA gel used to simulate the vitreous body had to be covered with a form-giving
agarose sheath because of its low viscosity. For this purpose, the frozen PAA gel core was
coated with a warm agarose solution in a special silicone mold. On contact with the gel,
this solution cooled and formed a 4 mm thick agarose sheath. An agarose solution of 2%
proved to be practicable in handling. Cracks occurred in the sheath at lower concentrations,
so washing out of the gel core could not be avoided entirely. At higher concentrations, the
warm agarose solution was too viscous to cast a uniformly thick sheath without defects.
Figure 4a shows a schematic view of the dual gel. The coated dual gel is shown in Figure 4b.

Even after the release studies, both the inner PAA gel and the outer agarose sheath
were intact. Images of vitreous substitutes that were cut in half after a release experiment
are shown in Figure 5. There is a clear separation between the viscous PAA gel and the
form-stable agarose sheath.
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/ 2 % agarose

4mm | sheath
model
20 mm implant
polyacrylamid-
4 mm gel
(a) (b)

Figure 4. (a) Schematic view of the dual gel: the inner polyacrylamide gel core simulates the human
vitreous body. Dosage forms like implants or suspensions can be injected into the polyacrylamide
gel. The core is coated with a 4 mm thick 2% agarose sheath to maintain the form. (b) Photography
of the agarose-coated polyacrylamide gel.

polyacrylamide-
gel

f

(@) (b)

Figure 5. (a) Cut open agarose sheath after the end of a fluorescein sodium dissolution study; (b) cut
open agarose sheath after the end of a triamcinolone acetonide dissolution study.

3.2. Fabrication of the EyeFlowCell

The 3D-printed dissolution chamber, called EyeFlowCell, is depicted in Figure 6a.
Printing was achieved in a suitable resolution and the planned properties were achieved.
The dimensions of the EFC are 60 mm x 60 mm x 52 mm (width, length, height). The
chamber volume is 51 mL, of which 11.5 mL is occupied by the inner basket for the vitreous
substitute. The central basket for holding the vitreous substitute has an inner radius of
14 mm. The basket itself consists of eight bars with a width of 2.8 mm, which are connected
at the top in a 1.4 mm thick ring. Leak tightness was achieved with the custom-made
sealing ring. The upper side of the model as shown in Figure 6b has an injection channel
with a diameter of 3.5 mm, intended for direct injection of the dosage form to be tested into
the inner vitreous substitute. The cell is attached to a holder via two cantilevers so that the
orientation allows a vertically upward flow through the cell.
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»
~
e

(a) (b)
Figure 6. 3D-printed EyeFlowCell; (a) complete cell mounted on a 3D-printed holder; (b) separate
top and bottom side of the EyeFlowCell.

3.3. Drug Loaded Model Implants

TA- and FS-loaded implants based on HPMC were successfully extruded. Microscopic
images of the extruded implants are shown in Figure 7. The filaments exhibit a relatively
uniform diameter of 0.49 mm with a homogeneous matrix and a slightly rough surface. The
length of the cut implants was approximately 6 mm. The actual drug loading of the implants
was 29.5 & 1.4% for the implants with FS and 17.3 =+ 0.8% for those with TA. In relation
to the powder mixture, the drug content of the FS filaments deviates significantly. On the
one hand, thermal stress during extrusion and, on the other hand, photoinstabilities could
be responsible for this. Before the dissolution experiments, the mass of the investigated
implants was determined and used for calculating the drug content. The average mass of
FS implants was 1.627 £ 0.103 mg containing 0.480 £ 0.030 mg FS, and the TA implants
weighed 1.421 £ 0.219 mg with an amount of 0.246 + 0.038 mg TA incorporated.

Figure 7. Microscopic images of extruded fluorescein sodium and triamcinolone acetonide
HPMC implants.
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3.4. Dissolution Studies

The drug release of FS- or TA-containing HPMC implants was tested in the EFC,
as shown in Figure 8 (FS) and Figure 9 (TA). For both the hydrophilic FS and the more
lipophilic TA, no difference can be seen between the respective profiles in the EFC inde-
pendent of whether or not the movement was applied. The release of the FS-containing
HPMC implants after 72 h was 110.0 + 4.4% with EyeMoS versus 113.1 £ 7.2% without
EyeMoS. In comparison, even minimally less drug is released without the movement by
the EyeMovementSystem. However, the slight difference shows that the movement does
not seem to have any influence in this experiment. Moreover, there is no difference in
the release profiles of the TA-containing HPMC implants. After four days, a plateau was
reached for both release profiles in the EFC. At this time, 91.3 4= 1.6% was released when
testing with movement, while without movement, 91.3 £ 0.9% of the theoretical drug load
was released.
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Figure 8. Mean fluorescein sodium release profiles obtained from HPMC model implants in PBS
7.4; (a) in the USP apparatus 4 (RT, 250 rpm) n = 5 £ SD; (b) in the EyeFlowCell with and without
agitation with EyeMovement System (RT, 250 rpm) n = 5 & SD.



Pharmaceutics 2021, 13, 1394

100 1 #HH
60 - }

l e USP4 (flow through cell)

released triamcinoloneacetonide
intoPBSin %

40 '} } s USP 7 (reciprocating
holder)
20 4 H{ﬁ
-
3
0 at T T T T T T T T
0O o5 1 15 2 25 3 35 4
timeinh
(a)
S
2 100
2 * ¢
@ .
® 80 A t
g% :
S t
S a 601 EyeFlowCell with
S o 1 EyeMovementSystem
52 a0 - t
= + EyeFlowCell without
g 20 A % EyeMovementSystem
3
@ O } T T T T T T T T T T

0 12 24 36 48 60 72 84 96 108 120
timeinh

(b)

Figure 9. Mean triamcinolone acetonide release profiles obtained from HPMC model implants in
PBS 7.4; (a) in the USP apparatus 4 (RT, 250 rpm) and USP apparatus 7 (RT, 30 dips/min), n =5 + SD;
(b) in the EyeFlowCell with and without agitation with EyeMovementSystem, n =5 4 SD.

Comparing the profiles with those obtained using compendial methods, a slower
release can be seen in the EFC for both drugs. While for the TA-containing implants in
the USP apparatus 7, there is a low release at the beginning, in the USP apparatus 4, a
rapid increase in the amount released can be seen directly for TA as well as for FS. In USP
apparatus 4, the plateau and thus the complete release of TA with 100.5 £ 8.1% is even
reached after 35 min, while in USP apparatus 7, the reciprocating holder, 100.6 & 12.0% is
released after 150 min into the surrounding medium. The release from the FS-containing
implants reached a plateau of 95.5 & 4.5% after approximately 40 min in USP apparatus 4.

4. Discussion

Monographed pharmacopeia release systems offer many advantages for the in vitro
characterization of dosage forms. They assure defined and reproducible conditions for
drug release from different dosage forms. As a result, they provide comparability of
collected data. However, these systems usually have little in common with the conditions
at the respective application sites. Therefore, they offer great advantages for quality
control, but lack predictability of the actual behavior of the dosage form in vivo. The
general approach for developing a gel-based flow-through cell is based on the assumption
that the degradation, swelling, and thus release behavior of dosage forms like implants
depends on the medium surrounding them. In the case of intravitreal application, this is
the gel-like vitreous body. This site of application is poorly reflected by compendial release
systems, leading to differences in in vitro behavior compared with the situation in vivo.
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Suitable systems for continuous dissolution studies, which provide a better preliminary
understanding of how the dissolution might occur in vivo, are lacking so far. While there
are several approaches for human vitreous body substitution in vivo, in vitro drug release
in these has not been studied in detail so far [20,21]. Apart from the PAA gel by Loch
et al. used here, which has already been used for release studies, and another vitreous
substitute developed by Awwad et al. from hyaluronic acid and agar, which was used to
determine the clearance of PLGA microparticles or antibodies, there is little literature on
in vitro experiments. One reason for this could be the problems associated with sampling
from gels.

The use of 3D-printing is beneficial for dissolution test setup development. The in-
dividual options for design and layout allow new dissolution test models to be adapted
quickly and easily, depending on requirements. The stereolithography printing used here
enables the precise production of fine models. In previous works, it has been used to
produce a Franz cell for permeation studies or to print tablets containing drugs, for ex-
ample, [22,23]. The EFC is intended to simulate the human vitreous body, which is why a
gel was used as a dissolution medium to simulate the human vitreous body, resembling
the vitreous body in some essential properties [16]. In the human vitreous body, the gel-
like structure is formed by an interaction of primary collagen and hyaluronic acid [24,25].
In contrast, in the PAA gel, this is achieved by crosslinking acrylic amide with tetram-
ethylethylenediamine. The negative charge of the glycosaminoglycan hyaluronic acid is
not considered here, for which interactions and inhibition of the diffusion of cations have
been described [26]. This point should be an approach for future developments to revise
the inner gel core, the in vitro vitreous substitute.

In order to maintain sink conditions, the use of a flow-through system around this gel
was chosen. Moreover, this offers the advantage of sampling from a liquid medium, as the
determination of the release into gels usually requires extraction for sampling, and thus
leads to multiple experiments with different endpoints. Compared with USP apparatus 4,
however, the EFC requires a larger minimum volume of the release medium. Owing to
the chamber volume of 51 mL and the tubing system, at least 100 mL of release medium is
required, whereas in USP apparatus 4, 50 mL or even less is sufficient depending on the
cell and tubing design. Because the PAA gel used as the vitreous substitute possesses a low
viscosity, it had to be enclosed in a 2% agarose coating to prevent it from being liquefied
and washed away by the flow. Preliminary tests have shown that a sheath thickness of
4 mm is necessary to produce a uniform reproducible shell. A spherical coating was chosen
because it visually reflects the almost spherical vitreous body and ensures simple and
reproducible handling. Preliminary experiments with dye solution (data not shown) have
indicated that the diffusion of the drug from the inner PAA gel into the dissolution medium
is not significantly hindered.

To test this system, simple model implants were produced from HPMC and FS or
TA. HPMC is a water-soluble polymer commonly used in hot-melt extrusion, which
has excellent properties for processing. FS was chosen as an analytically well-accessible
hydrophilic model substance. The glucocorticoid TA belongs to the VEGF inhibitors and is
used as an intravitreal suspension for various diseases like macular edema [27], and was
thus selected as a model substance. The length and diameter of the fabricated implants
were based on the intravitreal implant Ozurdex® (Allergan), which is approved in Europe.

An extreme discrepancy in dissolution times is noticeable when comparing the disso-
lution profiles between the EFC and the standard apparatuses. Because of the flow of the
medium in USP apparatus 4 and the dipping in USP apparatus 7, the release is completed
within 35-150 min, whereas this takes several days in the EFC. This time difference can be
attributed to the movement of the dosage form in the medium associated with convective
transport of the drug after dissolution, which does not occur when gels are used as injection
sites. Another reason for the slower drug release in the EFC could be the dissolution of the
implants. As these are immobilized in the gel and degradation products also have to diffuse
out of the PAA gel core, slower degradation may result in slower drug release. Moreover,
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no diffusion of the drugs is required in the compendial setups, so that the released drug
can be determined without delay. Comparing the two releases in the EFC, it can be seen
that the applied movement had no influence on the release rate in these first investigations.
All release profiles in the EFC can be divided into three phases: at the beginning, there is a
lag-time of 1.5-2 h, during which almost no drug is released into the medium. In this phase,
the drug is most likely distributed in the inner gel core, and is thus not yet detectable in the
surrounding medium. Subsequently, the release curves increase constantly over several
days until they reach a plateau.

Because diffusion processes play a role in the distribution within the gel and between
the different media and, according to Fick’s law, these are only driven by the concentration
gradient, this result was expected. These results demonstrate that the PAA gel, intended to
simulate the human vitreous body, can significantly slow down drug release from HPMC
implants. Assuming that the dosage form behaves approximately the same in the human
vitreous, it can be hypothesized that compendial methods significantly overestimate the
rate of drug release for both hydrophilic and lipophilic drugs, at least for the release from
HPMC implants tested here. However, to confirm this hypothesis and the suitability of EFC
to predict the in vivo behavior of dosage forms, in vivo release data are required. Diffusion,
as well as convection, plays an essential role in the human vitreous. The elimination of
drugs occurs either via the posterior chamber of the eye or the retina, thus the drug has to
be distributed in the vitreous body [28]. The distribution processes that take place in the
vitreous body could thus be roughly simulated with the distribution in the gel as a vitreous
body substitute. Because of the limited volume of the PAA gel, solubility in it could be a
limiting factor. Even if sink conditions exist in the release medium, non-sink conditions in
the PAA gel could affect the concentration gradient between the vitreous substitute and
the dosage form, thus slowing down release. It may be expected that this effect is more
pronounced for drugs with low solubility in the water-based gel.

The use of the EFC is not only limited to implants owing to the PAA gel core. An
investigation of suspensions or nanoparticles would also be possible because separation of
the particles from the release medium used for sampling is assured when using the EFC.
If the results for implants are transferred to nanoparticles, this would probably also be
considered with a slower drug release in the EFC compared with compendial methods.

All experiments in this work were performed at room temperature because tempera-
ture control of the EFC could not be implemented thus far. This detail is to be seen as a
disadvantage compared with the compendial methods, in which the temperature can be
easily adjusted. Especially in the dissolution of implants and the disintegration process
of polymers, temperature plays a major role. This aspect must be considered in future
developments in any case.

Because mainly young animals are used in preclinical in vivo studies, the gel used in
this work should take this aspect into account [13,29]. However, using a pure gel body as
a vitreous substitute here only represents idealized physiological conditions. With aging,
the human vitreous body liquefies [25], so that an applied movement might influence the
release behavior because of the addition of convective processes [9]. Because the incidence
of many posterior eye diseases (diabetic retinopathy, age-related macular degeneration, and
macular edema) increases with age, simulation of a liquefied vitreous should be included in
further experiments. A simulation of a vitrectomized vitreous body would also be possible
with the EFC. Stein et al. showed that the addition of silicone oil to an in vitro vitreous
substitute has an influence on distribution processes [30]. Because of the outer agarose
sheath, the inner gel core can be easily adapted to these different conditions.

In conclusion, the EFC, a gel-based flow-through cell, was developed to simulate
the human vitreous body in this work. With this, a continuous dissolution study of
intravitreal implants is possible without the need for multiple experiments with different
endpoints or manual transfer of the implants. In the future, temperature control of the
system needs to be considered to take the influence of body temperature into account.
Further steps should include the testing of commercially available dosage forms using
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this setup. However, model evaluation based on the comparison of in vitro and in vivo
data is complicated for intravitreal products because in vivo data regarding release into
the vitreous are not available owing to the local release of small amounts of drug over time
and the inaccessibility of human vitreous for sampling. Nevertheless, the model is a first
approach to investigate intravitreal dosage forms under more biorelevant conditions in
preclinical development.

5. Conclusions

Models of more biorelevant in vitro release in preclinical development can better pre-
dict the dissolution behavior of dosage forms in vivo. Official compendial drug dissolution
methods generally represent aqueous systems that often inadequately reflect physiological
conditions. The EFC developed here as a modified flow-through cell represents a first
approach to study intravitreal dosage forms, in which a gel simulates the human vitreous
body. The setup was successfully printed with a 3D printer using stereolithography. It
was shown that drug release from FS- or TA-containing HPMC implants was significantly
slower when using a gel system compared with two standard compendial methods (USP
apparatus 4 and 7). The EFC represents a gel-based release system that allows continuous
dissolution testing of intravitreal dosage forms. Further studies, specifically on long-term
suitability, need to be conducted to further evaluate the system.
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Abstract: Many diseases affecting the posterior segment of the eye require repeated intravitreal
injections with corticosteroids in chronic treatments. The periocular administration is a less invasive
route attracting considerable attention for long-term therapies. In the present work, dexamethasone-
loaded poly(lactic-co-glycolic) acid (PLGA) microspheres (Dx-MS) were prepared using the oil-in-
water (O/W) emulsion solvent evaporation technique. MS were characterized in terms of mean
particle size and particle size distribution, external morphology, polymer integrity, drug content,
and in vitro release profiles. MS were sterilized by gamma irradiation (25 kGy), and dexamethasone
release profiles from sterilized and non-sterilized microspheres were compared by means of the
similarity factor (f). The mechanism of drug release before and after irradiation exposure of Dx-
MS was identified using appropriate mathematical models. Dexamethasone release was sustained
in vitro for 9 weeks. The evaluation of the in vivo tolerance was carried out in rabbit eyes, which
received a sub-Tenon injection of 5 mg of sterilized Dx-MS (20-53 um size containing 165.6 + 3.6 ug
Dx/mg MS) equivalent to 828 ug of Dx. No detectable increase in intraocular pressure was reported,
and clinical and histological analysis of the ocular tissues showed no adverse events up to 6 weeks
after the administration. According to the data presented in this work, the sub-Tenon administration
of Dx-MS could be a promising alternative to successive intravitreal injections for the treatment of
chronic diseases of the back of the eye.

Keywords: dexamethasone; poly(lactic-co-glycolic) acid; ophthalmology; microspheres; periocular
administration; gamma sterilization; tolerance

1. Introduction

According to the World Health Organization, there are 2.2 billion people globally
who have a vision impairment or blindness. Of this, available data suggest a conservative
estimate of at least one billion people with moderate or severe distance vision impairment
or blindness that could have been prevented or has yet to be addressed. This number
includes those with moderate or severe distance vision impairment or blindness due to
unaddressed refractive error (123.7 million), cataract (65.2 million), age-related macular
degeneration (10.4 million), glaucoma (6.9 million), corneal opacities (4.2 million), diabetic
retinopathy (3 million), and trachoma (2 million), as well as near-vision impairment caused
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by unaddressed presbyopia (826 million). The estimate is based on recently published
epidemiological data on the global magnitude of near-vision impairment [1] and the global
magnitude and causes of bilateral distance vision impairment and blindness [2]. With
such a large number of cases each year, it is critical that an optimal treatment is used in
ophthalmic chronic diseases.

Many diseases affecting the posterior segment of the eye, such as macular edema
secondary to diabetic retinopathy, to central and branch retinal vein occlusion, after surgery
(retinal detachment or epiretinal membrane peeling, Irvine-Gass syndrome (post cataract
surgery), or after posterior uveitis, require long-term treatments with corticosteroids. Since
it is particularly difficult to achieve effective levels of therapeutics in the vitreous/retina
following a topical or systemic administration, intraocular drug delivery devices that
are capable of maintaining effective intravitreal levels for long periods, with minimal
systemic exposure, have attracted considerable attention [3-6]. Of special interest is the
design of intravitreal biodegradable implants that can be placed into the vitreous without
the need for surgical procedures and without the need to be removed later on. Their
development represents a significant advance because they are able to maintain therapeutic
concentrations of drugs in the vitreous for long periods (from days to months) [7,8].
However, they present problems such as the ability to migrate to the anterior segment
in pseudophakic patients, or the management of secondary ocular hypertensions. An
intravitreal biodegradable implant loaded with dexamethasone (Dx) (0.7 mg) is currently
in the clinical practice marketed for the treatment of macular edema due to retinal vein
occlusion and noninfectious uveitis (Ozurdex™; Allergan Inc., Irvine, CA, USA) [9-12].

In addition to drug implants, other formulations capable of achieving sustained
intraocular therapeutic drug concentrations are being studied, for example, microparticles
made up of biodegradable polymers, injected as an aqueous suspension in a periocular
or intraocular fashion to achieve sustained drug levels [13,14]. Biodegradable poly(lactic-
co-glycolic) acid (PLGA) microspheres form a depot after their injection acting as an in
situ biodegradable implant [15]. The main advantage of microspheres is that doses and
specific combination therapy can be easily tuned for each patient as different doses of
active substances could be administered by changing the amount of microspheres.

Considering the administration route, the most effective way to achieve appropriate
drug concentrations in the posterior eye segment is via intravitreal injection. However,
intravitreal administration has potential severe side-effects such as retinal detachment
and endophthalmitis [16]. Furthermore, the risk of secondary adverse events increases
with the number of injections. Some treatments, for example antiangiogenic treatments
at the retinal level, are based on intravitreal injection of anti-vascular endothelial growth
factor (anti-VEGF) active compounds once a month for life; thus, with time, these injection
side-effects become another problem to deal with from a clinical point of view, in addition
to the disease itself.

A potentially less invasive alternative is periocular administration, such as the retrob-
ulbar, subconjunctival, and posterior sub-Tenon injections. Periocular administrations
routes are being explored to avoid the mentioned problem, with the studies performed
in the case of corticosteroid administration being especially relevant [17]. Among the
periocular routes explored, the sub-Tenon seems suitable to treat the deep zones of the back
of the eye and it could be an alternative to intravitreal injections, especially with respect to
the administration of polymeric drug delivery systems, able to release the loaded active
compound for months in a sustained manner. It is important to remark the advantages of
the sub-Tenon administration, which is adjacent to the sclera and delivers the drug directly
into the retina and vitreous. The sclera is a highly hypovascular porous fibrous tissue
(16 nm effective pore size) [18] with low blood absorption and high permeability, and it
offers a large surface and a large volume of injection (up to 5 mL) [19], if compared with the
vitreous cavity, whose volume of injection is limited to 20200 puL. After scleral permeation,
the compounds reach the ciliary body anteriorly and the choroid posteriorly. For retinal
delivery, drugs also need to be able to permeate across the retinal pigment epithelium,
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which forms an effective cellular barrier due to tight junctions between the retinal pigment
epithelium (RPE) cells. In addition to these barriers, the feasibility of drugs to access
the vitreous after periocular administration has been reported. For example, according
to experimental studies in rabbit eyes, the administration of dimethyl vancomycin via
sub-Tenon administration provided an effective drug concentration in the vitreous [20].
Furthermore, previous studies have shown that, after peribulbar or subconjunctival in-
jection of dexamethasone, significant levels of the active substance can be measured in
the vitreous, and these levels are achieved by direct diffusion of the drug through the
sclera [21]. For example, in a very interesting approach, Huang et al. [22] evaluated some
pharmacokinetic parameters of dexamethasone sodium phosphate (DSP) in the rabbits’
posterior segment tissue following, among others, sub-Tenon perfusion showing t 1 values
for DSP of 14.32 h, 7.65 h, and 4.89 h for vitreous, choroidal/retinal compound, and sclera,
respectively. Three years later, the same group demonstrated the efficacy of the sub-Tenon
infusion of DSP in experimental autoimmune uveitis in rabbits [23]. For large molecules,
these routes have shown a slower diffusion rate or less sustained effect relative to intravit-
real injections. In humans, an anti-inflammatory and anti-infective response was reported
in a limited phase II study, in which biodegradable microspheres containing triamcinolone
acetonide and ciprofloxacin were administered via sub-Tenon injection, in a small group
of patients after cataract extraction and intraocular lens implantation [24]. Considering
this, sub-Tenon administration provides new possibilities to evaluate DDS as a new tool
that is able to prolong a drug’s efficacy in the posterior segment of the eye, considerably
reducing the number of interventions by the ophthalmologist and, subsequently, limiting
the risks associated, especially in chronic treatments. Moreover, this route can be exploited
for long-term treatment without serious side-effects and potential interference with the
optical path [25].

From a technological point of view, an essential issue in the development of formu-
lations intended for ophthalmic administration is the sterilization process. The use of
gamma-irradiation is the most suitable sterilization method for PLGA-based micropar-
ticles [15,26,27]. However, this radiation method can have effects on the biodegradable
polyesters, i.e., the formation of reactive radicals, which may compromise the drug sub-
stance incorporated into the device. Therefore, drug stability under irradiation conditions
and changes in drug release properties need to be carefully evaluated [28,29].

The purpose of this investigation was to develop a sterilized formulation of dexamethasone-
loaded PLGA microspheres (Dx-MS) able to control the release of the drug, while being at the
same time well tolerated after sub-Tenon administration. To that, microspheres were designed,
prepared, and characterized in vitro. Then, microspheres were injected periocularly (sub-Tenon
administration) into rabbit eyes to evaluate the tolerance of the formulation in terms of clinical
evaluation and histological analysis.

2. Materials and Methods

Poly(D,L-lactide-co-glycolide) (PLGA, ratio 50:50; Resomer® RG 502) was purchased
from Boehringer Ingelheim (C.H. Boehringer Sohn AG & Ko. KG, Ingelheim am Rhein,
Germany). Polyvinyl alcohol (PVA, 67,000 g/mol) was supplied by Merck KGaA (Darmstadkt,
Germany). Dexamethasone (Dx, My 392.5 g/mol; aqueous solubility at 37 °C = 0.12 mg/mL)
was obtained from Sigma-Aldrich (Schnelldorf, Darmstadt, Germany). All other chemicals
were reagent grade and used as received.

2.1. Preparation of Microspheres

Dx-loaded PLGA microspheres (Dx-MS) were prepared using the oil-in-water (O/W)
emulsion solvent evaporation technique as previously described [30]. Briefly, 80 mg of Dx
was suspended in 0.8 mL of PLGA /dichloromethane (50% w/v) by ultrasonication in a
water /ice bath for 5 min (Elma. Transsonic 460, Singen, Germany). Then, the suspension
was gently sonicated at low temperature (Sonicator KL, Qsonica Llc, Newtown, CT, USA)
for 1 min. The so-prepared organic phase was emulsified with 5 mL of PVA MilliQ® water
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solution (1% w/v). Emulsification was performed in a homogenizer (Polytron® RECO,
Kinematica GmbH PT 3000, Lucerna, Switzerland) at different speeds (5500-9500 rpm) for
2 min. Subsequently, 10 mL of a PVA solution (0.1%) was added to the emulsion and kept in
the same homogenization conditions for an extra minute. Finally, the emulsion was poured
into 90 mL of an aqueous PVA solution (0.1%) and kept under constant stirring for 3 h at
room temperature, to allow the extraction and the subsequent evaporation of the organic
solvent. Once formed, microspheres were washed with MilliQ® water to eliminate PVA
and sieved according to their particle size (106-53 pm, 53-38 um, 38-20 um, or 20-2 pm).
Particles were then rapidly frozen (methanol/ice mixture) and freeze-dried to obtain a
free-flowing microsphere powder. They were kept at —20 °C under dry conditions until
use. Three independent batches (same composition) of microspheres were prepared in each
experimental condition (four different homogenization speeds). For each experimental
condition, microspheres with sizes 53-38 um and 38-20 um were selected for further
analysis. For the in vitro release profile, 10 different batches of the selected formulation
were prepared, and the whole 53-20 fraction was selected.

2.2. Microspheres Characterization
2.2.1. Production Yield

The production yield percentage (PY%) of each size fraction was calculated from the
following Equation (1):

Mt (microspheres)
PY (%) = 1 1
(%) = 3 (PLGA) + Mr(Dx) < O @)

where My is the mass of each component in the formulation.

2.2.2. Mean Particle Size, Particle Size Distribution, and Morphology of Microspheres

Mean particle size and particle size distribution were measured by static light scatter-
ing (Microtrac S3500, Montgomeryville, PA, USA). Samples were prepared by suspending
microspheres in distilled water. Microsphere morphology was evaluated by scanning
electron microscopy (SEM; Jeol, JSM-6335EF, Tokyo, Japan). Prior to that, each powder
sample was spread on a double-sided carbon tape mounted on an aluminum stub to be
gold-coated under vacuum (K550X ion sputter, Emitech, UK) for 3 min at 25 mA. SEM
images were recorded at an acceleration voltage of 5.0 kV and 2500 x magnification.

2.2.3. Polymer Integrity

The molar mass of the polymers was evaluated by high-performance gel permeation
chromatography (GPC). The assay was performed with a blank column of PLgel (PLgel
3 pm MIXED-E and PLgel 5 um MIXED-D, both 7.8 mm x 300 mm), preceded by a
PLgel 5 um guard, 50 mm X 7.5 mm from Varian (Polymer Laboratories, Church Stretton,
Shropshire, UK). The equipment included a Waters 1525 binary HPLC pump and a Waters
2414 Refractive Index Detector (Waters, Saint-Quentin en Yvelines, France). The column
was maintained at 33 °C using a Waters heating column system. Tetrahydrofuran (THF)
was filtered (Sartolon Polyamid, 0.45 um, Gottingen, Germany) and degassed before
use. The flow rate was 1 mL/min of THF. Before injection, samples were filtered using
a polytetrafluoroethylene (PTFE) membrane (0.22 pm, 0.2 mm x 13 mm, Teknokroma,
Barcelona, Spain). The injection volume was 20 puL (Hamilton syringe, Reno, NV, USA).

The column was calibrated using polystyrene standards of different molar masses:
381, 1100, 2950, 6520, 18,600, and 43,700 g/mol (Waters, Mainz, Germany), prepared by
their dissolution in THF at a concentration ranging from 0.4 to 1.6 mg/mL, depending on
the molar mass needed. Experimental samples were dissolved in THF at concentrations
ranging from 1 to 2 mg/mL.
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2.2.4. Drug Quantification by HPLC

Dexamethasone was quantified by HPLC, according to the method described in the
Spanish Royal Pharmacopoeia, with minor modifications. The method was validated with
respect to linearity, accuracy, and reliability in the range of concentrations of 2-20 ug/mL.

The HPLC system consisted of two Waters Millipore 510 pumps, an autosampler Wa-
ters 712DWSP, and a Waters 490E ultraviolet/visible light (UV /Vis) detector. Analyses were
performed on a 15 cm x 5 mm reverse-phase C18 5-um column (Tracer Excel 120 ODSA,
Teknokroma, Barcelona, Spain) preceded by a guard cartridge SEA 18, 100 mm X 4.0 mm
(Teknokroma, Barcelona, Spain). The column was maintained at 45 °C using a heat-
ing column system (Waters TCM/CMM). The mobile phase consisted on a gradient of
acetonitrile-water 35:65 v/v (phase A) and acetonitrile (phase B) delivered at a flow rate of
1.0 mL/min. The initial mobile phase condition A 100%-B 0% was progressively changed to
A 0%-B 100% from ¢ = 10 min to ¢ = 25 min. Subsequently, initial conditions were recovered
in the subsequent 5 min, which ran until the end of the assay (f = 35 min). The injection
volume was 20 pL. UV detection of analytes was carried out at 254 nm.

2.2.5. Encapsulation Efficiency of Dexamethasone-Loaded Microspheres (Dx-MS)

Sterilized and non-sterilized microspheres (5 mg) were dissolved in 5 mL of
dichloromethane. Then, 12 mL of ethanol was added to promote polymer precipita-
tion. Samples were further centrifuged (5000 rpm, 10 min) and the supernatant was
recovered and filtered (0.45 um). Dexamethasone in the supernatant was quantified by
HPLC as described in Section 2.2.4.

The encapsulation efficiency (EE%) was calculated as follows (Equation (2)):

Actual drug content

EE% = Theorical drug content

100. @)

2.2.6. In Vitro Release Studies

Duplicates of 5 mg of microspheres of each batch (sterilized and non-sterilized) were
suspended in 2 mL of phosphate-buffered saline (PBS, pH 7.4) isotonized with NaClL
Samples (protected from light) were placed in a shaker bath with a constant agitation speed
of 100 rpm (Clifton Shaking Bath NE5, Nikel Electro Ltd., Weston-super-Mare, UK; Avon,
London, UK) at 37 °C. At preset times (1 h, 24 h, 48 h, and once every 3 days until the end
of the study), the microparticle suspensions were gently centrifuged (3000 rpm, 3 min), and
2 mL of the supernatant was recovered and replaced with the same volume of fresh PBS,
to continue the release study and assure sink conditions. The remaining microparticles
and the fresh release media were gently mixed in a vortex before being replaced again
in the shaker bath. The concentration of dexamethasone in the supernatant samples was
analyzed using the HPLC method described in Section 2.2.4. Both the cumulative release
(% vs. t) plot and the release rate (%/day) plot, calculated as the amount of drug released
at each time point divided by the number of days between sample point, are presented.

2.2.7. Analysis of Drug Release Mechanism

Two model-dependent approaches were selected to characterize the dissolution pro-
files: the Korsmeyer—Peppas equation (Equation (3)) [31,32] and the Heller and Baker
equation (Equation (4)) [33].

Qr "
= =K.t", 3
dQ A \2-Py-eKet.Cy

where, in Equation (3), Q;/ Qe represents the fraction of drug released at time ¢, K, is the
kinetic constant of the release process, characteristic of the drug/polymer system, t is the
release time, and 7 is the release exponent that describes the drug release mechanism. In
Equation (4), A is the contact area, Py is the initial drug permeability, K, is the first-order
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kinetic polymeric alteration rate constant, Cy is the initial drug concentration, and t is the
time. In both cases, only the data points with less than 60% release were used.

Considering microspheres as a matrix, i.e., heterogeneous and porous systems that
hydrate when in contact with the aqueous medium, the release profile of the drug will
depend on both the diffusion rate of the active principle in the matrix and the rate of
hydration of the polymer. If the erosion phenomena described within the mechanisms
that affect this type of release are also considered, the kinetics that can be manifested in
these studies can be complex. That is why, in this work, two models were selected that
have proven to be useful to describe these complex systems. One of these treatments is
that proposed by Korsmeyer et al. (Korsmeyer equation). According to this model, when
polymeric materials in contact with a solvent are hardly modified or adapt quickly to the
new situation, the predominant mechanism is Fick diffusion, with the transfer rate (dQ/dt)
being inversely proportional to the square root of time, i.e., the value of n in the above
equation is equal to 0.5. This situation is also known as case I transport. If the transfer
rate is influenced both by the diffusion of the solute and by modifications in the reticular
structure of the polymer (coupling of the solvent molecules or hydration, relaxation, or
breakage of the polymer chains), then this value of n is greater than 0.5, and the below
situations can be established.

Anomalous transport is where the release of the solute is controlled both by its
diffusion and by the structural modification of the lattice. The value of 7 is then between
0.5 and 1. Transport case II and super-case II occur when the transfer rate is not controlled
by diffusion mechanisms, but by the alterations that take place in the polymer structure
(coupling, rupture, or adjustment), manifesting a kinetic that is good; it depends linearly
on time (zero-order, n equal to 1), being called case II transport, and it can be of higher
degree (n > 1), which in this case is called super-case II transport. Later, Ritger and Peppas
described different values of n depending on the geometry of the devices. For spherical
matrices, the corresponding extreme values of n are 0.43 and 0.85 [34,35].

Another of the equations proposed for those cases in which homogeneous polymer
erosion processes are developed is that described by Heller and Baker, where the transfer
rate corresponds to Higuchi’s basic approach, but introduces a variable permeability
coefficient throughout time, which depends on the alteration in the polymer structure
(internal erosion process), admitting that this last process responds to a kinetics of order
one. This treatment can only be applied when the transfer rate increases with time (since
an increase in the diffusion coefficient is admitted), and the results close to or after the time
in which the maximum transfer rate is manifested should not be considered.

2.3. Sterilization of Microspheres

Dx-MS were subjected to ®*Cobalt radiation at 25 kGy. Samples were placed into 2 mL
glass vials before closing with rubber and an overseal closure. Vials were sterilized in dry
ice to assure a low temperature (—78.5 °C) during the irradiation process [36].

After sterilization, microspheres were further characterized in terms of mean parti-
cle size and particle size distribution, morphological evaluation, polymer integrity, drug
content, and in vitro release profiles using the protocols described above. The drug release
kinetics was evaluated according to the model-dependent approaches already mentioned.
Furthermore, the dexamethasone release profiles from sterilized and non-sterilized micro-
spheres were further compared using a model-independent approach, by calculating the
similarity factor (f,) (Equation (5)).

" —0.5

fo =50 x Log{ |1+ (1/n)Y_|R; — Ty|? x 100 p, (5)
t=1

where Log is the logarithm base 10, n is the number of observations, R; is the average

percentage drug dissolved from the reference formulation, and T} is average percentage
drug dissolved from the test formulation.
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2.4. In Vivo Studies

A total of 22 female pigmented rabbits weighing 2.5-3.5 kg were used. The procedure
assured animal welfare, and it was approved by the University of Valladolid Ethics Com-
mittee on animal experimentation and welfare. Furthermore, the protocols herein comply
with the ARVO Statement for the Use of Animals in Ophthalmology and Vision Research
and are in accordance with the European Communities Council Directive (86/609/EEC).

Before administration, animals were anesthetized by applying an intramuscular injec-
tion of 30 mg/ kg of ketamine (Imalgene® 1000, 100 mg, Merial Laboratorios S.A., Barcelona,
Spain) and 6 mg/kg of xylazine (Rompun® 2%, 2 g, Bayer AG, Barcelona, Spain). Pinna
and pedal reflexes were used to monitor the level of anesthesia. Topical anesthesia was
applied on the eye prior to the procedure via topical instillation of tetracaine chlorhydrate
(Colircusi Anestésico Doble® 0.05%, Alcon Cusi, Barcelona, Spain).

Microspheres were injected at the posterior superotemporal juxtascleral area (sub-
Tenon). Briefly, the upper eyelid was retracted, and the superior rectus muscle was rotated
nasally to expose the superior temporal quadrant of the eye. The conjunctiva was held
with toothed forceps, and a buttonhole was cut with Westcott scissors. Afterward, a blunt
dissection was conducted in order to introduce a metal cannula, 19G (model Stevens,
Magnolia, NJ, USA), under the Tenon’s capsule. The cannula was fixed to a syringe
preloaded with the microparticle suspension, and the formulation was slowly delivered
into the sub-Tenon’s space. Finally, the cannula was carefully removed. In order to avoid
any post-injection leakage, a sterile cotton-tipped applicator was used to gently press over
the insertion area. Tobramycin ointment (Tobrex® 3 mg/g, Alcon Cusi, Barcelona, Spain)
was applied at the site of injection. On day 0, a sub-Tenon injection of 5 mg of Dx-PLGA
microspheres (dose: 828 ug of dexamethasone) in PBS (100 puL) was applied to the left eye
of each animal. The right eye was used as the control and received 100 pL of PBS. A clinical
evaluation was performed in all eyes until the end of the study.

A physical examination and scored ophthalmic evaluation of the animals were per-
formed at the time of injection and 1, 7, 14, 28, and 42 days later. Anterior pole evaluation
was performed by slit-lamp biomicroscopy (Kowa SL-15; Kowa Optimed Inc., Torrance,
CA, USA) following the scored method described by Hackett and McDonald [23]. Posterior
pole evaluation was performed by inverted image ophthalmoscopy (Keeler Ltd., Windsor,
UK) with non-contact lenses and pharmacological midriasis with Tropicamide® (Colircusi
Tropicamida® colirio; Alcon Cusi S.A.). Intraocular pressure (IOP) was scored by contact
tonometry (Tono-Pen VetTM Tonometer; Reichert Inc., Depew, NY, USA). The following
clinical signs were evaluated: conjunctival congestion, swelling and discharge, aqueous
flare, light reflex, iris involvement, pannus, vitreous opacity, vascular congestion, vitreous
and retinal hemorrhage, retinal detachment, and intraocular pressure (Table 1).

Table 1. Ophthalmic evaluation using scored method.

Anterior Pole Evaluation [23]

0 Normal, blanched to reddish pink conjunctiva
Coniunctival i From reddish color confined to the palpebral
onjunctivat congestion 1to3 conjunctiva to dark red color of both palpebral

and bulbar conjunctiva

0 Normal, no swelling
Conjunctival swelling From swelling above normal without eversion of
1to4 the lids to swelling with pronounced eversion of
the lids
0 Normal, no discharge
Conjunctival discharge From discharge above normal and restricted to
1to3 the inner portion of the eye to discharge flowing

over the eyelids
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Table 1. Cont.

Anterior Pole Evaluation [23]

Absence of visible light beam in the

0 anterior chamber
Aqueous flare lto3 From Tyndall effect barely discernible to Tyndall
beam easily discernible
Light reflex 0 Normal puplllary response
lor2 From sluggish to fixed pupillary response
0 Normal iris without hyperemia
Iris invol ¢ From minimal injection of secondary vessels to
s mvolvemen 1to4 marked injection of secondary and tertiary
vessels with marked swelling of the iris stroma
0 Normal
Cornea From some loss of transparency to marked loss
1to4 of transparency of the entire thickness of the
corneal stroma
0 Normal
Surface of cornea cloudiness Lto4 From 1-25% to 76-100% area of stromal
cloudiness
0 Absence
From vascularization without vessels invading
Pannus . .
lor2 the cornea to vessels invading 2 mm or more of
the cornea
0 Absence
Fluorescein staining Lto4 From slight and confined to a small focus to
extreme fluorescein staining
Lens Normal/abnormal

Posterior Pole Evaluation

Vitreous opacity Yes/No
Vascular congestion Yes/No
Vlt}‘eous and/or Yes/No
retinal hemorrhage

Retinal detachment Yes/No

Two animals were euthanized at day 42 post injection, and the eyes were submitted for
histological processing and microscopic evaluation by hematoxylin and eosin staining. The
tissue response in the areas of the injection site was evaluated for quantity of inflammation
(— absence; + mild; ++ moderated; +++ severe; +/— does not fall into one of the defined
categories), predominant cell type of the inflammatory infiltrate, presence of foreign body
giant cell reaction (+ present; — absent), and presence of residual microspheres (+ present;
+/— focal, occasional; — absent).

2.5. Statistical Analysis

The data were represented as means + SD for n values. Statistically significant
differences were calculated by one-way analysis of variance (ANOVA). The differences
were considered significant at p < 0.05.

3. Results
3.1. Microsphere Preparation and Characterization

Data concerning the preparation parameters and the characteristics of the formulations
are compiled in Table 2. As can be observed, the production yield was independent of the
emulsification speed (p = 0.9905) with values around 60% in all cases.
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Table 2. Production yield (Y) and particle size distribution of formulations elaborated at different homogenization speeds

(HS) (n = 3).
Size Distribution (%)
Formulation HS (rpm) Y (%)

>106 um 106-53 pm 53-38 um 38-20 pm 20-2 um
1 5500 594+ 14 9.8 +28 48.1 +2.2 169 £ 0.8 16.8 £ 0.2 84 +0.6
2 8500 60.4 &+ 3.0 - 195 +5.2 320+ 1.3 32.7 +29 158 £ 1.1
3 9500 60.2 + 2.8 - 18.1+1.7 28.8 2.6 333+1.2 19.8 £3.7
4 10,500 599 + 1.2 - 16.0 £ 3.7 26.7 + 0.6 34.1+23 233+ 1.1

As expected, this parameter did clearly influence the particle size distribution, show-
ing a shift to smaller particle sizes, especially when using emulsification speeds higher or
equal to 9500 rpm. In all cases, particles exhibited a spherical shape with only some small
pores and no crystals on the surface, as shown by SEM (Figure 1).

(b) (d)

Figure 1. Dexamethasone (Dx)-loaded poly(lactic-co-glycolic) acid (PLGA) microspheres (MS, 20-53 pm) prepared using the
oil-in-water (O/W) emulsion solvent evaporation technique at (a) 5500 rpm, (b) 8500 rpm, (c) 9500 rpm, and (d) 10,500 rpm.

In Table 3, Dx loading of the two fractions of interest (53-38 um and 38-20 pum) is
presented, as well as the percentage encapsulation efficiency (EE%). Considering the
fraction with the biggest particle size (53-38 pum), the highest encapsulation efficiency
was achieved by formulation 4 with values of 103.2% =+ 0.4%. The values of the two
granulometric fractions in the case of formulation 3 resulted in nonsignificant differences
(p = 0.896), and the complete 53-20 um fraction was selected for the in vivo studies.

Table 3. Drug loading (ug Dx/mg MS) and percentage encapsulation efficiency (EE%) for the
fractions of interest of each formulation (1 = 3).

ng Dx/mg MS EE (%)
Formulation
53-38 um 38-20 um 53-38 um 38-20 um
1 1543 £4.7 131.1 £4.7 92.5 + 3.0 78.6 £2.7
2 161.4 +25 150.1 4.9 86.7 + 1.4 89.9 +29
3 164.0 + 6.0 162.7 £ 7.2 98.1 £ 3.6 97.3 +4.3
4 172.0 £ 0.9 146.7 £ 1.8 103.2 £ 04 940+ 1.1

3.2. Sterilization of Dx PLGA Microspheres

The size and morphology of the Dx-MS was not influenced by the sterilization pro-
cedure (p = 0.540), as shown in Figures 2 and 3. The product retained its physical charac-
teristics, and particles were free-flowing without showing clumping and/or aggregation
behavior.
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Figure 2. Particle size distribution of dexamethasone-loaded microspheres (53-20 pm): ¢ before and
¢ after sterilization.

(b)

Figure 3. SEM pictures of dexamethasone-loaded PLGA microspheres: (a) before and (b) after
y-irradiation (applied dose: 25 kGy).

The drug content and release characteristics of 10 independent batches of sterilized mi-
crospheres were also analyzed. According to the results, dexamethasone content remained
unaltered with a mean value of 165.6 £ 3.6 ug Dx/mg MS (Figure 4). These systems also
provided a controlled release of the drug for 9 weeks (Figure 5a,b).

175F .
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165F
163F :
161F -
159k R ]
DxMP DxMP 25 KGy

X

MK RK K

pg Dx/mg MP
X HK
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Figure 4. Dexamethasone loading in the microparticles (ug Dx/mg MS) before (Dx MS) and after
sterilization (Dx-MS 25 kGy) (n = 10).
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Figure 5. Release profile of dexamethasone from non-sterilized (0) and sterilized (4) PLGA microspheres (53-20 um,

prepared at 9500 rpm). (a) Cumulative release (%) and (b) release rate (%/day). Data points (+ standard deviations)

(n = 10).

The release profile of Dx from the PLGA MS exhibited sensible changes after steriliza-
tion (Figure 5a,b). For example, the time necessary to release 50% of loaded dexamethasone
was reduced to 12 days for gamma-irradiated samples as compared with non-sterilized
particles. The similarity factor f, was selected as a model-independent method to com-
pare the two release profiles, obtaining an f, value of 35.5, lower than the similarity limit
(f2 = 50), confirming that the changes in the release profile were due to the sterilization
process. These changes in the Dx release profile after gamma-irradiation were attributed to
the induction of ester bond cleavage and the resulting decrease in the polymer molecular
weight [26,37,38].

As can be observed in Figure 6a,c, experimental data fit the Korsmeyer—Peppas equa-
tion showing a biphasic behavior. Determination coefficient and “n” values are compiled
in Table 4. In accordance with this model, the first phase of the release (0-17 days) was
characterized by an anomalous transport (1 = 0.51), indicating that not only drug diffusion,
but also polymeric matrix changes controlled the release of dexamethasone [39]. In the sec-
ond phase (17 days until the end), the strong alterations produced on the polymeric matrix
structure might control the drug release (n > 0.85), according to a Super Case II transport.

Table 4. Values of kinetic parameters of drug release profiles before and after sterilization. The value
of “n” of Korsmeyer—Peppas model (95% confidence level, CL), “K.” of Heller and Baker model, and
coefficients of determination (+2).

Korsmeyer-Peppas Model Heller and Baker Model
Drug Release
8 Phase 7 n (CL) Phase 7 Kc_l
(days—1)
0.51
1 0.987 (0.46-0.56) 1 0.977 0.16
Dx-MS 2.79
2 0.995 (2.66-2.91) 2 0.991 0.34
0.46
1 0.993
0.41-0.51 1 0.995 0.30
2 0-996 (1.96-2.16)
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Figure 6. Kinetic fitting of dexamethasone release data: (a) Korsmeyer—Peppas model before sterilization; (b) Heller

and Baker model before sterilization; (c) Korsmeyer—Peppas model after sterilization; (d) Heller and Baker model

after sterilization.

Figure 6b,d show the fitting of experimental data for the first 32 days of the release
assay to the Heller and Baker model, considering that a homogeneous polymer erosion
occurs during the drug release. According to this model, two polymeric change rates
occurred (data shown in Table 4). The first phase (approximately the first 17 days of the
study) was characterized by a slow polymer alteration (K. = 0.16 day !). In the second
phase, an increase in the polymeric alteration rate was achieved (K¢ = 0.34 day ).

In order to complete and integrate the information obtained from the kinetic eval-
uation of the drug release profiles, both the polymer molecular weight (My) and the
morphological aspects of microspheres were monitored during the release study (Figure 7).
Effectively, during the first 15-17 days, microspheres did not appreciably change their
external morphology and, therefore, exhibited a spherical shape over this time period. At
the same time, only a moderate reduction in PLGA My (15%) was observed. This behavior
should be in concordance with the anomalous transport proposed after Korsmeyer—Peppas
fitting and with the low polymer erosion rate observed after Heller and Baker treatment.
During weeks 3 and 4, microspheres maintained their spherical structure; however, their
surfaces started to deteriorate more. This may be explained by the higher polymer erosion
rate observed (Table 4), which was confirmed by the reduction in the polymer My (45% of
the initial value). No further Myy reduction was observed until the end of the study. How-
ever, according to the SEM pictures, in the fifth week of the release, the inner microsphere
structure appeared to be so weak that particles disintegrated, which may be the origin of
the Super Case II transport observed according to Korsmeyer-Peppas fitting in the second
phase of the study.
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Figure 7. PLGA molecular weight (gel permeation chromatography (GPC) data) and microsphere morphology (SEM
pictures) during the in vitro release assay of non-sterilized (a) and sterilized (b) microspheres.

The kinetic analysis of drug release data following both Korsmeyer-Peppas and
Heller and Baker models showed changes related to the polymer matrix modifications
due to sterilization. On one hand, the Korsmeyer-Peppas studies (Table 4, Figure 6c)
showed a more extended Super Case II transport kinetic starting 1 week before (at day
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10 instead of day 17) for sterilized MS. Furthermore, the Heller and Baker fitting (Table 4,
Figure 6d) behaved in a monophasic manner, with a high polymer alteration rate constant
(0.30 day!). Additionally, both the PLGA molecular weight measurement and the SEM
pictures of sterilized microspheres during the release process confirmed the kinetic results,
showing a higher erosion of the polymer both on the surface (surfaces began to deteriorate
after 2 weeks of study) and in the inner structure; therefore, particles disintegrated after
3 weeks (Figure 7b).

3.3. In Vivo Evaluation

Table 5 shows the results of the ophthalmic clinical signs evaluated after sub-Tenon
injection. Among the clinical signs evaluated, only conjunctival congestion was observed.

Table 5. Summary of ophthalmic clinical observations (anterior and posterior segment). Rabbits received a single sub-Tenon

injection of Dx-loaded microspheres in the left eye (LE). The right eye (RE) was used as the control.

Sign Prescreen 1 day 7 days 14 days 28 days 42 days
RE LE RE LE RE LE RE LE RE LE RE LE
Conjunctival congestion 1/20 2/20 5/20 19/20 * 0/15 7/15* 0/11 0/11 0/7 0/7 0/6 0/6
Conjunctival discharge ~ 0/20 0/20 0/20 0/20 0/15 0/15 0/11 0/11  0/7 0/7 0/6 0/6
Conjunctival swelling 0/20 0/20 0/20 0/20 0/15 0/15 0/11 0/11 0/7 0/7 0/6 0/6
Aqueous flare 0/20 0/20 0/20 0/20 0/15 0/15 0/11 0/11 0/7 0/7 0/6 0/6
Light reflex 0/20 0/20 0/20 0/20 0/15 0/15 0/11 0/11 0/7 0/7 0/6 0/6
Iris involvement 0/20 0/20 0/20 0/20 0/15 0/15 0/11 0/11 0/7 0/7 0/6 0/6
Surface of 0/20 0/20 0/20  0/20 0/15 0/15 0/11 0/11 0/7 0/7 0/6 0/6
cornea cloudiness
Pannus 0/20 0/20 0/20 0/20 0/15 0/15 0/11 0/11 0/7 0/7 0/6 0/6
Fluorescein staining 0/20 0/20 0/20 0/20 0/15 0/15 0/11 o0/11 0/7 0/7 0/6 0/6
Lens 0/20 0/20 0/20 0/20 0/15 0/15 0/11 0/11 0/7 0/7 0/6 0/6
Vitreous opacity 0/20 0/20 0/20 0/20 0/15 0/15 0/11 0/11 0/7 0/7 0/6 0/6
Vascular congestion 0/20 0/20 0/20 0/20 0/15 0/15 0/11 0/11  0/7 0/7 0/6 0/6
Vitreous and 0/20 0/20 0/20  0/20 0/15 0/15 0/11 0/11 0/7 0/7 0/6 0/6
retinal hemorrhage
Retinal detachment 0/20 0/20 0/20 0/20 0/15 0/15 0/11 o0/11 0/7 0/7 0/6 0/6

* Animals showed minimal conjunctival congestion, except two animals that presented mild congestion. ** Animals showed minimal
conjunctival congestion, except one animal that presented mild congestion.

Experimental eyes presented different degrees (minimal or mild) of conjunctival
congestion at 1 day (19/20) and at 7 days (7/15); however, in all cases, conjunctival
congestion disappeared at 14 days post injection. In addition, conjunctival congestion was
present in the control eye of 25% of animals at 1 day (5/20). As hypothesized by other
authors, the conjunctival congestion observed in both eyes (treated and untreated) could
be due to the sub-Tenon injection itself [40].

No other clinical changes were observed in terms of conjunctival discharge, con-
junctival swelling, aqueous flare, light reflex modification, iris involvement, surface of
cornea cloudiness, pannus, fluorescein staining, loss of lens transparency, vitreous opacity,
vascular congestion, vitreous and/or retinal hemorrhage, and/or retinal detachment. Ac-
cording to these results, microspheres were well tolerated in the short term after periocular
injection.

In the present study, intraocular pressure (IOP) remained unchanged with mean
values of 19.4 £ 1.8 mmHg (control eyes) and 18.8 £ 2.8 mmHg (experimental eyes) during
the 45 days of follow-up. The statistical analysis of IOP values showed no significant
differences (p > 0.05) between groups (Figure 8).
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Figure 8. Intraocular pressure (IOP) mean values (+ standard error of the mean (SEM)) obtained at different times of the
study: before injection, and 1, 7, 14, 28, and 42 days after injection, for control and eyes that received a sub-Tenon injection
of Dx-MS. No significant differences were found between groups (p > 0.05).

3.4. Histological Analysis

Four eyes (two experimental and two control eyes) were subjected to histopathology
studies at 42 days after injection (Figure 9, Table 6). After dosing with Dx-MS, ocular tissues
close to the injection site showed occasional macrophages. As no inflammatory signs were
noted in the eyes belonging to the control group, the immunological reaction observed in
experimental eyes might be related to the presence of microspheres at the administration
site. Additionally, scattered occasional residues of microspheres were observed in one
experimental eye.

Table 6. Scored histopathological evaluation at 42 days after sub-Tenon injection of Dx-microspheres
in PBS (left eye, LE) and control eye (right eye, RE).

Presence of Foreign
Body Giant
Cell Reaction

Presence of
Microparticles Residues

Inflammation at

Eyes Evaluated the Injection Site

Rabbit 1 and 2

RE (control) — (Absent) — (Absent) — (Absent)
— (Absent)
Rabbit 1 LE No significant
(Dx-MS) — (Absent) — (Absent) residues; occasional
foamy macrophages
+/— (focal)
Rabbit 2 LE Scattered occasional
(Dx-MS) ~ (Absent) ~ (Absent) residues; single

foamy macrophage
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Figure 9. Histopathologic analysis of episcleral tissue injection site, after sub-Tenon injection of
Dx-microspheres in phosphate-buffered saline (PBS) (left eye, a,b) and control eye (right eye,
c—f). (a,b) Untreated eyes of two different rabbits, showing absence of tissue reaction; (c,d) Dx-
microparticle-treated eye (rabbit 1), showing presence of occasional foamy macrophages and no
microsphere residues; (e,f) Dx-microsphere-treated eye (rabbit 2), showing presence of single foamy
macrophages and scattered occasional microspheres residues. Magnification: 10x (a,b); 20x (c,e);
40 (df).

4. Discussion

Current developments in the therapy of ophthalmic chronic diseases are directed
toward the use of new drug delivery systems, with the objective to allow sustained thera-
peutic levels of drugs at ocular target sites. In this sense, biodegradable microspheres have
been demonstrated to provide long-term delivery of drugs, and their utility in ophthal-
mology has been previously reported [3,15,41-44]. One of the main advantages of these
systems is that they can be administered as a conventional injection using a small=gauge
needle. Furthermore, depending on the patients’ needs, a proper dose of the active sub-
stance can be adjusted by administering a specific amount of microspheres, allowing a
personalized therapy. The most effective route of administration to achieve appropriate
drug levels in the posterior segment of the eye is intravitreal injection. However, the use
of this route in chronic therapies has potential side-effects, such as retinal detachment
or endophthalmitis, and other alternatives are under study. In this experimental work,
biodegradable PLGA microspheres loaded with the anti-inflammatory dexamethasone
were designed to allow a long-term release of the drug by periocular administration, in line
with previous studies in which authors demonstrated that this drug can diffuse through
the sclera and can be detected in the retina and vitreous [21-23].
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Even though PLGA is a Food and Drug Administration (FDA)-approved polymer
to be used in devices, it is desirable to minimize the amount of PLGA administered to
the eye. This can be achieved by fabricating PLGA microparticles that exhibit a high
drug-loading capacity. In this sense, all formulations and size fractions presented in
this work showed excellent encapsulation characteristics, with high drug loadings in all
the assayed conditions). These results are in accordance with those reported by other
authors [45]. Another desirable attribute of microparticles is that they should exhibit
a particle size that is small enough to pass through a cannula, needed to inject these
formulations in the form of aqueous suspensions. As formulation 3 did not show significant
differences between the two granulometric fractions assayed (53-38 pm and 38-20 um),
the complete 20-53 pm fraction, with a mean particle size of 31 & 3 um, was chosen as the
most suitable for injection.

Many authors have proposed a gamma-irradiation sterilization process as one of the
least aggressive and more suitable sterilization approaches for PLGA microspheres with
no significant changes in MS properties [15,26,28,29]. In the present work, the surface
morphology and particle size distribution of microspheres remained unaltered after the
sterilization process under the described conditions. However, changes in the release
profile of dexamethasone were observed in sterilized batches, which might be attributed
to the induction of ester-bond cleavage and the resulting decrease in polymer molecular
weight [26,37,38]. It is well known that a decrease in My may have an important effect on
the mobility of the polymer chain and, hence, on the free volume available for water and
drug diffusion [28]. Effectively, in this study, a reduction in the PLGA molecular weight
by 11% was quantified after irradiation. These results are in agreement with other works,
wherein a loss in My was documented for PLGA MS after gamma sterilization [30,37,46].

Ideally, drug delivery devices will maintain therapeutic concentrations locally for
months. Poly(lactic acid), poly(glycolic acid), and their copolymers degrade safely via
hydrolysis into natural products of lactic and glycolic acids, which are metabolized into
CO; and water [47]. PLGA is preferred for microparticle preparation in part because of its
slow and reproducible degradation rate. PLGA has been used in several FDA-approved
parenteral drug applications that are currently on the market, with one of them being
used in ophthalmology, for intravitreal administration [7]. Although several authors have
demonstrated that the in vitro/in vivo correlation is not optimal for ocular tissues [47],
in vitro release studies remain a preliminary step necessary to determine the potential
suitability of developed formulations. In the present work, changes in the release profile
were detected and attributed to the induction of ester-bond cleavage and the resulting
decrease in polymer molecular weight after the gamma irradiation [26,37,38]. However,
the results shown in this work demonstrate that the developed microspheres were able
to control the release of dexamethasone until even 9 weeks after their sterilization, a
requirement needed for the use of these systems in vivo.

Microspheres were well tolerated after periocular injection. Among the clinical signs
evaluated, only conjunctival congestion was observed. As hypothesized by other authors,
the conjunctival congestion observed in both eyes (treated and untreated) could be due
to the sub-Tenon injection itself [40]. In fact, Saishin et al. (2003) observed that, 20 days
after periocular administration of unloaded PLGA-glucose microspheres and PKC412
microspheres (25% or 50%) in pigs, mild conjunctival congestion was similarly observed
among the three groups, and there were no discernible signs of inflammation or irritation.
In addition, Amrite et al. [48] did not find any signs of inflammation, including redness or
edema, after a single subconjunctival injection of PLGA microspheres loaded with celecoxib
in rats.

Concerning the nature of the administered drug, different adverse events can occur
after corticosteroid therapy. The most common adverse reactions are cataract formation
and elevated intraocular pressure [10,49], as well as the promotion of ocular herpes simplex
virus reactivation [50]. In the present work, no clinical signs of cataract formation were
denoted during the 6 weeks of observation. However, it is important to remark that the
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treatment-related cataract formation may take longer periods to become apparent [10].
The increase in IOP after administration of corticosteroids is of particular concern [10,51].
Whereas this increment reverts to normal values when the treatment is finished, the
glaucomatous damage of the optic nerve head is irreversible, and patients need an ocular
hypotensive treatment for the duration of the corticosteroid treatment in order to avoid
permanent damage. This fact is of special importance in chronic treatment with steroids.
Effectively, some authors showed glaucomatous symptoms associated with the ocular
administration of corticosteroids due to the increment of IOP, typically after systemic
and topical administration [52]. In the present study, IOP remained unchanged during
the assay (42 days) with a mean after injection of 19.4 &+ 1.8 mmHg (control eye) and
18.8 £ 2.8 mmHg (experimental eye). The statistical analysis of IOP values showed no
significant differences (p > 0.05) between groups.

Scattered occasional residues of microspheres were observed in one experimental
eye. According to the previous extensive in vitro evaluation of microspheres presented in
this work, once administered, PLGA microspheres might undergo progressive polymer
hydrolysis while remaining visible for at least 6 weeks. It is, thus, not uncommon to find
small portions of polymeric material in histological samples. These small portions might
suffer progressive degradation until disappearance, with no observable tissue damage,
according to previous tolerance studies where PLGA microspheres were intravitreally [15]
or periocularly [24] administered, and this was even noted with the use of the more
hydrophobic PLGA (85:15), which presents a lower degradation rate [53].

A total of 42 days after periocular injection, Dx-MS were still detected in the sub-
Tenon space by histopathology studies, indicating that they were able to properly reach the
injection site. No clinical signs of inflammation were observed during the study, although
it is true that particles were loaded with an anti-inflammatory drug that could mask
this symptom. On the contrary, an immunological reaction was observed at the site of
administration. This “foreign body reaction” resulted analogous to that observed after the
previously described intravitreal injection of 10 mg of PLGA microspheres into rabbits [54],
and similar to that described for microspheres injected intramuscularly in rabbits, which
gradually decreased with time [55].

The findings presented in this work are promising since, to date, research has shown
limited data on creating a proficient system for delivering small-particle-size drugs (such
as dexamethasone) periocularly over a prolonged period of time. By encapsulating dexam-
ethasone in PLGA microspheres with the method optimized here, it has been demonstrated
that a slow and sustained drug delivery can be achieved in a local environment, resulting
in long-term delivery of the drug for over 9 weeks.

5. Conclusions

The periocular administration of microparticulate systems can be considered as a
good alternative to overcome the limitation of the frequent intravitreal administration
of drugs. Dx-MS developed in this work represent a suitable formulation for sub-Tenon
administration. Particles exhibited a high encapsulation efficiency, as well as prolonged
and sustained release rates, and they were resistant to gamma sterilization. Microspheres
were well tolerated after in vivo administration with no increase in IOP for at least 42 days.
Although prolonged efficacy and tolerance studies are needed to study the effect of these
systems in more depth, this formulation is presented as a potential alternative for the
long-term delivery of ophthalmic drugs to the back of the eye.
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Abstract: Dysregulation of iron metabolism is observed in animal models of retinitis pigmentosa (RP)
and in patients with age-related macular degeneration (AMD), possibly contributing to oxidative
damage of the retina. Transferrin (TF), an endogenous iron chelator, was proposed as a therapeutic
candidate. Here, the efficacy of TF non-viral gene therapy based on the electrotransfection of pEYS611,
a plasmid encoding human TF, into the ciliary muscle was evaluated in several rat models of retinal
degeneration. pEYS611 administration allowed for the sustained intraocular production of TF for
at least 3 and 6 months in rats and rabbits, respectively. In the photo-oxidative damage model,
pEYS611 protected both retinal structure and function more efficiently than carnosic acid, a natural
antioxidant, reduced microglial infiltration in the outer retina and preserved the integrity of the
outer retinal barrier. pEYS611 also protected photoreceptors from N-methyl-N-nitrosourea-induced
apoptosis. Finally, pEYS611 delayed structural and functional degeneration in the RCS rat model of
RP while malondialdehyde (MDA) ocular content, a biomarker of oxidative stress, was decreased.
The neuroprotective benefits of TF non-viral gene delivery in retinal degenerative disease models
further validates iron overload as a therapeutic target and supports the continued development of
pEY611 for treatment of RP and dry AMD.

Keywords: iron; retinal degeneration; age-related macular degeneration; retinitis pigmentosa;
transferrin; gene therapy; plasmid electrotransfection

1. Introduction

Iron is essential for retinal metabolism and visual cycle, but excessive ferrous iron (Fe?*) can
generate reactive oxygen species (ROS) and consecutive oxidative damage to the cellular environment
(reviewed in [1,2]). Iron particles cause oxidative damage to rat photoreceptors, with greater damage to
cones than rods [3] and iron-induced photoreceptor cell death was associated with lipid peroxidation [4],
activation of the nucleotide-binding oligomerization domain (NOD)-like receptor family pyrin
domain-containing 3 (NLRP3) inflammasome signaling pathway, and induction of necrotic and
apoptotic markers [3,5,6]. In addition, the phagocytosis of Fe?*-oxidized photoreceptor outer segments
further damage the retinal pigment epithelium (RPE) [7], markedly decreasing phagocytosis activity
and lysosomal function [8], and possibly inducing RPE de-differentiation [9]. To tightly control the
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intracellular iron level, several proteins regulate iron import, storage, and export. Transferrin (TF)
binds ferric iron (Fe>) with a very high affinity (association constant is 102 M~! at pH 7.4) and is
then internalized by transferrin receptors (TFRs), allowing iron to enter into the cell. Inside cells,
iron dissociates from TF and enters in the labile iron pool while TF is recycled at the cell membrane.
Intracellular iron is supplied to cytosolic proteins for storage (ferritins), taken up by the mitochondria
or released from the cell by ferroportin, a membrane transporter requiring ferroxidases, such as
ceruloplasmin or hephaestin, to convert the ferrous Fe?* to ferric Fe>* form. In addition, iron-sensitive
intracellular proteins, such as iron-regulatory proteins (IRP1 and IRP2), hepcidin or hypoxia-inducing
factor (HIF), serve as check points to control the intracellular iron concentration (recently reviewed
in [2]).

Iron-mediated retinal cell death has been shown to occur in various models of retinal degeneration
and suspected to occur in age-related macular degeneration (AMD) and retinitis pigmentosa (RP).
Indeed, iron deposits (including labile iron) were observed in postmortem AMD macula at the
RPE-choroid interface within metal-storing melanosomes, in drusens, in the central layer of the
calcified Bruch’s membrane but also in the neurosensory retina [10-12]. The level of iron in the
aqueous humor of dry AMD patients undergoing cataract surgery was two-fold higher than in
age-matched controls [13] and the expression of proteins involved in iron homeostasis, such as ferritin
and ferroportin, was increased in the macula of AMD patients with geographic atrophy [11]. Similarly,
increased expression of TF was shown in the retinas of AMD patients relative to those of healthy
control patients, which suggests that iron regulation is impaired [14]. Finally, several polymorphisms
in iron homeostasis genes have been identified as risk factors for AMD, such as the TF receptors
(TFR1 and TFR2) genes [15], IRP1 and IRP2 genes [16], and the heme oxygenase-1 and -2 (HMOX1/2)
genes [17]. We and others have characterized the role of iron homeostasis dysregulation and associated
oxidative injury in the pathogenesis of RP. In the Royal College of Surgeons (RCS) rat [18] and in the
rd10 mouse [19,20], two models of RP, degeneration of the retina was associated with altered iron
homeostasis and its progression correlated with iron overload. Furthermore, mutation in the feline
leukemia virus subgroup C cellular receptor 1 (FLVCR1), a gene encoding a heme-transporter protein
involved in iron homeostasis, is also causing syndromic autosomal-recessive RP [21].

Whether loss of iron homeostasis is a cause or a consequence of various retinal diseases remains
unknown, but it is undeniable that an excess of free iron is pathogenic, and that its neutralization with
chemical chelators protects the retina not only in rodent models with impaired mechanisms of iron
homeostasis [22,23] but also in models of inherited retinal dystrophies [24-26]. Chemical iron chelators
failed so far to reach clinical stage because of limited ocular bioavailability and/or ocular side-effects
(cataract, retinopathy optic neuritis) probably due to chelation of intracellular iron store necessary for
retina cells’ function [2,27]. Conversely, the natural iron transporter TF was proven to be safe in the eye
when overexpressed in transgenic mouse or when delivered intraperitoneally or intravitreally in the rat
even after repeated administration of high doses (up to 240 g per eye) [19,28-30]. Thus, we proposed
to use TF as a therapeutic candidate for safe iron chelation in ocular diseases. Although vitreous
humor contains a high amount of TF in physiologic conditions both as the free form (apo-TF) and
the iron-bound form (holo-TF) [31], the expression of TF and of its receptor is upregulated in retinal
degeneration or inflammation [14,20,29] suggesting that TF levels could be a limiting factor in disease
conditions. We recently reported that both the TF saturation rate and levels of free iron were increased
in the vitreous and in the subretinal fluid of patients with retinal detachment, together correlated with
reduced postoperative visual recovery [6], identifying TF as a good candidate to buffer free iron in
the eye. When injected into the vitreous, TF distributes throughout the neural retina and the RPE
via its receptors and is rapidly eliminated from the retina by a transretinal elimination route [30],
suggesting that local delivery of the protein itself would require repeated administration in the context
of chronic retinal diseases. Importantly, TF was highly potent to preserve photoreceptors in animal
models of retinal degeneration induced by iron overload, light exposure, inherited genetic mutations,
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or retinal detachment [6,19,30]. In these models, TF restored iron homeostasis, reduced oxidative stress,
inflammation, and cell death, preserving photoreceptor cells and visual function [6,30].

In the present study, we evaluated a non-viral gene therapy strategy that combines a plasmid
coding for human TF (pEYS611), and an electrotransfection system to deliver DNA plasmids into the
ciliary muscle, in order to sustainably produce apo-TF into the eye. Such a technology was previously
shown to efficiently allow the production of a variety of secreted proteins, including trophic factors,
anti-TNF, or anti-VEGF [32-36]. We investigated the therapeutic potential of pEYS611 in several rat
models of induced retinal degeneration, including the RCS rat model of RP and the photo-oxidative
damage model, evaluating both retinal histology and function. These findings further validate iron
overload as a therapeutic target for the treatment of retinal degeneration and pEYS611 as a valuable
product to neutralize ocular iron excess.

2. Materials and Methods

2.1. pEYS611 Plasmid Construct

pEYS611 is a 5201-base pair plasmid DNA coding for the human transferrin (TF).
The codon-optimized cDNA sequence of TF was de novo synthesized by GeneArt (ThermoFisher
Scientific, Waltham, MA, USA), subcloned into the NTC8685 plasmid backbone (Nature Technology
Corporation, Lincoln, NE, USA) [37] by enzymatic restriction and verified by sequencing.
Transgene expression was placed under the control of an optimized chimeric CMV-HTLV-1R ubiquitous
promoter and the 8-globin intron. pEYS611 plasmid was amplified through an antibiotic-free selection
procedure in modified E. coli cells [38] and formulated in sterile Tris-EDTA buffered saline at a final
concentration of 5 mg/mL.

2.2. Animals

Male Wistar and Sprague Dawley rats were obtained from Janvier Labs (Le Genest-Saint-Isle,
France) to conduct the light-induced damage and the N-methyl-N-nitrosourea (MNU)-induced retinal
degeneration models, respectively, as previously reported (see below). New Zealand rabbits were
provided by CEGAV (Saint Mars d’Egrenne, France). Pigmented dystrophic RCS and pigmented control
non-dystrophic RDY rats were a gift from Dr Emeline Nandrot (Institut de la Vision, Paris, France).

Rats were group-housed (maximum 3 rats per cage) and rabbits were individually housed.
Each cage contained an environmental enrichment. Animals were fed ad libitum with a diet
for maintenance; they were maintained in a temperature-controlled room at 21-23 °C with the
light-environment consisting of 12- or 18-h light per day for rabbits and rats, respectively.

Animals were acclimated for at least one week in the animal facility prior any experiments.
All experimental methods and protocols were carried out according to standard operating procedures
with approval by the Institutional Ethic Committees of Sorbonne university and National veterinary
school of Alfort and French Ministry of Higher Education, Research and Innovation (certificates
APAFIS#7001-2015100815363248, APAFIS#11019-2017082415542346, APAFIS#7411-2016102710489557
and APAFIS#15364-20180531109399950). In addition, experiments complied with the ARVO statement
for animal experimentation and followed European guidelines for animal welfare.

2.3. Plasmid Electrotransfection Procedure in Rat and Rabbit Ciliary Muscle

Animals were anesthetized by intramuscular injection of a mixture of ketamine (8% Imalgen 1000,
Merial, France) and xylazine (2% Rompun, Bayer AG, Leverkusen, Germany). Electrotransfection
of pEYS611 in the rat ciliary muscle was performed as previously described [34]. Briefly, following
protrusion of the eye with an operating field, injection of the plasmid solution (10 uL) was performed
transclerally using a 30G needle parallel to the limbus. An iridium/platinum wire electrode (cathode,
Good Fellow, Lille, France) was then inserted into the transscleral tunnel, and a semi-annular
stainless-steel sheet electrode (anode, Good Fellow, Lille, France) was placed on the sclera, facing the
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wire electrode. The eye was humidified by instillation of an additional drop of 0.9% NaCl solution to
facilitate conductance. Square-wave electrical pulses (200 V/cm, 5 Hz, 10 ms, 8 pulses) were generated
with Eyevensys proprietary Pulse Generator.

Plasmid electrotransfection in rabbits was performed using a dedicated ocular device similar to a
device previously described for human application [35]. When placed on the nasal scleral surface and
adjusted with the limbus, such a device allows for precise and consistent guiding of the plasmid injection
into the posterior longitudinal ciliary muscle fibers using a 29G-needle (30 pL). A tracer dye insuring
proper ciliary muscle injection was used for training of operators and demonstration purpose as
described in Figure 1. Following instillation of two to three drops of physiological solution (0.9% NaCl)
on the eye, a square-wave electrical pulse sequence was delivered in between the surface electrode and
the needle electrodes inserted in the anterior vitreous just beneath the ciliary muscle. Electric pulses
(high voltage = 500 V/cm, 1 Hz, 100 ps, 1 pulse duration, 10 s break; low voltage = 200 V/cm, 1 Hz,
100 ms, 4 pulses) were delivered with an Eyevensys Pulse Generator. All animals received post-operative
ophthalmic gel of carbomer onto the cornea (Lacrigel, Laboratoire Europhta, Monaco).

Figure 1. Ciliary muscle electrotransfection procedure in rabbit. (A) Plasmid injection in the rabbit ciliary
muscle was performed using a dedicated ocular device placed on the nasal scleral surface. (B) Tracer
dye (blue) was used for the demonstration purpose only and was not used during administration of
pEYS611. (C) Following adjusted placement of the ocular device so that its superior part fits with the
limbus, the comb electrode was inserted into ocular tissues until its stop position.

2.4. Quantification of Human Transferrin (TF) in Ocular Fluids and Tissues

Quantification of TF in ocular fluids and in retinal tissues was performed using a specific
enzyme-linked immunosorbent assay (ELISA). Briefly, goat anti-human TF polyclonal antibodies
(Bio-Rad, Hercules, CA, USA) were coated on a 96-well high-binding affinity plate. Captured human
TF was detected using a biotinylated goat polyclonal antibody raised against the human TF (Bio-Rad,
Hercules, CA, USA) and revealed with streptavidin-horse radish peroxidase (HRP, Sigma-Aldrich,
St. Louis, M1, USA) enzyme and tetramethylbenzidine (TMB) substrate (Sigma-Aldrich, St. Louis, MI,
USA). The 450-nm absorbance was measured using the Infinite F200 plate reader (Tecan, Médnnedorf,
Switzerland). Recombinant human TF (Bio-Rad, Hercules, CA, USA) was used as a standard. The lower
limit of quantification (LLoQ) in rat ocular fluids (aqueous humor and vitreous pooled together) and
in rabbit aqueous humor, vitreous and retina/RPE/choroid complex was defined as 195.3 and 39 pg/mL,
respectively. Concentrations of human TF were calculated using a four-parameter logistic curve fit
(4-PL, MyAssays software) from the standard curve. Values were expressed as mean + standard error
of the mean (sem) in ng/mL of fluids or ng/g of tissues.

2.5. Light-Induced Damage Rat Model

Male Wistar rats (4-week-old at arrival) were maintained for 3 weeks prior to light exposure in a
dimly lit environment (maximum 200 lux) by placing the ventilated cages at the bottom of the rack
to reduce variation in the photoreceptor sensibility between animals, as previously described [30].
Dark adaptation was performed during at least 15 h before light exposure. Animals were then placed
in individual transparent cages with access to food and water (Hydrogel, Janvier Labs, Saint Berthevin,
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France), and retina light-induced damage (LID) was induced by exposition under a cold white LED of
6500 lux mounted on a lamp board (slightly raised to allow airflow) during 24 h. After light exposure,
animals returned to normal cyclic light conditions as described above. Control animals underwent
dark adaptation but then returned to rearing cyclic light conditions without being exposed to the cold
white LED (no LID group). Retinal functionality was assessed by electroretinography (ERG) eight
days after LID. Animals were then sacrificed for histopathological evaluations and quantification of
human TF in ocular fluids.

2.6. N-Methyl-N-Nitrosourea (MNU)-Induced Retinal Degeneration Model in Rat

N-methyl-N-nitrosourea-induced retinopathy was induced as previously reported [39]. Briefly,
eight-week-old male Sprague Dawley rats received a single intraperitoneal injection (i.p.) of
N-methyl-N-nitrosourea (MNU) dissolved in 0.9% NaCl (Sigma-Aldrich, St. Louis, MI, USA) at
the dose of 60 mg/kg body weight, while age-matched control animals received a single i.p. injection
of vehicle (no MNU). Animals were sacrificed 3 or 7 days following the injections for histopathological
evaluation of the retina (1 = up to 5 rats/group/timepoint).

2.7. Electroretinogram (ERG) Recordings

Animals were dark-adapted for at least 15 h prior to ERG and all manipulations were performed
under dim red light. Rats were anesthetized by intramuscular injection of a mixture of ketamine and
xylazine. Pupils were dilated with topical 0.5% tropicamide. ERGs were recorded simultaneously
in both eyes using a rodent full-integrated ERG system (Celeris, Diagnosys, Cambridge, UK).
Saline lubricant eye drops were added to the end of the electrode and on the cornea to ensure
optimal contact between the eye and the electrode. Electrode stimulators were placed directly onto the
surface of the eye from the front and down, ensuring the whole eye was covered and there was good
contact to the eye. For scotopic ERG in the dark-adapted state, flash intensities ranged from 0.01 to
3 cd-s/m?. For photopic ERG in the light-adapted state, flash intensities ranged from 3 to 10 cd-s/m?.
Amplitudes of a-waves (negative waves) were measured from the baseline to the bottom of the a-wave
trough, and b-wave amplitudes (positive waves) were measured from the bottom of the a-wave trough
to the peak of the b-wave. Implicit times of the a-and b-waves were measured from the time of stimulus
to peaks. Results were expressed in microvolts (V) for amplitudes and milliseconds (ms) for implicit
times. The values obtained for all eyes from the same experimental group were average and values are
expressed as mean + sem.

2.8. Histology

Oriented ocular globes were fixed for at least 24 h in Hartman’s fixative solution (Sigma-Aldrich,
St. Louis, MI, USA) and embedded in paraffin. Five-um sagittal sections containing optic nerve (ON)
were performed and stained with hematoxylin and eosin (HE). HE sections from 3 consecutive slides
were examined by light microscopy at a magnification of 20x and color images were obtained using a
NanoZoomer-XR Digital slide scanner (Hamamatsu Photonics, Hamamatsu city, Japan). Images were
analyzed using NDP View software. The outer nuclear layer (ONL thickness) in the LID model or the
total retinal thickness (from the internal limiting membrane to the retinal pigment epithelium) and the
outer retinal thickness (from the outer plexiform layer to the retinal pigment epithelium) in the MNU
rat model were measured every 500 pm from the ON to the inferior and the superior ciliary processes.
Thickness profiles along the retina were generated by averaging, for each distance, the values obtained
for all eyes, as previously described [30] and values are expressed as mean + sem. The photoreceptor
ratio was calculated as the percentage of outer retinal thickness/total retinal thickness, as previously
described [40].
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2.9. Immunochemistry and TUNEL Assay

Immunofluorescent staining was performed on 5-um-thick paraffin sections. Dewaxed slides
were incubated with different primary antibodies: mouse anti-Glial fibrillary acid protein (GFAP,
Sigma-Aldrich, St. Louis, MI, USA), rabbit anti-anti-ionized calcium-binding adapter molecule 1 (Ibal,
Wako, Richmond, VA, USA), mouse anti-CD68 (Bio-Rad, Hercules, CA, USA), rabbit anti-cone arrestin
(Sigma-Aldrich, St. Louis, MI, USA), and anti-serum albumin (MyBiosource, San Diego, CA, USA).
Control sections were incubated without primary antibodies. The corresponding Alexa-conjugated
secondary antibody (Thermo Fisher Scientific, Carlsbad, CA, USA) was used to reveal the primary
antibodies. Final counterstaining with 4.6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis,
MI, USA) was performed to locate retinal structures. Slices were mounted with a Fluoromount
mounting medium (Sigma Aldrich, St. Louis, MI, USA) under a lamella for microscopic examination
using a fluorescence microscope with apotome module (Zeiss, Oberkochen, Germany), a fluorescence
microscope with Spinning Disk (CSU-Xi, Intelligent Imaging Innovations, Denver, CO, USA), or a
NanoZoomer-XR Digital slide scanner (Hamamatsu, Japan). Cone photoreceptors” quantification was
done by masked counting for each retinal section of the number of cone-arrestin-positive cells in the
outer nuclear layer.

The TUNEL assay was performed on 5-um-thick paraffin sections using a commercial apoptosis
detection kit (Promega, Madison, WI, USA) and following the manufacturer’s instructions. Images were
recorded with a NanoZoomer-XR Digital slide scanner (Hamamatsu, Japan) at 20-fold magnification
and the fluorescent staining level in the whole retina was quantified using Image J software.

2.10. Retina/RPE/Choroid Flat Mounts

Following transversal sectioning of the globe, the anterior segments, lens, and vitreous were
removed, and five radial cuts were made in the remaining eyecups containing retina, RPE, choroid,
and sclera. Immunofluorescent staining was performed using a rabbit anti-zonula occludens-1 antibody
(ZO-1, Thermo Fisher, Waltham, MA, USA) and corresponding Alexa-conjugated secondary antibody
(Life Technologies, Carlsbad, CA, USA). Retina/RPE/choroid complexes were flat-mounted with a
Fluoromount mounting medium (Sigma Aldrich, St. Louis, MI, USA) for microscopic examination
using a Spinning Disk (CSU-Xi).

2.11. MDA Content Assay in Ocular Fluids

Quantification of malondialdehyde (MDA) in rat ocular fluids was performed using a method
adapted from Giera and colleagues’ publication [41]. Diluted samples underwent alkaline hydrolysis
and were then neutralized in the presence of perchloric acid. Derivatization was performed using
the 2-amonoacridone, as the derivative agent, in a citrate buffer solution at 40 °C. Following cooling,
the MDA level was determined by HPLC. Methyl-MDA was used as standard and the lower limit of
quantification was defined as 25 nM. Values were expressed as mean + sem.

2.12. Statistical Analysis

To take into account the correlation between the 2 eyes of the same rat, a mixed linear model
was used to define a treatment effect on ONL thickness and ERG parameters in the LID rat model.
Statistical analyses were performed using SAS 9.4 software and differences between groups and
interactions were declared significant at the 5% level of significance.

For the other parameters, statistical analyses were performed using Prism 8 software (GraphPad).
Tests for normality for each group were performed using the Shapiro-Wilk test. For normal distribution,
one-way ANOVA followed by Tukey’s multiple comparisons test were used to define differences
between groups. For non-normal distribution, the Kruskal-Wallis test followed by Dunn’s multiple
comparisons test were used to define differences between groups. Differences were declared significant
at a 5% level of significance.
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3. Results

3.1. pEYS611 Administration Allows Sustained Intraocular Production of Human Transferrin in Rats
and Rabbits

Electrotransfection of pEYS611 plasmid (Figure 2A; 30 pg/eye) in the rat ciliary muscle allowed
for the expression and secretion of human transferrin (TF) in ocular fluids (vitreous and aqueous
humor), with an average maximal concentration of 141 + 47 ng/mL reached within three days after the
administration (Figure 2B). The protein was still measured 90 days following plasmid electrotransfection.

In rabbits, the maximal concentration of human TF in both vitreous and aqueous humor was
reached within five days following pEYS611 administration at the dose of 45 pg/eye with the
concentration being 5-fold higher in the vitreous than in the aqueous humor 28 days following the
administration (Figure 2C; 1.6 + 0.7 ng/mL in vitreous vs. 0.31 + 0.2 ng/mL in aqueous humor).
Six months after plasmid administration, human TF was still quantified in the vitreous of 75% of the
treated eyes, allowing for a sustained expression of the protein, with an exposure and mean residence
time of 184,061 pg.d.ml-1 and 58 days, respectively. Human TF was also quantified within two days in
retina/RPE/choroid complex (data not shown), demonstrating that human TF produced and secreted
by the ciliary muscle cells rapidly penetrated into the retina. A high TF protein concentration was
observed in the retina/RPE/choroid complex 28 days following plasmid administration (Figure 2D;
3.4 £ 1.9 ng/g of tissue) and was still high at 6 months in this compartment (2.5 + 1.3 ng/g of tissue
vs. 0.7 £ 0.4 and 0.1 £+ 0.1 ng/mL in vitreous and aqueous humor, respectively), demonstrating a high
exposure (336,061 pg-d-g~!) and long residence time (73 days) of human TF in the posterior segment of
the eye.
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Figure 2. pEYS611-driven sustained human transferrin (TF) intraocular production in rats and rabbits.
(A) The human TF expression cassette is composed of a human cytomegalovirus (CMV) enhancer,
a chimeric CMV-HTLV (human T-cell leukemia virus)-I ubiquitous promoter, the 8-globin intron, and a
Kozak sequence driving the expression of the human TFE. (B,C) Human TF expression profiles in rat
ocular fluids (B, n = 5-7 animals per timepoint) and rabbit aqueous humor and vitreous (C, n = 3-9
animals per timepoint) after bilateral ciliary muscle administration of pEYS611 at the doses of 30 and
45 ng/eye, respectively, demonstrated sustained expression of human TF for at least 3 and 6 months,
in rat and rabbits, respectively. (D) Human TF distribution in rabbit eyes 28 days following pEYS611
administration demonstrated that the expressed protein reaches the back of the eye. Values are
presented as mean + sem.
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3.2. pEYS611 Preserves Photoreceptor Cells from Photo-Oxidative Damage

We previously reported the protective effect of intravitreal injection of recombinant TF in the
light-induced retinal damage (LID) rat model, a well-established model of oxidative stress-induced
retinal degeneration [30]. Here, we wished to confirm the protective effect of pEYS611-driven TF
delivery in this model. pEYS611 was electrotransfered at doses of 0.3, 3, or 30 pg/eye in the rat ciliary
muscle three days prior the LID induction performed on day 0 (D0) to achieve maximum TF expression
at the time of disease initiation. ERG and ONL thickness were measured 8 days following light
exposure. As expected, light exposure resulted in an extended loss of photoreceptor cells as evidenced
by a reduction of 77% to 88% of the ONL thickness in the inferior and superior poles of the retina,
respectively (Figure 3A,B). Notifiable changes in the morphology of cone photoreceptors were also
observed following light exposure (Figure 3D). Almost all cones had no inner and outer segments, axon,
and terminal pedicle. The remaining inner and outer segments were highly shortened and disorganized.
Similarly, the remaining terminal pedicles were smaller and flatter, directly abutting cone cell bodies.
The number of cone photoreceptors appeared dramatically reduced in response to light compared to the
non-exposed control group as demonstrated with the cone arrestin-positive cells counting (18.9 £ 7.0 vs.
179.5 + 11.8 cone arrestin-positive cells per whole retinal section, p = 0.0003, Figure 3E). In accordance
with morphological modifications of the photoreceptor cell layer, a dramatic deterioration of scotopic
and photopic b-wave amplitudes was observed when compared to unexposed control animals (Figure 4,
p < 0.0001). These results confirmed the induction of severe retinal degeneration after light exposure in
these experimental conditions.

PEYS611 treatment at the three doses tested led to the preservation of the ONL (Figure 3A).
On the inferior part of the retina, the ONL thickness of all pEYS611-treated animals was significantly
thicker than that of exposed untreated control animals (p < 0.0001), with the average ONL thickness
corresponding to about 80-90% of the average ONL thickness of unexposed control animals regardless
of the tested dose (Figure 3B). A significant preservation of the ONL on the superior pole of the retina
was also observed, with protective effects correlating with the pEYS611 dose and TF intraocular levels
(Figure 3C). Indeed, the average ONL thickness in pEYS611-treated animals at the dose of 0.3, 3,
and 30 pg/eye corresponded to 30%, 49%, and 63%, respectively, of the average ONL thickness of
the unexposed control animals (p < 0.0001). A significant increase of the cone photoreceptor density
was also observed in comparison to untreated exposed animals (90.6 + 14.3 cone arrestin-positive
cells per whole section, p = 0.0498; Figure 3E). Despite the shorter axon length and flatter terminal
pedicle, the surviving cone photoreceptors displayed a similar morphology to those observed in the
control unexposed animals, with preserved cell body sizes and preserved inner and outer segment
morphologies (Figure 3D). pEYS611 treatments also led to the preservation of both the mixed rod-cone
and cone-mediated ERG responses, confirming a functional beneficial effect in treated animals (Figure 4).
In scotopic conditions, a- and b-wave amplitudes were significantly increased in all pEYS611-treated
animals in comparison to untreated LID animals (p < 0.05). Thus, pEYS611 administration significantly
rescued from 24% to 26% of the photoreceptor response and from 23% to 32% of the internal retinal
response of a normal nonexposed retinal light response. Similarly, the photopic b-wave amplitude was
significantly increased by pEYS611 treatments in comparison to untreated exposed animals (p < 0.05),
with a preservation of 22% to 29% of a normal unexposed retinal light response. In both scotopic and
photopic conditions, no functional dose-response was evidenced.
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Figure 3. Dose-dependent effects of pEYS611 administration in the rat light-induced damage (LID)
model. Rats received a single ciliary muscle electrotransfection of pEYS611 at the dose of 0.3, 3, or
30 pg/eye on day (-) 3 (D-3) or left untreated (n = 8 animals/group). Except for the unexposed animals
(no LID), retinal degeneration was induced on D0 by 24 h of bright light exposure (6500 lux). Dark- and
light-adapted electroretinography (ERG) responses were recorded simultaneously from both eyes on
D8. Following ERG recordings, animals were sacrificed for analysis of human TF levels in ocular
fluids and histological evaluations. (A) Representative images of retina section (superior pole) stained
with hematoxylin eosin. Scale bar, 50 um. (B) ONL thickness was measured every 500 pm from
the optic nerve (0) to the inferior (—) and superior (+) poles of the retina. Compared with no LID
control animals, the ONL of LID/untreated animals was thinner. Treatment with pEYS611 resulted
in a dose-dependent preservation of the ONL, correlating with human TF levels measured in ocular
fluids (C). (D) Representative images of cone-arrestin staining at a distance of 1500-2000 um from
the optic nerve in the superior part of the retina (4.6-diamidino-2-phenylindole (DAPI) in blue/cone
arrestin in green). Scale bar, 25 um. (E) The number of cone-arrestin-positive cells per retinal section
was significantly higher in LID/pEYS611-treated animals compared to LID/untreated rats. All values
are presented as mean + sem. * p < 0.05; *** p < 0.001 using Dunn’s multiple comparisons test versus
LID/untreated group. IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; OS,
outer segment.

In response to light exposure, intense GFAP immunoreactive profiles were observed in astrocytes
(located in the GCL) and in Miiller cell processes extended through the inner nuclear layer (INL),
demonstrating macroglia activation representative of the extent of retinal damage (Figure 5A,
middle). In addition, light exposure led to microglial activation and migration in the outer retina
and positive-CD68 macrophages’ infiltration in the sub-retinal space, representative of an intense
inflammatory response (Figure 5B, middle). In contrast, pEYS611 treatment reduced macroglial
activation, as shown by a lower GFAP staining in treated animals (Figure 5A, right). Microglial cells’
migration into the outer retina was also reduced following pEYS611 administration, and most of the
IBA/CD68 labelled cells remaining properly localized in the inner retina, while infiltrated macrophages
were no longer observed in the subretinal space (Figure 5B, right).
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Figure 4. pEYS611 maintains retinal function in the rat LID model. Rats received a single ciliary
muscle electrotransfection of pEYS611 at the dose of 0.3, 3, or 30 ug/eye on D-3 or left untreated
(n = 8 animals/group). Except for unexposed animals (no LID), retinal degeneration was induced on
DO by 24 h of bright light exposure (6500 lux). Dark- and light-adapted ERG responses were recorded
simultaneously from both eyes on D8. (A,B) Average amplitude (1V) of scotopic a-and b-waves from
ERG responses elicited by a stimulus intensity of 3 cd-s/m? and (C) amplitude of photopic b-wave from
ERG responses elicited by a stimulus intensity of 10 cd-s/m? are presented as mean + sem. * p < 0.05;
##* p < 0.0001 using a repeated measure mixed model and determination of confidence intervals versus
LID/untreated group.

No LID LID / Untreated LID / pEYS611

Figure 5. pEYS611 diminishes light-induced macroglia activation and microglia/macrophage retinal
migration. Rat received a single ciliary muscle electrotransfection of pEYS611 (30 pg/eye) on D-3 or
left untreated (n = 8 animals/group). Except for unexposed animals (no LID), retinal degeneration
was induced on DO by 24 h of bright light exposure (6500 lux). anti-Glial fibrillary acid protein
(GFAP) and Ibal/CD68 staining was performed on D8. (A) Representative images of GFAP staining
(red) in the inferior central part of the retina. (B) Representative images of Ibal (green) and CD68
(red) immunostaining in the inferior central part of the retina. Arrows indicate microglial cells and
macrophages accumulating in the outer retina of LID/untreated animals. Scale bar, 25 um. GCL,
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.
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3.3. pEYS611 Preserves RPE Cells from Photo-Oxidative Damage

The RPE tight junctions were examined 8 days following light exposure on flat-mounted
retina/RPE/choroid complexes immunostained for zonula occludens-1 (ZO-1), a tight-junction-
associated protein. In untreated LID animals (Figure 6A, middle), the integrity of RPE tight junctions
was lost, with a high degree of disruption in comparison to nonexposed animals (Figure 6A, left).
In contrast, pEYS611 treatment preserved the RPE border structures. Almost the totality of the middle
area of the RPE monolayer showed RPE with normal morphology (Figure 6A, right). Breakdown of
the retinal epithelial barrier was then evaluated by albumin diffusion into the retina 8 days following
light-induced retinal degeneration. Albumin diffusion in both the inferior and superior parts of the
retina was significantly increased in untreated LID animals in comparison to no LID animals (p < 0.0001;
Figure 6B,C). This result confirmed that, in our experimental conditions, light exposure alters the outer
blood retinal barrier formed by tight junctions between RPE cells and allows the passage of albumin
from the choroid to the retina, as previously described [42]. pEYS611 administration reduced by about
60-70% albumin diffusion into both the inferior and superior poles of the retina compared to untreated
LID animals (p < 0.0001; Figure 6B,C).
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Figure 6. pEYS611 preserves the integrity of the outer BRB following light damage. Rat received a single
ciliary muscle electrotransfection of pEYS611 (30 pg/eye) on D-3 or left untreated (1 = 8 animals/group).
Except for unexposed animals (no LID), retinal degeneration was induced on D0 by 24 h of bright light
exposure (6500 lux). ZO-1 and albumin staining were performed on D8. (A) Representative images of
flat-mounted retina/RPE/choroid ZO-1 staining at a distance of 1500-2000 pm from the ON. Scale bar,
50 um. (B,C) Albumin into the retina was quantified in the inferior (B) and superior (C) poles of the
retina. Percentage of albumin diffusion per retina section is presented as mean + sem. **** p < 0.0001
using Tukey’s multiple comparisons test versus LID/untreated group.

3.4. pEYS611 Provides Benefits over Antioxidant

The efficacy of EYS611 gene therapy was compared to the efficacy of carnosic acid (CA),
an antioxidant that previously demonstrated efficacy on both retinal structure and function in
the LID rat model [43]. CA (BOC Sciences, Shirley, NY, USA) was daily administered by intraperitoneal
injection at the dose of 25 mg/kg/day for five days prior to light exposure as previously described [43]
while pEYS611 (30 ug/eye) was electrotransfered once in the rat ciliary muscle three days prior to the
light exposure. In our experimental conditions, a systemic repeated administration of CA prior to the
light exposure led to significantly thicker ONL in comparison to untreated exposed animals (average
ONL thickness of 9.61 + 1.93 um and 14.29 + 1.89 pm, respectively; p = 0.0012) (Figure 7A). Nevertheless,
this effect was restricted to the inferior pole of the retina. In this experiment, protective effects of
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PEYS611 were confirmed, with the average ONL thickness in both the inferior and superior poles of the
retina being significantly higher than in CA-treated LID animals (30.66 + 1.71 pm and 14.29 + 1.89 pm
and 21.02 + 2.41 pm vs. 3.22 + 0.83, respectively; p = 0.0002 and p < 0.0001), corresponding to a
preservation of, respectively, 73% and 52% of the total ONL as compared to unexposed animals.
In addition, about 50% of the cone photoreceptor cells were preserved in pEYS611-treated animals
while preservation of cone photoreceptor cells was not observed in CA-treated animals (data not
shown). In accordance with the histological results, CA treatment did not preserve ERG function while
PEYS611 treatment led to a significant preservation of both scotopic and photopic b-wave amplitudes
in comparison to untreated LID animals (Figure 7B).
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Figure 7. pEYS611 shows benefit over the antioxidant in the rat LID model. Rats received a single ciliary
muscle electrotransfection of pEYS611 (30 ug/eye) on D-3 or daily administration of CA (25 mg/kg/day)
from D-5 to DO (1 = 8 animals/group). Except for unexposed animals (no LID), retinal degeneration was
induced on DO by 24 h of bright light exposure (6500 lux). Dark- and light-adapted ERG responses were
recorded simultaneously from both eyes on D8. Following ERG recordings, animals were sacrificed for
histological examinations. (A) ONL thickness was measured every 500 pm from the optic nerve (0) to
the inferior (—) and superior (+) poles of the retina, values are presented as mean + sem. (B) Amplitude
(1V) of b-waves from ERG responses elicited by a stimulus intensity of 3 cd-s/m? (left) and of 10 cd-s/m?
(right) are presented as mean + sem. * p < 0.05; ** p < 0.01; *** p < 0.0001 using repeated measure
mixed model versus LID/untreated group.

3.5. pEYS611 Preserves Photoreceptors Cell in the MNU-Induced Retinal Degeneration Rat Model

To further confirm the effect of TF on oxidative stress-induced photoreceptor cell death,
we tested the efficacy of pEYS611 treatment in the N-methyl-N-nitrosourea (MNU) intoxication
model, an alkylating agent causing oxidative radical generation [44] and a rapid and specific apoptosis
of photoreceptors in rats [45-47].

One week after MNU injection, retinas from untreated rats showed thinning with selective
loss of the photoreceptor cells as demonstrated by the noticeable reduction of the photoreceptor
ratio in comparison to non-intoxicated control animals (average photoreceptor ration 17.9 + 0.6% vs.
44.9 + 0.4%, respectively; Figure 8A,B). In contrast, pEYS611 (30 pg/eye) gene delivery 3 days prior to
the MNU intoxication significantly inhibited MNU-induced ONL thinning and loss of photoreceptors,
especially in the mid-peripheral superior retina (31.8 + 2.0% vs. 20.5 + 1.1%, respectively; Figure 8B).
TUNEL staining indicated the presence of 15% apoptotic cells in the whole retina in MNU untreated
rats compared to nonexposed animals. pEYS611 administration reduced by about 90% the TUNEL
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staining in the outer nuclear layer (Figure 8C,D), demonstrating that TF could protect photoreceptors
from different types of oxidative stress.
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Figure 8. pEYS611 prevents photoreceptors from N-methyl-N-nitrosourea (MNU)-induced cell death
inrats. Rats received bilateral ciliary muscle electrotransfection of pEYS611 at the dose 30 pg/eye on D-3
or left untreated (n = 8 animals/group). Except for not intoxicated rats (no MNU; n = 3 animals), retinal
degeneration was induced by intraperitoneal injection of MNU (60 mg/kg) on DO. Histological analyses
were performed on D3 and D8. (A) Representative images of the hematoxylin eosin-stained retinal
sagittal section at D8. Images were performed at a distance of 2000-2500 um from the optic nerve.
(B) Outer retinal thickness and total retinal thickness were measured every 500 um from the optic nerve
(0) to the inferior (—) and superior (+) poles of the retina. The photoreceptor ratio was calculated as
(outer retinal thickness/total retinal thickness) X 100. (C) Representative images of TUNEL staining on
the retinal section (superior pole) performed on D3. (D) TUNEL immunostaining is presented as a
percentage of the stained surface area over the entire retina. All values are presented as mean + sem.
** p < 0.01 using Dunn’s multiple comparisons test versus MNU/untreated group. Scale bar, 25 pm.
INL, inner nuclear layer; GCL, ganglion cell layer; ONL: outer nuclear layer.

3.6. pEYS611 Slows down Retinal Degeneration in the RCS Rat

Finally, the efficacy of EYS611 gene therapy was evaluated on the Royal College of Surgeons
(RCS) rat, a well-known model of inherited retinitis pigmentosa. In this model, mutation in the
receptor tyrosine kinase gene (Mertk-/-) causes a defect in photoreceptor outer segment phagocytosis
by RPE cells. The resulting accumulation of debris in the subretinal space leads to a progressive loss of
photoreceptor, evidenced as early as postnatal day 18 (PND18) onward, with complete degeneration
within 2 to 3 months [48-50].

pEYS611 at the dose of 25 pg/g per eye was administered to RCS rats at PND18 and its effects
monitored at PND45 and PND60 in comparison to untreated RCS rats and to untreated non-dystrophic
age-matched RDY control rats. As expected, an extended loss of photoreceptor cells was observed
in untreated RCS animals at PND45 and PND60 as evidenced by a significant reduction of the ONL
thickness as compared to RDY control animals (Figure 9A,B). At PND45, the average ONL thickness
was reduced in both inferior (-47%, p < 0.0001) and superior (—34%, p < 0.0001) parts of the retina in
comparison to age-matched RDY rats. At PND60, ONL degeneration progressed, with a reduction of
about 70% of the average ONL thickness (p < 0.0001, Figure 9A,B). In contrast, pEYS611 significantly
slowed the progression of the disease, compared to untreated RCS rats (Figure 9A,B). As early as
27 days post-administration (PND45), the average ONL was significantly thicker in pEYS611-treated
animals than in the untreated RCS animals, both in the inferior (+30%, p < 0.0001) and in the superior
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retina (+33.7%, p < 0.0001). Despite the progression of the disease, the ONL thickness remained
significantly thicker at PND60 in pEYS611-treated RCS animals in comparison to untreated RCS rats
(p < 0.0001).
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Figure 9. pEYS611 preserves retinal structure and function in RCS rats. At PND18, RCS rat
received a bilateral injection and electrotransfection of pEYS611 in the ciliary muscle at the dose
25 pg/eye. Non-dystrophic RDY rats were used as the control and were left untreated. On PND45
and PND60, animals were sacrificed for histological examinations. (A) Representative images of
hematoxylin/eosin-stained central (top) and peripheral (bottom) superior retina at PND60. (B) ONL
thickness was measured every 500 um from the optic nerve (0) to the inferior (—) and superior (+) poles
of the retina. (C) Representative images of cone-arrestin staining in peripheral superior poles of the
retina at PNDG60 (cone arrestin in green/DAPI in blue). (D) Number of cone-arrestin-positive cells per
section in the whole retina was drastically reduced in RCS/untreated rats compared to RDY normal
rats at PND60. pEYS611 treatment significantly preserved cones. *** p < 0.001; **** p < 0.0001 using
Tukey’s multiple comparisons test versus RCS/untreated group. (EF) Light- and dark-adapted ERG
responses were recorded simultaneously from both eyes at PND45 and PND60. Amplitude (uV) of
scotopic and photopic b-waves from ERG responses elicited by a stimulus intensity of 3 cd-s/m? (E)
and 10 cd-s/m? (F), respectively, are presented. *** p < 0.001; **** p < 0.0001 using the repeated measure
mixed model versus RCS/untreated group. All values are presented as mean + sem. Scale bar, 25 pm.
GCL, ganglion cell layer; INL, inner nuclear layer; IS: inner segment, ONL: outer nuclear layer, OPL:
outer plexiform layer, OS: outer segment.
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Cone arrestin staining and positive cells quantification were performed at PND60, i.e., 42 days
following pEYS611 ciliary muscle administration. Noticeable changes in the morphology of the
remaining cone photoreceptors were observed in untreated RCS rats (Figure 9C). Most of the outer
segments (OSs) were lost and the remaining inner segments (ISs) were swollen. Similarly, the remaining
terminal pedicles were smaller and flatter, with most of them directly abutting cone cell bodies, especially
in the central retina (data not shown). In addition, the total number of cone photoreceptors appeared
dramatically reduced compared to non-dystrophic RDY animals (16.1 + 1.1 vs. 210.6 + 6.9 cone
arrestin-positive cells per retinal section, p < 0.0001, Figure 9D). Morphological ONL preservation
in the inferior and superior parts of the retina was associated with significant preservation of cone
photoreceptor cells in pEYS611-treated animals (Figure 9C, right panel), with more than 3 times as
many cells than in the untreated RCS group (52 1 £ 5.1 vs. 16.1 + 1.1 cone arrestin-positive cells per
retinal section, p = 0.0002, Figure 9D). In addition, preservation of the cell body was associated with the
preservation of axons (despite shorter length) and outer segments (especially in the peripheral retina).

The extended loss of photoreceptor cells in untreated RCS animals was related to a significant
progressive decrease of a-wave (data not shown) and b-wave amplitudes (Figure 9E,F) from both
dark- and light-adapted ERG as compared to non-dystrophic age-matched RDY rats (p < 0.0001).
Scotopic and photopic implicit times (regardless of the waves) were also increased by disease progression
(data not shown), confirming the alteration of rod- and cone-mediated retinal function in RCS rats.
PEYS611 treatment led to the preservation of both the mixed rod-cone response and cone-mediated
response as demonstrated by significant higher scotopic and photopic ERG b-wave amplitudes at
PND60 in comparison to untreated RCS animals (p < 0.001).

Finally, we looked for surrogate markers of pEYS611 biological activity in ocular fluids of RCS
rats and measured the content in malondialdehyde (MDA), a common marker of lipid peroxidation
that accumulates in many pathological conditions [51,52]. Ocular fluids from untreated RCS rats
had a significant elevation in the mean MDA content compared to ocular fluids from RDY control
animals at PND45 (62.7 + 8.3 pM vs. 34.0 + 3.4 uM, p = 0.0093). Interestingly pEYS611-treated RCS
rats demonstrated a reduction in MDA content in ocular fluids when compared to untreated RCS rats
(40.7 + 11.3 pM), corresponding to a 35% reduction.

4. Discussion and Conclusions

Non-viral gene delivery of TF using ciliary muscle electrotransfection allows for the sustained
intraocular production of human TF in both rats and rabbits. Though the produced protein is not 100%
homologous to the animal species (73% and 79% for rat and rabbit TF, respectively), no sign of immune
response or inflammation was observed, confirming the good safety profile of human TF as previously
reported after repeated IVT injections in rat [30]. Not only human TF was measured in the vitreous for
at least 3 and 6 months in rats and rabbits after one single electrotransfection, but pEYS611 showed
protective effects in the long term in the RCS rat (up to 42 days after electrotransfection), demonstrating
that human TF remains biologically active. In addition, the expressed TF protein widely distributed in
all compartments of the eye and concentrated in the outer retina, allowing significant preservation of the
retina in different models of retinal degeneration. Similar observations have been made following ciliary
muscle electrotransfection of plasmids coding for other proteins, such as anti-TNF in animal models of
uveitis [34,53], anti-VEGF in a rat model of choroidal neovascularization [54], and neurotrophic factors
in rat models of retinal dystrophies [55], confirming that plasmid electrotransfection into the ciliary
muscle is a valuable approach to deliver any therapeutic proteins to the retina.

To gain confidence in the therapeutic potential of TF non-viral gene therapy for the treatment of
retinal degeneration and because no animal models fully replicate human conditions, the effect
of pEYS611 treatment has been evaluated in several induced and inherited models of retinal
degeneration. The light damage in rats is a well-established model of retinal degeneration inducing
photoreceptor-specific cell death, breakdown of the blood-retina barrier, oxidative stress, inflammation,
and subsequent loss of functional vision [56,57], recapitulating some of the hallmarks of dry AMD and

50



Pharmaceutics 2020, 12, 836

RP [58-60]. We and others also reported modification of iron metabolism and iron overload in the
injured outer retina following light damage [29,30,61], making this model a relevant model to evaluate
the pharmacodynamics effects of pEYS611. Indeed, we previously showed that intravitreal injection
of a high dose of human TF was efficient to rescue photoreceptors from light-induced cell death,
with morphological and functional preservation being associated with reduced iron overload and
decreased oxidative stress-induced heme oxygenase expression [30]. Here, TF non-viral gene therapy
similarly and very consistently protected the inferior outer retina from LID even when delivered at a
very low dose while higher TF protein concentrations were required to fully preserve the superior
retina. This regional effect of pEYS611 is in agreement with a previous observation reporting higher
susceptibility of the superior retina to light damage [62]. Increasing the plasmid dose from 0.3 to 3 or
30 pg/eye induced an increase in human TF vitreous levels, with no statistically significant difference
between 3 or 30 ng, suggesting that in the rat eye, other strategies could be used to reach higher
protein levels, such as repeated administrations in other muscle quadrants [33,36]. Although a clear
morphologic dose-response effect was observed between 0.3 and 3 pg of pEYS611, with a higher
number of cones protected, no significant change was noted with increasing the dose from 3 to 30 pg/eye,
which correlates with TF levels. Interestingly, at a functional level, a similar improvement in the retinal
light response was measured with either the lowest or the highest dose of plasmid, suggesting that
even a very low dose of TF might be sufficient to neutralize iron excess and subsequent cell death.
Although cones were better preserved with the high dose of pEYS611, some cones still presented
morphological abnormalities and might be not functional, possibly explaining the apparent discrepancy
between the morphological and functional results. Interestingly, at the highest dose of plasmid used,
TF not only protected photoreceptors from cell death but also prevented the RPE barrier breakdown,
as witnessed by reduced albumin leakage, preserved RPE structure, and reduced retinal inflammation.
The anti-inflammatory properties of TF have already been shown in the ischemic brain [63], but the
protective role of TF on the RPE barrier had not been evidenced previously, confirming that TF might
have additional non-iron-mediated effects as shown by transcriptomic analysis of TF effects in a
retinal detachment model [6]. The superiority of TF over CA, a well-known antioxidant, is in line
with this observation. In our hands, the protection achieved with CA was less prominent compared
to previously published results [43]. This discrepancy might be explained by the more drastic light
damage conditions used in our study;, i.e., 24-h exposure at 6500 lux versus 5-h exposure at 5000 lux
in Rezaie and colleagues’ study [43]. In line with the neuroprotective properties of TF, pEYS611 at
30ug/eye significantly reduced photoreceptor apoptosis induced by MNU with an efficacy comparable
to that reported following administration of caspase 3 or calpain inhibitors [40,64]. Here again,
a regional protective effect of pEYS611 was observed in line with the less pronounced toxicity of MNU
in both the peripheral and superior retina [39]. Taken together, our results and others support broader
neuroprotective functions of TF beyond its iron chelation activity.

These results are of great therapeutic importance for the treatment of retinal degenerative
disorders with still unmet needs. Beyond gene mutation, accumulating evidence suggests that
oxidative stress is a key contributor to cone degeneration in RP [65-67]. Gene replacement using
viral gene therapy is only possible for a very limited number of genotyped RP patients, leaving
most patients without any therapeutic options. Here, we first report the benefit of TF in the RCS
rat model of RP, which presents spontaneous retinal degeneration due to a mutation in the Mertk
gene [49,68], and sharing many similarities with autosomal recessive RP (arRP) caused by mutations
in MERTK in humans. When administered at disease onset, pEYS611 significantly delayed retinal
degeneration and vision loss. Interestingly, the benefit observed following pEYS611 treatment was
in the same range to that reported following subretinal injection of viral vectors aiming at correcting
the Mertk gene and administered at much earlier timepoints [69,70], reinforcing the neuroprotective
potential of such a non-viral gene therapy approach for RP patients. The benefit of TF is also not
specific of a particular RP mutation or gene. Indeed, we previously reported the benefit of TF in
rd10 mice, a murine model of inherited RP due to the mutation of the Pde6b gene [19] and in P23H
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rats, carrying a mutation of the Rho gene [30]. Taken together, these results strongly support further
development of pEYS611 gene therapy to slow down photoreceptor degeneration and to preserve
visual performances in all RP patients regardless of their underlying genetic defect. While RP is most
often characterized by a slowly degenerative process complicating the clinical evaluation of a new
drug candidate, we identified the aqueous humor MDA level as a potential surrogate biomarker of
the activity of TF. Whether the MDA content in aqueous humor of RP patients is increased remains
to be demonstrated. In a very limited cohort of RP patients, Campochiaro and colleagues did not
observe any changes in the MDA content both in aqueous humor and in serum [67] while they
showed a significant reduction in the reduced to oxidized glutathione (GSH/GSSG) ratio in aqueous
humor and a significant increase in the aqueous protein carbonyl content. The authors suggested
that most lipids are too hydrophobic to enter into the aqueous humor, but our results in RCS rats,
using another method to detect MDA, suggest otherwise. Indeed, whilst most MDA assays are based
on its derivatization with thiobarbituric (TBA) [71], a more accurate and sensitive method based on
selective derivatization with 2-aminoacridone (2-AA) combined with HPLC detection was used herein
(Daruich et al., 2020, Molecular Vision In press). This method, initially optimized for the measurement
of free and protein-bound MDA in human tears, might be a valuable tool to (re)investigate the MDA
content in aqueous humor and/or vitreous of RP patients.

Beyond RP, pEYS611 gene therapy approach targeting iron-mediated ocular oxidative stress has a
strong upside potential for the treatment of more frequent invalidating retinal degenerative diseases,
such as dry AMD, a leading cause of blindness for which there is still no treatment option. The causal
link between AMD pathogenicity and iron overload remains to be established, but some evidence is
provided supporting that iron homeostasis dysregulation is associated with AMD [72]. Retinal iron
levels increase with age [73], AMD-affected maculae have increased iron especially in the RPE and
Bruch’s membrane compared to healthy age-matched controls [10,12], and iron levels in aqueous
humor were increased by more than two-fold in patients with dry AMD [13]. An upregulation by about
2-fold of both TF transcript and protein is also described in AMD patients [14]. Melanin usually buffers
the iron content and preserves the RPE and the choroid from a pro-oxidant environment. However,
its content in RPE decreases with age while iron accumulates in melanosomes, leading to the formation
of free radicals in aging retinas [74]. In addition to the obvious potential of iron chelation to protect
photoreceptors cells, prevention of the deleterious effects of iron-induced damages on the blood-retina
barrier is another interest of TF non-viral gene therapy to treat AMD since the degeneration of the
RPE cells is closely related to the pathogenesis of non-exudative AMD. Aforementioned, pEYS611
administration preserves the integrity of the outer blood retinal barrier formed by tight junctions
between RPE cells, reducing the diffusion of albumin from the choroid to the retina.

In conclusion, pEYS611 appears as a promising approach for the treatment of retinal degeneration.
By combining a non-viral gene therapy and a safe delivery approach, electrotransfection of plasmids
into the ciliary muscle provides huge advantages over current viral vectors in development for RP or
other retinal degeneration: (i) The administration procedure is minimally invasive and does not require
subretinal surgery, thus allowing intervention at an earlier stage of the disease with no risk of retinal
injury; (ii) the lack of immunogenicity of plasmid DNA allows for re-dosing; and (iii) this delivery
approach allows for a fine-tuning of the expressed therapeutic protein by modulating the plasmid
dose and/or the surface of transfected muscle [36], offering the possibility to adapt the treatment to
the patient’s disease progression. Finally, plasmid DNA have no limited cargo capacity, offering the
possibility to deliver almost any therapeutic proteins or even to combine therapeutic proteins on the
same plasmid to address multiple pathogenic pathways.
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Abstract: The burden associated with frequent injections of current intravitreal (IVT) therapeutics
may be reduced by long-acting delivery strategies. Binding to serum albumin has been shown to
extend the ocular half-life in rabbits, however, the underlying molecular mechanisms and translational
relevance remain unclear. The aim of this work was to characterize the in vitro and in vivo formation of
complexes between human serum albumin (HSA) and an antigen-binding fragment of a rabbit antibody
linked to an anti-HSA nanobody (FabA). The ocular and systemic pharmacokinetics of H-labeled
FabA (0.05 mg/eye IVT) co-formulated with HSA (1 and 15 nmol/eye) were assessed in Dutch belted
rabbits. Next, FabA was incubated in vitreous samples from cynomolgus monkeys and human donors
(healthy and diseased) supplemented with species-specific serum albumin. Finally, the FabA-albumin
complexes formed in vitro and in vivo were analyzed by radio-size exclusion chromatography.
A 3-fold increase in FabA vitreal exposure and half-life was observed in rabbits co-administered with
15 nmol HSA compared to 1 nmol and a control arm. The different pharmacokinetic behavior was
explained with the formation of higher molecular weight FabA-albumin complexes. The analysis
of vitreous samples revealed the existence of predominantly 1:1 complexes at endogenous or low
concentrations of supplemented albumin. A shift towards 1:2 complexes was observed with increasing
albumin concentrations. Overall, these results suggest that endogenous vitreal albumin concentrations
are insufficient for half-life extension and warrant supplementation in the dosing formulation.

Keywords: ocular drug delivery; ocular pharmacokinetics; half-life extension; albumin; therapeutic
proteins; size exclusion chromatography

1. Introduction

As the number of patients with vision-threatening conditions has been steadily increasing in recent
years, largely driven by the growth and ageing of the world’s population [1], so have the efforts directed
at finding novel treatments. As a notable example, the development of anti-vascular endothelial
growth factor (VEGF) therapeutics has transformed the management of neovascular age-related
macular degeneration (nAMD), diabetic retinopathy (DR) and diabetic macular edema (DME) [2,3].
The antibodies ranibizumab (Lucentis®) and aflibercept (Eylea®) are the current standard of care
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to treat these retinal diseases [4,5], with off-label use of bevacizumab (Avastin®) being common [4].
Recently, a novel fusion protein, brolucizumab (Beovu®), was also approved for the treatment of
nAMD [6,7]. All anti-VEGF biologics are administered through intravitreal (IVT) injections every
4-12 weeks [8,9]. The dosing frequency can be reduced in clinical practice, leading in some cases to
suboptimal treatment [10]. In addition, IVT injections are invasive and can pose a significant medical,
psychological, and financial burden on patients and healthcare systems alike. For these reasons,
treatment options with less frequent dosing regimens are desirable, potentially improving outcomes
and compliance [11].

To address such needs, a common approach in protein drug discovery is to optimize the molecular
properties influencing the target suppression and maximum feasible dose, such as the binding
affinity, stability and aggregation. In addition, durability can be enhanced by reducing the rate of
ocular elimination, which is driven by diffusion from the vitreous body to the anterior chamber and
by aqueous humor (AH) turnover [12]. Diffusivity decreases inversely with macromolecular size,
so larger antibody formats, PEGylation or conjugation to biopolymers result in prolonged ocular
retention [13-18]. This may also be achieved with binding to constituents of the vitreous matrix, such as
collagen (type II) and hyaluronic acid [19,20], or association with soluble proteins, like albumin [21].
Parallel to the development of novel therapeutic agents, continuous effort is being put into designing
long-acting delivery strategies applicable to existing and new drugs [22-24]. For instance, the Port
Delivery System, an implantable intraocular device, is currently undergoing clinical investigation for
sustained delivery of ranibizumab on a 6-month refill regimen [25].

Among these approaches, binding to albumin may be considered appealing because of its
undetermined biological function [26] and relatively high abundance in ocular fluids. In the human
vitreous, albumin was shown to be approximately equimolar to the standard-of-care doses of IVT
antibodies [20]. However, its small size (66.4 kDa) and correspondingly short ocular half-life (reported
as 2—4 days in rabbit [27,28]) may limit the prolongation of ocular half-life and therefore its suitability
as a retention target.

The effects of albumin binding on antibody pharmacokinetics (PK) were recently investigated
in rat and rabbit eyes by Fuchs and Igney [21]. To this end, a nanobody molecule (BI-X, 40 kDa)
was used containing one high affinity binding site to human serum albumin (HSA) and showing no
specific binding to rat or rabbit albumin. In rabbits, co-administration with albumin led to a 3-fold
increase in the vitreal half-life of BI-X (10.1 days with HSA vs. 3.2 days without). Association of one
BI-X and one albumin molecule would result in a 106 kDa complex, however, the observed half-life
exceeded that of macromolecules with similar molecular weight (MW) (40-150 kDa, 2-6 days [29,30]).
Fuchs and Igney [21] hypothesized complexation with multiple HSA molecules, since commercially
available human and bovine serum albumins are known to form oligomers after reconstitution from
powders [31,32]. While oligomeric complexes could theoretically explain the long retention observed
in vivo, their nature and stoichiometry were not investigated experimentally in the original study [21].
It also remains unclear whether the endogenous albumin concentration in the human vitreous is
conducive to a meaningful half-life extension.

In this work, we investigated the molecular mechanisms underlying the binding of macromolecules
to vitreal albumin by means of in vitro and in vivo experiments. We aimed to determine the vitreal
albumin concentration leading to the formation of high MW complexes and understand the potential
impact on ocular drug retention. To this end, we assessed the IVT PK in rabbits of a radiolabeled
antigen-binding mAb fragment (Fab) linked to an anti-albumin nanobody and co-formulated with
different amounts of albumin. We incubated the Fab in cynomolgus monkey and human vitreous
humor (VH), supplemented with different amounts of species-specific serum albumin. Finally,
we characterized the nature of Fab—albumin complexes formed in vitro and in vivo with radio-size
exclusion chromatography (radio-SEC). Herein, we present the results of these investigations and
assess the scope and translatability of albumin binding as a long-acting drug delivery approach.
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2. Materials and Methods

2.1. Materials

A HSA binding immunoglobulin single variable domain (nanobody, VHH) sequence (ALBS8 from
WO 2012/131078 A1 [33]) was recombinantly fused via a 3x GGGGS-linker to the C-terminus of the
heavy chain of a species-matched rabbit Fab (rabFab) [17]. The C-terminus of the nanobody was
modified by a His6-tag (FabA). In addition, rabFab with a 3x GGGGS-linker-His6-tag at the C-terminus
of the heavy chain (without the nanobody sequence) was produced as the non-albumin binding control
molecule (FabB). The MW of the antibodies was 59.5 and 47.4 kDa for FabA and FabB, respectively.

The DNA sequences were cloned into mammalian expression vectors that were used for transfection
of HEK293F cells (Invitrogen, Waltham, MA, USA). After expression of the proteins, cleared supernatants
were subjected to affinity chromatography (cOmpleteTM His-Tag purification resin, Sigma-Aldrich,
St Louis, MO, USA). Bound protein was eluted in 50 mM Na,HPO, (Sigma-Aldrich, St Louis, MO,
USA), 300 mM NaCl (Sigma-Aldrich, St Louis, MO, USA), 500 mM imidazole (Sigma-Aldrich, St Louis,
MO, USA), pH 8.0. Eluted protein was subjected to preparative size exclusion chromatography (SEC)
(HiLoad 26/60 Superdex 200 prep grade, GE Healthcare Life Sciences, Marlborough, MA, USA) in
1x PBS, pH 7.0. The biochemical quality of the final product was high with a 100% monomer peak
on analytical high-performance liquid chromatography (HPLC) SEC (BioSuite, Waters Corporation,
Milford, MA, USA) for both proteins. Identity of the proteins was verified by mass spectrometry.

Human, rabbit (RSA) and porcine serum albumin (PSA) were purchased from Sigma-Aldrich
(St Louis, MO, USA). Cynomolgus serum albumin (CSA) was purchased from antibodies-online GmbH
(Aachen, Germany) and Abcam (Cambridge, UK). Frozen cynomolgus monkey and human (diabetic
with and without retinopathy) VH samples were provided by Anawa Trading SA (Kloten, Switzerland).

2.2. Albumin Binding Kinetics and Cross-Reactivity

In order to determine the affinity of the Fabs to serum albumin from different species, interaction of
the compounds with HSA, CSA, RSA, and PSA was tested by surface plasmon resonance. The selected
albumin concentration range was based on the binding affinity of the nanobody for HSA reported in
the original patent [33].

In brief, an anti-His capturing antibody (28995056, GE Healthcare Life Sciences, Marlborough,
MA, USA) was immobilized to a Series S Sensor Chip CM3 (29104990, GE Healthcare Life Sciences,
Marlborough, MA, USA) using standard amine coupling chemistry, resulting in a surface density of
approximately 5000 resonance units. As the running and dilution buffer, HBS-P+ (10 mM HEPES
(Sigma-Aldrich, St Louis, MO, USA), 150 mM NaCl pH 7.4, 0.05% surfactant P20 (Sigma-Aldrich,
St Louis, MO, USA)) was used. The measurement temperature was set to 25 °C. The antibodies were
captured to the surface with resulting capture levels of approximately 15 resonance units. Dilution
series of HSA, CSA, RSA, and PSA in the range 22.2-1800 nM were injected for 180 s, dissociation
was monitored for 300 s at a flow rate of 30 pL/min. Subsequently, the surface was regenerated by
injecting 10 mM glycine pH 1.5 for 60 s. Bulk refractive index differences were corrected by subtracting
blank injections and by subtracting the response obtained from the control flow cell without captured
antibody. Rate constants were calculated using the Langmuir 1:1 binding model within the Biacore
Evaluation software (GE Healthcare Life Sciences, Marlborough, MA, USA).

2.3. Native Intact Mass Spectrometry of Protein Complexes

FabA-HSA complex composition was characterized by high-resolution intact mass spectrometry.
Protein separation was carried out by SEC on an Ultimate 3000 UHPLC system (Thermo Fisher Scientific,
Waltham, MA, USA) using an Acquity BEH SEC column (200 A, 1.7 x 100 mm; Waters Corporation,
Milford, MA, USA) with 100 mM ammonium acetate pH 6.8 as mobile phase. The method run time was
10 min at 250 pL/min isocratic flow. Intact mass analysis was performed on a maXis II qToF instrument
(Bruker Corporation, Billerica, MA, USA). The ion polarity was set to positive mode, covering the mass
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range of 800-10,000 m/z. Spectra were recorded at 0.5 Hz. Capillary voltage was 4500 V at a nebulizer
pressure of 2 bar and a dry gas flow rate of 10 L/min at 280 °C. In-source fragmentation was enabled at
30 eV. The raw files were analyzed using Compass DataAnalysis 4.4 SR1 (Bruker Corporation, Billerica,
MA, USA) and PMI-Intact v3.8-11 x64 (Protein Metrics Inc., San Carlos, CA, USA).

2.4. Radiolabeling

FabA and FabB were chemically labeled with 3H-propionic acid esterification activated by
N-hydroxysuccinimide [34]. The specific activity of FabA was 1.5 mCi/mg (90 Ci/mmol) and yielded a
protein concentration of 2.15 mg/mL. The specific activity of FabB was 2.3 mCi/mg (110 Ci/mmol) and
yielded a protein concentration of 2.23 mg/mL. The endotoxin levels measured after sterile filtration
using 0.20 pm syringe filter-discs were 0.832 EU/mL and 0.641 EU/mL for FabA and FabB, respectively.

2.5. Ocular Pharmacokinetics Study in Rabbits

An in vivo study was performed with the goal of investigating the effects of albumin binding on
ocular pharmacokinetics. The animal experimentation was approved by the local veterinary authorities
and was conducted in strict accordance with the Swiss federal regulations on animal care and laboratory
use and in adherence to the rules of the Association for Assessment and Accreditation of Laboratory
Animal Care International. The husbandry license number is 1009H F. Hoffmann-La Roche Ltd. and
animal permission number 2764 (valid since 01.07.2018).

3H-labeled FabA and FabB were administered to female Dutch belted rabbits allocated to three
study groups (n = 4/group). Each group received 0.05 mg Fab premixed with HSA. Group 1 was
dosed FabA with 1 nmol HSA, group 2 FabA with 15 nmol HSA, and group 3 FabB with 1 nmol HSA.
Molar quantities of HSA were selected based on serum albumin concentration values reported in
healthy humans and cynomolgus monkeys (group 1 and 3) as well as patients with different types of
retinopathies (group 2). Table 1 summarizes all values available in the literature to date, to the best of
our knowledge. A volume of 50 uL of the filtered (0.22 um) formulation was injected intravitreally
with a syringe (BD Micro-Fine, 30 G X 8 mm) to both eyes. Blood was withdrawn from the ear vein into
K3-EDTA tubes and plasma produced by centrifugation (10 min at 2000x g at4 °C) at0, 1,2, 5,7, 24, 48,
72,168, and 336 h post-dose. AH and VH samples were collected in-life from anesthetized rabbits at
24,74,168, and 336 h post-dose in a composite design. For AH sampling, a 30 G needle was inserted
through the cornea into the anterior chamber and a maximum of 20 uL of aqueous was sampled.
For VH sampling, a 22 G butterfly needle was inserted through the sclera and pars plana for 5-10 mm,
and a maximum of 20 pL of vitreous was gently aspirated from the center of the vitreal cavity. Safety
of the method and possible effects on the eye were evaluated by frequent ophthalmic examinations
(biomicroscopy and indirect ophthalmoscopy) over the study period. Radioactivity in the VH, AH and
plasma samples was counted with a TopCount NXT HTS Microplate Counter (Perkin Elmer, Waltham,
MA, USA). A non-compartmental analysis of the composite concentration-time profiles was performed
in Phoenix WinNonlin version 6.4 (Certara USA Inc., Princeton, NJ, USA, 2015).

2.6. In Vitro Sample Preparation

To test the contribution of albumin to multimeric complex formation, FabA was incubated in vitro
with different concentrations of HSA and CSA in PBS, human and cynomolgus monkey vitreous
humor (VH) at 37 °C for 18 h, as summarized in Table 2. Low (0.57 uM) and high (5.7 uM) dose levels
of radiolabeled FabA were tested. For the high dose, the specific activity of FabA was kept constant
and supplemented with unlabeled FabA. The samples were stored at —20 °C prior to further analysis.
Cynomolgus monkey and human VH samples collected post mortem were obtained from a commercial
provider. Upon receipt of the samples, albumin concentration was determined using the Millipore
Human ALB/Serum albumin ELISA kit (Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) according
to manufacturer’s instructions. Absorbance at 450 nm was measured on an EnSpire Multimode Plate
Reader (Perkin Elmer, Waltham, MA, USA).
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Table 2. List of amounts, volumes and concentrations used in all experiments.

3H-FabA Concentration ! Albumin Concentration 2

Experiment FabA Dose M mg/L M mg/L
Formulation of in vivo 16.8 1000 20.0 1328
rabbit study 16.8 1000 300 19,920
0.57 33 0.67 44
In vivo rabbit VH Low dose 3 057 3 100 664
0.57 33 0.53 35
0.57 33 50.0 3320
Low dose 0.57 33 100 6640
In vitro cynomolgus 0.57 33 250 16,600
monkey VH 57 330 0.53 35
5.7 330 50.0 3320
High dose * 5.7 330 100 6640
5.7 330 250 16,600
0.57 33 422 280
0.57 33 50.0 3320
Low dose 0.57 33 100 6640
In vitro human VH 0.57 33 250 16,600
(no eye disease) 5.7 330 4.22 280
5.7 330 50.0 3320
High dose * 5.7 330 100 6640
5.7 330 250 16,600
. 0.57 33 10.53 699
In vitro human VH (PDR) Low dose 057 3 50.0 3320

1 Calculated using FabA MW of 59.5 kDa. 2 Calculated using albumin MW of 66.4 kDa. 3 Calculated assuming a
rabbit vitreous humor volume of 1.5 mL [13]. 4 10-fold of low dose (0.57 uM *H-FabA complemented with 5.13 uM
unlabeled FabA).

2.7. Radio Size Exclusion Chromatography

To characterize the nature of Fab—albumin complex formation in vivo, SEC studies were performed
with the vitreous humor samples obtained in the rabbit study. As outlined in Table 2, FabA and FabB
were also incubated with HSA and CSA in PBS, as well as in human and cynomolgus monkey VH at
37 °C for 18 h. The samples were stored at —20 °C prior to SEC analysis.

Protein separation was carried out by SEC on an Agilent 1290 Infinity Il UHPLC system (Agilent
Technologies Inc, Santa Clara, CA, USA) using an Acquity BEH SEC column (200 A, 1.7 x 100 mm,
Waters Corporation, Milford, MA, USA) with 100 mM sodium phosphate buffer at pH 7.4 containing
10% ethanol as mobile phase. The method run time was 10 min at 250 pL/min isocratic flow. Fractions
were collected between 4 and 10 min for 0.05 min (12.5 uL) in a Deepwell LumaPlate384 (Perkin Elmer,
Waltham, MA, USA) and radioactivity was measured on a TopCount NXT HTS Microplate Counter
(Perkin Elmer, Waltham, MA, USA).
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3. Results

3.1. Albumin Binding Kinetics Experiments

FabA and FabB binding kinetics to the serum albumin of different species are summarized
in Table 3. FabA showed a high affinity interaction with HSA in a two-digit nanomolar range.
The molecule was fully cross-reactive to CSA with comparable on- and off-rates, but did not interact
with RSA or PSA. For FabB, no interaction with serum albumin from the different species was detected.

Table 3. Binding kinetics of FabA and FabB to albumin of different species.

HSA CSA RSA PSA
Compound ka KD ka KD ka kd KD ka kd KD
ams) KA ey ams KA oMy M) s M) aMs) (1fs) @M
110,000 0.0061 + 99,000  0.0065 +
FabA +10,000 0.0001 55+6 + 4000 0.0004 66+ 6 n.d. nd. nd. n.d. nd. nd.
FabB n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. nd. n.d. nd. nd.

n.d.: no detectable interaction.

Verification of HSA binding after radiolabeling of the compounds for use in vivo confirmed that
the labeling procedure did not have an impact on their binding properties (Table 4).

Table 4. Binding kinetics of FabA (unlabeled and radiolabeled) and FabB to HSA.

HSA
Compound
ka (1/Ms) kd (1/s) KD (nM)
FabA 64,400 0.00640 99
Radiolabeled FabA 64,700 0.00626 97
FabB n.d. n.d. n.d.

n.d.: no detectable interaction.

3.2. Native LC-MS

To investigate the composition of the protein complexes, unlabeled FabA was incubated with
HSA and analyzed by size exclusion chromatography coupled to mass spectrometry (SEC-MS).
The experiment was performed under non-denaturing conditions at neutral pH to prevent protein
complex dissociation during the chromatographic separation. By measuring the intact mass of FabA,
albumin and the FabA-albumin complexes, the composition of the different molecular weight species
was investigated (Figure 1). The UV chromatogram shows four distinct peaks at 280 nm absorption
(Figure 1A). Fifteen uM of FabA and HSA were measured separately, to define migration times and
reference mass spectra (Figure 1A, peak 1 and 2). To favor 1:1 complex formation, 15 uM of FabA was
incubated with 15 uM of HSA, resulting in a 126 kDa complex at a migration time of 4.8 min (Figure 1A,
peak 3). For the formation of the 1:2 complexes, 15 pM FabA and 75 uM HSA were incubated and
detected at a migration of time 4.2 min with masses for FabA and multimeric albumin (Figure 1A,
peak 4). The underlying mass spectra in all four peaks were deconvoluted to intact protein masses.
Peak 1 consisted of a protein with the mass of 59 kDa, corresponding to FabA (Figure 1B). It is also
in good alignment with the molecular weight standard with a faster migration time than the 66 kDa
marker. Peak 2 contained a single mass of 67 kDa, which is the mass of HSA (Figure 1C). Migration
time of peak 3 was just before the 150 kDa marker and when deconvoluted, several masses were
identified: The 59 kDa mass of FabA, the 67 kDa of HSA and a 126 kDa mass corresponding to the 1:1
FabA-HSA complex (Figure 1D). The slowest migrating peak 4 contained again FabA, but no 67 kDa
HSA. Instead, HSA was found in its dimeric form at 133 kDa. The 126 kDa complex was still present
and additionally two large masses were found at 186 and 193 kDa (Figure 1E). These high molecular
weight complexes could consist of two FabA and one HSA or vice versa.
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Figure 1. Native mass spectrometry of intact proteins. (A) UV size exclusion chromatograms FabA,
HSA and FabA-HSA complexes formed after 4 h incubation with human VH supplemented with
albumin (at 1:1 and 1:5 ratio). (B) Deconvoluted intact mass spectrum of chromatographic peak 1
corresponding to a molecular weight of FabA and (C) HSA. (D) Deconvoluted spectra of two mass
ranges. The lower mass range contains FabA and HSA, while the higher mass range covers the
equimolar FabA-HSA complex of 126 kDa. (E) Deconvoluted intact mass spectra of three mass ranges,
with FabA in the lowest, FabA-HSA and dimeric (HSA), in the middle, and two high molecular mass
complexes of 186 and 193 kDa in the highest.

3.3. Ocular Pharmacokinetics Study

Ocular and plasma PK were studied in rabbits after an IVT injection of human albumin-binding
FabA (0.05 mg; 0.84 nmol; 50 puL) co-formulated with HSA at molar quantities of 1 (group 1) and 15 nmol
(group 2). An equal dose of FabB lacking the albumin-binding moiety was co-administered with 1 nmol
HSA and served as negative control (group 3). At each time point, VH, AH and plasma concentrations of
the test molecules were calculated as mean + standard deviation (S.D.) from four individual samples.
The composite concentration-time profiles in rabbit ocular fluids and plasma are depicted in Figure 2,
and the individual data is reported in the Supplementary Information (Table S1). The pharmacokinetic
parameters calculated by non-compartmental analysis are summarized in Table 5.

The VH PK data demonstrated that approximately a 3-fold extension of vitreous half-life was
achieved in the group that received FabA with the excess of 15 nmol HSA (t;, = 149 h) when compared
to FabB dosed with 1 nmol HSA (t;, = 52 h) or FabA co-administered with an equimolar amount of
HSA (t1, = 58 h). The observed prolongation of the vitreous half-life, related to a decrease in the ocular
clearance, resulted in an increased overall exposure to FabA in the VH in low and high HSA concentration
groups (AUCinf = 104 and 230 h-nmol/mL, respectively) compared to the FabB group (AUCinf = 72.8
h-nmol/mL). Similarly, longer residence times were observed for HSA-binding FabA (MRTinf = 79.1 h for
group 1 and 129 h for group 2) than for FabB (MRTinf = 68.6 h). The volume of distribution based on
nominal dose was calculated as 0.68, 0.79 and 0.87 mL for groups 1, 2 and 3, respectively.
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The concentration measurements in AH indicated a later tyax for FabA (168 h for 1 nmol HSA
and 74 h for 15 nmol HSA) than FabB (24 h). Minimal differences were observed in the AH exposure
across groups, with the AUCinf calculated to be 5.32, 6.68 and 4.70 h-nmol/mL for group 1, 2 and
3, respectively. These comparable AUC values could be explained by a complete transfer of the
compounds from the vitreous into the anterior chamber and a comparable anterior clearance across
molecules, dictated by the AH flow. The respective t;;, values in the aqueous humor were calculated
to 50.9, 87.0 and 50.4 h.

Both FabA and FabB were found circulating in plasma at very low levels with similar exposures
across study groups, in line with the lack of cross-reactivity with rabbit serum albumin. Nonetheless,
the average plasma concentration of FabA in both low and high HSA concentration groups showed a
bi-phasic behavior in the systemic absorption phase, with a first lower concentration peak and a second
absorption peak appearing later than the FabB tax. This effect was more prominent and consistently
observed in all individuals of the 15 nmol HSA group, possibly reflecting differences in ocular kinetics
and systemic absorption rates between the free and complexed FabA.
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Figure 2. Concentration-time profiles of FabA and FabB in rabbit VH, AH and plasma after a single
IVT injection of 0.05 mg per eye of the respective molecule co-formulated with HSA. Panel (A-C)
represent the concentrations obtained in each matrix for group 1 (FabA and 1 nmol HSA), group 2
(FabA and 15 nmol HSA) and group 3 (FabB and 1 nmol HSA), respectively. Composite data are plotted
as mean + S.D. Panel (D) depicts overlaid semi-log profiles of group 1, 2 and 3 without error bars for
greater readability.
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3.4. Radio Size Exclusion Chromatography Studies on Rabbit Vitreous Samples and Dosing Formulations

To investigate the underlying molecular mechanism of half-life extension in vivo, the rabbit VH
samples were analyzed by SEC and radiometric detection. SEC allows to determine the stoichiometry
of the FabA-albumin complexes by separating them by their hydrodynamic radius. For the VH
samples from the group dosed at 1:1 ratio of FabA and HSA, the radio-signal for FabA was observed at
a retention time corresponding to a MW between 66 and 150 kDa. This was in good agreement with
the theoretical MW of the expected 1:1 complex, namely 126 kDa (Figure 3A). For the VH samples of
the 15:1 molar ratio group, the radio signal shifted to the higher MW species greater than 150 kDa,
consistent with the MW of a 1:2 complex of about 180 kDa (Figure 3B).

These findings suggest the formation of higher stoichiometry complexes because of the higher
albumin concentration that could be responsible for the ocular half-life extension observed in vivo.
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Figure 3. Radio-size exclusion chromatograms of FabA-HSA complexes in rabbit VH samples from
the PK study (24 h time point). Error bars are min/max values of the right and left eye. Dotted
lines represent the UV absorbance maxima of the MW standard. At low albumin levels (0.67 uM),
the majority of the FabA-HSA complexes occur in 1:1 stoichiometry, corresponding to a MW of 126 kDa
(A). At 15:1 HSA to FabA ratio, higher MW complexes (>150 kDa) were observed (B).
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SEC analysis of the dosing formulations was also performed in order to verify whether the
multimeric complex is formed prior to ocular administration (Figure 4). A concentration range of HSA
was tested with FabA to determine a stoichiometric dependency. Additionally, FabA was tested for
complex formation with CSA. In the absence of albumin, FabA migrated slightly faster than the 66 kDa
marker, as expected from its MW of 59.5 kDa (Figure 4A). Under equimolar conditions, both HSA and
CSA predominantly formed the 126 kDa 1:1 complex (Figure 4B,C). In the presence of a 15-fold molar
excess of albumin, higher MW complexes were formed by both albumin species variants.

These data indicate that the half-life extending 1:2 stoichiometry can be induced already by
co-formulation prior to administration.

A FabA control B 20 uM CSA 300 UM CSA
600 060kDa 150kDa 66 kDa 17 kDa 800 660kDa 150kDa 66kDa 17 kDa 800 660kDa 150kDa 66kDa 17 kDa

[CPMA]
[CPMA]
[CPMA]

time [min] time [min] time [min]

C 20 pM HSA 300 uM HSA

[CPMA]

time [min] time [min]

Figure 4. Radio-size exclusion chromatograms of dosing formulations with (A) FabA alone and
increasing concentrations of (B) CSA or (C) HSA.

3.5. FabA-Albumin Complex Formation in Monkey and Human Vitreous Humor

Given the lack of rabbit cross-reactivity, co-administration of HSA was necessary in the PK study.
To assess the complexation profile under more physiological conditions and build the rationale for a
potential in vivo study in non-human primates, cynomolgus monkey and human VH samples were
tested in vitro for Fab—albumin complex formation.

A VH sample from a cynomolgus monkey was incubated with FabA and supplemented with
increasing concentrations of CSA to saturate FabA binding (Figure 5). At endogenous albumin levels,
a 1:1 stoichiometry complex could be observed. Upon supplementation with 50, 100 and 250 uM CSA,
a shift towards higher MW species was apparent. Increasing the concentration of FabA by 10-fold
had a limited effect on the MW of the complexes. The endogenous cynomolgus monkey albumin
concentration was determined by ELISA to be 35 mg/L (0.53 uM) (Table 1). This low basal albumin
concentration relative to FabA explains why, in the absence of CSA supplementation, only a mixture of
non-complexed FabA and 1:1 complexes was detected by SEC.

In a human post mortem vitreous sample from a single donor without eye disease, the endogenous
albumin was not conducive to the formation of the 1:2 complex (Figure 6). When exogenous HSA was
added, a shift towards the 1:2 stoichiometry could be clearly observed at 50 uM HSA. Increasing the FabA
concentration by 10-fold, most FabA remained unbound at endogenous albumin concentrations and a
progressive shift to the 1:1 and 1:2 complex was observed with HSA supplementation. The endogenous
albumin concentration was determined to be 280 mg/L, or 4.22 uM (Table 1), a level that appears
insufficient to form higher MW complexes.
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Figure 5. Radio-size exclusion chromatograms of FabA-CSA complexes formed after 4 h incubation in
cynomolgus monkey VH supplemented with albumin. Two different concentrations of FabA were
tested, namely (A) 0.6 and (B) 6 uM. Endogenous albumin concentrations were supplemented with 50,
100 and 250 uM of CSA.
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Figure 6. Radio-size exclusion chromatograms of FabA-HSA complexes formed after 4 h incubation in
human VH and supplemented with increasing amounts of albumin. Two different concentrations of
FabA were tested, namely (A) 0.6 and (B) 6 uM. Endogenous albumin concentrations were supplemented
with 50, 100 and 250 uM of HSA.

A human post mortem VH sample from a single donor with diabetic retinopathy was tested
in similar conditions (Figure 7). In the absence of albumin supplementation, mostly 1:1 complexed
FabA was detected. Increasing the albumin concentration by supplementation of 50 uM resulted in
the formation of the 1:2 complex. The albumin concentration was measured as 699 mg/L (10.5 uM),
consistent with previous reports [35,36,38,39] (Table 1).
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Figure 7. Radio-size exclusion chromatograms of FabA-HSA complexes formed after 4 h incubation
with human VH (donor with eye disease) supplemented with albumin. The FabA concentration was
0.57 uM and the HSA concentration was (A) at endogenous levels or (B) at 50 uM.

70



Pharmaceutics 2020, 12, 810

4. Discussion

Prolonging the duration of ocular exposure and target engagement is one of the main goals in
the optimization of intravitreal antibodies. Most approaches currently pursued for ocular half-life
extension aim to reduce the drug’s diffusivity. This may be accomplished by binding to a vitreous
matrix constituent, such as hyaluronic acid or collagen [19,20], by designing a bulky format of large
hydrodynamic radius [14-17] or by enabling it to associate with soluble endogenous macromolecules,
such as albumin, and form high MW complexes.

Previously, Fuchs and Igney [21] demonstrated in rats and rabbits that binding to vitreal albumin
produces a meaningful increase in ocular retention using an experimental antibody. In this work,
we assessed the scope and translatability of this approach by means of a series of in vitro and in vivo
investigations with a rabbit Fab linked to an anti-HSA nanobody, FabA (Table 2).

By means of SEC coupled to UV and MS detection, we first confirmed the identity of both HSA
and FabA (Figure 1B,C). Next, we showed that following incubation at equimolar concentrations,
a new entity was formed with a retention time and mass consistent with a 1:1 complex (Figure 1D).
Last, in conditions of excess of albumin, an additional chromatographic peak consistent with a 1:2
stoichiometry was observed. Given the similar MW of the two possible 1:2 complexes (185 and 192 kDa)
and the limited resolution of the SEC, the actual identity of this complex, or the possible coexistence of
both species, could not be elucidated. However, an albumin dimer was observed exclusively in the 1:2
peak, hinting towards a one FabA to two albumin stoichiometry (Figure 1E).

Next, we assessed the pharmacokinetic profile in rabbits after IVT injection of FabA (Figure 2).
Considering the lack of rabbit cross-reactivity of the anti-HSA nanobody (Table 3), we co-formulated
FabA with HSA at HSA:FabA molar ratios of approximately 1.2 and 17.9. The study showed small
differences in the ocular PK of the low albumin concentration group when compared to the group
that received FabB, not bearing the anti-HSA nanobody (Table 5). Approximately a 3-fold increase
in vitreal exposure and half-life was instead observed for the high albumin concentration group.
These observations suggest the requirement for a certain minimum albumin concentration to allow the
formation of FabA-albumin complex(es) with distinct pharmacokinetic behavior.

To characterize the nature of the complexes present in vivo, we conducted additional SEC studies
with radiometric detection (Figures 3 and 4). Analysis of VH samples from the rabbit study collected
at 24 h post-dose showed a qualitative difference between low and high albumin concentration groups,
with the former exhibiting predominantly the 1:1 complex and the latter revealing the coexistence of 1:1
and 1:2 complexes. Similarly, the formulations used in the study revealed the presence of mostly free
FabA and 1:1 complex in the low albumin concentration formulation and 1:1 and 1:2 complexes for the
high albumin concentration group. Overall, these findings indicate that different FabA-HSA complex
profiles were injected and present in the vitreous for the two groups, resulting in differentiated vitreal
PK. Furthermore, there seems to be a prerequisite for formation of the 1:2 complex to significantly
reduce the clearance of FabA, consistent with the well-established principle that the hydrodynamic
radius is a key determinant of ocular retention [13,16,30].

Hypothesizing that the observed half-life extension is the result of pre-formed high MW complexes,
rather than their in vivo formation, we investigated the implications under physiological conditions
(Figures 5 and 6). We studied the formation of complexes in the human vitreous at endogenous
concentrations and with supplementation of albumin. Cynomolgus monkey VH samples were
also tested with the goal of identifying a more relevant animal model for potential in vivo studies.
These mechanistic investigations showed very similar results in both species. Without albumin
supplementation, FabA was mostly present in the free form or 1:1 complex. The amount of free FabA
increased with that of FabA, suggesting that the endogenous albumin is insufficient for adequate
complexation. When albumin was added to the vitreous samples, a shift towards 1:1 and eventually
1:2 complex forms was observed, with the 1:2 stoichiometry becoming predominant at concentrations
of 50 pM or above. By comparison, the albumin concentrations found in the vitreous of healthy human
donors (249-293 mg/mL) and cynomolgus monkeys (35-87 mg/mL) (Table 1) are one to two orders of
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magnitude lower. These results indicate that significantly higher than physiological concentrations of
albumin are required for sufficient complexation with FabA, warranting supplementation of albumin
in a potential application to cynomolgus monkeys and humans.

Additionally, we performed studies in a human vitreous sample obtained from a diabetic
retinopathy patient to assess how the disease state may alter the FabA—albumin complexation profile
(Figure 7). In fact, previous studies have shown that patients with retinopathies exhibit increased
levels of vitreous albumin, possibly as a result of the vascular leakage associated with the disease
(Table 1). In the in vivo rabbit study, the expected albumin concentration for the high albumin dose
was between 10 and 15 uM, assuming a VH volume of 1.0-1.6 mL. Therefore, the albumin levels in the
human diseased VH should be sufficient to form the 1:2 complex. This was, however, not reflected
in the in vitro experiment where the FabA-albumin complex was found predominantly in its 1:1
conformation (Figure 7A). Our results, therefore, suggest similar complexation profiles in patients with
and without eye disease and again underline the need for exogenous albumin supplementation to
achieve higher order complexes.

In the dynamic in vivo setting, where the concentrations of all entities (FabA, HSA and their
complexes) decrease with time after dosing, it is relevant to take into account the kinetics of formation
and dissociation of the complexes. If the 1:2 complex forms and dissociates rapidly, as time passes
and the concentrations of precursors decrease, it would be expected that the clearance of total FabA
accelerates. In contrast, if the 1:2 complex form is irreversible or quasi-irreversible, it would determine
the ocular half-life of the binder, being the lowest clearance species. The results of the in vivo rabbit
study suggest that the 1:2 complex is rather stable since it was found in significant amounts in both
early and late vitreous samples, without an apparent acceleration of clearance at the later time points.
We tested this hypothesis by diluting pre-formed complexes in PBS and vitreous humor. However,
in both conditions a dissociation of the complex was observed (data not shown). There seems to be a
more elaborate underlying mechanism of complex stability than we could reproduce in vitro. Although
the nature of the 1:2 complex could not be determined, it is known that albumin has a propensity
to aggregate in vitro at concentrations lower than those used for the PK study formulations [31,41].
The aggregation process has been suggested to involve intermolecular disulfide bridging [31,42].
The formation of covalent bonds between two albumin molecules would be consistent with the
high stability of the complex, which may be further reinforced by additional interactions with the
FabA molecule.

Despite the extension of ocular half-life, a number of caveats arise when considering the potential
use of albumin binding as an IVT drug delivery strategy. Co-formulation with albumin seems
necessary to induce the formation of longer-residence complexes. This requirement adds on to the
technical complexity of the formulation with regard to stability and other manufacturing aspects.
Although the vitreal concentrations of albumin are higher in disease, the levels remain insufficient and
may be expected to decrease as disease resolves by therapeutic intervention, making the approach
self-limiting. Further, it is disadvantageous that binding to serum albumin has been shown to result in
decreased systemic clearance and prolonged plasma half-life, after the drug diffuses out of the eye into
circulation [20,43].

In this context, designing a larger molecule may be a more practical strategy to achieve the
desired increase in hydrodynamic radius than introducing an albumin-binding motif. In addition,
albumin is a soluble, mobile species of relatively small size and short ocular half-life. A greater
reduction in diffusivity could be achieved by binding to a static retention target, such as collagen
type II or hyaluronic acid, which are constituents of the vitreous matrix [20]. Whilst the compact 3D
structure of collagen limits its carrying capacity to about 0.1 mg of a Fab [20], hyaluronic acid displays
interesting features in terms of its vitreal abundance (34-700 ng/mL) that increases with age [44] and
low turnover [45]. These characteristics yield an estimated carrying capacity of approximately 2 mg of
a Fab [20], which seems suitable for ocular drug delivery.
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In conclusion, we have studied the formation of complexes between albumin and a Fab fragment
linked to an albumin binding nanobody and the conditions under which the ocular retention in rabbits
is extended. In addition, we have addressed the human relevance of these findings, with the aim of
assessing the viability as an ocular drug delivery strategy for the treatment of retinopathies. The need
for supplementation of exogenous albumin in a co-formulation and the associated development hurdles
led us to conclude that the approach is of limited potential relative to other delivery strategies.
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Abstract: Age related macular degeneration (AMD) is one of the leading causes of visual loss and is
responsible for approximately 9% of global blindness. It is a progressive eye disorder seen in elderly
people (>65 years) mainly affecting the macula. Lutein, a carotenoid, is an antioxidant, and has
shown neuroprotective properties in the retina. However, lutein has poor bioavailability owing to
poor aqueous solubility. Drug delivery to the posterior segment of the eye is challenging due to the
blood-retina barrier. Retinal pigment epithelium (RPE) expresses the sodium-dependent multivitamin
transporter (SMVT) transport system which selectively uptakes biotin by active transport. In this
study, we aimed to enhance lutein uptake into retinal cells using PLGA-PEG-biotin nanoparticles.
Lutein loaded polymeric nanoparticles were prepared using O/W solvent-evaporation method.
Particle size and zeta potential (ZP) were determined using Malvern Zetasizer. Other characterizations
included differential scanning calorimetry, FTIR, and in-vitro release studies. In-vitro uptake and
cytotoxicity studies were conducted in ARPE-19 cells using flow cytometry and confocal microscopy.
Lutein was successfully encapsulated into PLGA and PLGA-PEG-biotin nanoparticles (<250 nm)
with uniform size distribution and high ZP. The entrapment efficiency of lutein was ~56% and ~75%
for lutein-loaded PLGA and PLGA-PEG-biotin nanoparticles, respectively. FTIR and DSC confirmed
encapsulation of lutein into nanoparticles. Cellular uptake studies in ARPE-19 cells confirmed a
higher uptake of lutein with PLGA-PEG-biotin nanoparticles compared to PLGA nanoparticles and
lutein alone. In vitro cytotoxicity results confirmed that the nanoparticles were safe, effective, and
non-toxic. Findings from this study suggest that lutein-loaded PLGA-PEG-biotin nanoparticles can
be potentially used for treatment of AMD for higher lutein uptake.

Keywords: lutein; PLGA; PLGA-PEG-biotin; ARPE-19; retina; macular edema; age-related macular
degeneration; biotin-decorated nanoparticles; polymeric nanoparticles; targeted therapy

1. Introduction

The eye is considered as one of the most sophisticated sensory organs of the human body
due to its intricate anatomical structure. Anatomically, the eye can be broadly classified into two
segments; i.e., (a) the anterior segment comprising cornea, aqueous humor, conjunctiva, ciliary body,
iris, and lens, and (b) the posterior segment consisting of sclera, choroid, Bruch’s membrane, retinal
pigment epithelium, retina, optic nerve, and vitreous humor [1,2]. All the components of the anterior
and posterior segments co-ordinate functionally and enable vision formation [3]. Alterations in
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the arrangement of these structures due to several factors such as aging, infection, inflammation,
exposure to UV light, injury, air pollution, and over/under secretion of ocular fluids result in ocular
diseases. Based on the localization, the diseases can be categorized into diseases affecting the anterior
segment (ocular pain and inflammation, allergic conjunctivitis, blepharitis, keratitis, sty, anterior
uveitis, and glaucoma) [4] and posterior segment (macular edema (cystic and diabetic macular
edema), retinitis, age-related macular degeneration (AMD), proliferative vitreoretinopathy, diabetic
retinopathy, choroidal neovascularization, and others) [3]. AMD is one of the leading causes of visual
loss and is responsible for approximately 9% of global blindness [5]. It is a progressive eye disorder
common in the elderly population (>65 years) mainly affecting the macula (central region of the retina)
which is responsible for vision [6]. In 2012, it was estimated that 50 million people worldwide and
10 million people in the US suffered from AMD [6]. Till now, there was no clear understanding of the
pathophysiology of AMD; however, it is a complicated disorder involving several risk factors which
include smoking, UV light exposure, inflammation, and genetic factors [6-8]. The early stage of AMD
is characterized by the deposition of yellowish deposits, known as soft drusen accumulations, in the
retinal pigment epithelium and Bruch’s membrane. The later stage of the disease is associated with
loss of vision due to atrophy of photoreceptors and retinal pigment epithelium, retinal scarring, and
detachment of retina [6,8]. If untreated, AMD is the leading cause of vision loss in 45% of all visual
disability cases in the US alone [7]. Currently, there is no cure for AMD, and very few treatments such
as anti-vascular endothelial growth factor (VEGF) have been proven to slow the progression of AMD.
In addition, it is hypothesized that antioxidants and anti-inflammatory agents such as carotenoids
(lutein, zeaxanthin, x-carotene, [3-carotene, lycopene, and (3-cryptoxanthin) protect against AMD by
absorbing UV light, reducing oxidative stress, and stabilizing cell membranes [9].

Lutein is a dihydroxy xanthophyll carotenoid (§3,e-carotene-3,3’-diol) and is ubiquitously available
from a variety of green leafy vegetables, fruits, flowers, egg yolk, etc. [10,11]. Since humans/animals
cannot synthesize lutein, it must be obtained from the diet. It has been reported in the literature that
lutein intake has improved the visual acuity and prevented the progression on AMD [12]. In 2016,
Allison et al. showed that lutein was selectively taken up by the retinal pigment epithelial cells and
showed protection against oxidative stress induced damage [13,14]. In addition, a recently completed
clinical study has also demonstrated the protective effects of lutein in early stage AMD. Thus, it is
hypothesized that lutein supplementation could halt the progression of AMD by reducing the oxidative
stress in the retina caused by hypoxia and intense exposure to UV light [6]. Unfortunately, lutein has
poor bioavailability due to high lipophilicity (log P 7.9) and poor aqueous solubility. [15,16].

Management of ocular/ophthalmic diseases is mainly achieved by using conventional topical
products such as ophthalmic solutions, suspensions, and ointments [17]. However, the bioavailability
of drugs administered by these conventional drug delivery systems is very low, ranging from 1% to
5% for hydrophobic drugs and <0.5% for hydrophilic drugs [17]. Drug delivery to the posterior part
of the eye is challenging as the diseases affecting posterior segment require long-term delivery at a
higher dose to the targeted tissues such as retina, choroid and Bruch’s membrane. Moreover, treatment
strategies such as oral, intraocular, and periocular routes have limited success due to the presence
of static barriers such as sclera, retinal pigment epithelium (RPE), and multidrug resistance efflux
pumps [3,18]. Various approaches have been explored in improving the ocular bioavailability, which
include traditional formulation improvements, use of prodrugs, and carrier mediated drug transport.
Formulation improvements include development of novel formulations such as suspensions, ointments,
gels, nanoparticles, solutions, microemulsions, niosomes, liposomes, micelles, and others [1,2,17].
Transport of drugs, ions, and nutrients into and out of the ocular cell occurs mainly through transporters,
receptors, and transmembrane proteins [19-21]. Transmembrane transporters/receptors are also
involved in cellular processes such as absorption, distribution, and elimination of xenobiotics and
nutrients [21,22]. Several transporters/receptors have been identified in the eye, which include glucose
transporters, peptide transporters, amino acid transporters, nucleoside/nucleobase transporters, vitamin
transporters, and nutrient receptors [21,22]. Various vitamin transporters have been characterized on
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the retinal epithelium which include folate, biotin, and ascorbic acid [20,22]. Transporter-mediated
drug delivery can be achieved by conjugation of drug to a specific substrate/nutrient such as folic
acid or biotin. The nutrient will be recognized by the transporter proteins and conjugated drug is
translocated across the cell membrane thus increasing permeability [22].

Biotin (vitamin B7) is an essential water-soluble vitamin useful for cell growth, function, and
development. It is a co-factor for several carboxylase enzymes which catalyze multiple metabolic
reactions and acts as a regulator in cell signaling pathways and gene expression. Biotin cannot
be synthesized in mammalian cells and therefore must be obtained from exogenous sources.
Biotin transport in cells is mediated through sodium-dependent multivitamin transporter (SMVT)
or biotin transporter. Biotin transporter is a high-affinity transporter involved in transport of biotin,
whereas SMVT is a low-affinity transporter involved in the transport of biotin, pantothenic acid, and
lipoic acid. It has been reported in the literature that SMVT is abundantly expressed in the blood-retina
barrier and retinal cells (D407 cells). Thus, it is known that biotinylated prodrugs and polymeric
nanoparticles utilize the SMVT and biotin transporters for enhanced permeability of drugs [19,23].
Moreover, scientists have reported that biotin-decorated polymeric nanoparticles have enhanced the
uptake of poorly soluble drugs such as doxorubicin [24], SN-38 [25], and 15,16-dihydrotanshinone [26].
Therefore, we hypothesize that lutein-loaded PLGA-PEG-biotin polymeric nanoparticles can enhance
the uptake of lutein into the retinal cells through SMVT transport system.

Polymeric nanoparticles are known to improve the bioavailability of drugs with poor
biopharmaceutical properties [27,28]. Furthermore, polymeric nanoparticles have advantages,
including biocompatibility, enhanced stability, sustained release, and improved efficacy [28-32].
Polymeric nanoparticles are prepared using biodegradable polymers such as poly(lactide co-glycolide)
(PLGA), gelatin, chitosan, albumin, alginate polycaprolactone, polyglycolides, poly (methyl
methacrylate), and polyethylene glycol (PEG) [28,33]. Previously, lutein was encapsulated into
several nanocarriers, such as PLGA nanoparticles, liposomes, nanoemulsions, nanocrystals, lipid
nanocapsules, and nanodispersions [34—40]. In the present study we aimed to prepare and characterize
lutein-loaded polymeric nanoparticles (PLGA and PLGA-PEG-biotin) and evaluate their enhanced
uptake in retinal cells.

2. Materials and Methods

2.1. Materials

Lutein (90%) was purchased from Acros Organics (Fair Lawn, NJ, USA). Dimethyl sulfoxide
(DMSO), methanol (HPLC grade), tetrahydrofuran (HPLC grade), dichloromethane, sodium chloride,
disodium hydrogen phosphate, potassium dihydrogen phosphate, MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide), and ammonium chloride (NH4Cl) were purchased from Fisher
Scientific (Fair Lawn, NJ, USA). Sodium dodecyl sulphate (SDS) and polyvinyl alcohol (PVA: MW:
30,000-70,000) were procured from Sigma Aldrich (St. Louis, MO, USA). PLGA (50:50; Mw: 10,000 Da)
and PLGA-PEG-biotin (50:50; Mw: 10,000 Da—2000 Da) were purchased from Akina PolySciTech,
Inc, West Lafayette, IN, USA. Dulbecco’s modified Eagle medium (DMEM, Gibco’s), Dulbecco’s
phosphate-buffered saline (DPBS), Triton-X, and trypsin (TrypLE, Gibco) were purchased from Thermo
Fisher Scientific (Fair Lawn, NJ, USA). Cellulose ester dialysis tubing (Biotech grade; Mw: 300 kDa)
was procured from Spectrum Laboratories, Inc (Gardena, CA, USA). Fluorescein isothiocyanate (FITC)
and 4’ ,6-diamidino-2-Phenylindole (DAPI) were purchased from Invitrogen, Labelling and Detection,
Molecular Probes, ThermoFisher Scientific, (Fair Lawn, NJ, USA). Human retinal pigment epithelial cell
line (ARPE-19) was purchased from American Type Culture Collection (ATCC, Manassas, VA, USA).
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2.2. Methods

2.2.1. Preparation of Lutein-Loaded Polymeric Nanoparticles

Lutein-loaded polymeric nanoparticles were prepared using the oil-in-water (O/W) emulsion
solvent evaporation method reported earlier with slight modifications (Figure 1) [41,42]. In brief,
100 mg of polymer (PLGA or PLGA-PEG-biotin) was dissolved in 5 mL of dichloromethane and lutein
(20 mg) was dissolved in 2 mL dichloromethane separately. The polymer and lutein solutions were
mixed to form a homogenous organic phase. The organic phase was sonicated in a bath sonicator for
5 min followed by slow addition to an aqueous solution of 2% PVA (20 mL) under continuous stirring
on a magnetic stirrer. The resultant mixture was sonicated at 30% amplitude for 5 min using a probe
sonicator (Fisher Scientific" Model 505 Sonic Dismembrator) to obtain an emulsion. The sonication step
was performed in an icebath to prevent overheating of the emulsion. After sonication, the emulsion
was stirred gently at room temperature overnight until complete evaporation of dichloromethane.
Un-entrapped lutein and PVA residue were removed from the emulsion by washing three times with
deionized water using Hitachi ultracentrifuge at 22,000x g for 1 h. Finally, the nanoparticles formed
were lyophilized using laboratory freeze dryer (Harvestright, Salt Lake City, UT, USA) for 24 h.

DCMEvaporation
Drop wise Probe Stirring for Overnight
Added Lutein addition Sonication Mixing ‘ ‘ ‘ ‘ Stirring
—
KE \(L —— — 9 0950 ¢
Vortex 5) ;Q#C S
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Figure 1. Schematic representation of oil in water emulsion-solvent evaporation method for preparation
of lutein loaded PLGA-PEG-biotin nanoparticles.

2.2.2. Determination of Size, Polydispersity Index, and Zeta Potential

The particle size, polydispersity index (PDI), and zeta-potential (ZP) of lutein-loaded PLGA and
PLGA-PEG-biotin nanoparticles were measured using the dynamic light scattering (DLS) technique.
The nanoparticles (200 pL) were dispersed in 10 mL of double distilled de-ionized water and
measurements were determined using Malvern Zetasizer Nano ZS90 (Malvern Instruments, Malvern,
UK) at 25 °C. All the measurements were performed in triplicate (n = 3).

2.2.3. Lutein Quantification Using HPLC

The amount of lutein in the samples was quantified using Waters Alliance 2695 HPLC
(Waters Corporation, Milford, MA, USA) equipped with 2996 photodiode array (PDA) detector
and Empower 2.0 software. The analysis was performed using reverse-phase Waters® C-18 column
(5 pm; 250 mm X 4.6 mm) under isocratic conditions (flow rate of 1 mL/min at 25 °C). Mobile phase
was a mixture (90:10) of methanol and tetrahydrofuran. The analyte was monitored at 450 nm.
Sample injection volume was 20 pL and the run time was 10 min. Retention time of lutein was
3.85 min [43]. All the samples injected were filtered through 0.45 um membrane filter. Stock solution
(1 mg/mL) of lutein was prepared in the mobile phase, and calibration standards (n = 3) ranging from
(1 pg/mL to 100 pg/mL) were serially diluted in the mobile phase. Similar standard curve was also
prepared by dissolving lutein in DMSO. Calibration curves were obtained by plotting peak area against
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the concentration of lutein. The lutein content in the samples was determined quantitatively using the
linear regression equations from the calibration curves (R? > 0.99). The HPLC method provided rapid
and reproducible results without a significant difference in intra and inter-day analysis.

2.2.4. Determination of Lutein Encapsulation Efficiency (%EE) and Drug Loading (%DL)

The encapsulation and loading of lutein into nanoparticles were determined by quantifying
the lutein content in freeze dried nanoparticles using HPLC. In brief, the freeze-dried nanoparticles
(10 mg) were dissolved in 10 mL DMSO and the amount of lutein was determined using HPLC.
The %EE and %DL of lutein in the nanoparticles were determined using the following formulae
(Equations (1) and (2)). All the measurements were performed on three different samples (n = 3).

%EE = (Amount of lutein remained in nanoparticles)/(Initial amount of lutein) x 100 (1)

%DL = (Weight of lutein in nanoparticles)/(Weight of polymer used) x 100 (2)

2.2.5. Differential Scanning Calorimetry (DSC)

Interaction of lutein with PLGA and PLGA-PEG-biotin was confirmed using DSC technique.
Calorimetric analysis was performed for lutein, PVA, polymers (PLGA and PLGA-PEG-biotin),
and lutein-loaded polymeric nanoparticles using a DSC822e (Mettler Toledo, Columbus, OH, USA)
instrument. Samples (3—-11 mg) were accurately weighed in aluminum pans (40 pL capacity) and were
hermetically sealed using a crimping device. The reference standard was an empty aluminum pan.
Nitrogen was purged at a rate of 20 mL/min during the analysis. Samples were held isothermally at
25 °C for 5 min and then heated at 10 °C/min to 280 °C. All the thermograms recorded were analyzed
using STARe software.

2.2.6. Fourier Transform Infrared Spectroscopy (FTIR)

A JASCO-FT/IR 4600 instrument (Jasco instruments, Easton, MD, USA) using the attenuated total
reflection (ATR) technique was used to record the FTIR spectra of lutein, PVA, polymers (PLGA and
PLGA-PEG-biotin), and lutein-loaded polymeric nanoparticles. The sample compartment was flushed
with argon prior to each run. Each sample was ground to fine powder with a KBr pellet. The scanning
range was from 500-4000 cm~!. After measurement of the spectrum, data were analyzed and plotted.
Carbon dioxide (CO,) and water (H,O) peaks were subtracted from the original spectrum to obtain
the final IR spectrum.

2.2.7. In-Vitro Release Studies

Drug release behavior from lutein-loaded polymeric nanoparticles was determined using the
dialysis bag method (MWCO: 300 kDa) [27]. Initially, several release media were screened to determine
the solubility of lutein. Phosphate-buffered saline (pH 7.4) with 0.2% w/v sodium dodecyl sulphate
was chosen as the suitable release medium for release studies to maintain sink conditions (saturation
solubility: 40.1 + 8.47 pug/mL) [10]. After selecting the release medium, 1 mL lutein-loaded polymeric
nanoparticles (~1 mg lutein) were transferred to individual dialysis tubing and release medium (1 mL)
was added to each tubing. Leakage was prevented by sealing the tubing tightly at both ends. Sealed
dialysis tubings loaded with nanoparticles were transferred to 250 mL beakers containing 100 mL
of release medium in a shaking water bath (100 rpm) (maintained at 37 + 0.5 °C). To prevent any
evaporation of release medium, beakers were tightly sealed with parafilm. At a pre-determined
time-intervals (0.5, 1, 2, 3, 4, 5, 6, 7, 8, and 24 h), samples (10 mL) were collected from each beaker
and replaced with 10 mL of fresh release medium. The cumulative amount of drug released from
the formulations was quantified using UV spectrophotometer (6405 UV/Vis Spectrophotometer,
Jenway, Staffordshire, UK) by measuring the absorbance at Apax of 440 nm at different timepoints.
All experiments were performed on three different samples (n = 3).

80



Pharmaceutics 2020, 12, 798

2.2.8. Cell Culture Studies

Cell Culture

ARPE-19 cells were used to determine the in-vitro cellular uptake and cytotoxicity of lutein
and lutein-loaded polymeric nanoparticles (PLGA and PLGA-PEG-biotin). ARPE-19 cells were
purchased from American Type Culture Collection and stored in liquid nitrogen. The cells were
cultured in DMEM/ F-12 (1:1 ratio) media containing 10% (v/v) heat-inactivated fetal bovine serum
(FBS), 100 U/mL penicillin, 100 pg/mL streptomycin, 1% (v/v) MEM non-essential amino acids, and 1%
sodium bicarbonate. The cells were grown in T-75 Corning flasks and incubated at 37 °C, 5% CO,, and
95% relative humidity and harvested at 80-90% confluency.

FITC Labelling

The in-vitro cellular uptake levels of lutein-loaded PLGA and PLGA-PEG-biotin nanoparticles,
and lutein alone were determined by labeling (surface adsorption) the samples with FITC, which
is widely used to label proteins [44], drugs [45], and polymers [46]. FITC labelling was performed
according to a previously reported protocol with slight modifications [47]. In brief, 10 ug of lyophilized
nanoparticles (PLGA or PLGA-PEG-biotin) were suspended in 50 mM phosphate buffered saline
(1 mL) to make a 10 pug/mL of nanoparticle suspension. Separately, FITC was powdered and dissolved
in DMSO (1 mg/mL) since FITC was not soluble in water. The FITC solution was added to nanoparticle
suspension and incubated in the dark for 12 h at 4 °C. After incubation, 1 mL of 50 mM NH,ClI was
added to the mixture to inactivate unreacted FITC. Further, the FITC labelled polymeric nanoparticles
were subjected to dialysis to remove any unreacted FITC and NH4CI. Finally, the FITC-labelled
nanoparticles were filtered through a 0.22 um nylon filter to ensure sterility. The samples were
aliquoted and stored at —20 °C until further use. The sample for FITC-labelled lutein was prepared in
a similar way as described above, except lutein was dissolved in DMSO (5 mg/mL) and then mixed
with FITC solution.

In Vitro Cellular Uptake Studies Using Flow Cytometry (Fluorescence-Activated Cell Sorting (FACS))

Intracellular uptake of FITC-labelled nanoparticles and lutein alone in ARPE-19 cells was
determined by incubating the cells and then evaluating time-dependent uptake using flow cytometry
(FACS). ARPE-19 cells were seeded in a 12-well plate at a density of 0.5 x 10° cells/ well with 1 mL
of complete DMEM/F-12 media. The cells were treated with 10 puL of each sample which included
control (DMSO), FITC-lutein, FITC-lutein PLGA nanoparticles, and FITC-lutein PLGA-PEG-biotin
nanoparticles. Then, the treated cells were incubated for various times (3, 6, 9, and 12 h). At each
time point, the media was removed from the wells and the cells were harvested by using 200 uL of
trypsin (TrypLE, Gibco). This was followed by 5 min incubation and addition of serum containing
DMEM/F-12 media. Further, the cells were collected in FACS tubes and centrifuged at 20,000 rpm for
5 min to obtain a cell pellet. The media was then discarded, and the cells were washed twice using
1 mL of (DPBS). The final sample was prepared in DPBS and acquired by flow cytometry to determine
the mean FITC fluorescence intensity of the cells at an excitation wavelength of 490 nm. The mean
FITC fluorescence intensity values obtained for all the samples (n = 3) were plotted using bar-graphs
in GraphPad Prism (version 5.0) and the differences were observed.

In Vitro Cellular Uptake Studies Using Confocal Laser Scanning Microscopy

Intracellular distribution of FITC-labelled polymeric nanoparticles (PLGA and PLGA-PEG-biotin)
in ARPE-19 cells was determined using confocal laser scanning microscopy (CLSM).
FITC-lutein-PLGA-PEG-biotin nanoparticles, FITC-lutein PLGA nanoparticles and FITC-lutein
were prepared using the same method described in earlier sections. The cells were seeded in an
8-chamber confocal microscopy slide precoated with collagen (Nunc Lab-Tek, Thermo Fisher Scientific,
Waltham, MA, USA) with 200 puL of complete DMEM/F-12 media. This was followed by 10 uL
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additions of various treatment samples which included control (DMSO), FITC-lutein, FITC-lutein
PLGA nanoparticles, and FITC-lutein PLGA-Peg-biotin nanoparticles into each chamber of the
8-chamber plate. Further, the treatment groups were incubated for 6 and 12 h. At each time point, the
culture media was removed, and the cells were washed two times on a shaker with 300 uL of DPBS for
5 min. This was followed by fixing the cells with freshly prepared cold 4% buffered paraformaldehyde
solution (200 uL) and incubating at 37 °C for 20 min. After incubation, the fixing solution was removed,
and the cells were washed again using 300 pL DPBS (3 times X 5 min each). Further, the nuclei of the
cells were stained with 100 pL of DAPI (working solution of 10 pg/mL) for 15 min in dark. The cells
were then mounted and sealed with cover slip to prevent any evaporation of mounting media and
dehydration of the cells. The ARPE-19 cell slides were stored at 4 °C before the actual analysis. A Leica
Confocal Laser Scanning Microscope (Leica TCS SP5, Wetzlar, Germany) was used to analyze the cells
for green fluorescence-FITC and blue fluorescence-DAPL

In Vitro Cell Viability Studies (MTT Assay)

Cellular cytotoxicity of lutein PLGA-PEG-biotin nanoparticles, lutein PLGA nanoparticles
and lutein alone were determined in ARPE-19 cells by using MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay. MTT is a yellow tetrazole dye which is reduced to purple
formazan crystals by viable or living cells. The cell viability is determined by measuring the absorbance.
ARPE-19 cells were seeded at a density of 1 x 10* cells in a 96-well plate. The cells were supplemented
with 200 puL of DMEM/ F-12 culture media (1:1 ratio) containing 10% fetal bovine serum. The samples
(lutein-PLGA-PEG-biotin nanoparticles, lutein-PLGA nanoparticles. and lutein) were prepared
in serum free DMEM: F-12 media and filtered through a 0.22 um nylon filter. A small quantity of
dichloromethane (200 uL) was added to dissolve lutein in the media. Complete DMEM/F-12 from
the cell lines was replaced with 100 pL solution of treatment samples prepared in serum free media.
All the three treatment groups were analyzed at four concentrations which included 10, 20, and
50 ug/mL of equivalent lutein. The cells were incubated with each sample for 24 h at 5% CO, and
37 °C. After incubation, the cells were washed twice with PBS. Separately, MTT reagent A and MTT
reagent B were mixed in the ratio 100:1 to make a stock solution of the dye. Further, 20 uL of MTT stock
solution was added to each well and incubated for 3.5 h. Finally, the absorbance of formazan solution
was measured using a microplate reader (BioRad, Hercules, CA, USA) at an excitation wavelength of
485 nm. Five percent Triton-X prepared in serum free media served as the positive control and serum
free media lacking any samples served as the negative control. Cell viability was calculated according
to the formula (Equation (3)).

% Cell Viability = (Absorbance of sample-absorbance of negative control)/
(Absorbance of positive control-absorbance of negative control) x 100

©)

2.2.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism® software (Version 5.0, San Diego, CA,
USA). A non-parametric ¢-test followed by Bonferroni’s multiple comparison post-test was used to
compare cellular uptake of nano-formulations.

3. Results and Discussion

3.1. Determination of Particle Size, PDI, and ZP

The size, PDI, and ZP of lutein-loaded polymeric nanoparticles are provided in Table 1.
Results show that all the lutein-loaded nanoparticles had sizes of <250 nm. The sizes of
lutein-loaded PLGA and PLGA-PEG-biotin nanoparticles were 196.4 + 20.04 nm and 208.0 + 3.38 nm,
respectively. Figure 2 confirms the monodisperse distribution of nanoparticles for both formulations.
Zeta potential results revealed that lutein-loaded PLGA-PEG-biotin nanoparticles had higher
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ZP values (-27.2 + 2.04 mV) compared to lutein-loaded PLGA nanoparticles (-11.2 + 2.12 mV).
The shift of ZP values towards higher negativity could be due to the presence of terminal carboxylic
groups in the PEG-biotin portion of block polymer. In addition, negative ZP values result in
higher stability of nanoparticles due to prevention of non-specific interaction with proteins in
biological proteins. PLGA-based polymers were chosen for this study due to unique properties
which include biocompatibility, targetability, biodegradability, and versatile biodegradation kinetics.
Peroxisomal degradation of PLGA-based polymers will result in the formation of safe degradation
products such as lactic acid and glycolic acid, which are removed by the Kreb’s cycle [48]. However,
due to the hydrophobic nature of PLGA, the nanoparticles are rapidly cleared by the mononuclear
phagocyte system using opsonization process. Therefore, coating with hydrophilic polymers such as
PEG could bypass the opsonization process due to steric repulsion forces. This results in enhancing the
bioavailability and half-lives of the drugs by increasing the circulation time of nanoparticles in the
plasma [48,49]. Moreover, all the polymers (PLGA, PLGA-PEG-biotin, PVA) are approved by USFDA
as inactive ingredients in various formulations [50].

Table 1. Size, polydispersity index (PDI), zeta-potential (ZP), and encapsulation efficiency (%EE)
of lutein-loaded PLGA and PLGA-PEG-biotin nanoparticles (n = 3). Data are represented as
means + standard deviations (SDs).

S.no Particle Type Size (nm) PDI ZP (mV) EE (%)
1 Lutein PLGA 196.4 £20.04  0.087 +0.016 -11.12+2.12 56.05 + 7.28
2 Lutein PLGA-PEG-biotin ~ 208.0 + 3.38 0.206 + 0.016 —27.2+2.04 74.56 +10.25
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Figure 2. Size distribution curves of (a) lutein-PLGA nanoparticles and (b) lutein PLGA-PEG-
biotin nanoparticles.
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3.2. Determination of Encapsulation Efficiency (%EE) and Drug Loading (%DL)

Results showed that PLGA-PEG-biotin polymer had greater lutein encapsulation compared with
the PLGA polymer. The entrapment of lutein values were 56.05% + 7.28% and 74.56% + 10.25% for
lutein PLGA and PLGA-PEG-biotin nanoparticles, respectively. The lutein loading values in PLGA
and PLGA-PEG-biotin nanoparticles were ~11.2% and ~14.9%, respectively (Table 1).

3.3. DSC

DSC is a widely used technique to confirm the polymorphic changes of drugs and polymers
in formulation research. Thermograms of lutein, polymers, PVA, and lutein-loaded nanoparticles
are provided in Figure 3. Results show that lutein has sharp characteristic endothermic peaks at
64.07 °C and 58.15 °C. In addition, PLGA had a small endothermic peak at 45.28 °C. There was no
specific peak/melting point observed for PLGA-PEG-biotin and PVA, suggesting their amorphous
nature. The characteristic endothermic peak of lutein disappeared in thermograms of lutein-loaded
polymeric nanoparticles, suggesting that lutein was rendered amorphous by its interaction with the
polymer. The transformation of lutein from crystalline to amorphous form is important, as amorphous
forms are characterized by higher solubilities and increased bioavailability [51-54]. Similar results
(loss of characteristic peak) were observed in other studies where crystalline drugs such as SN-38,
doxorubicin oxcarbazepine, prilocaine, and adefovir were encapsulated into PLGA-based micro- and
nanoparticles [24,25,55-57].

LUTEIN-PLGA-PEG-BIOTIN-Nanoparticles

LUTEIN-PLGA-Nanoparticles

PLGA-PEG-BIOTIN

Figure 3. DSC thermograms of lutein-loaded PLGA-PEG-biotin nanoparticles, lutein-loaded PLGA
nanoparticles, PLGA-PEG-biotin, PVA, lutein, and PLGA.

3.4. FTIR

FTIR spectroscopy was used to evaluate the surface chemistries of lutein, PVA, PLGA,
PLGA-PEG-biotin, lutein-loaded PLGA, and PLGA-PEG-biotin nanoparticles (Figure 4). The broad
transmittance band of lutein between 3588.88 and 3073.01 cm™! corresponds to the OH stretching
vibrations; it was absent in lutein-loaded PLGA and PLGA-PEG-biotin nanoparticles. In addition,
characteristic C-H stretching bands were observed for lutein at 2958 and 2912 cm™!. A strong
transmittance of lutein was also observed at 1620.15 cm~! which was absent in the spectra of the
lutein-loaded PLGA-PEG-biotin and PLGA nanoparticles. There was no obvious difference in the
spectra of the polymers (PLGA and PLGA-PEG-biotin) and lutein-loaded polymeric nanoparticles.
Results from FTIR confirm that the characteristic peaks of lutein were absent in the FTIR spectra of
lutein-loaded polymeric nanoparticles. This could have been due to the strong interaction of lutein

with the polymers which resulted in the absence of characteristic peaks. Similar results were observed
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for other nanoparticle systems [58]. Moreover, it is evident that the encapsulation of lutein did not
result in any structural changes of polymers which might be attributed to either the small concentration
of the drug or due to its bonding and non-bonding interactions with the surrounding matrix.

1000 2000 3000 4000

Lutein

Lutein PLGA NPs 7

Transmittance (%)

PLGA-PEG-Biotin

1 1 1

Lutein PLGA-PEG-Biotin NPs

P\

1000 2000 3000 4000

Wavenumber (cm™)

Figure 4. Fourier-transform infrared spectroscopy (FTIR) spectra of freeze-dried lutein-loaded polymeric
nanoparticles, PLGA, PLGA-PEG-biotin, PVA, and lutein.

3.5. In-Vitro Release Studies

The in vitro release profile of lutein from PLGA and PLGA-PEG-biotin nanoparticles is provided
in Figure 5. Release profiles revealed that the both the nano-formulations showed similar sustained
release patterns with 100% of lutein released within 24 h. Higher encapsulation of lutein in the polymers
could have resulted in less space for polymer hydration and led to the slower release of lutein [59].
Opverall, release studies validate the sustained/controlled release of drugs from polymeric nanoparticles.

—e— Lutein PLGA NPs = Lutein_PLGA-PEG-BIOTIN NPs

1004

Cumulative amount released (%)

0- 3% 3 7
Time (h)

Figure 5. In-vitro release of lutein from lutein-loaded PLGA and PLGA-PEG-biotin NPs. Data are
expressed as means + SDs (n = 3).
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3.6. In-Vitro Cellular Uptake Studies

In-vitro cellular uptake of lutein was determined in the ARPE-19 cell line to understand the
intracellular localization and uptake of the biotin-decorated PLGA-PEG nanoparticles loaded with
lutein compared to lutein-PLGA nanoparticles and lutein alone. These studies also helped to compare
the uptake of the lutein nanoparticles within the cytoplasm of ARPE-19 cells. FACS and confocal
microscopy were used as quantitative and qualitative analysis methods, respectively, to determine the
cellular uptake.

3.6.1. FACS Analysis

FITC-labelled, lutein-loaded, biotin-decorated PLGA nanoparticles; PLGA nanoparticles; and
lutein alone were incubated with ARPE-19 cells to determine in-vitro uptake at predetermined time
points by using flow cytometry (mean FITC florescence intensity). Figure 6 depicts the time- dependent
uptakes of FITC-labelled nanoparticles and lutein alone in ARPE-19 cells. Results show that at all time
points, there was a significantly higher (p < 0.05) mean FITC florescence intensity with lutein-loaded,
biotin-decorated nanoparticles and PLGA nanoparticles compared to lutein alone. In addition, it was
also observed that at all time points intra cellular uptake of lutein-loaded biotin nanoparticles was
numerically higher compared to lutein-loaded PLGA nanoparticles. However, the difference was
not statistically significant (p > 0.05). Higher uptake with biotin-decorated nanoparticles could be
attributed to the presence of a SMVT transporter on the surface of ARPE-19 cells. Results obtained in the
study are consistent with other studies evaluating time-dependent uptake of biotinylated nanoparticles
for targeted drug delivery [27,56].
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EZ3 Lutein IO Lutein PLGA-PEG-Biotin NPs
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Figure 6. FACS analysis of control, lutein, and lutein-loaded polymeric nanoparticles (PLGA and
PLGA-PEG-biotin) for 3, 6,9, and 12 h in ARPE-19 cells. Data are expressed as means + SEMs (n = 3).

3.6.2. Confocal Microscopy

In-vitro cellular uptake of FITC labelled lutein nanoparticles (PLGA and PLGA-PEG-biotin)
and FITC-labelled lutein was performed using confocal laser scanning microscopy for qualitative
analysis of lutein uptake by ARPE-19 cells. At the end of each time point the cells were washed,
fixed, stained with DAPI, and mounted on a slide for visual observation for confocal microscopy.
Figures 7 and 8 depict the in-vitro uptake of FITC-labelled lutein nanoparticles and FITC-labelled
lutein at 6 h and 12 h, respectively. It can be observed clearly that the green fluorescence for FITC
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increased in all the treatment groups with time. It is also interesting to note that at all timepoints, the
fluorescence in the cells treated with FITC-labelled, lutein-loaded polymeric nanoparticles (PLGA and
PLGA-PEG-biotin) was higher compared to FITC-labelled lutein. These results are well corroborated
with the flow cytometry results. This could mean that biotin-decorated lutein nanoparticles and lutein
PLGA nanoparticles are well absorbed via the lipid bilayer of ARPE-19 cells as compared to the lutein
alone. Thus, the rate of internalization for lutein nanoparticles (PLGA and PLGA-PEG-biotin) into
the cytoplasm and nuclei was higher compared to lutein alone. In addition, at 6 and 12 h timepoints,
stronger fluorescence was observed with lutein-loaded PLGA-PEG-biotin nanoparticles compared to
lutein-loaded PLGA nanoparticles. The higher uptake with biotin-decorated nanoparticles could be
attributed to the SMVT transporter mediated uptake in ARPE-19 cells. Higher expression of biotin
transporters on the surface of ARPE-19 cells resulted in higher uptake of lutein compared to other
treatment groups.
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Figure 7. Confocal laser scanning microscopy images of FITC-labelled lutein and FITC-labelled lutein
polymeric nanoparticles (PLGA and PLGA-PEG-biotin) at 6 h in ARPE-19 cells.
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Figure 8. Confocal laser scanning microscopy images of FITC-labelled lutein and FITC-labelled lutein
polymeric nanoparticles (PLGA and PLGA-PEG-biotin) at 12 h in ARPE-19 cells.

3.7. In-Vitro Cytotoxicity Studies

Figure 9 shows the cell viability (%) of ARPE-19 cells when treated with increasing concentrations
of lutein-loaded polymeric nanoparticles and lutein alone. Lutein and lutein-loaded polymeric
nanoparticles did not exhibit any significant cytotoxicity at 10, 20, and 50 pg/mL concentrations,
proving that these nano-formulations are safe, effective, and non-toxic. Conjugates of biotin to PLGA
nanoparticles did not result in any signs of toxicity and they were equivalent to lutein alone.
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Figure 9. Cell viability (%) of ARPE-19 cells when treated with increasing concentrations of lutein and
lutein-loaded polymeric nanoparticles.

4. Conclusions

In conclusion, we have successfully developed and characterized lutein-loaded, biotin-decorated
polymeric nanoparticles. The obtained nanoparticles possessed particle sizes of <250 nm with narrow
size distributions. Moreover, the biotin targeted nanoparticles showed higher encapsulation efficiency
and drug loading. In-vitro cellular uptake studies revealed that biotin-decorated nanoparticles exhibited
higher uptake of lutein compared to PLGA nanoparticles and lutein alone. In vitro cytotoxicity results
confirmed that the nanoparticles showed higher cell viability compared to lutein alone. Collectively,
we have found that the biotin-conjugated nanoparticles may be an appropriate formulation for
targeted drug delivery in the treatment of AMD and other retinal diseases. However, these results
are preliminary and should be confirmed by evaluating the efficacy, safety, and pharmacokinetics in
pre-clinical models.
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Abstract: Fungal keratitis is a sight-threatening disease for which amphotericin B eye drops is
one of the front-line treatments. Unfortunately, there are currently no commercial forms available,
and there is little data concerning the long-term stability of compounded formulations based on
intravenous dosages forms. New formulations of amphotericin B ophthalmic solutions solubilised with
v-cyclodextrins have shown promising in-vitro results, but stability data is also lacking. The objective
of this study was therefore to investigate the stability of a formulation of ready-to-use amphotericin
B solubilised in 2-hydroxypropyl-y-cyclodextrins (AB-HP-y-CD), for 350 days. An amphotericin B
deoxycholate (ABDC) formulation was used as a comparator. Analyses used were the following:
visual inspection, turbidity, osmolality and pH measurements, amphotericin B quantification by a
stability-indicating liquid chromatography method, breakdown product research, and sterility assay.
AB-HP-y-CD formulation showed signs of chemical instability (loss of amphotericin B) after 28 and
56 days at 25 °C and 5 °C. Adding an antioxidant (ascorbic acid) to the formulation did not improve
stability. ABDC formulation showed signs of physical instability (increased turbidy and amphotericin
B precipitation) after 28 days and 168 days at 25 °C and 5 °C. As such, AB-HP-y-CD formulation does
not provide long-term stability for ophthalmic amphotericin B solutions.

Keywords: amphotericin B; y-cyclodextrins; stability; fungal keratitis

1. Introduction

Fungal (or mycotic) keratitis is a purulent, ulcerative infection of the cornea that can cause corneal
opacification and irreversible blindness if left untreated [1,2]. It has been estimated that 1,000,000
cases occur annually in the world, but as it is often under-suspected, it is also underdiagnosed and
real numbers might be a lot higher [3]. Risk factors for developing such an affection have been
documented as living in a tropical or subtropical environment [4,5], underlying corneal and ocular
surface diseases, ocular trauma, and wearing contact lenses [6-8]. Among the fungal germs isolated,
the most common are Fusarium species, Aspergillus species, and Candida species [4,7,9-11]. For the
treatment of such infections, clinicians have the choice between drugs from two main typical classes of
antifungal agents that are azoles (voriconazole, fluconazole, ketoconazole, posaconazole, itraconazole)
and polyenes (natamycin and amphotericin B) [12]. Of these drugs, amphotericin B is broad-spectrum
agent and is active against most of fungi, especially Candida spp [13], but also possesses very low
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minimal inhibitory concentrations against Fusarium and Aspergillus [14], allowing it to be also one
of the first line treatments of fungal keratitis caused by those germs, at dosages ranging from 0.1%
to 0.5% [7,15-17]. Another advantage of amphotericin B is that it seems to be less likely to induce
resistances as opposed to azole antifungals [18].

Amphotericin B is a heptaene possessing a heavily hydroxylated region on the ring opposite
to the multiple conjugated double bonds, a mycosamine moiety and a carboxylic group (Figure 1A).
These latter groups impart a polar character to the molecule (which contributes to the relative insolubility
in organic solvents), whereas the opposite unsaturated terminal imparts a nonpolar character (which
contributes to its poor aqueous solubility) [18]. Such properties make it hard to create an optimum
formulation for ophthalmic delivery. As amphotericin B eye drops are not currently commercially
available in the world, the most used formulation consists of diluting a marketed intravenous dosage
form of amphotericin B deoxycholate (ABDC) in 5% glucose to reach the desired concentration.
Other preparations of lipid-based formulations of amphotericin B can also be used [13,18] but they
are far more expensive and not readily available in all countries. Unfortunately, ABDC is known to
possess very short (less than two weeks) stability at ambient temperature, and even if longer stabilities
of 60 to 120 days have been reported (often at the end point of the studies), not all physicochemical
parameters were studied, making it difficult to conclude [19,20]. Overall, these shortfalls make it
difficult for compounding pharmacies to adequately manage amphotericin B preparations, and short
shelf life at ambient temperature means complexifying transport and storage conditions, especially
for tropical and subtropical regions. To address these issues, the use of cyclodextrins to solubilize
amphotericin B have been tested. Vikmon et al. first described to use of y-cyclodextrins to solubilize
up to 0.65 mg/mL of amphotericin B [21], and since then, several other authors have studied the
theoretical and practical aspects of using various cyclodextrins [22-24], including derivatives like
2-hydroxypropyl-y-cyclodextrin, whose chemical structure is presented Figure 1B. From what has
been described, the easiest way to incorporate amphotericin B is to first dissolve the cyclodextrins in an
aqueous media, then alkalinise the solution to pH 12 in order to allow the ionic form of amphotericin B
to solubilize in the media and incorporate itself into the cyclodextrins. The solution is then brought
back to a more tolerable pH. The complexation of amphotericin B using this preparation method
has been studied by various authors and is now well documented [23,25,26]. As the first in-vitro
tests performed on such formulations seem promising [27,28], it becomes important to know if
cyclodextrin complexation with amphotericin B is capable to achieve ready to use formulations with
long-term stability.

(A) (8)

o
|
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Figure 1. Chemical structure of amphotericin B (A) and 2-hydroxypropyl-y-cyclodextrin (B). Publically
available from [29].

The objective of this study was therefore to investigate the stability of a formulation of
ready-to-use amphotericin B solubilised in 2-hydroxypropyl-y-cyclodextrins (AB-HP-y-CD) in
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low-density polyethylene eyedroppers, for 350 days at 5 °C and 25 °C. A classical ABDC formulation
was used as comparator.

2. Materials and Methods

2.1. Preparation of the ABDC Formulation

Ampbhotericin B deoxycholate powder (obtained from Fungizone® powder for injectable solution
vials, Bristol-Myers Squibb, Rueil-Malmaison, France) was reconstituted with sterile 5% glucose
(B. Braun Medical, Boulogne Billancourt, France) to obtain a 5 mg/mL solution of AB. After complete
dissolution of the powder, the solution was transferred into an empty ethylene-vinyl acetate bag
(Baxter, Guyancourt, France) and diluted with a 5% glucose sterile solution to obtain a 2.5 mg/mL
amphotericin B solution. All manipulations were performed under the laminar air flow of an ISO
4.8 microbiological safety cabinet.

2.2. Preparation of the AB-HP-y-CD Formulation

To prepare 500 mL of 2.5 mg/mL solution of amphotericin B, initially 100 g HP-y-CD (Wacker
Chemie AG, Burghausen, Germany) were dissolved in 350 mL water for injection (WFI) (Versylene®
Fresenius, Bad Homburg, Germany). After total dissolution, the pH was adjusted to 12 witha 1 N
sodium hydroxide solution before adding 1250 mg of amphotericin B base (pharmaceutical grade,
Inresa, Bartenheim, France). The mixture was stirred to obtain a clear and orange solution then the pH
was readjusted to 7.0 with 1N hydrochloric acid. The solution volume was completed to 500 mL with a
NaH,PO4/Nay;HPO,4 phosphate buffer solution to obtain a final buffer concentration of 0.02/0.03 mol/L.

As complementary study, a formulation of 2.5 mg/mL HP-y-CD amphotericin B eye-drops
containing 0.5 mg/mL ascorbic acid (0.05%) was also prepared, as following: 100 g of HP-y-CD was
dissolved in 450 mL of WFI adjusted to pH 12 with a NaOH solution, to which 1250 mg of amphotericin
B powder were solubilised. After dissolution, 3500 mg of Na2HPO4 and 2500 mg of ascorbic acid were
added, and the volume adjusted to 500 mL with WFI.

2.3. Conditioning and Storage

The resulting solutions were sterilely conditioned (4 mL per unit) using a sterile syringe tipped
with a 0.22 pm pore size filter (reference SLGP033RS, Milipore SAS, Molsheim CEDEX, France) under
the laminar air flow of an ISO 4.8 microbiological safety cabinet into low density polyethylene (LDPE)
eyedroppers (CAT, Lorris, France). The eyedroppers were stored at controlled refrigerated temperature
(Whirlpool refrigerator) at 5 °C + 2 °C or in a climate chamber (Binder GmbH, Tuttlingen, Germany) at
25 °C £ 2 °C and 60% residual humidity, until analysis.

2.4. Study Design

The stability of the different amphotericin B eye drops formulations was studied in unopened
eyedroppers for up to 350 days at two different temperature 25 °C and 5 °C.

Immediately after conditioning, and then at determined times (3, 7, 14, 28, 56, 168, and 350 days
after conditioning), 4 units per tested storage temperature were subjected to the following analyses:
visual inspection, osmolality, pH measurements, amphotericin B quantification and breakdown
products research. Turbidity measurements were performed at the same analysis times on the pooled
volume from the 4 units. Additionally, for the formulation containing ascorbic acid, a chromaticity and
luminescence analysis was performed.

Sterility determination assay was realized on 4 extra dedicated units after 0, 28, 168, and 350 days
of storage.
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2.5. Analyses

2.5.1. Visual Inspection

The multidose eyedroppers were emptied into polycarbonate test tubes and the amphotericin
B solutions were visually inspected under white light in front of a matt black panel and a non-glare
white panel of an inspection station (LV28, Allen and Co., Liverpool, UK). The aspect and colour of the
solutions were noted, and a screening for visible particles, haziness, or gas development was performed.

2.5.2. Osmolality, pH and Turbidity Measurements

For each unit, osmolality was measured using Model 2020 osmometer (Advanced instruments
Inc., Radiometer, SAS, Neuilly Plaisance, France). pH measurements were made with a SevenMultiTM
pH-meter with an InLabTM Micro Pro glass electrode (Mettler-Toledo, Viroflay, France).

Turbidity was measured using a 2100Q Portable Turbidimeter (Hach Lange, Marne La Vallée,
France), by the pooling of four samples per analysed experimental condition and assay time to
obtain the necessary volume for the analysis. The results were expressed in Formazin Nephelometric
Units (FNU).

2.5.3. Amphotericin B Quantification and Breakdown Products Research

e Chemicals and instrumentation

For each unit, Amphotericin B was quantified and degradation products researched using a liquid
chromatography (LC). The LC system that was used was a Prominence-I LC2030C 3D with diode array
detection (Shimadzu France SAS, Marne La Vallée, France) and the associated software used to record
and interpret chromatograms was LabSolutions™ version 5.82 (Shimadzu France SAS, Marne La Vallée,
France). The method that was used was adapted from Chang et al. [30]. The LC separation column
used was a C18 a Synergi 4 um Hydro-RP 80 A column (Phenomenex, France). The mobile phase in
isocratic mode was composed of 29.1/12.8/7.1/51 (v/v/v/v) methanol/acetonitril/tetrahydrofuran/EDTA
2.5 mM mixture. All chemicals used for the chromatography analysis were of analytical grade. The flow
rate through the column for the analysis was set at 1.5 mL/min, with the column thermo-regulated
to a temperature of 30 °C. The eye drops were diluted a 100-fold with deionized water, to a final
concentration of 25 pg/mL. The injection volume was of 20 pL and the samples racks were kept at
20 °C. The detection wavelength for quantification was set up at 408 nm and breakdown product
detection was performed using DAD detector from 190 to 800 nm.

e  Method validation

Linearity was initially verified by preparing one calibration curve daily for three days using five
concentrations of amphotericin B (base) solubilised in dimethyl sulfoxide (DMSO) and diluted to 15, 20,
25,30 and 35 pg/mL. Each calibration curve should have a determination coefficient R? equal or higher
than 0.999. Homogeneity of the curves was verified using a Cochran test. ANOVA tests were applied
to determine applicability of the linear regression model. To verify method precision, six solutions
of 25 pug/mL amphotericin B were prepared each day for three days, and analysed and quantified.
Repeatability was estimated by calculating the relative standard deviation (RSD) of intraday analysis
and intermediate precision was evaluated using RSD of inter-days analysis. Both RSDs should be of less
than 5%. Specificity was assessed by comparing UV spectra obtained from the DAD detector. Method
accuracy was verified by evaluating the recovery of five theoretical concentrations to experimental
values found using mean curve equation, and results should be found within the range of 95-105%.
The overall accuracy profile was constructed according to Hubert et al. [31-33]. The matrix effect was
evaluated by reproducing the previous methodology with the presence of all the excipients present in
the formulations and comparing the calibration curves and intercepts.
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Amphotericin B impurities described in the European Pharmacopeia were either used directly
from reference product (amphotericin B for peak identification CRS containing impurities A and B,
catalogue code Y0001014) or were prepared (impurity B and C) following the procedure described in the
Amphotericin Bmonography [34]. All three impurities were identified using the same method, and their
retention times were collected for potential identification and quantification during stability studies.

In order to exclude potential interference of degradation products with amphotericin B
quantification, 100 pg/mL amphotericin B (base and deoxycholate) solutions were subjected to the
following forced degradation conditions: 0.1, 0.5 and 1N of hydrochloric acid and sodium hydroxide
for 60 min at 25 °C; 10 and 30% hydrogen peroxide for 60 and 120 min; and thermal degradation at
60 °C after 1, 2 and 4 h. Susceptibility to light was performed 3 times after solution preparation after
24, 48 and 115 h of radiation exposure using UV-visible (400-800 nm wavelength, colour 640) and UVA
(320400 nm wavelength, colour 09) light. All peaks with a surface ratio higher than 0.1% of reference
amphotericin B peak were taken into account for the evaluation, and those for which the surface ratio
was higher than 0.2% during at least one forced degradation study were followed.

2.5.4. Chromaticity Analysis

Chromaticity and luminance were measured using a UV-visible spectrophotometer (V670, Jasco
France SAS, Lisses, France) using the mode Color Diagnosis of the built-in software (Spectra Manager™,
Jasco France SAS, Lisses, France). The xyY CIE colorimetric system was used. Chromaticity was
presented as a two dimensional diagram (x and y axes) representing the whole of the colour system
independently of luminance. Luminance was defined as the visual sensation of luminosity of a surface
measured by the ratio of the colour’s luminosity (in cd.cm™2) over the luminosity of pure white
(reference colour) times 100, its value Y ranging therefore from 0 (no luminosity) to 100 (maximum
luminosity).

2.5.5. Sterility Assay

Sterility was assessed using the European Pharmacopeia sterility assay (2.6.1). In brief, the unidose
eyedroppers were opened under the laminar airflow of an ISO 4.8 microbiological safety cabinet,
and the contents filtered under vacuum using a Nalgene analytical test filter funnel onto a 47 mm
diameter cellulose nitrate membrane with a pore size of 0.45 um (ref 147-0045, Thermo Scientific,
Thermo Electron SAS, Courtaboeuf CEDEX, France). The membranes were then rinsed with 500 mL of
0.9% saline solution (Versylene, Fresenius Kabi France, Louvier, France), to remove any antibacterial
effect of the solution and divided into two equal parts. Each individual part was transferred to either
a fluid thioglycolate medium or a soya bean casein digest medium, and incubated at 30-35 °C or
20-25 °C respectively, for 14 days. The culture medium was then examined for colonies.

2.6. Data Analysi—Acceptability Criteria

The stability of the different amphotericin B formulations was assessed using the following
parameters: visual aspect of the solution, presence or absence of visible particles, amphotericin B
concentration, presence or absence of breakdown products, pH, osmolality, and turbidity.

The study was conducted following methodological guidelines issued by the International
Conference on Harmonisation for stability studies [35], and recommendations issued by the French
society of Clinical Pharmacy (SFPC) and Evaluation and Research Group on Protection in Controlled
Atmosphere (GERPAC) [36].

A variation of amphotericin B concentration outside the 90-110% interval of initial concentration
(including the limits of a 95% confidence interval of the measures) was considered as a being a sign of
significant amphotericin B concentration variation. For concentrations fluctuating between a 90-95%
or 105-110% range of initial concentration, the risk of instability was assessed in regard to the presence
or absence of breakdown products and the variation of the physicochemical parameters. The observed
solutions must be limpid, of unchanged colour, and clear of visible signs of haziness or precipitation.
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Since there are no standards that define acceptable pH or osmolality variation, pH measures were
considered to be acceptable if they did not vary by more than one pH unit from initial value [36].
Osmolality results were interpreted considering clinical tolerance of the preparation and turbidity
measurements were considered acceptable if they did not increase by more than 10% from initial values.

3. Results

3.1. Amphotericin B Quantification and Breakdown Products Research

The retention time of Amphotericin B was of 15.49 + 0.18 min (average + IC95%) (Figure 2).
The chromatographic method used was found linear for concentration ranging from 15 to 35 pug/mL
with a mean determination coefficient R? equal of 0.999. Average regression equation was y = 73,833x
— 73,492 where x is the amphotericin B concentration (ug/mL) and y the surface area of corresponding
chromatogram peak. Interception was not significantly different from zero.
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Figure 2. (A): Reference chromatogram at 408 nm of a 25 ug/mL amphotericin B base (blue curve) and
deoxycholate (black curve) solution and with diode array detector screening (B). uV and mAU: units of
intensity of signal measured by the UV-visible detector.

The relative mean trueness biases were of less than 1.6%, the mean repeatability RSD coefficient
was of 1.33%, and mean intermediate precision RSD coefficient was of 1.31%. The accuracy profile
constructed with the data showed that the limits of 95% confidence interval coefficients were all within
+7% of the expected value (see Supplementary Figure S1). The limit of detection was evaluated at
0.5 ug/mL (signal/noise ratio S/N = 21) and the limit of quantification at 5 ug/mL with S/N =358 and a
relative mean trueness of 4.1%.

Forced degradation results are presented Table 1. Amphotericin B showed high sensitivity to both
acidic and alkaline conditions (degradations % ranging from 54.8% to 100%), the alkaline condition
being the most aggressive, as well as to UV-visible radiations (more than 90% degradation after 24 h)
and medium sensitivity to oxidation (20-25% loss after 2 h of contact with H,0, 30%). However,
amphotericin B proved quite resistant to the heat degradation, showing a loss of about 5% after 4 h at
60 °C. Breakdown products research performed with the diode array detector from wavelengths 190 to
800 nm showed that all breakdown products (18 compounds) that were detected were visible at 408 nm,
none of them interfered with the amphotericin peak, and no other compounds were noticed at other
wavelengths (see chromatograms provided in supplementary Figures S2-54). Breakdown products
BPS, BP11, and BP12 were identified as being amphotericin B impurities A, B and C (see Supplementary
Materials Figures S2-54 for details). Overall, the method met all criteria for being considered as
stability indicating.
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3.2. Physicochemical Stability of ABDC and AB-HP-y-CD Formulations

At the start of the study (day 0), the AB-HP-y-CD formulation was a limpid amber coloured
solution, whereas the ABDC formulation was a limpid yellow solution (see Supplementary Materials
Figure S5 for visual aspect images). Throughout the study, all samples maintained their initial
appearance, with no appearance of any visible particulate matter, haziness, or gas development, except
for the ABDC formulation stored at 25 °C, for which a haziness was noticed from day 56 onwards.
This observation correlated well with the increased turbidity, raising from 11.60 FNU to 162.00 FNU at
day 56, then to more than 800 FNU (maximum quantification level) after 168 days of storage. For the
ABDC formulation stored at 5 °C turbidity had increased by 5.4% to 12.23 FNU after 168 days and by
124% to 26.00 ENU after 350 days. For the AB-HP-y-CD formulation, initial turbidity was of 7.31 FNU,
and decreased over time to reach 3.40 FNU (53% decrease) after 350 days when stored at 25 °C but
increased over time to reach 10.40 FNU (42% increase) when stored at 5 °C.

Concerning pH and osmolality, all results are presented in Table 2. Throughout the study,
osmolality did not vary by more than 15 mOsmol/kg (4.6%) and 27 mOsmol/kg (5.8%) from initial value
atday 0 (320 and 465 mOsmol/kg) for respectively the ABDC and AB-HP-y-CD formulations. pH values
did not vary by more than 0.39 units except for the ABDC formulation after 336 days of storage at
25 °C, for which a decrease of 0.93 pH units was noticed, however still staying within specifications.

Ampbhotericin B concentrations decreased over time throughout the study, for both formulations
and storage temperatures, but with wide variations between formulations and conservation
temperatures (Figure 3).
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Figure 3. Evolution over time of amphotericin B concentrations for the amphotericin B deoxycholate
(ABDC) and amphotericin B 2-hydroxypropyl-y-cyclodextrin (AB-HP-y-CD) formulations. # = 4, mean
+ 95% confidence interval.
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After 56 days of storage, only the ABDC formulation stored at 5 °C was still within amphotericin B
concentration specifications (see acceptability criteria defined in Section 2.6), and remained so up until
168 days of storage included. AB-HP-y-CD formulation showed higher amphotericin B degradation,
having lost 6.45% and 9.78% of amphotericin B after respectively 28 and 56 days when stored at 5 °C,
and 18.60% and 30.0% when stored at 25 °C. For both formulations, the temperature had an important
impact on degradation, as after 350 days both formulations stored at 25 °C had lost more than 60% of
amphotericin B. Concerning breakdown product research, no appearance or increase of compounds
already present at day 0 was detected, for neither formulation (see example chromatograms for ABDC
and AB-HP-y-CD formulations at day 168, respectively Figures 4 and 5), except for the AB-HP-y-CD
formulation, for which an increase of breakdown product BP8 (impurity A) was noticed, going from
0.96% at day 0 (in % reference amphotericin B peak area) to 1.44% and 1.37% after six months and 1.69
and 0.70% after 12 months at respectively 5 °C and 25 °C.
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Figure 4. (A) Chromatograms at 408 nm of amphotericin B deoxycholate (diluted 1/100th to the
theoretical concentration of 25 ug/mL) at day 0 (red curve), after 168 days at 5 °C storage (blue curve)
and 25 °C (black curve); with diode array detector screening after 168 days at 5 °C (B) and at 25 °C (C).
uV and mAU: units of intensity of signal measured by the UV-visible detector.
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Figure 5. (A) Chromatograms at 408 nm amphotericin B solubilised in 2-hydroxypropyl-y-cyclodextrins
(diluted 1/100th to the theoretical concentration of 25 ug/mL) at day 0 (red curve), after 168 days at 5 °C
storage (blue curve) and 25 °C (black curve); with diode array detector screening after 168 days at 5 °C
(B) and at 25 °C (C). 1V and mAU: units of intensity of signal measured by the UV-visible detector.

3.3. Sterility Assay

None of the four analysed solutions conserved in unopened bottles at day 0, 28, 168, and 350
showed any signs of microbial growth.

3.4. Physicochemical Stability of AB-HP-y-CD Additionned with 0.5 mg/mL Ascorbic Acid

The addition of ascorbic acid to the formulation did not modify initial visual aspect (limpid
amber solution). For both conservation temperatures, turbidity, pH, and osmolality stayed within
specifications (Table 3). Concentrations of amphotericin B decreased rapidly, and were out of
specifications after 14 and seven days of storage when the formulations were stored respectively at 5
and 25 °C.

Table 3. Evolution of studied parameters for the amphotericin B 2-hydroxypropyl-y-cyclodextrin
formulation added with 0.5 mg/mL of ascorbic acid. n = 4; mean + standard deviation, except for *:
n =1. FNU: Formazin Nephelometric Units.

Concentration

Turbidity pH Osmolality D(:;g({n,;;:z{,/

% (1]

(FNU) (mOsmol/kg) of Day 0
Concentrations)

Before storage Day 0 3.19 7.08 + 0.00 423 +5 2.47 +0.05
Day 7 3.20 7.09 = 0.03 452 +4 96.54 + 3.10
Storage at 5 °C Day 14 3.14 6.95 + 0.02 449 + 22 90.09 +2.31
Day 28 3.39 6.79 = 0.01 450 = 11 83.93 +1.21
Day 7 3.19 6.84 + 0.00 453 + 12 85.08 + 1.58
Storage at 25 °C Day 14 3.23 6.64 = 0.02 479 + 4 7241 + 3.81
Day 28 3.32 6.38 = 0.06 468 +7 55.32 + 8.96
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Interestingly, in parallel to the decrease in amphotericin B concentrations, an evolution in the
colour was visually also noticed (slight darkening and reddening of the solution) with was correlated
by an evolution in chromaticity and luminance measurements, which was more pronounced when the
formulation was stored at 25 °C (see Figure 6).
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Figure 6. Chromaticity (xy diagram) and luminance (Y) results of the HP-y-CD amphotericin B
formulation containing 0.5 mg/mL ascorbic acid at day 0 and day 28. Blue cross: day 0 results. Purple
cross target: storage at 5 °C. Black triangle: storage at 25 °C.

4. Discussion

In this study, we show that amphotericin B solubilised in HP-y-CD is not as stable as conventional
amphotericin B deoxycholate, as amphotericin B loss reached nearly 10 and 20% after respectively 56
and 168 days of storage at 5 °C, whereas for convention ABDC formulation, the loss was of only of
6.89% and 8.70% for the same storage times.

The quantification method used in our study was adapted to our laboratory conditions from
a previously published method by Chang et al. that had showed good specificity and resolution
between amphotericin B and known impurities [30]. However, as it has not been validated as stability
indicating, we performed accelerated degradation tests to verify the absence of interferences with
potential breakdown products. The results that were obtained were coherent with those published
initially by Chang et al. in terms of retention times and relative retention times, and breakdown studies
allowed the detection of multiple compounds, all correctly separated from the main amphotericin
B peak. They are also in accordance with the results of a very recent study by Montenegro et al.
who also developed a stability indicating liquid chromatography—diode array detector method for
amphotericin B quantification [37]. They confirmed that amphotericin B degrades rapidly under acidic,
alkaline, oxidative and radiation exposure conditions, detecting 16 breakdown products, and made
an interesting tentative shot at identifying some of the compounds using direct injection electrospray
ionization mass spectrometry and electrospray ionization tandem mass spectrometry.

During our 350-day stability study, we showed that for both of the tested formulation, amphotericin
B concentrations decrease over time; however, different causes could be hypothesised. For the classical
deoxycholate formulation, the decrease in amphotericin B active pharmaceutical ingredient (API)
happened in parallel to a massive increase in turbidity (especially at 25 °C storage), thus suggesting a
physical instability rather than a chemical one, with the precipitation of amphotericin B. This is quite
possibly linked to the tendency of amphotericin B to form soluble and insoluble aggregates over time,
even at ambient temperature [38-40]. Conversely, for the AB-HP-y-CD formulation, turbidity did not
vary in such a way, yet API concentrations still decreased, with only a slight increase in breakdown
product BP8 (impurity A), more visible at 5 °C such suggesting a certain instability of this compound
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at 25 °C. As the formulation was buffered at was has been described as the optimum pH range (pH 6
to 7) for amphotericin B stability [41], degradation mechanisms other than those mediated by pH are
possibly implicated. Indeed, it has been suggested by several authors that amphotericin B decay can
happen by autoxidation [42,43], which can also be linked to one of its antifungal activity mechanisms
as it is a powerful oxidant [44,45]. Previously, Belhachemi et al. showed that adding ascorbic acid
(vitamin C) and a-tocopherol (vitamin E) to amphotericin B improved its therapeutic index [46] and
had hypothesised a link with lesser autoxidation, so in a complementary study we investigated if
adding ascorbic acid to the AB-HP-y-CD formulation might help improve its stability. Our results
showed that ascorbic acid had no protective effect, and might even hasten the instability process, as
after 28 days at 25 °C a 45% loss of API was noticed when in presence of vitamin C, whereas the loss
was only 20% without it. The redox potential of ascorbic acid has been reported to be in the range of
+0.35 V to +0.50 V [47], so it is possible that if amphotericin B red/ox potential is higher, it will not be
protected by ascorbic acid. Another hypothesis could be linked to its high potential to scavenge free
radicals [48], meaning that amphotericin B can also be classified as an antioxidant, with an effectiveness
superior to that of retinoids but inferior to that of carotenoids [43].

Solubilization of y cyclodextrin yielded a clear, very light brown solution, without any visible
particulate matter. Addition of amphotericin B induced a change of color (light amber for AB-HP-y-CD
and light yellow for ABDC formulations) but remained limpid. Without cyclodextrins, amphotericin
B is insoluble in aqueous solutions and a clearly visible precipitate is present. Other authors have
confirmed that amphotericin B -y cyclodextrin solution are limpid and not turbid. Rajagopan et al.
observed that a minimum ratio of 1:46 (amphotericin B to y cyclodextrin) was required for amphotericin
B solubilisation, and that at lower ratios the solutions turned cloudy [22]. Kajtar et al. found that while
in aqueous solutions amphotericin B forms colloid-like multimolecular aggregates, in the presence
of y-cyclodextrins true solutions can be prepared, which show similar spectral properties as AmB
dissolved in organic solvents [25]. During preparation of topical formulations, Ruiz et al. declared that
their intermediate preparation of Amphotericin B-CD inclusion complex resulted in a transparent
yellow solution [27], which is also consistent with our findings. Interestingly, an evolution in colour was
noted in the AB-HP-y-CD formulation additionned with ascorbic acid, which was better characterized
by chromaticity and luminance measurements. Indeed, chromaticity measurements clearly confirmed
a slight reddening of the solution, and luminance measurements indicated that the colour was darker.
Of course, it cannot be concluded at this stage which compound these modifications are related to (as
ascorbic acid is known to undergo a change of colour when oxidized [49]), but these results indicate
that colour measurement could be an interesting complement to be performed during stability studies
of coloured solutions to track a change of colour, or of uncoloured solutions to detect any beginning
coloration. Also, despite the European Pharmacopoeia for the time being only recommending the use
of reference colour solutions ranging from brown to greenish-yellow [50] to assess the colouration of
liquids, the United States Pharmacopoeia does have a monography describing colour measurement [51],
and such a system will be implemented in the European Pharmacopoeia on the 1rst January 2021 as a
harmonized text with the United States and Japanese Pharmacopoeias [52].

In 1986, Rajagopan et al. published one of the first studies describing enhanced solubility and
inclusion of amphotericin B in y-cyclodextrin complexes and proposed a mechanism for the formation of
the 1:1 inclusion complex [22]. However they did not evaluate amphotericin B stability at physiological
pH, only at pH 1.2 and pH 12 and for amphotericin B (base) and complexed with the cyclodextrins and
for only up to 350 min. Their results did show that the amphotericin B-y-cyclodextrin complex was
more stable than the base amphotericin B at those extreme pH, but that amphotericin B concentrations
(when complexed with y-cyclodextrins) still did decrease by 10% after 350 min. No comparison with a
deoxycholate formulation was made. Other authors have studied the stability of ophthalmic solutions
of amphotericin B. Peyron et al. studied the stability of a deoxycholate formulation of 5 mg/mL
amphotericin B diluted in dextrose, and found it precipitated after 13 to 16 days at room temperature,
but declared it stable after 120 days storage at refrigerated temperature, despite not measuring the
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turbidity of their solution [19]. More recently, Curti et al. evaluated the physicochemical stability
of five anti-infectious eyedrops, including 5 mg/mL amphotericin B, unfortunately without giving
any information on the formulation (supposedly in deoxycholate form) in 5% glucose. The data they
presented are also in favour of stability for 60 days at 5 °C (end point of the study), but of only 7 days
at 25 °C. To the best of our knowledge, there has only been one published study investigating some
stability parameters of a 0.5 and 1 mg/mL formulation of amphotericin B in y cyclodextrins, during a
short period of 30 days, at refrigerated and ambient temperatures [24]. The authors declared no API
loss at either temperature when diluted in a saline solution, but noticed a 10% decrease of API when
diluted in dextrose at the end of the study. At both temperatures, the antifungal activity remained
unchanged. However, the study only followed the concentration of amphotericin B and particle
size/aggregation effect, and the identity of the container was not mentioned, making it overall difficult
to draw complete conclusions about the physicochemical stability of the formulation. The stability of
liposomal amphotericin B eye drops at 5 mg/mL has also been studied [53]: the authors found that
amphotericin B concentrations remained with a 94-107% range during a six-month study, and mean
hydrodynamic diameter of the liposomes also remained stable, at both 5 °C and 25 °C, however one of
the limits of the study was that certain parameters like pH, osmolality and turbidy were not indicated
as being followed, thus making it difficult to conclude on overall formulation stability.

This study illustrates yet again that preparing adapted formulations of amphotericin B for
ophthalmic use is a challenging task. The use of HP-y-CD effectively allowed the preparation of
concentrated amphotericin B solutions, but didn’t prevent API loss during long term storage. Recently,
Jansook et al. studied the effect of additives like chitosan and phospholipids on y-CD solubilization of
amphotericin B, but have not as yet evaluated the stability of their new formulations [28]. The use of
ascorbic acid as an antioxidant to prevent the loss of amphotericin B through possible autoxidation
did not increase stability. Tests using different antioxidants like x-carotenoids might be a solution.
Eliminating oxygen could also help reduce decay [48], but, although achievable, such a step could
complexify the preparation steps, as the apparatus needed is not readily available to all compounding
pharmacies. Another solution might be to try alternative excipients, such as polyethoxylated castor oil
and polyvinylpyrrolidone, as they have shown to be able to solubilize other lipophilic compounds
like cyclosporine A and tacrolimus [54,55]. Otherwise, and for resource-rich countries, the use of
high-cost liposomal formulations could provide an acceptable, yet expensive, alternative, albeit without
providing a long-term stability solution for ready-to use eye drops of amphotericin B. The search
therefore continues.

5. Conclusions

Solutions of amphotericin B solubilised in hydroxypropyl vy cyclodextrins are not
physicochemically stable for more than 28 or 56 days at 25 °C or 5 °C, respectively. Adding an
antioxidant like ascorbic acid decreases the stability of the formulation. More studies are therefore
needed in order to provide an affordable long-term stability solution for ready-to use eye drops of
amphotericin B for the treatment of fungal keratitis caused by Fusarium species, Aspergillus species,
and Candida species.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/9/786/s1,
Figure S1: Accuracy profile of Amphotericin B validation. RTB: relative trueness bias. CI: confidence interval,
Figure S2: Chromatograms (at 408 nm wavelength detection) of amphotericin B solutions after forced degradation:
(A) acid and alkaline exposure, (B) 24 h (24H) of ultraviolet-visible radiations exposure, (C) oxidative exposure
and (D) heat exposure. 4H: after 4 h of heat exposure, Figure S3: Contour maps (diode array detection) of
amphotericin B solutions after forced degradation: (A) 0.1N HCI, 1 h contact; (B)) 0.IN NaOH, 1 h contact; (C)
10% H202, 2 h contact; (D) 30% H202, 2 h contact; (E) UV-visible radiations, 24 h contact; (F) heat exposure 60 °C,
4 h contact, Figure S4: Chromatograms of amphotericin B impurities at 408 nm. Blue curve: amphotericin B for
peak identification CRS containing impurities A and B; Orange curve: solution prepared following the procedure
described in the amphotericin B monography allowing for the preparation of impurities B and C, Figure S5:
Visual aspect of the amphotericin B deoxycholate (A) and amphotericin B 2-hydroxypropyl-y-cyclodextrin (B)
formulations, Table S1: all raw data.
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Abstract: Myopia is an ophthalmic condition affecting more than 1/5th of the world population,
especially children. Low-dose atropine eyedrops have been shown to limit myopia evolution during
treatment. However, there are currently no commercial industrial forms available and there is
little data published concerning the stability of medications prepared by compounding pharmacies.
The objective of this study was to evaluate the stability of two 0.1 mg/mL atropine formulations
(with and without antimicrobiobial preservatives) for 6 months in two different low-density
polyethylene (LDPE) multidose eyedroppers. Analyses used were the following: visual inspection,
turbidity, chromaticity measurements, osmolality and pH measurements, atropine quantification by a
stability-indicating liquid chromatography method, breakdown product research, and sterility assay.
In an in-use study, atropine quantification was also performed on the drops emitted from the multidose
eyedroppers. All tested parameters remained stable during the 6 months period, with atropine
concentrations above 94.7% of initial concentration. A breakdown product (tropic acid) did increase
slowly over time but remained well below usually admitted concentrations. Atropine concentrations
remained stable during the in-use study. Both formulations of 0.1 mg/mL of atropine (with and
without antimicrobial preservative) were proved to be physicochemically stable for 6 months at 25 °C
when stored in LDPE bottles, with an identical microbial shelf-life.

Keywords: atropine; ophthalmic solution; stability; myopia

1. Introduction

Myopia (or short-sightedness) is an ophthalmic condition that leads to blurred long-distance
vision, generally characterized by a refractive error of —0.5 or —1 diopters. Overall, it has been
estimated that currently 1.4 billion people in the world are myopic (22.9% of the population), and crude
estimations suggest that, by 2050, there will be 4.7 billion people affected (nearly 50% of world
population) [1]. The prevalence of myopia is variable between countries, affecting for example
about 30% of young adults in Europe [2], 59% in North America [3], to more than 95% in some
student populations of Asian countries [4,5], with onset of the disease occurring during childhood
and adolescence. Many risk factors have been suggested or clearly identified, such as time spent
performing close-vision activities, such as reading or looking at smart-device screens [6], lack of
physical exercise, or exposure to sunlight [3,7], often all linked to higher education rates [8]. If left
uncorrected, myopia has been shown to have major consequences on children’s level of education,
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quality of life, and personal and psychological well-being [9], and its economic impact on society has
been estimated at US$244 billion from global potential productivity loss [10]. Several recommendations
have been proposed to limit the onset of myopia, like encouraging children spending time outside,
limiting close-vision activities, and adapting light conditions [11], but whilst fundamental, they might
not be sufficient or easily implemented. Current therapeutic options all have limitations; for example,
orthokeratology (reshaping of the cornea by a hard, hydrophilic, gas-permeable contact lens worn
during sleep and removed during the day) does not stop disease progression to returning to its
previous rate after treatment discontinuation and requires high levels of patient compliance [12].
The use of correction glasses or lenses does not address the root-cause, refractive surgery is only
curative, and its cost-effectiveness is still uncertain [13]. Pharmacological treatments have however
shown some very promising potential. Of these, mydriatic agents such as atropine or tropicamide
gained interest early on [14], with atropine being the most studied. Its biological action has been
surmised as involving a complex interplay with receptors on different ocular tissues at multiple
levels, leading to a decrease in change in the cycloplegic refraction and axial length elongation [15].
Initially tested at 1% concentration during the ATOM1 trial, atropine eyedrops were proved to be
effective in controlling myopic progression but caused important visual side effects resulting from
cycloplegia and mydriasis [16]. Since then, several clinical trials have evaluated the safety and
efficiency of atropine eye drops at lower concentrations. The ATOM2 trial studied myopia progression
in 400 children 2 years after treatment with 0.01%, 0.1%, and 0.5% and found the 0.01% concentration
to be the concentration causing the least side effects for comparable efficacy in controlling myopia
progression [17,18]. Very recently, the LAMP phase 2 trial report confirmed that concentrations ranging
from 0.01% to 0.05% were well tolerated in 383 children after two years of treatment, with patients
experiencing rare and mild side effects [19], even if the need for photochomratic glasses was higher
than 30% for treated patients. The ATOM1, ATOM?2, and LAMP trials were all conducted on Asian
patients, and some have highlighted the need for high-quality evidence from European populations on
atropine effectiveness in controlling myopia progression [20]. However, a smaller study on European
paediatric patients also concluded that 0.01% atropine eye drops slowed the rate of myopia progression
whilst retaining a favourable safety profile [21].

Despite all this recent and very favourable clinical data, there is still currently no commercially
available low dose formulation of atropine eyedrops. In order to treat patients, hospital and
compounding pharmacies could produce the desired ophthalmic solution, but the lack of long-term
validated stability data severely limits their conservation period by imposing short expiration dates
after preparation [22,23]. Indeed, few studies have been published concerning atropine eyedrops
stability, but the analyses were either lacking several tests or suffered from shortcomings concerning
breakdown product research [24-26]. As single-dose container technology is not readily available to
compounding pharmacies, multidose eyedroppers (often in low dose polypropylene) are the most
used container and therefore the most studied [27-30]. However, not all of those devices possess a
system allowing their content to be preservative-free, and their contents must therefore be preserved.
Because 0.1 mg/mL is the concentration with currently the most data concerning safety and efficacy,
the aim of this study was therefore to assess the physicochemical stability and to control the sterility of
two 0.1 mg/mL atropine ophthalmic solutions (with and without an antimicrobial conservative) in
two different low-density polyethylene (LDPE) multidose eyedroppers (one with a sterility-preserving
technology allowing the absence of an antimicrobial preservative in the formulation and the other
without such a system in order to allow choice of container depending on stability data) at 25 °C for six
months in unopened eyedroppers.

2. Materials and Methods

2.1. Preparation and Storage of Atropine Solution Formulations

Two different formulations of 0.1 mg/mL (0.01%) atropine ophthalmic solutions were prepared:
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- atropine solution with an antimicrobial preservative (cetrimide) for use with ethylene oxide
sterilized white opaque LDPE squeezable multidose eyedroppers (reference VPLA25B10;
Laboratoire CAT®, Lorris, France)

- atropine solution without the preservative for use within gamma-sterilized white opaque LDPE
squeezable multidose eyedropper (reference 10002134) equipped with sterility preserving Novelia®
caps (reference 20050772; Nemera, La Verpillere, Cedex France).

The details of each formulation are presented in Table 1. All compounds that were used were of
pharmaceutical grade.

Table 1. Composition of the tested atropine ophthalmic formulations. q.s: quantity sufficient.

Chemical Components Formulation (mg)

Without Preservative With Preservative

Atropine sulphate (batch 18276508, exp. 31/01/2021, Inresa, France) 100 100
Natrium dihydrogenophosphate dihydrate (NaH;POy4) 7300 7800
(batch 190298040, exp. 30/11/2021, Inresa, France)
Dinatrium monohydrogenophosphate dodecahydrate (Na,HPO,) 4480 4480
(batch 18129611, exp. 30/04/2023, Inresa, France)
Cetrimide (batch 16F08-B01-334049, exp. 05/2020, 100
Fagron, Netherlands)

. . 0, ® . . .
Sodium chloride (NaCl) 0.9% (Versylene®; Fresenius Kabi France, qs 1000 mL s 1000 mL

Louviers, France)

The formulations were prepared by dissolving atropine into the 0.9% sodium chloride solution
at room temperature under gentle agitation before adding the hydrogenophosphate buffer and,
finally, if needed, the preservative (cetrimide). For the purpose of the study, batch size was 1 L for
both formulations. Cetrimide at a concentration of 0.01% was chosen because it is a preservative
commonly used for the antimicrobial preservation of ophthalmic solutions, with an efficacy similar to
benzalkonium chloride [31,32].

The obtained atropine solutions were filtered through a 0.22-um filter (Stericup® Sterile Vacuum
Filtration Systems, Merck Millipore, MC2, Clermont-Ferrand, France) and then sterilely distributed
(6 mL per unit, for a maximum filling capacity of 8 mL for both multidose eyedroppers) into the
eyedroppers under the laminar airflow of an ISO 4.8 microbiological safety cabinet using a conditioning
pump (Repeater pump, Baxter, Guyancourt, France). The solution was distributed into the two different
low-density polyethylene (LDPE) eyedroppers.

2.2. Study Design

The stability of the 0.1 mg/mL atropine solutions was studied for 180 days at 25 °C in unopened
eyedroppers and in simulated use conditions for 6 days.

2.2.1. Stability of 0.1 mg/mL Atropine in Unopened Multidose Eyedroppers

The eyedroppers containing atropine were stored upwards in an ICH Q1B compliant climate
chamber (BINDER GmbH, Tuttlingen, Germany) at 25 °C + 2 °C and 60 + 5% residual humidity
until analysis.

Immediately after preparation (day 0) and at days 8, 15, 30, 90, and 180, five units per kind
of eyedropper were submitted to the following analyses: visual inspection, chromaticity analysis,
atropine quantification, breakdown products (BPs) research (i.e., looking specifically for products
resulting from the degradation of atropine), osmolality, pH, and turbidity. Sterility was also assessed
using five units for each kind of eyedropper and storage temperature immediately after preparation and
after 60 and 180 days of storage. Initial day 0 analyses were performed immediately after conditioning
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within 4 h after the end of the preparation of the solutions to have results as representative as possible
of initial conditions (least degradation or modification of parameters).

2.2.2. Evaluation of Atropine Concentrations in Eye Drops during Simulated Use

Thirty eyedroppers were subjected to simulated patient use: every day for 6 days, one drop
from each eyedroppers was manually emitted (i.e., the drop was squeezed out of the bottle as if to
be administered to the eye, but instead of being administered, it was collected for analysis) at room
temperature. Atropine quantification was then realized in triplicate from 10 collected and pooled
drops. In between use, the bottles were stored vertically at 25 °C.

2.3. Analyses Performed on the Atropine Solutions

2.3.1. Visual Inspection

The multidose eyedroppers were emptied into glass test tubes, and the atropine solutions were
visually inspected under day light and under polarized white light from an inspection station (LV28,
Allen and Co., Liverpool, UK). Aspect and colour of the solutions were noted, and a screening for
visible macroparticles, haziness, or gas development was performed.

2.3.2. Chromaticity Analysis

Chromaticity and luminance were measured with a UV-visible spectrophotometer (V670,
]asco®, Lisses, France) using the mode Color Diagnosis of the built-in software (Spectra Manager®,
version 2.12.00). The xyY CIE colorimetric system was used. Chromaticity was presented as a
two-dimensionl diagram (x and y axes) representing the whole the colour system independently of
luminance. uminance is defined as the visual sensation of luminosity of a surface measured by the
ratio of the colour’s luminosity (in cd-cm™2) over the luminosity of pure white (reference colour) times
100; its value Y ranges therefore between 0 (no luminosity) and 100 (maximum luminosity).

2.3.3. Atropine Quantification and BPs Research

Chemicals and Instrumentation

For each unit, atropine was quantified and BPs were detected using the liquid chromatography
(LC) method described by the European Pharmacopeia, Atropine monography [33]. The LC system
that was used was a Prominence-I LC2030C 3D with diode array detection (Shimadzu France SAS,
Marne La Vallée, France), and the associated software used to record and interpret chromatograms
was LabSolutions® version 5.82. The LC separation column used was a C18 Synergi® Fusion-RP 80
(150 x 4.6 mm, 4 um) with an associated guard column (Phenomenex, Le Pecq, France).

The mobile phase was a gradient mixture of phases A and B. Phase A consisted of an aqueous
solution of 3.5 g of sodium dodecyl sulphate (SDS) (CAS 1561-21-3, purity > 99%, Sigma-Aldrich,
St. Louis, MO, USA) in 606 mL of a 7 g/L solution of potassium dihydrogen phosphate (CAS 10049-21-5,
purity > 99%, Sigma-Aldrich, St. Louis, MO, USA) previously adjusted to pH 3.3 with orthophosphoric
acid (20,624.295, purity > 85%, Normapur, Prolabo, Paris, France) and mixed with 320 mL of acetonitrile
(34851-2, purity > 99.9%, Honeywell, Charlotte, NC, USA). The final pH of phase A was of 3.9.
Phase B consisted of 100% acetonitrile. The gradient used is presented in Table 2. All solvents were of
analytical grade.

The flow rate through the column for the analysis was set at 1 mL/min, with column
thermo-regulation set to a temperature of 30 °C. The injection volume was of 20 uL. The quantification
wavelength was set up at 210 nm. BP detection was realized by screening with a diode array detector
(DAD) detector from 190 nm to 800 nm.
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Table 2. Gradient used for the liquid chromatography (LC) mobile phase.

Mobile Phase (%)

Time (min)
A B
0 95 5
2 95 5
20 70 30
21 95 5
25 95 5

Method Validation

Linearity was initially verified by preparing one calibration curve daily for three days using five
concentrations of atropine (European Pharmacopoeia reference standard Y0000878 (Sigma-Aldrich,
MC2, Clermont-Ferrand, France) at 10, 20, 60, 100, and 140 pg/mL, diluted in deionized water.
Each calibration curve should have a determination coefficient R? equal or higher than 0.999.
Homogeneity of the curves was verified using a Cochran test. ANOVA tests were applied to determine
applicability. Each day for three days, six solutions of atropine 0.1 mg/mL were prepared, analysed,
and quantified using a calibration curve prepared the same day. To verify the method precision,
repeatability was estimated by calculating relative standard deviation (RSD) of intraday analysis and
intermediate precision was evaluated using an RSD of inter-days analysis. Both RSDs should be less
than 5%. Specificity was assessed by comparing the UV spectra DAD detector. Method accuracy was
verified by evaluating the recovery of five theoretical concentrations to experimental values found
using mean curve equation, and results should be found within the range of 95-105%. The overall
accuracy profile was constructed according to Hubert et al. [34-36].

The matrix effect was evaluated by reproducing the previous methodology with the presence of
all excipients present in the formulation (including the preservative) and by comparing the calibration
curves and intercepts.

Atropine impurities described in European Pharmacopeia (atropine impurity B CRS, atropine for
peak identification CRS (containing impurities A, D, E, F, G, and H) and tropic acid R (impurity C))
were identified with the same method. Their retention times were collected for potential identification
and quantification during stability studies.

In order to exclude potential interference of degradation products with atropine quantification,
atropine 0.1 mg/mL solutions was subjected to the following forced degradation conditions: 0.1, 0.5,
and 1 N hydrochloric acid for 150 min at 25 °C; 0.1, 0.5, and 1 N chloride acid for 150 min at 90 °C; 0.1,
0.5, and 1 N sodium hydroxide for 30 min at 25 °C; 15% hydrogen peroxide for 60 min at 60 °C and 90 °C;
and 30% hydrogen peroxide for 60 and 180 min at 90 °C. Susceptibility to light was performed 3 times
after solution preparation for 180 min and 4 and 8 days using an UVA light in climatic chamber (25 °C).

Tropic acid was quantified at 210 nm using the same method as for atropine quantification in the
presence of a phosphate buffer, using a calibration curve ranging from 0.1 to 5.0 ug/mL validated using
the same methodology as previously described for the validation of the atropine quantification method.

2.3.4. Osmolality, pH, and Turbidity Measurements

For each unit, pH measurements were made using a SevenMultiTM pH-meter with an InLabTM
Micro Pro glass electrode (Mettler-Toledo, Viroflay, France). Measures were preceded and followed
by instrument validation using standard buffer solution of pH 4 and pH 7 (HANNAH® Instrument,
Tannerries, France). Osmolality was measured for each solution using an osmometer Model 2020
Osmometer® (Advanced instruments Inc., Radiometer, SAS, Neuilly Plaisance, France). Turbidity was
measured using a 2100Q Portable Turbidimeter (Hach Lange, Marne La Vallée, France), by pooling the
five samples per analysed experimental condition and assay time to obtain the necessary volume for
the analysis. The results were expressed in Formazin Nephelometric Units (FNU).
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2.3.5. Sterility Assay

Sterility was assessed using the European Pharmacopoeia sterility assay (2.6.1). Multidose eyedroppers
were opened under the laminar air flow of an ISO 4.8 microbiological safety cabinet, and the contents
were filtered under vacuum using a Nalgene® analytical test filter funnel onto a 47-mm diameter cellulose
nitrate membrane with a pore size of 0.45 mm (ref 147-0045, Thermo Scientific, purchased from MC2,
Clermont-Ferrand CEDEX, France). The membranes were then rinsed with 500 mL deionized water
(Versylene® ; Fresenius Kabi, France, Louviers, France) and divided into two equal parts. Each individual
part was transferred to each of a fluid thioglycolate and soya tripcase medium and incubated at 30-35 °C
or 20-25 °C, respectively, for 14 days. The culture medium was then examined for colonies.

2.4. Data Analysis—Acceptability Criteria

The stability of diluted atropine solutions was assessed using the following parameters:
visual aspect of the solution, turbidity, pH, osmolality, atropine concentration, and presence or
absence of BPs.

The study was conducted following methodological guidelines issued by the International
Conference on Harmonisation for stability studies [37] and recommendations issued by the French
Society of Clinical Pharmacy (SFPC) and by the Evaluation and Research Group on Protection in
Controlled Atmosphere [38]. A variation of concentration outside the 90-110% range of initial
concentration (including the limits of a 95% confidence interval of the measures) was considered as
being a sign of instability. Presence of BPs and the variation of the physicochemical parameters were
also considered a sign of atropine instability but were interpreted with regards to quantities found in
commercial ophthalmic atropine solution (see Supplementary data file S1). The observed solutions
must be limpid, of unchanged colour, and clear of visible signs of haziness or precipitation. Since there
are no standards that define acceptable pH or osmolality variation, pH measures were considered
acceptable if they did not vary by more than one pH unit from the initial value [38], and osmolality
results were interpreted considering clinical tolerance of the preparation.

3. Results

3.1. Atropine Quantification and Breakdown Products (BP) Research

Atropine retention time was of 9.7 + 0.3 min (Figure 1). The chromatographic method used was
found linear for concentrations ranging from 0.5 to 140 pug/mL. Average regression equation was y
= 22429.5x-13.6, where x is the atropine concentration (in pg/mL) and y is the surface area of the
corresponding chromatogram peak. Interception was not significantly different from zero, and average
determination coefficient R? of three calibration curves was 0.99999. No matrix effect was detected.

The relative mean trueness bias coefficients were less than 2.75%, except for the 0.5 pg/mL
calibration point, for which it was of 3.75%. Mean repeatability RSD coefficient and mean intermediate
precision RSD coefficient were less than 2%. The accuracy profile constructed with the data showed that
the limits of 95% confidence interval coefficients were all within 3% of the expected value, except for
the 10 pg/mL calibration point, for which the lower range limit was —8.8%. The limit of detection was
evaluated at 0.05 ng/mL (signal-to-noise ratio of 3.03 and experimentally confirmed by visual analysis
of the chromatograms), and the limit of quantification was fixed at 0.5 pg/mL, even if the signal-to-noise
ratio was 46, thus potentially indicating that a lower quantification limit could be reached.

No impurities were visible in the initial atropine solution on the reference chromatogram at
210 nm in Figure 1. All the impurities specified by the European Pharmacopeia were detected and
identified in Figure 2. The chromatograms presented show separately different impurities as they
come from different European Pharmacopoeia reference solutions and were thus analysed sequentially
in order to be able to correctly identify each peak using the relative retention times provided in the
atropine monography. They were all visible at 210 nm, which allowed maximum sensitivity. No other
impurities were detected at other wavelengths.
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Figure 2. Chromatograms of atropine impurities at 210 nm: (A) reference atropine chromatogram,
(B) chromatogram of the atropine impurity B CRS solution, (C) chromatogram of atropine for the peak
identification CRS (containing impurities A, D, E, F, G, and H) solution, and (D) chromatogram of the
tropic acid R (impurity C) solution. The insets represent a close up of the chromatograms.
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A summary of the impurity retention times and relative retention times (relative to atropine) is
presented in Table 3.

Table 3. Atropine impurities retention times and relative retention times.

Impurity Retention Times

Experimental Absolute Retention Time (min) Relative Retention Time
Atropine 9.7 1
Impurity A 16.2 1.7
Impurity B 9.3 0.9
Impurity C 2.5 0.3
Impurity D 7.6 0.8
Impurity E 7.1 0.7
Impurity F 8.0 0.8
Impurity G 10.8 1.1
Impurity H 9.3 0.9

After forced degradation, BPs were detected with a resolution higher than 1.5 of the atropine
peak to all its BPs and particularly in alkaline forced conditions. No BPs were detected when atropine
solutions were exposed to UVA light, and atropine concentration did not vary after 8 days of UV-Vis
exposure. After 1 h at 15% HyO, exposure at 60 °C, no loss of atropine concentration was detected.
After 1h at 90°, a loss of 7.9% of atropine was noticed, without any breakdown products being detected.
Chromatogram results are showed in Figure 3.
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Figure 3. Chromatograms at 210 nm of breakdown products (BPs) obtained after forced degradation:
(A) alkaline conditions of NaOH 0.5 N for 0.5 h and (B) acid conditions of HC1 0.1 N for 1 h at 90 °C.
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Detailed results of tropic acid quantification are presented in Supplementary data.
3.2. Stability of Atropine in Unopened Multidose Eyedroppers

3.2.1. Physical Stability

All samples stayed limpid and uncoloured; chromaticity and luminance were unchanged during
the study for both tested kind of eyedroppers; and there was no appearance of any visible particulate
matter, haziness, or gas development. Initial turbidity was 0.33 and 0.32 FNU respectively for the atropine
formulation with and without preservatives and did not vary by more than 0.6 FNU for the formulation
with antimicrobial preservative or 0.32 FNU for the formulation without preservative (Table 4).

Table 4. Evolution of turbidity over time. n =1 (pooled volume from 5 units). FNU: Formazin Nephelometric Units.

Turbidity (FNU)
Day0 Day8 Day15 Day30 Day60 Day9 Day 180

Atropine solution with

preservative conditioned in LDPE 0.33 0.31 0.27 0.78 0.78 0.43 0.93
CAT® eyedroppers
Atropine solution without
preservative conditioned LDPE 0.32 0.31 0.26 0.54 0.44 0.34 0.64
NOVELIA® eyedroppers

3.2.2. Chemical Stability

Evolution of pH and osmolality throughout the study is presented Table 5. Throughout the
study, osmolality did not vary by more than 3.7% (15 mOsm/kg) of the initial osmolality (412 and
398 mOsm/kg respectively for the atropine solution with and without preservatives) after 6 months of
storage at 25 °C. Moreover, pH did not vary by more than 1.8% (0.1 pH unity) of the initial pH (6.1 for
both solutions).

Table 5. Evolution of pH and osmolality over time (n = 5, mean + 95% confidence interval).

Day 0 Day 8 Day 15 Day 30 Day 60 Day 90 Day 180
Atropine solution with pH 610£001 611+001 613+002 6132001 6132002 621004 612=001
preservative conditioned in o Lali
LDPE CAT® eyedroppers smolality 15 4 16 400 + 6 403 + 14 393 + 14 400+5 413 £ 11 418 +23
(mOsm/kg)
Atropine solution without
preservative conditioned pH 610£001 611£001 613+£001 614+002 613£001 621+001 609 +0.01
LDPE NOVELIA® :
eyedroppers Osmolality 399 , 4016 409 £ 6 405+ 2 415+15 40810 405 +7
(mOsm/kg)

For all studied conditions, mean atropine concentrations did not vary by more than 5.7% of mean
initial concentrations (as presented in Figure 4). By extrapolation of the degradation rate using a linear
regression, it could be estimated that atropine concentrations would remain higher than 90% of the
original concentration for about 300 days.

Chromatographs showed no sign of BPs until day 8 for both types of LDPE eyedroppers at 25 °C.
After 15 days of storage, one BP appeared, presenting a retention time of 2.10 min (relative retention
time of 0.2; Figure 5A) seemingly not detected during forced degradation assays but close to that of
tropic acid (Figure 5B). However, when diluting the know impurity tropic acid in a phosphate buffer
of the same nature and concentration of the one used for the atropine formulation, its retention time
changed to be identical to that of the breakdown product (Figure 5C), thus indicating that it is highly
likely that the misidentified breakdown product is in fact tropic acid.
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Figure 4. Evolution of atropine concentration over time (1 = 5, mean + 95% confidence interval):
the grey curve is the atropine solution with preservatives conditioned in low-density polyethylene
(LDPE) CAT® eyedroppers. The blue curve is the atropine solution without preservatives conditioned
in LDPE NOVELIA® eyedroppers. The red line is 90% of the initial concentration. The dotted lines are
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Figure 6 shows the increase of tropic acid concentrations during the 6 months of the study.
After 6 months, tropic acid concentrations were 3.5 and 3.4 pug/mL, respectively, for both the formulation
with and without the preservative.
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Figure 6. Evolution of breakdown product (tropic acid) concentration during time (n = 5, mean + 95%
confidence interval): The grey curve is the atropine solution with preservative conditioned in LDPE
CAT® eyedroppers. The blue curve is the atropine solution without preservative conditioned LDPE
NOVELIA® eyedroppers. The dotted lines are the linear regression of the evolution of breakdown
product concentrations.

3.2.3. Sterility Assay

None of the five analysed solutions conserved in unopened bottles at day 0, day 60, and day 180
showed any signs of microbial growth.

3.3. Atropine Concentrations in Eye Drops During Simulated Use

During 6 days of drop sampling, no variation exceeding +5% of initial concentration was found
for any of the studied conditioned as presented in Figure 7.
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Figure 7. Evolution of atropine concentration in the emitted drops during simulated use (n = 3 times
10 pooled drops, mean + 95% confidence interval).
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4. Discussion

Our study presents new data on the physicochemical stability of 2 formulations (with and without
antimicrobial preservatives) of a 0.1 mg/mL atropine solution conditioned in two differently sterilized
LDPE eyedroppers (gamma radiations and ethylene oxide) which can be used to prevent myopia
progression in children.

The method used for the quantification of atropine was the one described in the European
Pharmacopeia, atropine monography, and the use of atropine impurities allowed the identification
of 2 breakdown products that appeared during forced degradation to validate the method as being
stability-indicating: tropic acid (impurity C) and apoatropine (impurity A). These two compounds
have already been widely described as being the main instability by-products occurring during either
hydrolysis (tropic acid and tropine) or dehydration (apoatropine) [39]. Our forced degradation results
are coherent with previously described data suggesting higher stability in acidic conditions and lower
half-life in neutral (pH 7-8) or alkaline (pH > 8) conditions [40]. Using the same chromatographic
method, we were also able to quantify tropic acid, which presented a retention time of 2.5 min in
the absence of a phosphate buffer. However, in the presence of the phosphate buffer used in the
formulations, its retention time was reduced to about 2 min. This could be explained by a local
modification of pH induced by the buffer (pH of the formulation = 6.1) leading to tropic acid being
deprotonated (the pKa of tropic acid being of 4.3 [41]) and thus being less retained by the stationary
C18 column than when injected without the buffer, as the pH will therefore be imposed by the mobile
phase (pH 3.9) and tropic acid will be in unionized protonated form. The choice of the quantification
wavelength at 210 assured maximum sensitivity with minor influence of the mobile phase, and the
absence of dilution of the formulations before chromatographic analysis also meant that we were able
to detect minute quantities of breakdown products in the ophthalmic solutions.

For both of the tested formulations, all parameters were in favour of a physicochemical
stability of 6 months. No modifications of visual aspect, chromaticity, or luminance were detected.
Chromaticity analyses would have helped to detect minute modifications of colour [42], invisible to
the naked eye, but as such, the solutions remained colourless throughout the study. Turbidity analyses
did not reveal the formation of any additional particles, and the pH and osmolality values also
remained within specifications and were compatible with an ophthalmic administration route.
Atropine concentrations also remained within specifications after 6 months of storage (maximum loss
of 5.3% of initial mean concentration), thus conserving good therapeutic efficiency during the
conservation period. However, they did decrease for both formulations following a linear degradation
rate, leading to increasing concentrations of tropic acid which reached a maximum of 3.5 ug/mL
after 6 months of storage. Comparatively, the concentrations of tropic acid found in commercialised
atropine ophthalmic specialities were 6 to 11 times higher (21.4 and 40.2 pg/mL versus 3.5 pg/mL)
(see Supplementary data file S1). This information is therefore in favour of a limited clinical impact of
the appearance of tropic acid in the formulations during storage, even if studies evaluating the possible
toxicity of tropic acid during chronic use could be performed to verify this point. By extrapolation
of the evolution of measured atropine concentration over time, assuming it will follow in the worst
case a zero-order reaction [43], it could be hypothesised that a 10% decrease would be reached within
300 to 350 days. As the degradation of atropine is linked to the hydrolysis of the ester function in
an aqueous media, the equilibrium state will likely not be reached immediately, therefore making
this hypothesis plausible, but it would however need to verify if precise data past 6 months is
needed. Also, if longer stabilities are one day required, refrigerated conservation conditions could
be tested (as lower temperatures will lead a slower breakdown rate by slowing down atropine
hydrolysis), or alternatively, the pH of the formulation could be reduced to reach the maximum
stability range of atropine (pH comprised between 3 and 4) [44,45]. However, this could decrease
ophthalmic tolerance, especially for paediatric patients, which is the target population for which
these formulations are designed. In the formulations we tested, the pH was buffered to a more
physiological value (around pH 6), thus hopefully limiting potential unpleasantness for the children
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during administration and therefore increasing therefore adherence to treatment as well as suppressing
any potential modifications of pH that have already been reported during the use of gamma-sterilized
LDPE eyedroppers [28].

The sterility assay that we performed in our work followed the European Pharmacopeia sterility
monography [46] and, in our case (for our preparation conditions), did not reveal any microbial
contamination in units stored for up to 6 months. Microbiological testing of the final product is an
essential test to be able to assign a microbiological shelf-life (along with prerequisites such as controlled
cleanroom environment, validated preparation conditions, and integrity testing of the container and
closure [47]). Concerning the container and closure system, the gamma-sterilized eyedroppers were
provided with a closure system (Novelia® caps) which does not allow unfiltered air to penetrate the
eyedropper, is commercially guaranteed to preserve sterility of the content more than a month [48],
as well as has been tested for various hospital-prepared ophthalmic solutions either after one month of
simulated use or after freezing and thawing [27,29].

During the simulated use study, atropine was quantified in the emitted drops to evaluate any
potential loss of API by sorption (adsorption or absorption), as it has been shown that such a phenomena
can occur during the first few days of treatment initiation with certain APIs and ophthalmic delivery
devices [49]. During the 6-day study, atropine concentrations in the emitted drops remained stable
(no variation exceeding of +5% of initial concentration), therefore excluding any clinically significant
loss of atropine. Such information is of high clinical value, as it correlates directly with the drop
volume to determine the quantity received by the patient and needs to be known by prescribers. It also
indicates that the preservative-free formulation can be used safely with the sterility preserving device
that was tested (using Novelia® caps). As antimicrobial preservatives are known to cause potential side
effects, especially during long-term treatments [50-52], this information is also of high clinical value.

The stability of atropine in aqueous solutions has been studied over the years, mainly for injectable
usage and at concentrations higher than 1 mg/mL, but there is little pertinent data regarding the
stability of more diluted forms. Driver et al. followed atropine concentrations of 0.4 mg/mL atropine
sulphate solution stored at room temperature for up to 8 days and did not notice any change in
concentrations [24], but no other physicochemical parameters were evaluated and the exhaustive
composition of the formulation was not detailed. More recently, the physicochemical stability of a
0.1 mg/mL atropine sulphate solution prepared by diluting 10 mg/mL commercial atropine single
doses in 0.9% sodium chloride was evaluated for 6 months at room temperature [25]. The authors
reported less than 5% loss of atropine and did not mention any breakdown product detection, but the
wavelength of their chromatographic method was set up at 250 nm, which is not the wavelength
recommended by the European Pharmacopoeia for the analysis of atropine (210 nm) and is less
advantageous for the detection of breakdown products in minute quantities. Saito et al. also reported
a physicochemical stability of 6 months of 1% commercial atropine solutions diluted in 0.9% saline
solution to concentrations of 0.1 mg/mL as well as higher concentrations ranging up to 5 mg/mL [26].
Despite using a tandem mass spectrometry liquid chromatography method initially developed for
the quantification of atropine in plasma for clinical and forensic purposes [53], the authors did not
mention the presence specifically of tropic acid or of any other breakdown products, possibly because
the method they used was not validated as stability-indicating or because breakdown products were
not even researched, as the research or quantification of such products was not included in their
acceptability criteria.

Stability studies are of vital importance to be able to assign a shelf-life to medications; however,
they must be conducted properly to avoid any misinterpretation or incomplete conclusions [54].
Several guidelines exist, such as those prepared by the International Conference on Harmonisation
for stability studies [37], by the US Pharmacopoeia [55], or by international consensus by learned
societies [38,56,57]. In our case, we validated a European Pharmacopoeia monography initially
designed for the quality control of API atropine as being stability-indicating and capable of detecting
and identifying potential breakdown products. Our results are concordant with previously published
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data concerning the stability of low concentration atropine solutions with regards to the concentration
of atropine; however, we showed that atropine degradation is present and does lead to increased
concentrations of tropic acid, a known breakdown product. Very little information is available about
the toxicity of tropic acid and even less is available about any potential ocular toxicity. In the human
body, atropine metabolism produces small (3%) amounts of tropic acid [58] and atropine is mostly
excreted unchanged in the urines. During ophthalmic administrations in rabbits, it has been shown that
atropine has good ocular bioavailability via both transcorneal and transconjunctival-scleral routes [59].
Unfortunately and to the best of our knowledge, atropine metabolism in the eye has not been studied
despite there being a clear incentive to do so, like for other drugs [60]. There is therefore very little
information available about the possibility of the natural formation of tropic acid in the eye after
atropine topical application or, as stated previously, about tropic acid’s ophthalmic toxicity. In this
work, we found that concentrations of tropic acid reached 3.5 pg/mL in the atropine formulations
we tested, those concentrations being 6 to 11 times lower than the quantities we also detected in
commercial atropine ophthalmic formulations available on the marked. As such, it could be considered
safe to administer the tested formulations after 6 months of conservation.

5. Conclusions

This study brings new information about the behaviour and stability of low-dose atropine
ophthalmic solutions, showing that 0.1 mg/mL atropine solutions buffered at a physiological pH,
with or without antimicrobial preservative, are physiochemically stable for 6 months at 25 °C when
stored in LDPE bottles, with an identical microbial shelf-life.
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Abstract: Lysosomal trapping at the blood-retinal barrier (BRB) was investigated through quinacrine
and fluorescence-labeled verapamil (EFV) uptake. Quinacrine uptake by conditionally immortalized
rat retinal capillary endothelial (TR-iBRB2) cells suggested saturable and non-saturable transport
processes in the inner BRB. The reduction of quinacrine uptake by bafilomycin Al suggested quinacrine
distribution to the acidic intracellular compartments of the inner BRB, and this notion was also
supported in confocal microscopy. In the study using the lysosome-enriched fraction of TR-iBRB2 cells,
quinacrine uptake was inhibited by bafilomycin Al, suggesting the lysosomal trapping of quinacrine
in the inner BRB. Pyrilamine, clonidine, and nicotine had no effect on quinacrine uptake, suggesting
the minor role of lysosomal trapping in their transport across the inner BRB. Bafilomycin Al had no
effect on EFV uptake, and lysosomal trapping driven by the acidic interior pH was suggested as a
minor mechanism for EFV transport in the inner BRB. The minor contribution of lysosomal trapping
was supported by the difference in inhibitory profiles between EFV and quinacrine uptakes. Similar
findings were observed in the outer BRB study with the fraction of conditionally immortalized rat
retinal pigment epithelial (RPE-]) cells. These results suggest the usefulness of lysosome-enriched
fractions in studying lysosomal trapping at the BRB.

Keywords: blood-retinal barrier; cationic drug; transport; lysosomal trapping

1. Introduction

The blood-retinal barrier (BRB) has two barrier structures, the inner and outer BRB, separating
the neural retina and circulating blood [1-3]. The study of transport mechanisms at the BRB is
assumed to be essential for improving drug therapy of retinal diseases because the efficient and safe
delivery of drugs to the retina is a major challenge [1-3]. The retinal capillary endothelial and pigment
epithelial cells are main constituents of the inner and outer BRB, respectively [3]. These cells are
largely responsible for the transcellular blood-to-retina transport of nutrients and drugs, and the
paracellular transport is limited by tight junctions [3]. Previous progress in the study of the BRB
achieved using in vivo and in vitro methods has demonstrated the critical roles of blood-to-retina
transport across the BRB in the retinal homeostasis [2,3]. Furthermore, these studies have clearly
shown that nutrient transport at the BRB involves various membrane transporters, such as glucose

127



Pharmaceutics 2020, 12, 747

transporter (GLUT1/SLC2A1), taurine transporter (TAUT/SLC6A6), creatine transporter (CRT/SLC6AS),
cationic amino acid transporter (CAT1/SLC7A1), equilibrative nucleoside transporter (ENT2/SLC29A2),
and riboflavin transporter (RFVTs/SLC52A) [3-11].

In addition, recent advances in the study of the BRB have revealed the involvement of novel transport
systems in the blood-to-retina transport of cationic drugs, such as pyrilamine, nicotine, propranolol,
clonidine and verapamil at the inner and outer BRB [12-17]. These transport systems are considered to
be promising in the efficient and safe delivery of drugs to the retina, because they recognize cationic
drugs, such as desipramine, imipramine, memantine, and clonidine, whose neuroprotective effects on
cerebral ischemia and optic nerve injury have been reported [18-20]. Therefore, the combination of
neuroprotective cations and transport systems at the BRB is expected to be beneficial in the effective
therapy of neurological dysfunction of the retina, such as macular degeneration and diabetic retinopathy
with severe symptoms, including blindness [3,12].

Furthermore, functional studies have revealed the temperature-dependent and saturable
characteristics of the carrier-mediated cationic drug transport systems at the inner BRB, suggesting that
they involve unknown membrane transporters expressed at the BRB [12-17]. In addition, cumulative
evidence demonstrates that the substrate candidates of the systems include several cationic amphiphilic
drugs that possibly undergo lysosomal trapping and are sequestrated in lysosomes, which are acidic
organelles [21-23]. Uptake studies using a typical lysosomotropic agent, LysoTracker® Red DND-99
(LysoTracker Red; LTR, pKa = 7.5, Log P = 2.1) [23-25], suggested that lysosomal trapping takes place
in the retinal capillary endothelial cells (inner BRB) and that the uptake of LTR involves saturable and
non-saturable transport processes in the inner BRB [26]. Inhibition studies suggested that lysosomal
trapping has a minor effect on the transport of clonidine, nicotine, pyrilamine and verapamil at the
inner BRB [26]. Furthermore, this suggestion was also supported by in vivo and in vitro studies with
a fluorescence-labeled verapamil, EverFluor FL verapamil (EFV), which clearly demonstrated the
permeation of verapamil from circulating blood to the retina [27].

However, further studies are still essential to determine the influence of lysosomal trapping in
the BRB because it has been reported to significantly affect cationic drug distribution in the lung and
liver [28-30]. In the present study, lysosomal trapping at the BRB was investigated using quinacrine as
a test compound because it is suggested to be a lysosomotropic agent of antimalaria with intrinsic
fluorescence by its physicochemical properties (pKa = 10.3, Log P = 5.2). The accumulation of quinacrine
in acidic intracellular compartments was reported to be inhibited by bafilomycin A1, a specific inhibitor
of vacuolar (V)-ATPase [31-33], supporting the notion that quinacrine is a useful test compound for the
study of lysosomal trapping. In the uptake study, we used the lysosome-enriched fraction prepared
from the in vitro model cell line of the inner and outer BRB, which was also tried for EFV to investigate
the influence of lysosomal trapping on the blood-to-retina transport of cationic drugs at the BRB.

2. Materials and Methods

2.1. Materials

LTR, EFV and quinacrine were purchased from Thermo Fisher Scientific (Waltham, MA, USA),
Setareh Biotech (Eugene, OR, USA) and Merk (St. Louis, MO, USA), respectively. Optiprep™, an iodixanol
solution for the purification of biological particles, was obtained from Abbott Diagnostics Technologies
AS (Oslo, Norway), and protease inhibitor cocktail was purchased from Merk. Conditionally immortalized
rat retinal capillary endothelial (TR-iBRB2) cells and rat retinal pigment epithelial (RPE-]) cells were
established by Hosoya et al and Nabi et al, respectively [34,35], and these were used as in vitro model
cell lines of inner and outer BRB, respectively. The fetal bovine serum (FBS) used for these cultures
was purchased from SAFC Bioscience (Lenexa, KS, USA). Chemicals of reagent-grade used in this
study were commercially obtained, and the supplemental information (Supplementary Materials)
shows the buffer composition. The bafilomycin Al used to study the effect of acidic interior pH was
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obtained from LC Laboratories (Woburn, MA, USA), while ammonium chloride (NH,Cl) and carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) were obtained from Merk.

2.2. Methods

2.2.1. Cellular Uptake Analysis

Cellular uptake analysis was designed as described in our previous reports [13-16]. BioCoat™

Collagen I Cellware 24-well culture dishes (Corning, Corning, NY, USA) were used for TR-iBRB2 cells.
Before the assay, the cells were rinsed with extracellular fluid (ECF)-buffer warmed to 37 °C. The uptake
assay was initiated by adding ECF-buffer containing 5 uM test compound, and was terminated by
washing with ice-cold ECF-bulffer three times. The fluorescent intensity of test compounds taken up by
the cell was determined using SpectraMax i3 microplate detection system (Molecular Devices, San Jose,
CA, USA) after cell disruption using an ultrasonic homogenizer. The cellular uptake was expressed as
the cell-to-medium ratio (cell/medium) calculated using the following equation:

Cell/medium ratio = (fluorescence intensity in the cells)/(fluorescence intensity in the medium) (1)

The nonlinear least-squares regression analysis program (MULTI) was used for data analysis [36],
and kinetic parameters, such as the Michaelis constant (Ky,), maximal uptake rate (Vimax), and non-
saturable uptake rate (Kq), for cell uptake were estimated by fitting data obtained in the cellular uptake
analysis to the following equation, where the test compound concentration and uptake rate are S and
V, respectively.

V = (Vmax X S)/(Kn +5) + Kg XS 2)

2.2.2. Confocal Microscopy of Fluorescent Compounds

The fluorescence distribution in TR-iBRB2 cells was analyzed as described in our previous
report, and BioCoat™ Collagen I eight-well culture slides were used for culturing TR-iBRB2 cells
(4500 cells/slide) for 48 hr at 33 °C [27,37]. Prior to confocal microscopy, the cells were incubated in
ECF-buffer containing the test compound for 30 min. The incubation was terminated by washing the
cells with ice-cold ECF-buffer, and cells were treated with phosphate-buffered saline (PBS) containing
4% paraformaldehyde (PFA) for 20 min in the dark. The slides were treated with VECTASHIELD
mounting medium (Vector Laboratories, Burlingame, CA, USA), followed by confocal microscopy
using a TCS-SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany).

2.2.3. Preparation of Lysosome-Enriched Fraction

BioCoat™ Collagen I Cellware 10 mm dishes (Corning) were used for culturing TR-iBRB2
and RPE-] cells, and the lysosome-enriched fractions were prepared as described in our previous
reports [7,8,38]. Cells were rinsed with PBS and collected in suspension buffer (25 mM sucrose, 10 mM
HEPES, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.1% protease inhibitor cocktail, pH 7.4) using a
cell lifter (Corning), followed by centrifugation for 5 min at 200x g and 4 °C. The cells were suspended
in suspension buffer, homogenized using a Teflon glass homogenizer (2500 rpm, 10 strokes), and then
centrifuged for 10 min at 800x g at 4 °C. The resultant post nuclear supernatant was collected and
layered on top of a discontinuous gradient composed of 12%, 15%, and 18% iodixanol (Optiprep™)
in suspension buffer, followed by centrifugation for 3 h at 178,000x g at 4 °C in a near-vertical rotor,
NVT65, and Optima L70 (Beckman Coulter, Brea, CA). The gradient solutions were collected into eleven
fractions using 18G syringe needles, and their densities were determined using a digital refractometer
(Atago, Tokyo, Japan). The fractions were also assayed for acid phosphatase activity for the isolation
of the lysosome-enriched fraction and p-nitrophenylphosphate was used as a substrate to measure
p-nitrophenol, a reaction product, using a GeneQuant 1300 spectrophotometer (GE Healthcare, Chicago,
IL, USA).
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2.2.4. Uptake Assay of Cationic Drugs in Lysosome-Enriched Fraction

The lysosome-enriched fraction was rinsed in intracellular fluid (ICF)-buffer (140 mM K-gluconate,
4 mM NaCl, 2 mM K;HPOy, 2 mM MgCl,, 0.39 mM CaCl,, 1 mM ethylene glycol tetraacetic acid
(EGTA), and 10 mM HEPES, pH 7.2) by centrifuging twice for 30 min at 20,000x g at 4 °C to remove
the suspension buffer [38,39]. The assay was initiated by suspending the lysosome-enriched fraction in
100 uM ICF-buffer containing the test compounds at 37 °C and was terminated by adding 1000 uL
ice-cold ICF-buffer. The assay mixture was centrifuged for 30 min at 20,000x g and 4 °C, and the
resultant pellet was solubilized by adding 100 pL 1% Triton X-100 for 8 h, followed by fluorescence
determination at excitation and emission wavelengths (Aex and Aem, respectively) of 420 nm and 500 nm
for quinacrine and 480 nm and 510 nm for EFV, respectively using SpectraMax i3 microplate detection
system. The uptake in the lysosome-enriched fraction was expressed as fraction-to-medium ratio
(fraction/medium) calculated using the following equation:

Fraction/medium ratio = (fluorescence intensity in the lysosome-enriched fraction)
/(fluorescence intensity in the medium)

)

In addition, the inhibition in uptake by the lysosome-enriched fraction was expressed as relative
uptake (percentage of control, %) calculated with the following equation.

Relative uptake (%) = (fraction/medium ratio in the presence of inhibitor)

(4)

/(fraction/medium ratio in the absence of inhibitor)

2.2.5. Statistical Analysis

In the determination of significant difference for two groups and for several groups was carried
out using an unpaired two-tailed Student’s t-test was taken for two groups and a one-way analysis of
variance (ANOVA) followed by Dunnett’s test, respectively. In the least-square regression analysis,
the kinetic parameter was expressed as mean values + standard deviation (S.D.). Unless otherwise
indicated, data represent mean values =+ standard error of the mean (S.E.M.).

3. Results

3.1. Uptake of Quinacrine by TR-iBRB2 Cells

The uptake of quinacrine was examined using TR-iBRB2 cells as the in vitro model cell line of the
inner BRB. The time-course study showed a time-dependent linear increase of quinacrine at 37 °C after
at least 30 min (Figure 1A), and the initial uptake rate was calculated to be 445 + 51 puL/(min-mg protein).
The uptake of quinacrine at 30 min was calculated to be 1640 + 170 uL/(min-mg protein), which was
540 times greater than the cellular volume (=3 uL/{mg protein}). In TR-iBRB2 cells, quinacrine uptake
was significantly reduced by 45% at 4 °C (Figure 1A), and significantly increased by 31% at pH 8.4,
while the uptake exhibited no significant change in K*- or Li*-replacement buffer (Figure 1B).

In the study of concentration-dependence, quinacrine uptake by TR-iBRB2 cells exhibited a
saturable process with Ky, and Vmax values of 1.87 + 0.61 uM and 189 + 50 umol/(min-mg protein),
respectively, and a non-saturable process with a K4 value of 29.7 + 3.0 uL/(min-mg protein) (Figure 1C).
The contribution of saturable and non-saturable processes was estimated to be 52% and 48%, respectively
ata concentration of 5 pM. In addition, pretreatment of TR-iBRB2 cells with bafilomycin A1 significantly
reduced quinacrine uptake by 76% (Figure 1D).
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Figure 1. Quinacrine uptake by TR-iBRB2 cells. (A) Time-dependent uptake of quinacrine (5 uM) by
TR-iBRB2 cells was investigated at 37 °C (closed circles) and 4 °C (open circles). (B) The effects of Na*,
extracellular pH and membrane potential were examined at 37 °C for 30 min. (C) Concentration-
dependent uptake was examined at 37 °C for 30 min, over the concentration range 1-10 uM. Dotted and
dashed lines represent a saturable and non-saturable transport process, respectively. (D) The effects
of bafilomycin Al was examined. Before quinacrine uptake at 37 °C for 30 min, cells were treated
with 100 nM bafilomycin A1 at 37 °C for 30 min. Each column and point represent the mean + S.E.M.
(n = 3-4). Significant difference for two groups and for several groups was taken using an unpaired
two-tailed Student’s t-test was taken for two groups and a one-way analysis of variance (ANOVA)
followed by Dunnett’s test, respectively. ** p < 0.01, significantly different from the control (37 °C,
pH7.4).

3.2. Effect of Intracellular pH on Quinacrine Uptake by TR-iBRB2 Cells

The uptake of quinacrine at various intracellular pH conditions was examined in TR-iBRB2
cells, and acute treatment with NH4Cl reduced it by 47% while pretreatment with NH4CI had no
significant effect on the uptake (Figure 2A). In addition, quinacrine uptake by TR-iBRB2 cells was
reduced by 48% in the presence of FCCP, a H* ionophore (Figure 2A). Confocal microscopy showed
the punctate fluorescence signal of quinacrine (green) taken up by TR-iBRB2 cells, and its intracellular
distribution was similar to that of LTR (red), a typical compound that undergoes lysosomal trapping
(Figure 2B). In addition, the punctate fluorescence signal of quinacrine was attenuated by treatment
with bafilomycin A1 or NH4Cl (Figure 2C).
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Figure 2. Effect of intracellular pH modulators on quinacrine uptake by TR-iBRB2 cells. (A) The quinacrine
uptake was examined in the presence or absence of 30 mM NH4Cl at 37 °C for 30 min. In a pretreat
condition, cells were treated with 30 mM NH,Cl, and the uptake of quinacrine (5 tM) was performed in
the absence of NH4Cl. In an acute condition, cells were treated with ECF-buffer, and quinacrine uptake
was performed in the presence of 30 mM NH4Cl. The uptake was also examined in the presence of
50 uM FCCP at 37 °C for 30 min. (B) Confocal microscopy was carried out to investigate the intracellular
distribution of quinacrine and LTR. The uptake of quinacrine (5 uM, green) and LTR (300 nM, red)
was carried out at 37 °C for 30 min. (C) Confocal microscopy was carried out to investigate the
intracellular distribution of quinacrine in the presence of intracellular pH modulator, such as 100 nM
bafilomycin Al and 30 mM NH,Cl. The uptake of quinacrine (5 uM, green) was carried out at 37 °C
for 30 min. (D) Inhibitory effect of cationic drugs on quinacrine uptake was examined in the presence
of bafilomycin Al. After the treatment of TR-iBRB2 cells with 100 nM bafilomycin A1l at 37 °C for
30 min, quinacrine uptake was examined in the presence of 100 uM cationic drug at 37 °C for 30 min.
Each column represents the mean + S.E.M. (n = 3—-4). ** p < 0.01, significantly different from the control.
FCCP, Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone. Scale bar, 10 um.

3.3. Inhibition of Quinacrine Uptake by TR-iBRB2 Cells

The inhibitory effect of compounds on the uptake of quinacrine by TR-iBRB2 cells was examined.
The uptake was significantly decreased by various cationic drugs such as desipramine, imipramine,
propranolol, verapamil, pyrilamine and nicotine, but was not changed by p-aminohippuric acid
(PAH), choline, L-carnitine and cimetidine (Table 1). When TR-iBRB2 cells were treated with 100 nM
bafilomycin A1, no significant effect was observed in the uptake of quinacrine in the presence of
imipramine, amiodarone, pyrilamine, verapamil, propranolol, clonidine, and nicotine (Figure 2D).
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Table 1. Inhibitory Effect of Quinacrine Uptake.

Relative Uptake (% of Control)

Compounds Lysosome-Enriched Lysosome-Enriched
TR-iBRB2 Cells Fraction of TR-iBRB2 Fraction of RPE-J
Cells Cells
Control 100 + 3 100 + 3 100 + 11
Desipramine 479 + 22% 47.2 + 1.9** 64.4 + 0.9 **
Imipramine 55.2 + 27* 49.6 + 5.0 ** 61.8 + 2.9 **
Propranolol 55.4 + 2.5% 65.8 + 1.8 ** 76.8 + 3.8%
Verapamil 647 £ 12%* 424 + 1.3** 57.3 + 2.1**
Pyrilamine 72.6 +  23%* 87.1 + 5.0 66.0 + 2.4 **
Clonidine 90.3 + 6.6 106 + 11 89.4 + 6.8
Nicotine 79.5 +  6.0* 106 + 2 97.1 + 7.1
Choline 98.7 + 3.3 N.D. N.D.
Cimetidine 88.3 + 1.9 N.D. N.D.
L-Carnitine 98.5 + 8.9 N.D. N.D.
PAH 97.6 + 8.2 N.D. N.D.

By using TR-iBRB2 cells and lysosome-enriched fractions, the uptake of quinacrine (300 nM) was examined in
the presence of compounds (100 uM) for 30 min at 37 °C. Each value represents the means + S.EM. (n = 3-8).
*p <0.05, ** p < 0.01, significantly different from the control (absence of inhibitor). N.D., not determined. PAH,
p-aminohippuric acid; N.D., not determined.

3.4. Uptake of Quinacrine in Lysosome-Enriched Fraction

The uptake of quinacrine in the lysosome-enriched fraction of TR-iBRB2 cells was significantly
reduced by 53%, 50%, 34%, and 58% in the presence of desipramine, imipramine, propranolol and
verapamil, respectively whereas pyrilamine, clonidine and nicotine had no effect (Table 1). The uptake of
quinacrine in the lysosome-enriched fractions of TR-iBRB2 cells was examined following pretreatment
with 100 nM bafilomycin Al, which significantly reduced the uptake (Figure 3A). The uptake of
quinacrine in lysosome-enriched fractions of RPE-] cells was also examined, and it was significantly
reduced by 36%, 38%, 23%, 43%, and 34% in the presence of desipramine, imipramine, propranolol,
verapamil, and pyrilamine, respectively, whereas clonidine and nicotine had no effect (Table 1).
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Figure 3. Effect of lysosomal pH on quinacrine and EFV uptake in lysosome-enriched fractions.
(A) The uptake of quinacrine (5 M) in the fraction of TR-iBRB2 cells was examined in the presence or
absence of 100 nM bafilomycin A1 at 37 °C for 30 min. (B) The uptake of EFV (1 uM) in the fraction
of TR-iBRB2 cells was examined in the presence or absence of 100 nM bafilomycin Al at 37 °C for
30 min. (C) The uptake of EFV (1 uM) in the fraction of RPE-] cells was examined in the presence or
absence of 100 nM bafilomycin A1 at 37 °C for 30 min. Bafilomycin Al is an inhibitor of V-ATPase that
attenuate the lysosomal acidic interior pH, and the uptake was examined in the presence or absence
of 100 nM bafilomycin Al at 37 °C for 30 min. In a pretreat condition, fractions were treated with
100 nM bafilomycin A1, and the uptake was performed in the absence of bafilomycin A1l. In an acute
condition, fractions were treated with ICF-buffer, and the uptake was performed in the presence of
100 nM bafilomycin Al. Each column represents the mean + SEM (n = 4). ** p < 0.01, significantly
different from the control.

133



Pharmaceutics 2020, 12, 747

3.5. Uptake of EFV in Lysosomal-Enriched Fraction

The uptake of EFV was examined in the lysosome-enriched fractions of TR-iBRB2 cells,
and desipramine significantly reduced it by 38%. Imipramine and verapamil also reduced the uptake by
32% and 28%, respectively, indicating their tendency to inhibit the uptake, whereas no effect was shown
by propranolol, pyrilamine, clonidine and nicotine (Table 2). The uptake of EFV by lysosome-enriched
fractions of RPE-] cells was significantly reduced by 35% and 49% in the presence of desipramine
and verapamil, respectively, whereas no effect was shown by imipramine, propranolol, pyrilamine,
clonidine and nicotine (Table 2). EFV uptake was also examined in the presence of bafilomycin Al,
and no significant alteration was observed in the lysosome-enriched fraction of TR-iBRB2 and RPE-]
cells in the presence of 100 nM bafilomycin Al (Figure 3B,C).

Table 2. Inhibitory effect of EFV uptake.

Relative Uptake (% of Control)

Compounds Lysosome-Enriched Lysosome-Enriched
TR-iBRB2 Cells [27] Fraction of TR-iBRB2 Fraction of RPE-J
Cells Cells
Control 100 + 3 100 + 3 100 + 7
Desipramine 47.9 + 22 61.8 + 1.9% 65.5 + 58*
Imipramine 55.2 + 27 68.5 + 2.8 82.5 + 11.0
Propranolol 55.4 + 2.5 108 + 13 114 + 7
Verapamil 64.7 + 1.2 71.5 + 3.0 51.0 + 3.8
Pyrilamine 72.6 + 23 143 + 1 122 + 12
Clonidine 90.3 + 6.6 132 + 7 98.6 + 41
Nicotine 79.5 +  6.0* 147 + 23 110 + 10

By using TR-iBRB2 cells and lysosome-enriched fractions, the uptake of EFV (1 uM) by was examined in the presence
of compounds (100 uM) at 37 °C for 3 min. Each value represents the means + S.EM. (n = 4). *p < 0.05, ** p < 0.01,
significantly different from the control (absence of inhibitor). EFV, EverFluor FL Verapamil. Data for EFV uptake by
TR-iBRB2 cells was presented by reference to previous report [27].

4. Discussion

P-glycoprotein (P-gp/Mdrl/Abcbl) is known to be a representative efflux transporter at the
blood-brain barrier, and involved in restricting the distribution of lipophilic and cationic drugs to the
brain [40]. P-gp was also reported to be localized at the luminal membrane of the retinal capillary
endothelial cells [41], suggesting its possible contribution to the restriction of drug distribution to
the retina. However, the study of relationship between the BRB permeability and the lipophilicity of
compounds showed a greater in vivo retinal uptake of verapamil, a substrate of P-glycoprotein [42],
revealing the influx transport of verapamil at the BRB and the different barrier function between the
BRB and the blood-brain barrier (BBB). Furthermore, the carrier-mediated blood-to-retina transport
of cationic drugs at the BRB has been reported [13-17], and is suggested to be promising for the
establishment of the safe and efficient delivery of cationic drugs to the retina where neurological
dysfunctions are caused by severe retinal diseases such as macular degeneration and diabetic
retinopathy [3,12]. In addition, lysosomal trapping has been implied to exert the undesirable influence
on the blood-to-retina transport of cationic neuroprotectants across the BRB since its unignorable
influence had been suggested in the accumulating reports [28-30]. The study using a representative
lysosomotropic agent, LTR, suggested that lysosomal trapping only partially influenced transport of
cationic amphiphilic drugs in the BRB [26], and this was also supported by the study using EFV [27].
In the present study, lysosome-enriched fraction was used to investigate the influence of lysosomal
trapping on quinacrine and EFV uptake in the inner and outer BRB in detail.

The study of quinacrine uptake by TR-iBRB2 cells showed an initial uptake rate of 445 pL/(min-mg
protein), and suggested that quinacrine uptake was concentrated in the retinal capillary endothelial
cells. This was because the quinacrine uptake at 30 min (1640 pL/[min-mg protein]) indicated that the
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cellular concentration of quinacrine was approximately 273 pM, which was clearly higher than that of
the uptake buffer (5 uM) (Figure 1A). The uptake study at 4 °C showed that the quinacrine uptake
was significantly reduced by 45% (Figure 1A), and this result implied the unignorable contribution
of lysosomal trapping to quinacrine uptake in the inner BRB because the 45% reduction in cellular
uptake of quinacrine seems to be insufficient to support the unilateral contribution of carrier-mediated
transport. In addition, the experiment in TR-iBRB2 cells suggested that quinacrine uptake in the
inner BRB occurs in an Na*- and membrane potential-insensitive manner (Figure 1B), and showed
a sensitivity to extracellular pH. In addition, there was a 1.31-fold higher quinacrine uptake at pH
8.4 than at pH 7.4, whereas no significant change was observed in the uptake at pH 6.4 (Figure 1B).
Based on the Henderson-Hasselbalch equation, the uptake of nonionized quinacrine at pH 8.4 was
estimated to be 9.84-fold higher than that at pH 7.4, indicating that quinacrine uptake by TR-iBRB2
cells could not be explained by the pH-partition hypothesis. Furthermore, this observation suggests
that passive diffusion in accordance with the physicochemical characteristics is not enough to explain
the uptake of quinacrine in the inner BRB. This idea is closely supported by the estimation of Kp,,
Vmax, and Ky values 1.87 pM, 189 pmol/(min-mg protein), and 29.7 pL/(min-mg protein), respectively,
revealing the involvement of saturable and non-saturable processes in quinacrine uptake in the inner
BRB (Figure 1C). Similarly, the transport was also reported to include saturable and non-saturable
processes in the acidic intracellular compartments or at the plasma membrane of the inner BRB for
the uptake of LTR, a typical lysosomotropic agent [26]. The results obtained for quinacrine and LTR
demonstrate the difficulty involved in the study of lysosomal trapping using cellular uptake analysis,
suggesting the possible advantage of using lysosomal fractions.

Bafilomycin A1 is a known specific inhibitor of V-ATPase, which is expressed in acidic intracellular
compartments, including the lysosome, and contributes to maintaining their acidic interior pH [24].
Pretreatment with bafilomycin Al significantly reduced quinacrine uptake by TR-iBRB2 cells (Figure 1D),
suggesting that quinacrine uptake is largely influenced by the interior acidic pH in the inner BRB.
In addition, the acute treatment of cells with NH,Cl or FCCP is known to cancel the H*-gradient
between the lysosomes and cytosol [23-25], and TR-iBRB2 cells showed a significant decrease in
quinacrine uptake following acute treatment with NH;Cl or FCCP, whereas pretreatment with NH4Cl
had no effect (Figure 2A), supporting that the acidic interior pH is important in quinacrine uptake
in the inner BRB. In addition to the saturable and non-saturable transport processes, the present
results suggest that the characteristics of quinacrine transport were similar to those of LTR reported
previously [26], and this was also supported by the results of the confocal microscopy because the
fluorescence signals of quinacrine and LTR were shown to merge, suggesting quinacrine was distributed
to the lysosome (Figure 2B). Confocal microscopy with bafilomycin A1 or NH4Cl also supported
the sequestration of quinacrine in acidic intracellular compartments at the inner BRB because the
punctate quinacrine distribution was shown to be attenuated in TR-iBRB2 cells treated with these
agents (Figure 2C).

The inhibition study suggested that quinacrine possibly interacted with cationic amphiphilic
drugs, except for clonidine, in the retinal capillary endothelial cells because the uptake of quinacrine
by TR-iBRB2 cells was significantly reduced by desipramine, imipramine, propranolol, verapamil
pyrilamine, and nicotine (Table 1). The study using bafilomycin Al suggested that the interaction
predominantly takes place in acidic intracellular compartments, including the lysosomes, and not at
the plasma membrane, since TR-iBRB2 cells treated with bafilomycin Al showed no significant change
in quinacrine uptake in the presence of cationic drugs (Figure 2D). This observation clearly suggests
the importance of studies with lysosomes in understanding the influence of lysosomal trapping on the
transport of cationic drug at the BRB.

The uptake of quinacrine in the lysosome-enriched fractions of TR-iBRB2 cells was significantly
inhibited by treatment with bafilomycin A1 (Figure 3A), and this was consistent with the results obtained
in the cellular uptake with TR-iBRB2 cells (Figure 1D), supporting the distribution of quinacrine to
lysosomes. The results of the inhibition study using several cationic drugs suggested that quinacrine
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interacted with desipramine, imipramine, propranolol and verapamil at the lysosome of the inner
BRB, because quinacrine uptake in the lysosome-enriched fraction of TR-iBRB2 cells was significantly
inhibited by these cationic drugs (Table 1). In addition, pyrilamine, clonidine, and nicotine had no
effect on the uptake of quinacrine in the fractions of TR-iBRB2 cells (Table 1), and these results suggests
that the interaction of these drugs in the lysosome is minor. These results also provide evidence that
clearly supports previous reports of the carrier-mediated blood-to-retina transports of these agents
across the inner BRB [13-15]. Similar results were also obtained with the lysosome-enriched fractions
of RPE-] cells, used as an in vitro model cell line of the outer BRB (Table 1), and these results suggest
the interaction of quinacrine with desipramine, imipramine, verapamil, and pyrilamine, and the
blood-to-retina transport of clonidine and nicotine across the outer BRB.

Furthermore, the lysosome-enriched fraction of TR-iBRB2 cells was used to study the uptake
of EFV, which was not changed by treatment with bafilomycin Al (Figure 3B). This result was very
similar to the outcome of our recent study of EFV uptake by TR-iBRB2 cells treated with bafilomycin
Al [27], and the similarity suggests that the interior acidic pH is not essential for EFV transport in
the inner BRB (Figure 3B), showing that its transport characteristics differ from those of quinacrine.
In the inhibition study, EFV uptake in TR-iBRB2 cell fractions was not altered in the presence of the
cationic drugs (Table 2), suggesting a minor interaction between EFV and cationic drugs in lysosomes.
The inhibition profile obtained was not consistent with that of quinacrine (Tables 1 and 2), and these
results suggests that the transport characteristics for EFV definitely differ from those of quinacrine
in the inner BRB. These results also suggest the minor contribution of lysosomal trapping driven by
acidic interior pH in EFV transport at the inner BRB, supporting the carrier-mediated blood-to-retina
transport of EFV across the inner BRB [27]. In the lysosome-enriched fraction of RPE-] cells, EFV uptake
was significantly inhibited by verapamil, whereas it was almost similar to those obtained in the fraction
of TR-iBRB2 cells (Table 2 and Figure 3C). These results still suggest the clear difference between EFV
transport characteristics and those of quinacrine in the outer BRB, supporting the fact that lysosomal
trapping only partially influences EFV transport across the outer BRB as reported previously [27].

5. Conclusions

The cellular uptake study suggests that quinacrine was distributed to the acidic intracellular
compartments of the inner BRB, and this was also supported by the confocal microscopy results.
The inhibition of cellular uptake suggested the possible interaction of quinacrine with cationic drugs in
lysosomes of the inner BRB, implying the importance of uptake studies in lysosomes. The adoption of
the lysosome-enriched fraction in the uptake study suggested the lysosomal trapping of quinacrine in
the BRB, and supported that lysosomal trapping exerts a minor influence on the transport of several
cationic drugs at the BRB while its influence at varying degrees is also implied on the transport of
other drugs. The study of EFV transport in lysosome-enriched fractions also suggested the minor
influence of lysosomal trapping driven by interior acidic pH on the transport of EFV across the
BRB. This observation also provides evidence supporting the blood-to-retina transport of verapamil
across the BRB [15,17,27]. The present findings are expected to improve our understanding of the
blood-to-retina transport of cationic amphiphilic drugs across the BRB, thereby contributing to the
establishment of a new strategy for safe and efficient drug delivery to the retina.
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Abstract: We previously developed two optimized formulations of dexamethasone acetate (DXMa)
hydrogels by means of special cubic mixture designs for topical ocular administration. These gels were
elaborated with hydroxypropyl-3-CD (HPBCD) and hydroxypropyl-y-CD (HPyCD) and commercial
hydrogels in order to enhance DXMa water solubility and finally DXMa'’s ocular bioavailability and
transcorneal penetration. The main objective of this study was to characterize them and to evaluate
in vitro, ex vivo, and in vivo their safety, biopermanence, and transcorneal permeation. Gels A and B
are Newtonian fluids and display a viscosity of 13.2 mPa.s and 18.6 mPa.s, respectively, which increases
their ocular retention, according to the in vivo biopermanence study by PET/CT. These hydrogels
could act as corneal absorption promoters as they allow a higher transcorneal permeation of DXMa
through porcine excised cornea, compared to DEXAFREE® and MAXIDEX®. Cytotoxicity assays
showed no cytotoxic effects on human primary corneal epithelial cells (HCE). Furthermore, Gel B
is clearly safe for the eye, but the effect of Gel A on the human eye cannot be predicted. Both gels
were also stable 12 months at 25 °C after sterilization by filtration. These results demonstrate
that the developed formulations present a high potential for the topical ocular administration of
dexamethasone acetate.

Keywords: dexamethasone acetate; cyclodextrins; eye drops; hydrogels; rheology; cytotoxicity
studies; transcorneal permeation; radiolabeled ocular biopermanence
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1. Introduction

Dexamethasone (DXM) is one of the most prescribed anti-inflammatory drug in the treatment
of acute and chronic eye inflammation due to its high potency and effectiveness [1]. DXM acts by
binding with the corticosteroid receptors present in the human trabecular meshwork cells and inhibits
phospholipase-A2 and thus prostaglandins synthesis. DXM eye drops, as MAXIDEX® 1 mg/mL
DXM (Novartis Pharma, Rueil-Malmaison, France) and DEXAFREE® 1 mg/mL DXM phosphate
(Laboratoires Théa, Clermont-Ferrand, France) are effective in treating postoperative inflammation,
keratitis, uveitis [2], and prevention of corneal graft rejection [3]. Despite the many advantages offered
by this route of administration, these marketed formulations present a major disadvantage by requiring
frequent administrations (up to six times/day) [2]. This is due to the presence of various anatomical
and physiological barriers, which leads to a poor bioavailability of the ophthalmic drugs; only 1-5% of
drug instilled reaches in aqueous humor [4].

In order to enhance DXM bioavailability, the lipophilic derivative DXM acetate (DXMa), currently
unavailable for ophthalmic topical use, could be very interesting. Indeed, DXMa has shown to readily
permeate the cornea and be hydrolyzed into DXM during absorption [5]. Furthermore, Leibowitz
et al. demonstrated that the acetate form was more effective compared to the phosphate derivative
in suppressing inflammation in the cornea. This therapeutic effect was not associated with a greater
propensity to increase intraocular pressure, one of the most frequent side effects of glucocorticoids [6].

Furthermore, for the topical administration of DXMa into the eyes, we previously developed,
by means of experimental designs, two optimized formulations based on HPCD or HPyCD/DXMa
solutions and marketed gels, with the aim of increasing DXMa bioavailability and reducing instillation
frequency. HPBCD or HPyCD have considerably enhanced DXMa solubility in water, 500,
and 1550-fold [7]. CELLUVISC® (sodium carboxymethylcellulose) and VISMED® (sodium hyaluronate)
have both been used as an artificial tear in order to stabilize the tear film on the ocular surface [8].
Carboxymethylcellulose (CMC) and sodium hyaluronic (NaHA) present great advantages to be
mucoadhesive, biodegradable, and biocompatible [9]. These properties exhibit an enhancement of the
precorneal residence time and a reduction in the nasolacrymal drainage due to increased viscosity [10].
In addition, NaHA has been shown to modulate the inflammation response of the ocular surface in dry
eye syndrome [11].

In the present study, the optimized formulations were characterized. The ocular in vitro cytotoxicity
and mucoadhesion properties were evaluated as well as ex vivo transcorneal permeation of DXMa.
Furthermore, in vivo precorneal drug kinetics were investigated by radiolabeling with ¥F-FDG in
order to show the benefits of the newly designed formulations.

2. Materials and Methods

2.1. Materials

DXMa was purchased from LA COOPER (Melun, France). Hydroxypropyl-y-cyclodextrin
(HPyCD, W8HP, DS = 0.6, and Mw = 1576 Da) was a kind gift from ASHLAND (Schafthausen,
Switzerland) and hydroxypropyl-f-cyclodextrin (HPRCD, KLEPTOSE DS = 0.63 and Mw = 1391 Da)
was obtained from ROQUETTE (Lestrem, France). CELLUVISC® (sodium carboxymethylcellulose)
and VISMED® (sodium hyaluronate) are marketed gels used for the treatment of dry eye syndrome.
DEXAFREE® (DXM sodium phosphate 1% solution eye drops), MAXIDEX® (DXM 0.1% suspension
eye drops) and BSS® (Alcon Laboratories, Rueil-Malmaison, France) are human authorized ocular
medicines. Normal human primary corneal epithelial cells (ATCC PCS 700-010), medium (ATCC
PCS-700-030), growth kit (ATCC PCS-700-040), PBS (ATCC 30-2200), trypsin EDTA (ATCC PCS-999-003
and 005), and antibiotics (gentamicin, streptomycin, and amphotericin BATC PCS-999-002) were
obtained from LGC standard - ATCC® (Molsheim, France). Thioglycollate with resazurine medium
and Tryptic soy broth were obtained from BIOMERIEUX (Craponne, France). ALAMARBLUE® was
purchased from BIO-RAD (Marnes-la-Coquette, France) and DMSO from SIGMA-ALDRICH (Lyon,
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France). Purified water was prepared by DIRECT-Q®3UV water purifier (MILLIPORE, Molsheim,
France). All other solvents and chemicals were of HPLC and analytical grade, respectively.

2.2. Methods

2.2.1. Gel Composition

The composition of optimized mixed Gels A and B were obtained by means of experimental
design, as previously described [7] (Table 1).

In a first step, the cyclodextrin derivative was introduced in sterile water (600 mg/mL) and agitated
at room temperature. Then, the DXMa powder was added to the cyclodextrin solution. After complete
drug dissolution, the DXMa (10 mg/mL)/HPBCD (600 mg/mL) and DXMa (30 mg/mL)/HPyCD
(600 mg/mL) were obtained. In a second step, CELLUVISC® (sodium carboxymethylcellulose) and/or
VISMED® (sodium hyaluronate) were added to the DXMa/CD aqueous solutions in order to obtain
the final Gels A and B, according to the ratio described in Table 1.

Table 1. Composition of optimized mixed Gels A and B.

Mixed Gels Components Quantity (g)
VISMED® 0.300
Optimized mixed Gel A HPBCD 600 mg/mL with DXMa 0.700
Optimized mixed Gel A contains 7 mg/g of DXMa and an osmolality of 449 mOsm/kg
CELLUVISC® 0.151
Optimized mixed Gel B VISMED® . 0.085
HPyCD 600 mg/mL with DXMa 0.764

Optimized mixed Gel B contains 20 mg/g of DXMa and an osmolality of 425 mOsm/kg

2.2.2. Sterilization Step

Two different methods were investigated with Gels A and B (i.e., autoclaving, SANO CLAV from
ADOLF WOLF, Uberkingen, Germany) at 121 °C during 20 min or double sterilizing filtration (CME or
PVDF 0.22 um filter, ROTH, Karlsruhe, Germany) and conditioned in sterile vials under laminar air
flow of an ISO 4.8 microbiological safety cabinet.

2.2.3. Physicochemical Characterizations

Drug Quantification

The drug quantification methodology was adapted from that previously reported [7,12] and
validated in DXMa concentrations according to ICH Q2 (R1) guidelines in order to evaluate specificity,
linearity, repeatability, intermediate fidelity, and limit of detection (LOD) and limit of quantification
(LOQ) [13]. Quantitative determination were performed on a reversed-phase, high-performance liquid
chromatographic (HPLC) component system LC 2010 AHT (SHIMADZU, Kyoto, Japan) consisting
of a pump with degasser, an autosampler, a UV-VIS detector, and a column XTERRA®MS C8, 5 um
particles, and 150 X 4.6 mm with a C8 cartridge. The mobile phase made of methanol:water (70:30 v/v)
was set at the rate of 1.2 mL/min. The column was thermo-regulated at 25 °C. The detection wavelength
was set up at 240 nm.

Method Validation

The method was validated according to the International Conference on Harmonization (ICH)
guideline Q2 (R1) “Validation of Analytical Procedures” [13].

Linearity and Accuracy Studies

Five standard samples at different concentration values were prepared using 0.1 mg/mL DXMa as
a solution stock. Table 2 contains the different sample concentration levels for Gels A and B.
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Table 2. Sample concentration levels of DXMa for Gels A and B.

Gels Level 80% Level 90% Level 100% Level 110% Level 120%
Gel A (ug/mL) 56 63 70 77 84
Gel B (ug/mL) 160 180 200 220 240

These calibration levels were analyzed twice a day during three days [14]. The peak area was
plotted against the concentration at each level and a calibration curve was generated by a linear least
square regression analysis by checking the pre-required assumptions.

Specificity

The specificity of the developed method was first established by verifying that all the components
of gels were separated from the DXMa chromatographic peak. In complement, to exclude potential
interference of degradation products with DXMa quantification, DXMa 1 mg/mL solutions, Gel A,
and Gel B were subjected to forced degradation conditions, according to SFSTP guidelines [15]: 0.5 N
hydrochloric acid or sodium hydroxide, at 80 °C for 60 min, in 3% hydrogen peroxide at 80 °C for 4 h
and under visible and ultraviolet light for 6 h.

Precision

Intra-day (repeatability) and inter-day (intermediate) precision assays were determined by
preparing a model solution at a 100% concentration level (70 ug/mL for Gel A and 200 ug/mL for Gel
B). Each solution was analyzed six times a day for three days.

Limit of detection (LOD) and limit of quantification (LOQ) were estimated from the standard
deviation of the response as well as the slope, according to ICH guidelines. The estimated results were
not empirically verified.

Rheological Measurements

Rheological characteristics of both gels were examined at various shear rates using an ARES-G2
rheometer from TA Instruments (New Castle, PA, USA) equipped with a Couette system (cup diameter
33.985 mm, upper cylinder diameter 32 mm, and APS kit) from TA Instruments (New Castle, USA).
The measuring corresponded to 1.0620 according to ISO 3219. The gap length was 2 mm and the
sample volume of >5.2 mL. The temperature was controlled at 35 °C by a Peltier jaquette.

The steady-state flow experiments were performed in the range of 0.11 to 100 s™!. The frequency
sweep method was performed between 0.1 Hz and 10 Hz, with a shear strain of 10% for both
formulations, while the table of shear rate method was performed by increasing the shear rate from
0.1 to 100 s71, at 35 °C. The shear stress was measured by this method and the apparent viscosity
was calculated by dividing the shear stress by the shear rate. An oscillatory amplitude sweep and
frequency testing were performed using this equipment.

The amplitude sweep conditions used were shear strain between 0.1% and 100% with the frequency
of 0.1 Hz. Amplitude tests showed that 10% deformation corresponded to a value in the linear range.
In the frequency testing, the frequency range used was between 0.1-10 Hz with a shear strain of 10%.

2.2.4. Mucoadhesion

In this study, mucin was rehydrated with water by gentle stirring until complete dissolution to
yield a dispersion of 10% (w/w) at 20-25 °C. The mucoadhesion was evaluated by the effect of mucin
on zeta potential (ZP) values of Gel A + mucin (1:1), Gel B + mucin (1:1). A volume of 40 puL of Gel
A, Gel B, and mucin were diluted in either 2 mL of sterile purified water [16-18]. The ZP values of
the different mixtures were measured using a Zetasizer Nanoseries Nano ZS (Malvern Instruments,
Malvern, UK) at 35 °C. All the experiments were done in triplicate.
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2.2.5. Cytotoxicity Studies

Two different cellular toxicity assays were used based on cell viability in relation to mitochondrial
enzymes [19] (i.e., the methylthiazolyldiphenyl-tetrazolium bromide conversion (MTT) and ALAMAR
BLUE® assays). The experiments were performed using normal human primary corneal epithelial
cells (HCEC) obtained from ATCC® and maintained in an incubator (37 °C and 5% CO, saturation).
HCEC were kept in corneal epithelial cell growth culture medium with gentamicin and amphotericin B,
without fetal bovine serum. All experiments were performed in between steps 4 and 8. Three thousand
cells per well (96 wells per plates) were incubated for 24 h at 37 °C and 5% CO, in order to have
between 80 and 90% of cell confluence, according to ATCC® protocol. Subsequently, during the MTT
assay, the original culture medium was aspirated and different concentrations (25 uL/200 uL, and 0.25
uL/200 pL) of different formulations: Gels A and B with or without DXMa, HPB3CD (600 mg/mL) and
HPyCD (600 mg/mL) aqueous solutions, DEXAFREE® eye drop solution, and MAXIDEX® eye drop
suspension were added to different wells and incubated for 30 min and 2 h. Each concentration was
tested in three individual wells. After 30 min, 2 h, and 24 h, the supernatant was removed and 200 pL
of MTT solution (5 mg/mL in PBS and then diluted to 1/10 in complete medium) was added to each
well and then incubated for 3 h at 37 °C to allow the formation of formazan crystals. The medium was
then removed, and blue formazan was eluted from cells by 200 pL of DMSO. The plates were shaken in
order to solubilize the crystals of formazan. The liquid was aspirated to another new 96-wells plate and
measured directly at 590 nm with Clariostar (BMG Labtech, Champigny sur Marne, France). Each plate
was duplicated. The cell viability values were compared using a well-known t-test procedure with
o = 5%. Additionally, the ALAMAR BLUE® was performed after 2 h of incubation at 37 °C, 5% CO,,
with the IC50 concentrations as determined by the MTT assay. A total of 20 uL of ALAMAR BLUE®
reagent were added in each well before 2 h of incubation at 37 °C, 5% CO,. Fluorescence was measured
with an excitation wavelength at 530-560 nm and emission wavelength at 590 nm with Clariostar
(BMG Labtech, Champigny sur Marne, France). Each plate was duplicated.

The % of reduction of ALAMAR BLUE® can be calculated by Equation (1):

% Reduction

- (Experimental RFU value)—(Negative control RFU value)
" (100% reduced positive control RFU value)—(Negative control RFU value)

x 100,

2.2.6. Ex Vivo Evaluation of the Corneal Permeation

The transcorneal permeation experiment was performed for Gels A and B, DEXAFREE®,
and MAXIDEX® using Franz diffusion cells with an available diffusion area of 1.131 cm?. The porcine
corneas were recovered from the slaughterhouse in accordance with ethical regulations. The corneas
were removed and then mounted onto diffusion cells, with the epithelial layer exposed to the donor
chamber. The latter was filled with 0.4 g of each ophthalmic formulation; whereas the receptor chamber
was filled with 13 mL artificial tear fluid Balanced Salt Solution (BSS) According to Wen et al. [20],
the experiment was performed at 35 + 1 °C in a thermostatic water bath with a moderate speed of
rotation maintained for 24 h. Three corneas per formulation (n = 3) were used. A 1 mL sample was
removed at predetermined time intervals (15 min, 30 min, 1 h, 2 h, and 4 h) and replaced with an
equal volume of fresh medium to maintain the sink conditions. The withdrawn samples from the
receptor chamber were analyzed by HPLC. The cumulative amount of drug appearing in the receptor
compartment (Qn) was plotted as a function of time (t,) and calculated using Equation (2):

VvV n-1 n—-1
Qn =V (Cr\ + \70 Zi:l Ci) = VoCy +V i1 G, (2)

Cn: Drug concentration at t time points (ug.mL™!), C;: Drug concentration at sampling points,
Vo: Volume of the medium in the receiving chamber, and V: sampling volume.
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The corneal hydration level (% HL) was measured with a relative humidity analyzer MB45
OHAUS® (Parsippany, NJ, USA).

2.2.7. In Vivo Evaluation of the Residence Time on the Ocular Surface

In vivo studies were carried out on male Sprague-Dawley rats with an average weight of 250 g
supplied by the animal facility at University of Santiago de Compostela (Spain). The animals were treated
according to the laboratory guidelines [21]. The experiments were approved by the Galician Network
Committee for Ethics Research following the Spanish and European Union (EU) rules (86/609/CEE,
2003/65/CE, 2010/63/EU, RD 1201/2005 and RD53/2013) The project identification code was IDIS12072017,
12/07/2017 was approved by the Health Research Institute of Santiago de Compostela institutional
review board. The animals were kept in individual cages at controlled conditions of temperature
and humidity (22 °C and 60%) with free access to water and food, with day—night cycles regulated
by artificial light. Each component of the optimized formulations, in other words, CELLUVISC®,
VISMED®, DXMa (10 mg/g)/HPBCD (600 mg/mL), and DXMa (30 mg/g)/HPyCD (600 mg/mL) aqueous
solutions; Gel A and Gel B were radiolabeled by incorporating 100 uL 18F—ﬂuorodeoxyglueose (18E-FDG)
in a volume of 1 mL of either hydrogel or cyclodextrin based aqueous solution until homogenization,
according to the methodology followed in previous studies [22]. Randomly taken samples from
each labeled component were measured using a high-precision dose calibrator (Atomlab 500, Biodex
Medical System, Inc., New-York, NY, USA) in order to control radiotracer uniformity. Positron emission
tomography and computerized tomography (PET/CT) images were acquired using the Albira PET/CT
Preclinical Imaging System (Bruker Biospin, Woodbridge, CT, USA). The anesthetized animals were
positioned into the imaging bed and 7.5 uL of each formulation labeled with!®F-FDG was instilled into
the conjunctival sac of eye using a micropipette. The administered radioactivity was 0.35 + 0.08 MBq.
Therefore, the 18F-FDG labeled component (CELLUVISC®, VISMED®), DXMa (10 mg/g)/HPRCD
(600 mg/mL), and DXMa (20 mg/g)/HPyCD (600 mg/mL) aqueous solutions as well as the I8BE_FDG
labeled optimized gels (A or B) were tested. Immediately after administration, static PET frames of
10 min were acquired and the animal was awakened. Then, single frames of 10 min at 0.5, 1, 2, 3,
and 5 h after instillation were acquired, anesthetizing the animal 5 min before obtaining the images
and then waking it up. Three eyes of three animals were tested for each formulation. The results
were corrected to radioactive decay. Graphical representations of radioactivity versus time were
obtained. The % remaining formulations on ocular surface was calculated as the ratio of radioactivity
at time t in ocular surface/initial radioactivity. The fitting of the remaining formulation versus time
to a monoexponential decay equation using a single compartmental model was performed using
pKSolver [23]. A non-compartmental analysis was also performed calculating the mean residence
time (MRT) and the total area under the curve (AUC) of the remaining formulations (%) versus time.
All data were expressed as mean value + standard deviation (SD). Statistical analyses were performed
using one-way ANOVA test, and the level of significance was set at 5%.

2.2.8. Stability Studies

Both formulations were prepared using sterile water, HPBCD, HPyCD, DXMa, VISMED®,
and CELLUVISC® under laminar air flow of an ISO 4.8 microbiological safety cabinet. A total of 2 mL
of each gel was conditioned into a 5 mL glass vial previously autoclaved, closed with a polypropylene
cap, and sealed with an aluminum ring. Two batches of each gel were prepared and submitted to a
double filtration with PVDF 0.22 um filters.

The stability of each gel was studied in unopened multidose eyedroppers for 12 months at 25 °C in
a climate chamber (BINDER GmbH, Tuttlingen, Germany). Four units per formulation were subjected
to visual inspection, DXMa quantification, sterility, osmolality, and pH measurements at times 0, 14,
and 30 days, 2, 6, 9, and 12 months. More precisely, for each unit, color and aspect were checked.
DXMa was quantified by HPLC and the degradation product sought using a stability indicating
method [13]. Gels A and B were previously diluted by 1/100 with the mobile phase. Osmolality was
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measured using a 2020 freezing point osmometer (Advanced Instruments, Norwood, United States).
pH measurements were made with a SevenMulti® pH-meter with an InLab electrode (Mettler-Toledo,
Viroflay, France). The sterility test was carried out according to the European Pharmacopeia sterility
assay (2.6.1) [24]. Briefly, the multidose eyedroppers were opened under the laminar air flow of an ISO
4.8 microbiological safety cabinet and the content was divided into two equal parts, each transferred in
a fluid thioglycollate with resazurine medium and Tryptic soy broth and incubated at 30-35 °C and
20-25 °C, respectively for 14 days. The culture medium was examined every day.

3. Results and Discussion

3.1. Drug Quantification Before and After Sterilization

Pure DXMa and DXMa formulated in Gels A and B presented a retention time of 3.2 + 0.2 min
and their chromatograms are presented in Supplementary Materials (Figure S1).

Method Validation Studies

The RP-HPLC method used to analyze the DXMa in Gels A and B was validated according to
current ICH Q2(R1) [13]. The performed validation tests proved the suitability of the method for its
intended purposes. Validation tests including specificity, linearity and range parameter, accuracy,
precision, LOQ, and LOD. Original validation data are reported in the Supplementary Materials.

3.2. Sterilization Step

Two different methods were investigated with Gels A and B (i.e., autoclaving, SANO CLAV from
ADOLF WOLF, Uberkingen, Germany) at 121 °C during 20 min or double sterilizing filtration (CME or
PVDF 0.22 um filter, ROTH, Karlsruhe, Germany). The sterile filtered product was packaged in sterile
vials under laminar air flow of an ISO 4.8 microbiological safety cabinet. The choice of the sterilization
steps is primordial and was evaluated in terms of change in chromatographic profile and in % of drug
loss. As seen in Supplementary Materials Figures S5 and S6, a peak of degradation product appeared
and the DXMa peak was reduced. Therefore it excludes autoclaving as a sterilization method of DMXa.
DXMa seems to be heat labile, and a similar result is reported in the literature for dexamethasone
sodium phosphate [25].

The CME filters were discarded because they led after filtration to a loss of 12.9 + 0.5% DXMa
with Gel A and 5.3 + 0.3% with Gel B, while the filter PVDF resulted in only a loss of 0.6 + 0.02% DXMa
with Gel A and 0.4 + 0.02% with Gel B. The PVDF filters were therefore retained and were confirmed
by demonstrating the repeatability of the sterilization step without a great loss of DXMa. Indeed, six
samples of each gel were prepared and DXMa was quantified by HPLC before and after the double
filtration steps with PVDF 0.22 um filters. The relative percentage of standard deviation (RSD) of drug
quantification was calculated from these quantifications. For both formulations, the drug loss was
<0.3% and the repeatability RSD values were 0.96% (Gel A) and 0.95% (Gel B). The RSD (%) values
were found to be <1%, which were considered acceptable.

3.3. Rheological Measurements

The administration of an ophthalmic formulation should not influence the pseudoplastic nature
of precorneal film, or the influence should be negligible. Figure 1a,b present the dynamic viscosity of
each formulation as a function of shear rate (0.11-100 s~!) at 35 °C, measuring five points per decade
and with 20 s equilibration time. The both formulations exhibited Newtonian behavior. At shear
gradients greater than 70-80 s, centrifugal forces and turbulences come into play, which results in a
fall in axial force. The apparent rheofluidifying behavior past 100 s~! is therefore an artifact caused by
these centrifugal forces. For shear rates of less than 1 s7!, the crust formed by the eye drops when
drying opposes a resistance to the rotational movement of the geometry, which is no longer negligible
compared to the measured torque, which explains the slight rise in the curve between 0.1 and 1s71.
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Below 0.3 s}, this crust makes measurements imprecise and so between 0.3 and 100 s Gels A and B
present a Newtonian behavior, Gel A displays a viscosity of 13.2 mPa s + 10%, and Gel B a viscosity of
18.6 mPa s + 10% (Figure 1). As demonstrated by Zaki et al., the retention on eye surface began to
increase only after a viscosity exceeding a critical value of about 10 mPa s [26].

Although increasing fluid viscosity improves the residence time, it may also cause discomfort and
damage to ocular epithelia due to an increase in the shear stresses during blinking. Carboxymethylcellulose
and sodium hyaluronate are well known for their viscosifying properties. Furthermore, sodium
hyaluronate, present in Gel A, Gel B, and VISMED® , is a shear thinning fluid. Sodium hyaluronate
should contribute to enhance viscosity while avoiding excessive stresses during blinking [27].
Additionally, these viscosities, lower than 30 mPa.s, are well tolerated by patients because it does not

lead to blurred vision and foreign body sensation, resulting in a faster elimination due to reflex tears
and blinks [28].
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Figure 1. Dynamic viscosity of (a) Gel A and (b) Gel B performed in the range of 0.11 to 100 s~! at 35 °C.

Before oscillation frequency sweep, an amplitude sweep test was performed to define the
fluid’s linear-viscoelastic region (LVER), and 10% at least for both formulations. Indeed, for Gel A,
the amplitude sweep test performed at 1 Hz between 0.1 and 100% did not indicate any output of
the linear domain. For Gel B, the oscillation measured between 0.1 and 100% of deformation did not
show any upper limit and so, caution should be used to avoid not being below 1.5% deformation with
this rheometer (Supplementary Materials Figure S7). At 0.1 Hz, the storage module was negligible,
which explains why some points are missing on the graphs (negative values cannot be displayed on a
logarithmic scale). For both at low amplitudes, the signal becomes lower than the sensitivity of the
material (0.05 uNm).

With these results, Gels A and B can be further characterized using a frequency sweep, proving
more information about the effect of colloidal forces [29]. Figure 2 presents oscillation frequency
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performed between 0.1-10 Hz with a shear strain of 10% at 35 °C. Both formulations exhibited fluid-like
mechanism spectra with G” modulus even greater than G’, being both frequency dependent.
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Figure 2. Oscillation frequency performed with Gels A and B between 0.1-10 Hz with a shear strain of
10% at 35 °C.

Mucoadhesion

Zeta potential (ZP) value is related to the measurement of the surface charge that a specific
material possesses or acquires when suspended in a fluid. This study demonstrated that the ZP values
of Gel A and Gel B are quite different. Indeed, Gel B ZP value (—41.1 + 2.3 mV) is much more negative
than Gel A (-23.9 + 0.7 mV) (Figure 3). These negative values are in accordance with the anionic
nature of the hyaluronic acid due to the presence of carboxylic groups. HA is present in VISMED®,
Gel A, and Gel B. The mucins also presented a negative ZP value due to their carboxyl and sulfate
groups. The obtained value was quite different from the one described in the literature, which was
approximately —10 mV [16]. This difference could be explained by a different degree of hydration [30].
When the mucin 5% (w/v) suspension was added to Gel B, an increase of the negative charge was
observed, showing the reduction in electrostatic repulsion, and indirectly an interaction of the vehicle
with the mucins [31].

3.4. Cytotoxicity Studies

34.1. MTT

To evaluate in vitro cell toxicity of Gels A and B with or without DXMa, HPBCD (600 mg/mL)
and HPyCD (600 mg/mL) aqueous solutions, DEXAFREE® and MAXIDEX®, HCE cells grown in the
presence of each formulation were evaluated by quantitative determination of living cells, after 30 min,
2 h, and 24 h at 5 and 0.05% concentration (Figure 4). The results were analyzed according to the
Organization for Economic Co-operation and Development (OECD) guidelines for short time exposure
in vitro test method [32] (Table 3).
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Figure 3. Zeta potential values (mean + SD, n = 3) of mucin 5%, Gel A, Gel B, and mucin 5% + Gel A or
Gel B.

Table 3. Prediction model inspired by the short time exposure according to the Organization for
Economic Co-operation and Development (OECD) guidelines [32].

Cell Viability UN GHS
Applicabilit i i
ALS% AL 0.05% Classification pp y DXMa Formulation Vehicles
Gel B
>70% >70% No category No ser.lot}s c?amage nor eye HPyCD aqueous solution
irritation effect
(600 mg/mL)
Gel A
. . No prediction can No prediction can be made, -
<70% >70% be made eventual eye irritation HPBCD aqueous solution
(600 mg/mL)
<70% <70% Category 1 Serious eye damage None

As shown in Figure 4, Gel B showed an acceptable level of cytotoxicity to HCE cells and is
considered rather well tolerated by HCEC with a cell viability higher than 70% at 5% and 0.05% at
30 min (p value < 0.001) and 24 h. In addition, DEXAFREE® presented a similar cytotoxicity profile
after 30 min and 24 h (p value = 0.035). In contrast, Gel A was classified in the non-predictable category
since the cell viability was lower than 70% at 5% (p-value < 0.001) and higher than 70% at 0.05% (p-value
= 0.022) at 30 min and 24 h. A similar cytotoxicity profile was observed in the case of the reference
suspension MAXIDEX®. A cell viability lower than 70% at 5% (p-value = 0.01) and higher than 70% at
0.05% (p-value = 0.04) at 30 min and 24 h. The cytotoxic effect of Gel A was time and concentration
dependent and seems to be caused mainly by the HPBCD (600 mg/mL) aqueous solution. Indeed,
the cell viability of Gel A with or without DXMa and HPBCD (600 mg/mL) aqueous solution were
relatively similar at each time and each concentration with values decreasing from around 30%, 15%,
and 10% at 30 min, 2 h, and 24 h, respectively. Furthermore, each CD derivative at the concentration of
600 mg/mL presents a cytotoxic effect more or less pronounced. These observations could be attributed
to the known capacity of CDs to extract and solubilize cholesterol from membranes, potentially causing
destruction of phospholipid bilayers [33]. One can note that in the present study, HPyCD had a much
less pronounced effect than HPBCD, showing a cell viability higher than 65%, against lower than
30% for HPBCD (p-value < 0.001 at 30 min). Moreover, the cytotoxicity of HPRCD is enhanced with
increasing exposure time [34]. These differences may be attributed to the higher propensity of the
BCD derivative to solubilize cholesterol from membranes compared to yCD [33]. Moreover, the clear
decreased cytotoxicity observed in the case of Gel B may be related to the lower extent of free cavities
available for complexation in the case of HPyCD for which a higher complexation efficiency value
was previously described [7], allowing Gel B to be relatively safe for HCEC. Therefore, in the future,
it will be possible to consider a lower concentration of HPBCD in Gel A in order to improve ocular
tolerance [34], even if this means reducing the solubilized DXMa fraction.
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3.4.2. ALAMAR BLUE® Assay

To complete the in vitro cell biocompatibility study, the ALAMAR BLUE® assay was performed by
using fluorescence, which is proportional to the number of cells with metabolic activity (Figure 5). Gel B,
Gel B without DXMa, and HPyCD showed acceptable levels of metabolic activity as DEXAFREE®,
with a cell viability even >70% after 2 h of exposure. Unfortunately Gel A, Gel A without DXMa,
and HPBCD (600 mg/mL) showed a low metabolic activity of <30%, which could cause serious eye
damage. According to these results, we can demonstrate different biocompatibility profiles between
Gel A and Gel B, probably related to the difference in biocompatibility profile between HPBCD and
HPyCD. Hence, Gel B is considered as biocompatible and the formulation of Gel A might be optimized
regarding the effect of HPBCD on HCEC.

3.5. Ex Vivo Evaluation of the Corneal Permeation

Ex vivo permeation of Gel A, Gel B, DEXAFREE®, and MAXIDEX® were evaluated using the
excised porcine cornea. The amount of DXMa permeated through the excised cornea from Gel B was
higher than that of the other formulations (Figure 6). With Gel B, a maximum of 71.71 ug of DXMa
permeates (i.e., 0.89% amount of the drug applied) and was nearly 3.2-fold higher than DEXAFREE®
and 4-fold higher than MAXIDEX®. Gel A also presented a good corneal permeation with a maximum
of 40.48 ug (i.e., 1.44% amount of the drug applied), which is 1.8-fold higher than DEXAFREE® and
2.5-fold higher than MAXIDEX®. This suggests that both Gels A and B might be more effective than
reference marketed formulations to treat corneal inflammations. Moreover, these results are associated
with a good corneal hydration level between 76 and 80%.

Dexamethasone is a highly potent long acting drug requiring a far lower dosage compared to
other intermediate and short acting glucocorticoids (i.e., nearly five times lower than prednisolone,
methylprednisolone, and 25 times lower than hydrocortisone) to elicit a biological response [35,36].
As demonstrated by Djalilian et al., dexamethasone inhibits inflammatory cytokines in human corneal
epithelial cells and fibroblast cell lines with a concentration range of 0.1 to 10 uM [37]. The marketed
formulation DEXAFREE® contains 1 mg/mL drug (i.e.,, 1.9 mM). As previously described, Gel B
released DXMa allowing a maximum drug amount of 63.4 pig/cm? to be permeated across the excised
cornea. In addition, Gel A allowed a permeated drug amount of 36.07 jg/cm?.

Therefore, considering the normal tear volume to be about 6 to 10 pL, assuming no tear drainage and
similar release behavior as observed in 13 mL of PBS, 71.71 pug and 40.48 g of DXMa (Mw = 434.5 g/mol)
in 10 pL of tears would theoretically be almost 16.6 mM and 9.3 mM, which is about 8- and 5-fold
higher than the concentration provided by DEXAFREE®. These latter results warranted to be clinically
relevant and within the therapeutic index [37].

3.6. In Vivo Evaluation of the Residence Time on the Ocular Surface

The biopermanence of Gels A and B, DXMa (10 mg/mL)/HPBCD (600 mg/mL), DXMa (30 mg/mL)/
HPyCD (600 mg/mL), VISMED®, and CELLUVISC® was characterized on the ocular surface of rats by
BE-FDG radiolabeling followed by radioactivity in PET over 5 h (300 min) (Figure 7). Itis a non-invasive
tool for pharmacokinetic studies of clearance of topical ocular drug delivery systems [22,38]. In the
present study, all the formulations tested presented a higher residence than the control solution of
Balanced Salt Solution (BSS), whose composition is close to tears. Indeed, in Figure 8, it can be observed
that after 30 min of contact, 23% of the BSS remained in the ocular surface against 60 to 100% remaining
doses for the other formulations.
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Figure 4. Cell viability of Gels A and B with or without DXMa, HPACD (600 mg/mL) and HPyCD (600
mg/mL) aqueous solutions, DEXAFREE®, and MAXIDEX®. (a) 5% concentration during 30 min, (b)
0.05% during 30 min, (c) 5% during 2 h, (d) 0.05% during 2 h, (e) 5% during 24 h, (f) 0.05% during 24 h.
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Figure 6. Amount of drug permeated (mean + SD, n = 3) through the excised cornea of Gels A and B,
DEXAFREE®, and MAXIDEX® as a function of time.

Figure 7. PET (left), CT (right), and fused image PET/CT (center) of the rat eyes immediately after
administration (top) and 300 min post-administration (bottom).
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These observations are in accordance with the PET data described by Luaces-Rodriguez et al. in
the case of tacrolimus eye drops [39]. According to the literature, increasing fluid viscosity increases the
residence time to some extent by delaying the tear action [26]. This is in agreement with our observations
since the reference marketed gels, sodium carboxymethylcellulose and sodium hyaluronate, are more
viscous than the other components, and presented a higher ocular residence time with a MRT of 197
and 134 min, respectively. Furthermore, the CD solutions presented a slight viscosity of around 6
mPa.s, which resulted in a significant increase in T1, and MRT values when compared to BSS. The MRT
value for Gel B (112 min) was between the values obtained for CELLUVISC® (197 min), VISMED®
(134 min), and DXMa/HPyCD solution (101 min). In addition, the presence of both CMC and HA,
associated with higher gel B viscosity, seems to promote ocular remanence. The low MRT value of 67
min obtained in the case of Gel A is rather surprising with respect to the observed HP3CD solution
MRT value (118 min). This would merit further investigation since a high variability in the results
was observed. Furthermore, sodium hyaluronate, present in Gel A, Gel B, and VISMED®, is a shear
thinning fluid. Sodium hyaluronate contributes to enhance viscosity while avoiding excessive stress
during blinking [27].

The data summarized in Table 4 show that pharmacokinetic parameters such as Ty, MRT, and k
are significantly different between each gel and BSS at p < 0.05.The data collected from 3 to 240 min
were significantly different between Gels A and B, DXMa (10 mg/mL)/HPRCD (600 mg/mL), DXMa
(30 mg/mL)/HPyCD (600 mg/mL), VISMED®, and CELLUVISC® at p < 0.05.

Table 4. Ocular biopermanence parameters measured in vivo for Gels A and B, DXMa (10 mg/mL)/
HPBRCD (600 mg/mL), DXMa (30 mg/mL)/HPyCD (600 mg/mL), VISMED®, and CELLUVISC® versus
Balanced Salt Solution (BSS).

Components Viscosity at 35 °C (mPa.s) k (min~1) Ty/2 (min) MRT (min) R?
CELLUVISC® 167-260 0.007 + 0.003 136.5 + 95.5 196.9 + 137.8 0.9738
VISMED® 16.8 0.008 + 0.003 92.7 +£26.7 133.7 + 38.5 0.9404
Gel B 18.6 0.0096 + 0.036 774 +28.8 111.6 + 41.5 0.9837
Gel A 13.2 0.015 + 0.002 46.6 +4.8 672+6.9 0.9365
DXMa/HPRCD
(10 mg/mL/600 mg/mL) 6.4 0.015 + 0.014 81.7+ 59.0 117.9+ 85.2 0.9866
DXMa/HPyCD
(30 mg/mL/600 mg/mL) 6.5 0.11 + 0.003 702 +21.9 101.3 + 31.6 0.9697
BSS 15 0.046 + 0.015 16.0 £5.2 231+7.6 0.9965
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Figure 8. Ocular biopermanence of Gels A and B, DXMa (10 mg/mL)/HPBCD (600 mg/mL), DXMa
(30 mg/mL)/HPyCD (600 mg/mL), VISMED®, and CELLUVISC® versus BSS.
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3.7. Stability

The stability of Gels A and B was assessed using the following parameters: visual inspection,
presence or absence of visible particles, DXMa concentration, presence or absence of breakdown
products, pH, and osmolality. The study was conducted according to ICH Q1A (R2) methodological
guidelines for stability studies [15,40]. A variation of DXMa concentration outside 90-110% intervals
of the initial concentration was considered as a sign of a significant DXMa concentration variation.
The observed gels must be limpid, of unchanged color, and clear with no visible signs of haziness or
precipitation. pH values were considered to be acceptable if they did not vary by more than one pH
unit from the initial value.

Gels A and B stayed limpid and there was no appearance of any visible particulate matter, haziness,
or gas development. Every Gel A presented a slightly yellowish tinge throughout the study.

The DXMa concentrations during 12 months are presented in Figure 9. Throughout the dosage
times, Gel A and B stored at 25 °C did not vary by more than 10% of the initial concentrations, with low
variability as 95% confidence intervals.
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Figure 9. DXMa concentrations (mg/mL) of (a) Gel A and (b) Gel B as a function of time.

For each gel, pH did not vary by more than 0.3 pH units from D0 to M12. pH Gel A was 7.5 and
pH Gel B was 7.0. At 12 months, osmolality of Gel A and B had not varied by more than 2.5% of initial
osmolality. Both pH and osmolality did not vary during 12 months and stayed within an acceptable
physiological range.
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Since autoclaving led to DXMa degradation, Gels A and B were sterilized by a validated filtration
methodology. The samples of gels conserved at 25 °C in unopened bottles at day 0, 14 days, 30 days
and 2, 6, 9, and 12 months did not show any signs of microbiological growth (< 1UFC), meeting the
requirements of the 2.6.1 European Pharmacopeia.

4. Conclusions and Future Prospects

In conclusion, the data provided in this study demonstrate that the use of hydrogels combined with
hydrosoluble cyclodextrins is relatively safe, increases ocular retention, and could act as penetration
promoters for DXMa. Indeed, both gels present a good corneal permeation, which was 3.22-fold
higher than DEXAFREE® and 4.04-fold higher than MAXIDEX® for Gel B and 1.8-fold higher than
DEXAFREE® and 2.5-fold higher than MAXIDEX® for Gel A. Furthermore, they were stable at 25 °C
during 12 months after filtration sterilization. These good results have to be confirmed in vivo with
pharmacokinetic, efficacy, and tolerance studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/8/717/s1,
Figure S1. A, B, C and D show the chromatogram of DXMa for Gel A diluted to 70 pug/mL, DXMa in Gel A diluted
to 70 ug/mL and DXMa for Gel B diluted to 200 pg/mL and DXMa in Gel B diluted to 200 pg/mL obtained with the
chromatographic methods used. Figure S2. Calibration curves for DXMa in Gel A and Gel B (3 days/5 levels a
day). Figure S3. Chromatograms obtained for DXMa in Gel A after applying different stress conditions. (a) No
stress, (b) HC1 0.5 N at 80 °C during 1 h, (c) NaOH 0.5 N at 80 °C during 1 h, (d) HyO, 3% at 80 °C during 4 h
and (e) UV light for 6 h. Figure S4. Chromatograms obtained for DXMa in Gel B after applying different stress
conditions. (a) No stress, (b) HC1 0.5 N at 80 °C during 1 h, (¢) NaOH 0.5 N at 80 °C during 1 h, (d) HyO, 3% at 80
°C during 4 h and (e) UV light for 6 h. Figure S5. Chromatograms before and after autoclaving Gel A. Figure S6.
Chromatograms before and after autoclaving Gel B. Figure S7. Amplitude sweep test performed with Gel B at 0.1,
1 and 10 Hz at 35 °C. Table S1. Calibration curves of DXMa in Gel A and Gel B. Table S2. Limit of detection and
quantification for Gels A and B.

Author Contributions: RM., X.G.-O,,L.C,, V.V, EB, V.B.-M,, VD.-T,, E-].O.-E., and A.F.-F. contributed to a part of
the experimental work. X.G.-O. also participated as the first signatory in the development of the ocular remanence
work. RM,, L.C,, D.W,, and A.G., designed all the studies, oversaw all the experiments and contributed to drafting
the manuscript and intellectually to the development of the project. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external private funding.

Acknowledgments: This work was supported by Labex ARCANE (ANR-11-LABX-0003-01) and Institut de
Chimie Moléculaire de Grenoble (FR 2607) and the Glyco@Alps program (ANR-15-IDEX-02). A.EF.-F. acknowledges
the support obtained from the Instituto de Salud Carlos III (ISCIII) through its research grants (JR18/00014). X.G.-O.
acknowledges the financial support of the IDIS (Health Research Institute of Santiago de Compostela) (predoctoral
research fellowships).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Ohira, A.; Hara, K.; Jéhannesson, G.; Tanito, M.; Asgrimsd(’)ttir, G.M.; Lund, S.H.; Loftsson, T.; Stefansson, E.
Topical dexamethasone y-cyclodextrin nanoparticle eye drops increase visual acuity and decrease macular
thickness in diabetic macular oedema. Act. Ophthalmol. 2015, 93, 610-615. [CrossRef]

2. Rodriguez Villanueva, J.; Rodriguez Villanueva, L.; Guzman Navarro, M. Pharmaceutical technology can
turn a traditional drug, dexamethasone into a first-line ocular medicine. A global perspective and future
trends. Int J. Pharm. 2017, 516, 342-351. [CrossRef]

3. Pan, Q; Xu, Q; Boylan, N.J.; Lamb, N-W.; Emmert, D.G.; Yang, ].-C.; Tang, L.; Heflin, T.; Alwadani, S.;
Eberhart, C.G.; et al. Corticosteroid-loaded biodegradable nanoparticles for prevention of corneal allograft
rejection in rats. J. Control. Release 2015, 201, 32—40. [CrossRef] [PubMed]

4. Hughes, PM.; Olejnik, O.; Chang-Lin, ].-E.; Wilson, C.G. Topical and systemic drug delivery to the posterior
segments. Adv. Drug Deliv. Rev. 2005, 57, 2010-2032. [CrossRef] [PubMed]

5. Usayapant, A.; Karara, A.H.; Narurkar, M.M. Effect of 2-hydroxypropyl-beta-cyclodextrin on the ocular
absorption of dexamethasone and dexamethasone acetate. Pharm. Res. 1991, 8, 1495-1499. [CrossRef]
[PubMed]

155



Pharmaceutics 2020, 12, 717

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

Leibowitz, HM.; Kupferman, A.; Stewart, R H.; Kimbrough, R.L. Evaluation of dexamethasone acetate as a
topical ophthalmic formulation. Am. J. Ophthalmol. 1978, 86, 418-423. [CrossRef]

Mazet, R.; Choisnard, L.; Levilly, D.; Wouessidjewe, D.; Geze, A. Investigation of combined cyclodextrin
and hydrogel formulation for ocular delivery of dexamethasone acetate by means of experimental designs.
Pharmaceutics 2018, 10, 249. [CrossRef] [PubMed]

Guillon, M.; Maissa, C.; Ho, S. Evaluation of the effects on conjunctival tissues of optive eyedrops over one
month usage. Cont. Lens Anterior Eye 2010, 33, 93-99. [CrossRef]

Chatterjee, B.; Amalina, N.; Sengupta, P.; Kumar Mandal, U. Mucoadhesive polymers and their mode of
action: A recent update. J. Appl. Pharm. Sci. 2017, 7, 195-203. [CrossRef]

Achouri, D.; Alhanout, K.; Piccerelle, P.; Andrieu, V. Recent advances in ocular drug delivery. Drug Dev.
Ind. Pharm. 2013, 39, 1599-1617. [CrossRef]

Oh, HJ.; Li, Z,; Park, S.-H.; Yoon, K.C. Effect of hypotonic 0.18% sodium hyaluronate eyedrops on
inflammation of the ocular surface in experimental dry eye. ]. Ocul. Pharm. Ther. 2014, 30, 533-542.
[CrossRef] [PubMed]

Urban, M.C.C.; Mainardes, R.M.; Gremiao, M.P.D. Development and validation of HPLC method for analysis
of dexamethasone acetate in microemulsions. Braz. J. Pharm. Sci. 2009, 45, 87-92. [CrossRef]

Borman, P.; Elder, D. Q2(R1) Validation of Analytical Procedures. In ICH Quality Guidelines; Teasdale, A.,
Elder, D., Nims, R.W., Eds.; ICH: Geneva, Switzerland, 2017. [CrossRef]

Space, ].S.; Opio, A.M.; Nickerson, B.; Jiang, H.; Dumont, M.; Berry, M. Validation of a dissolution method
with HPLC analysis for lasofoxifene tartrate low dose tablets. J. Pharm. Biomed. Anal. 2007, 44, 1064-1071.
[CrossRef] [PubMed]

Sautou, V.; Bossard, D.; Chedru-Legros, V.; Crauste-Manciet, S.; Fleury-Souverain, S.; Lagarce, F.; Odou, P;
Roy, S.; Sadeghipour, E; Sautou, V. Methodological Guidelines for Stability Studies of Hospital Pharmaceutical
Preparations, 1st ed.; GERPAC, SFPC, Eds.; 2013; p. 75. Available online: https://www.gerpac.eu/IMG/pdf/
guide_stabilite_anglais.pdf (accessed on 20 February 2018).

Graca, A.; Gongalves, L.M.; Raposo, S.; Ribeiro, H.M.; Marto, J. Useful In vitro techniques to evaluate the
mucoadhesive properties of hyaluronic acid-based ocular delivery systems. Pharmaceutics 2018, 10, 110.
[CrossRef] [PubMed]

Silva, M.M.; Calado, R.; Marto, J.; Bettencourt, A.; Almeida, A.J.; Gongalves, L.M.D. Chitosan nanoparticles
as a mucoadhesive drug delivery system for ocular administration. Mar. Drugs 2017, 15, 370. [CrossRef]
da Silva, S.B.; Ferreira, D.; Pintado, M.; Sarmento, B. Chitosan-based nanoparticles for rosmarinic acid ocular
delivery—In vitro tests. Int. . Biol. Macromol. 2016, 84, 112-120. [CrossRef]

Ro6nkko, S.; Vellonen, K.-S.; Jarvinen, K.; Toropainen, E.; Urtti, A. Human corneal cell culture models for
drug toxicity studies. Drug Deliv. Transl. Res. 2016, 6, 660—-675. [CrossRef]

Wen, Y,; Ban, J.; Mo, Z.; Zhang, Y.; An, P; Liu, L.; Xie, Q.; Du, Y,; Xie, B.; Zhan, X; et al. A potential
nanoparticle-loaded in situ gel for enhanced and sustained ophthalmic delivery of dexamethasone.
Nanotechnology 2018, 29, 425101. [CrossRef]

National Research Council (US) Committee for the Update of the Guide for the Care and Use of Laboratory
Animals. Guide for the Care and Use of Laboratory Animals, 8th ed.; The national academies collection:
Reports funded by national institutes of health; National Academies Press: Washington, DC, USA, 2011;
ISBN 978-0-309-15400-0.

Fernandez-Ferreiro, A.; Silva-Rodriguez, J.; Otero-Espinar, FJ.; Gonzalez-Barcia, M.; Lamas, M.J.; Ruibal, A.;
Luaces-Rodriguez, A.; Vieites-Prado, A.; Sobrino, T.; Herranz, M.; et al. Positron emission tomography for
the development and characterization of corneal permanence of ophthalmic pharmaceutical formulations.
Invest. Ophthalmol. Vis. Sci. 2017, 58, 772-780. [CrossRef]

Zhang, Y.; Huo,M.; Zhou, J.; Xie, S. PKSolver: An add-in program for pharmacokinetic and pharmacodynamic
data analysis in Microsoft Excel. Comput. Methods Programs Biomed. 2010, 99, 306-314. [CrossRef]

European Phramacopoeia, 9.8th ed.; EDQM: Strasbourg, France, 2019.

McEvoy, G.K. American Society of Health-System Pharmacists. AHFS Drug information 2007; American Society
of Health-System Pharmacists: Bethesda, MD, USA, 2007; ISBN 978-1-58528-161-9.

Zaki, I; Fitzgerald, P.; Hardy, ].G.; Wilson, C.G. A comparison of the effect of viscosity on the precorneal
residence of solutions in rabbit and man. J. Pharm. Pharmcol. 1986, 38, 463—466. [CrossRef]

156



Pharmaceutics 2020, 12, 717

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

Snibson, G.R.; Greaves, J.L.; Soper, N.D.; Prydal, ].I; Wilson, C.G.; Bron, A.J. Precorneal residence times of
sodium hyaluronate solutions studied by quantitative gamma scintigraphy. Eye 1990, 4, 594—602. [CrossRef]
[PubMed]

Salzillo, R.; Schiraldi, C.; Corsuto, L.; D’ Agostino, A.; Filosa, R.; De Rosa, M.; La Gatta, A. Optimization of
hyaluronan-based eye drop formulations. Carbohydr. Polym. 2016, 153, 275-283. [CrossRef] [PubMed]
Franck, A. Understanding Rheology of Structured Fluids; TA Instruments: New Castle, DE, USA,
2004; pp. 1-11. Available online: http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:
Understanding+Rheology-+of+Structured+Fluids#2%5Cnhttp://scholar.google.com/scholar?hl=en&btnG=
Searché&q=intitle (accessed on 27 March 2018).

Madsen, F; Eberth, K.; Smart, J.D. A rheological examination of the mucoadhesive/mucus interaction:
The effect of mucoadhesive type and concentration. J. Control. Release 1998, 50, 167-178. [CrossRef]
Ludwig, A. The use of mucoadhesive polymers in ocular drug delivery. Adv. Drug Deliv. Rev. 2005, 57,
1595-1639. [CrossRef]

OECD. Guideline for the Testing of Chemicals—Short Time Exposure in Vitro Test Method; Organisation
for Economic Co-operation and Development: Paris, France, 2018; p. 19. Available online:
https://www.oecd-ilibrary.org/environment/test-no-491-short-time-exposure-in-vitro-test-method-
for-identifying-i-chemicals-inducing-serious-eye-damage-and-ii-chemicals-not-requiring-classification-
for-eye-irritation-or-serious-eye-damage_9789264242432-en (accessed on 27 March 2018).

Piel, G.; Piette, M.; Barillaro, V.; Castagne, D.; Evrard, B.; Delattre, L. Study of the relationship between lipid
binding properties of cyclodextrins and their effect on the integrity of liposomes. Int. J. Pharm. 2007, 338,
35-42. [CrossRef]

Fernandez-Ferreiro, A.; Fernandez Bargiela, N.; Varela, M.S.; Martinez, M.G.; Pardo, M.; Pifieiro Ces, A.;
Méndez, ].B.; Barcia, M.G.; Lamas, M.].; Otero-Espinar, F. Cyclodextrin—polysaccharide-based, in situ-gelled
system for ocular antifungal delivery. Beilstein |. Org. Chem. 2014, 10, 2903-2911. [CrossRef]

Zoorob, RJ.; Cender, D. A different look at corticosteroids. Am. Fam. Physician 1998, 58, 443—-450.

Behl, G.; Igbal, J.; O'Reilly, N.J.; McLoughlin, P; Fitzhenry, L. Synthesis and characterization of
poly(2-hydroxyethylmethacrylate) contact lenses containing chitosan nanoparticles as an ocular delivery
system for dexamethasone sodium phosphate. Pharm. Res. 2016, 33, 1638-1648. [CrossRef]

Djalilian, A.R.; Nagineni, C.N.; Mahesh, S.P.; Smith, J.A.; Nussenblatt, R.B.; Hooks, J.J. Inhibition of
inflammatory cytokine production in human corneal cells by dexamethasone, but not cyclosporin. Cornea
2006, 25, 709-714. [CrossRef]

Castro-Balado, A.; Mondelo-Garcia, C.; Gonzalez-Barcia, M.; Zarra-Ferro, I.; Otero-Espinar, FJ;
Ruibal-Morell, A.; Aguiar, P.; Fernandez-Ferreiro, A. Ocular biodistribution studies using molecular imaging.
Pharmaceutics 2019, 11, 237. [CrossRef] [PubMed]

Luaces-Rodriguez, A.; Tourifio-Peralba, R.; Alonso-Rodriguez, I.; Garcia-Otero, X.; Gonzalez-Barcia, M.;
Rodriguez-Ares, M.T.; Martinez-Pérez, L.; Aguiar, P.; Gomez-Lado, N.; Silva-Rodriguez, J.; et al. Preclinical
characterization and clinical evaluation of tacrolimus eye drops. Eur. . Pharm. Sci. 2018, 120, 152-161.
[CrossRef] [PubMed]

ICH. Stability testing of new drug substances and products Q1A (R2). In Proceedings of the
International Conference on Harmonisation; ICH: Geneva, Switzerland, 2003; pp. 1-20. Available
online: https://www.ema.europa.eu/en/documents/scientific-guideline/ich-q-1-r2-stability-testing-new-
drug-substances-products-step-5_en.pdf (accessed on 27 March 2018).

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

157



E pharmaceutics WW\D\PH
F

Article

Fasudil Loaded PLGA Microspheres as Potential
Intravitreal Depot Formulation for Glaucoma Therapy

1@, Christian Kade 2, Franziska Froemel 3, Diana Pauly 4D, W. Daniel Stamer 3,

Raphael Mietzner
Andreas Ohlmann °, Joachim Wegener %7, Rudolf Fuchshofer 3 and Miriam Breunig -*

1 Department of Pharmaceutical Technology, University of Regensburg, Universitaetsstrasse 31,

93040 Regensburg, Germany; raphael. mietzner@chemie.uni-regensburg.de

Institute of Analytical Chemistry, Chemo- and Biosensors, University of Regensburg, Universitaetsstrasse 31,
93040 Regensburg, Germany; christian.kade@ur.de (C.K.); joachim.wegener@ur.de (J.W.)

Department of Human Anatomy and Embryology, University of Regensburg, Universitaetsstrasse 31,
93040 Regensburg, Germany; franziska.froemel@vkl.uni-regensburg.de (F.F.);
rudolf.fuchshofer@vkl.uni-regensburg.de (R.F.)

Experimental Ophthalmology, University Hospital Regensburg, Franz Josef Strauss Allee 11,

93053 Regensburg, Germany; diana.pauly@ukr.de

5 Department of Ophthalmology, Duke University, Durham, NC 27710, USA; william.stamer@dm.duke.edu
Department of Ophthalmology, Ludwig-Maximilians-University Munich, Mathildenstrasse 8,

80336 Munich, Germany; andreas.ohlmann@med.uni-muenchen.de

Fraunhofer Research Institution for Microsystems and Solid State Technologies EMFT,
Universitaetsstrasse 31, 93040 Regensburg, Germany

*  Correspondence: miriam.breunig@chemie.uni-regensburg.de; Tel.: +49-(0)-941-943-4828

Received: 26 June 2020; Accepted: 23 July 2020; Published: 27 July 2020

Abstract: Rho-associated protein kinase (ROCK) inhibitors allow for causative glaucoma therapy.
Unfortunately, topically applied ROCK inhibitors suffer from high incidence of hyperemia and low
intraocular bioavailability. Therefore, we propose the use of poly (lactide-co-glycolide) (PLGA)
microspheres as a depot formulation for intravitreal injection to supply outflow tissues with the
ROCK inhibitor fasudil over a prolonged time. Fasudil-loaded microspheres were prepared by double
emulsion solvent evaporation technique. The chemical integrity of released fasudil was confirmed
by mass spectrometry. The biological activity was measured in cell-based assays using trabecular
meshwork cells (TM cells), Schlemm’s canal cells (SC cells), fibroblasts and adult retinal pigment
epithelium cells (ARPE-19). Cellular response to fasudil after its diffusion through vitreous humor
was investigated by electric cell-substrate impedance sensing. Microspheres ranged in size from 3 to
67 um. The release of fasudil from microspheres was controllable and sustained for up to 45 days.
Released fasudil reduced actin stress fibers in TM cells, SC cells and fibroblasts. Decreased collagen
gel contraction provoked by fasudil was detected in TM cells (~2.4-fold), SC cells (~1.4-fold) and
fibroblasts (~1.3-fold). In addition, fasudil readily diffused through vitreous humor reaching its target
compartment and eliciting effects on TM cells. No negative effects on ARPE-19 cells were observed.
Since fasudil readily diffuses through the vitreous humor, we suggest that an intravitreal drug depot
of ROCK inhibitors could significantly improve current glaucoma therapy particularly for patients
with comorbid retinal diseases.

Keywords: drug delivery; glaucoma; ROCK inhibitor; fasudil; PLGA microspheres; intravitreal
injection; trabecular meshwork; Schlemm’s canal; retinal pigment epithelium; Electric Cell-Substrate
Impedance Sensing
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1. Introduction

With the advent of rho-associated protein kinase (ROCK) inhibitors netarsudil (RhopressaTM)
and ripasudil (Glanatec™), a promising new class of drugs has been introduced for glaucoma
management [1,2]. In contrast to standard treatment with prostaglandin analogs or 3-blockers that
reduce the intraocular pressure (IOP) but fail to tackle the root cause of IOP elevation, ROCK inhibitors
target cells in the conventional outflow pathway [3]. They increase the outflow facility by acting
on cells of the trabecular meshwork (TM) and Schlemm’s canal (SC). Mechanistically, they reduce
stress fiber and focal adhesion formation, actomyosin contractility and the expression of various
extracellular matrix (ECM) proteins. ROCK inhibitors are applied as eye drops and are therefore
associated with high incidence of conjunctival hyperemia and possibly subconjunctival hemorrhage [3].
Moreover, short corneal residence time and poor corneal penetration strongly limit the bioavailability of
topically applied drugs in the aqueous humor to a typical range of about 0.1% to 5% [4-6]. In addition,
an application frequency of up to two times a day is associated with poor compliance; thus about 20%
of patients discontinue therapy with eye drops after three years [4,7,8].

A delivery system that provides ROCK inhibitors to the cells of the TM and SC in a controlled and
continuous fashion would significantly increase therapeutic success. To date, only a small number of
sustained delivery devices have been developed, and these have been limited to traditional glaucoma
drugs [9]. For example, a silicone ring placed on the cornea into the conjunctival fornix releases
bimatoprost over a period of six months [9]. Reliable placement and stable localization of the ring over
six months may be an issue, and the corneal barrier still poses a major hurdle for drug absorption.
Recently, a bimatoprost-containing biodegradable implant for intracameral application received first
approval in the USA [10]. This device tremendously increases bioavailability at the target site [11].
However, besides the risk of decellularization of corneal endothelia [10], such a freely movable device
may bear the risk migrating into the posterior segment. Other preclinical approaches aim to place
a drug depot subconjunctivally or supra-choroidally, but several tissue barriers severely reduce the
amount of drug that reaches its place of action, and rapid drug elimination into the circulation increases
off-target effects [12].

We propose to create an intravitreal depot of ROCK inhibitors because the vitreous offers space
for a huge drug reservoir of about 100 uL and intravitreal injections have become routine in the
clinic [6,13,14]. Intravitreal depot formulations have gained significant attention for the delivery of
antibodies or small molecules to the posterior eye [15-17], however, they have not been exploited to
deliver drug to the cells in the anterior chamber. This transport route is feasible since small molecules are
eliminated from the vitreous via both the anterior chamber and the retina [13,18]. We hypothesize that
the ROCK inhibitor will be transported to the anterior chamber after release from such an intravitreal
depot (Scheme 1). The great advantages of this strategy are that there is no ocular surface exposure
and the portion of the drug that reaches the retina may be beneficial. In fact, ROCK inhibitors have
been demonstrated to have neuroprotective effects on cells of the retina [19].

In this study, poly (lactic-co-glycolic acid) (PLGA) microspheres containing the ROCK inhibitor
fasudil were developed. We selected PLGA as the material for the depot formulation because it is
a biodegradable polymer and because PLGA microspheres are well tolerated in the rat vitreous up
to a concentration of two milligrams per milliliter [20]. Depending on microsphere size, polymer
composition and concentration, PLGA microspheres allow for releasing small molecules up to
90 days [20,21] which would be a convenient dosing interval for glaucoma treatment. We demonstrated
the principal feasibility of our approach by diffusion experiments of fasudil through porcine vitreous ex
vivo as well as measurements of the functionality of TM and SC cells that received fasudil released from
microspheres. Fibroblasts were included as well because during glaucoma development, cells of the TM
experience a change from a mesenchymal- to myofibroblast-like phenotype [22]. In addition, a potential
adverse effect of fasudil on adult retinal pigment epithelium cells (ARPE 19 cells) was investigated.
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Scheme 1. Fasudil-loaded microspheres injected into the vitreous body. After intravitreal injection,
microspheres agglomerate and subsequently sediment at the site of injection leaving a free visual
axis [23]. As the depot formulation degrades, fasudil (small dots) is released and transported to its
target site in the anterior chamber (**) of the eye, taking advantage of natural water movement patterns
in the eye. Red dashed arrow indicates the flow of the aqueous humor. The dimensions do not
correspond to reality. #: ciliary body; *: Trabecular meshwork and Schlemm’s canal. With permission
adapted from Mietzner et al. [4].

2. Materials and Methods

2.1. Materials

Ester-terminated PLGA (ratio 50:50; Resomer® RG 503) was acquired from Evonik
(Darmstadt, Germany). Fasudil HCI was supplied by Selleck chemicals (Houston, TX, USA).
Dichloromethane (DCM) was purchased from Sigma-Aldrich (Taufkirchen, Germany). Ultrapure
water was obtained from a Millipore system (Millipore, Schwalbach, Germany). Polyvinyl alcohol
(PVA; Mowiol 8-88) was obtained from Kuraray Specialities Europe GmbH (Hattersheim am
Main, Germany). Tween-20 was purchased from SERVA Electrophoresis GmbH (Heidelberg, Germany).
Dulbecco’s modified Eagle’s medium (DMEM) for cell culture was purchased from Pan Biotech GmbH
(Aidenbach, Germany).

2.2. Preparation of Fasudil-Loaded PLGA Microspheres

PLGA microspheres were prepared by double emulsion solvent evaporation technique.
Two modifications of the water-in-oil-in-water (W/O/W) and one solid-in-oil-in-water (S5/O/W)
emulsification manufacturing method were applied. The main characteristics of the methods are
summarized in Table 1: S/O/W microspheres (S) were prepared according to Xu et al. with slight
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modifications [24]. First, fasudil was crushed with a mortar and micronized by two cycles of jet milling
(MC One®, Jetpharma SA, Balerna, Switzerland) at 6 bar and room temperature (microsphere size
~ 1 um). Micronized fasudil HCl (20 mg) was added to 1 mL DCM containing 200 mg PLGA and
dispersed for one minute by probe ultrasonication (Digital Sonifier Model 250-D Branson, MO, USA)
in an ice-water bath. Then, 10 mL of 1% (w/v) PVA solution were added to the primary dispersion
and homogenized (7000 rotations per minute (rpm); 30 s) at room temperature using a T18 digital
Ultra-Turrax equipped with an S 18N-10G dispersing tool (IKA Labortechnik, Staufen, Germany).
The resulting S/O/W multi-emulsion was rapidly poured into 90 mL of 1% (w/v) PVA solution and
stirred for three hours using a magnetic stirrer (700 rpm). The resulting microspheres were collected
by centrifugation (3000 rpm) and washed three times with ultrapure water. The PLGA microspheres
were finally lyophilized with an LMC-2 freeze-dryer (Christ, Osterode am Harz, Germany) and stored
at =20 °C until use.

Table 1. Parameters for the Preparation of the Microsphere Formulations.

Volume of Inner Fasudil Volume of Stirring
Sample  Method Aqueous Phase (mL) (mg) DCM (mL) PLGA (mg) Speed (rpm)
W1 W/O/W 1 20 8 200 20,000
W2 W/O/W 0.5 5 3 200 10,000
S S/O/W - 20 1 200 7000

DCM: dichloromethane; PLGA: poly (lactic-co-glycolic acid).

The first variant of the W/O/W microspheres (W1) was prepared according to Ramazani et al.
with some modifications [25]. First 1 mL of inner water phase (ultrapure water) containing 20 mg
fasudil HCl was added to 8 mL DCM containing 200 mg PLGA (25 mg/mL) and homogenized in an
icewater bath at 20,000 rpm for 1 min using the same Ultra-Turrax as previously described. Next,
15 mL of 250-mM Tris HCI buffer (pH 9.0) containing 1% (w/v) PVA was added to the initial W/O
emulsion and homogenized again for 1 min using the same homogenizer and conditions as before. The
resulting W/O/W emulsion was poured into 85 mL of the same buffer (pH 9.0) containing 1% (w/v) PVA
and stirred for 3 h using a magnetic stirrer at 700 rpm to allow the solvent to evaporate. Afterwards,
the procedure was the same as for S microspheres.

The second variant of the W/O/W microspheres (W2) was prepared by dissolving fasudil HCI (5 mg)
in 500 pL of ultrapure water. Then, 3 mL of DCM containing 200 mg PLGA (67 mg/mL) was added to the
initial fasudil solution and homogenized at 10,000 rpm for 1 min using the Ultra-Turrax. This primary
W/O emulsion was subsequently added to 10 mL of 1% (w/v) PVA solution and homogenized again
at 10,000 rpm for 1 min. The resulting W/O/W emulsion was poured into 90 mL of 1% (w/v) PVA
solution and stirred again for 3 h using a magnetic stirrer at 700 rpm, allowing the solvent to evaporate.
Afterwards, the procedure was the same as for the other two samples (W1 and S). Three independent
batches of each microsphere type were produced.

2.3. Characterization of Fasudil-Loaded PLGA Microspheres

2.3.1. Size Determination

The volume weighted mean diameter (reported as microsphere size in the following) and
microsphere size distribution of the microspheres were determined by laser diffraction spectroscopy
after the washing step in the manufacturing procedure. Analyses were performed with a Mastersizer
2000 (Malvern Panalytical Ltd., Malvern, UK) equipped with a Hoydro 2000 p dispersion unit. For the
measurement, microspheres were dispersed in ultrapure water (~8 mg/mL) and were added into the
dispersion unit, which was floated with ultrapure water, until the obscuration was higher than 5%. The
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stirring speed was set to 500 rpm. To determine the uniformity of the microsphere sizes, span values
were calculated according to the following equation:

d90 —d10
Span = (—dSO ) @)

d90, d10 and d50 are the microsphere diameters at 90%, 10% and 50% of the cumulative size, respectively.
Data were obtained by three independent samples, presented as mean + standard deviation.

2.3.2. Morphologic Characterization

The surface morphology of fasudil-loaded microspheres was observed with a Zeiss LEO
1530 Gemini scanning electron microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany).
Lyophilized microspheres were placed to conductive pads (Plano GmbH, Wetzlar, Germany) stuck to
aluminum specimen stubs. The samples were sputtered with gold two times for two minutes using a
Polaron E5100 coating unit (Polaron Equipment, Ltd., Hertfordshire, UK).

2.3.3. Fasudil Quantification

Fasudil was quantified by high performance liquid chromatography (HPLC) using a 1260 Infinity
II LC system (Agilent Technologies, Inc., Santa Clara, CA, USA) equipped with a binary pump and a
diode array detector. Analyses were performed using a reverse phase C;g column (150 mm X 5 mm;
5-um microsphere size; Eclipse XDB-C18, Agilent Technologies, Inc., Santa Clara, CA, USA) preceded
by a Cig security guard cartridge (Phenomenex, Inc., Torrance, CA, USA) at 40 °C. The mobile phase
was composed of ultrapure water (eluent A) and methanol (eluent B; HPLC grade, Merck, Darmstadt,
Germany), both containing 0.03% (v/v) trifluoroacetic acid (HPLC grade, Sigma-Aldrich GmbH,
Taufkirchen, Germany). Fasudil was eluted by a gradient at a flow rate of 0.8 mL/min. The gradient
used was as follows: 0.0-0.5 min constant at 85% (v/v) eluent A; 0.5-6.5 min 85-40% (v/v) eluent A
(linear gradient); 6.5-7.0 min changed to 5% (v/v) eluent A; 7.0-17.0 min constant at 5% (v/v) eluent
A; 17.0-17.10 min changed to 85% (v/v) eluent A; 17.10-27.10 min constant at 85% (v/v) eluent A.
The injection volume was 5 pL for encapsulation efficiency (% EE) measurements and 10 to 12 uL for
in vitro release studies. Each sample was injected three times. The absorbance of fasudil was measured
at A =320 nm.

2.3.4. Encapsulation Efficiency

Fasudil content of microspheres was quantified by dissolving lyophilized fasudil-loaded
microspheres (2040 mg) in DCM (1 mL), followed by precipitation of PLGA by the addition of
methanol (3 mL). The obtained dispersion was mixed, centrifuged (9000 G; 10 min), and the supernatant
was filtered for fasudil quantification by HPLC-UV-Vis. To calculate the percentage encapsulation
efficiency (% EE) and drug loading (% DL), the following equations were used:

actual drug content
% EE = , x 100 )
theoretical drug content
d
% DL = [—mg (rig) ]x 100 3)
drug + polymer

Three independent samples were analyzed and are presented as mean + standard deviation.

2.3.5. In Vitro Drug Release

Fasudil-loaded microspheres (20-50 mg) of three independent batches were dispersed in 1 mL of
Dulbecco’s phosphate-buffered saline (DPBS) containing 0.02% Tween-20 in 2-mL centrifuge tubes
and placed in a shaking water bath incubator (37 °C). Tween-20 was added to improve the wettability
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and to avoid floating of microspheres. At several points over a time period of 50 days, samples were
centrifuged and 500 to 850 uL of the supernatants were replaced by the same volume of fresh buffer.
The pellet was redispersed, placed back in the incubator and collected supernatants were stored at
—80 °C until fasudil quantification. Data were obtained from three independent samples and are
expressed as mean + standard deviation. Because the amount of released fasudil was rather low, the
drug was pooled from the release medium of all three microsphere types for subsequent experiments.

2.3.6. Mass Spectrometric (MS) Analysis of Fasudil

Analyses were performed with an Agilent 1290 Infinity HPLC system (Agilent Technologies,
Inc., Santa Clara, CA, USA), interfaced to an Agilent 6540 Quadrupole time-of-flight (Q-TOF) mass
spectrometer with a dual electrospray ionization (ESI) source (Agilent Technologies, Inc., Santa Clara,
CA, USA). A Phenomenex (Torrance, CA, USA) Luna Omega 1.6 pm C18 column (pore size 100 A;
100 x 2.1 mm) was used for separation at 40 °C. The mobile phase was composed of ultrapure water
(eluent A) and acetonitrile (eluent B), both containing 0.1% (v/v) formic acid. The elution was performed
under gradient conditions at a flow rate of 0.6 mL/min. The flow gradient used was as follows: 0—4 min
95-2% (v/v) eluent A (linear gradient); 4-5 min constant at 2% (v/v) eluent A; 5-5.10 min changed to
95% (v/v) eluent A. Mass spectrometric analyses were carried out in positive ion mode.

2.3.7. Preparation of Released Fasudil for Cell Experiments

To investigate the biologic activity of fasudil released from microspheres (released fasudil), parallel
to in vitro release studies, fasudil-loaded microspheres were incubated in ultrapure water containing
0.02% Tween-20 for several days. The supernatant was collected and lyophilized. The lyophilized
product was reconstituted in ultrapure water, and after adjusting the pH to 7.3, the solution was sterile
filtered, and the amount of fasudil was determined by the previously described method. Finally,
the solution was diluted to the desired concentration with DPBS. The same procedure was followed
for control microspheres (unloaded microspheres) except for fasudil quantification.

2.4. Cellular Effect of Fasudil

2.4.1. Cell Culture

Primary human trabecular meshwork cells (TM cells) and Schlemm’s canal cells (SC cells) were
used until passage numbers 7 and 12, respectively. Primary cultures of human foreskin fibroblasts were
used until passage 13. TM and SC cells were characterized according to established methods [26,27].
Procedures for securing human tissue were humane, included proper consent and approval accordingly
to the Declaration of Helsinki. Primary cells were cultivated in DMEM (supplemented with 4.5 g/L.
glucose for fibroblasts and 1 g/L glucose for TM and SC cells) containing 10% (v/v) fetal bovine
serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA), 100 units/mL penicillin and 100 png/mL
streptomycin. Immortalized human TM cells (HTM-N) were used for electric cell-substrate impedance
sensing (ECIS) and were made available by Iok-Hou Pang and Louis DeSantis (Alcon Research
Laboratories, Fort Worth, TX, USA). They were cultured according to published protocols [28].
Human male adult retinal pigment epithelium cells (ARPE-19 cells, American Type Culture Collection,
#CRL-2302 passage 25) were cultivated in Transwell® inserts for 4-6 weeks in DMEM containing
4.5 g/L glucose supplemented with 1% FCS (Pan Biotech GmbH, Aidenbach, Germany), 100 units/mL
penicillin, 100 pg/mL streptomycin and 1 mM sodium pyruvate. If not otherwise stated, cells were
incubated for 24 h in medium containing 0.35% FBS supplemented with unencapsulated fasudil (free
fasudil; 25 uM) or released fasudil (25 uM), respectively. Both, DPBS and medium collected from blank
microspheres served as negative controls for free and released fasudil, respectively. Since there was
no significant difference between both controls, only one representative control is shown. A serum
concentration of 0.35% was chosen because it is equivalent to the amount of protein in the aqueous
humor [29]. Fasudil at a concentration of 25 uM was used because it is a widely applied concentration
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and was well tolerated by the cells (c.f. supplementary materials: Figure S1) [30,31]. Cells were not
directly incubated with the microspheres, but rather with the release media containing fasudil. Since
the loading with fasudil was too low, an immensely high number of microspheres would be necessary
to elicit cellular effects. In this case, a strong acidification of the culture medium would have occurred
due to PLGA’s degradation products glycolic and lactic acid.

2.4.2. Fluorescence Labeling of Actin Cytoskeleton

Cells were placed into 8-well p-slides (ibidi GmbH, Gréfelfing, Germany) at a density of
2 x 10* cells/well. After fasudil exposure, as described above, cells were washed once with 0.1x-PBS,
fixed in 4% paraformaldehyde for 5 min at room temperature and washed twice with 0.1x-PBS for
5 min. To stain actin stress fibers, fixed cells were incubated in the dark with phalloidin—fluorescein
isothiocyanate (FITC—phalloidin; Invitrogen, Molecular Probes, Eugene, OR, USA) for 1 h at room
temperature. Afterwards, cells were rinsed three times with 0.1X-PBS and embedded in Dako
Fluorescence Mounting Medium (Agilent Technologies, Santa Clara, CA, USA). Nuclei of ARPE19 cells
were labeled additionally by 4’,6-diamidino-2-phenylindole (DAPI). The fluorescence of fibroblast, TM
and SC cells was visualized using an LSM 510 Meta confocal microscope (Carl Zeiss AG, Gottingen,
Germany)). To visualize ARPE19 cells, an Axio Imager Z1 fluorescence microscope (Carl Zeiss AG,
Gottingen, Germany) was used.

2.4.3. Collagen Gel Contraction Assay

The collagen gel contraction assay was carried out with slight modifications according to Su et
al. [32]: Fibroblasts, TM cells, and SC cells were trypsinized (Pan Biotech GmbH, Aidenbach, Germany)
and resuspended at a density of 1.5 x 10° cells/mL in DMEM containing 0.35% FBS and 1.17 mg/mL of
rat tail collagen type I (4.00 mg/mL in 0.02-N acetic acid; BD Bioscience, San Jose, CA, USA; (adjusted
with 0.02-N acetic acid for the desired concentration). To allow the gel to solidify at optimal conditions,
1-M sodium hydroxide solution was added to adjust the solution to neutral pH. Then, 500 uL of the
collagen-cell mixture were transferred to each well of a 24-well plate. The mixture was incubated at
37 °C under 5% CO, for one hour. After the gel solidified, 500 pL. of DMEM containing 0.35% FBS
supplemented with controls, free or released fasudil for a final concentration of 25 uM was pipetted onto
the collagen gels. Gels were carefully dissociated from the wall of the culture wells using a hypodermic
needle. After 0, 24, 48 and 72 h, culture wells were tangentially illuminated and photographed (EOS
750D, Canon, Tokyo, Japan) from above with a fixed distance in front of a dark background. The areas
of the matrices were measured using Image] software (version 1.52d, U.S. National Institutes of Health,
Bethesda, MD, USA) [33]. For normalization, the mean areas measured in controls was set at 1 (n = 4).

2.4.4. Electric Cell-Substrate Impedance Sensing (ECIS)

The impact of fasudil on HTM-N cells was monitored by noninvasive impedance readings.
A schematic illustration of the experimental setup is shown in Section 3.5. HTM-N cells were seeded
in 8-well plates milled into a poly(methyl methacrylate) block with a well diameter of 16 mm each.
In order to allow for ECIS measurements, the bottom of the well was made from a polycarbonate
(Lexan®) base substrate coated with a gold electrode layout generated by sputter deposition of gold
and subsequent photolithographic patterning. The bottom plate with the electrode layout was glued to
the 8-well block using a biocompatible silicon adhesive. Cells were either treated directly by replacing
half of culture medium with fresh culture medium containing controls, free or released fasudil for a
final concentration of 25 uM; or samples were premixed with 200 pL vitreous body of fresh enucleated
porcine eyes (purchased from a local slaughterhouse) by vortexing them and putting them into 6.5 mm
Transwells® with a polycarbonate membrane holding 108 pores per cm? of 0.4 um pore diameter
each (Corning, Inc., Corning, NY, USA). The height of the vitreous body in the insert was 6 mm.
Experiments were performed at 37 °C under 5% CO;. Relay bank, lock-in amplifier and software
for the ECIS data acquisition and analysis were obtained from Applied BioPhysics (Troy, NY, USA).
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The impedance values of each well were recorded at an alternating current frequency of 8 kHz every
4 min over the entire time of analysis. Impedance values are presented as the values captured along the
experimental time course normalized to the impedance values recorded immediately before addition
of test substances. Two independent experiments were performed. Due to the 8-well-format of the
experimental setup, all fasudil containing samples (free- and released fasudil) were performed in
triplicate and control samples were performed in duplicate.

2.5. Statistical Analysis

All data are presented as means + standard deviation. Standard deviations of normalized
mean values were calculated according to the rules of error propagation. Multiple ¢-tests with the
Holm-Sidak method (in Section 3) were performed using GraphPad Prism 6.0c (GraphPad Software,
San Diego, CA, USA) to assess statistical significance (statistical significance assigned at p < 0.05).

3. Results

3.1. Manufacture and Characterization of Fasudil-Loaded Microspheres

Because fasudil is a water-soluble drug, the double emulsion solvent evaporation technique was
chosen for its encapsulation into PLGA microspheres. Two modifications of the water-in-oil-in-water
(W/O/W) and one solid-in-oil-in-water (S5/O/W) emulsification methods were applied to obtain three
different microsphere species with individual sizes. These will be denoted as W1, W2 and S in the
following. The W1 and W2 method differed in polymer concentration (W1: 25 mg/mL; W2; 67 mg/mL),
emulsifying stirring speed (W1: 20,000 rpm; W2: 10,000 rpm) and pH of the external aqueous phase
(W1: adjusted to pH 9.0; W2: not controlled). In the S preparation, the polymer concentration was
200 mg/mL and solid fasudil was incorporated into the PLGA matrix instead of dissolved fasudil, since
fasudil was not soluble in DCM due to its hydrophilic nature. The W1 batch had the smallest size of
about 3.4 pm, followed by W2—with a size of about 18.2 um and S with a size of about 66.9 pm (Figure 1
and Table 2). All three microsphere types were spherical in shape as evaluated by scanning electron
microscopy (SEM) (Figure 1). W1 and W2 microspheres had overall smooth and nonporous surfaces.
Single W2 and S microspheres showed tiny holes on their surfaces. The surfaces of S microspheres were
covered in circular dents. The encapsulation efficacy of all three batches was below 5% (Table 1). SEM
images demonstrated that no free, unencapsulated fasudil was resting on the surface of microspheres.

Table 2. Size, span, encapsulation efficiency (EE), drug loading (DL) and drug content of fasudil-loaded
microspheres. Values expressed as mean (+ standard deviation) of three independent batches.

Sample l\giii‘)(ﬁfrf d (10) Sifie(;t)l)m | doo P EEC DL Cﬁﬁﬁiﬂ;(ﬁgg
w1 34 (x06) (ild.ll) (i26.71) (146.56) (;6.71) (126.52) (;)6.20) (36?2)
w2 182(=x27) (fi?()) (:(1)';) (iﬁ) (;6?4) (izfm (iod.l()) (i06.63)
5 66.9 (+ 16.0) (i(1)'.(7)) (i}é) (ilsi'.i) (ili.71) (51.96) (36%2) (fi.73)

t mean microsphere size expressed as volume weighted mean diameter D [4.3] * Span = width of the microsphere
size distribution: Span = (d90 — d10/d50. d90, d10 and d50 are the microsphere diameters at 90%, 10% and 50% of
the cumulative size, respectively.
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Figure 1. Microsphere size distribution and shape of microspheres. (A) Volume microsphere size
distribution of W1, W2 and S microspheres was measured by laser light diffraction. The W1 batch had
the smallest microsphere size of about 3.4 um, followed by W2 (18.2 um) and S with a microsphere
size of about 66.9 um. Error bars represent the standard deviation (SD) of the volume microsphere
size of three independent batches; (B) Shape of the microspheres was visualized by scanning electron
microscopy (SEM). All microsphere types had a round shape. W1 microspheres were quite smooth and
nonporous. In contrast, some W2 and S microspheres exhibited holes (white arrows) on their surface,

and S microspheres additionally showed circular dents as indicated by the blue arrow. Bars indicate
10 pm.

3.2. Fasudil Release from Microspheres Can Be Tailored under Maintenance of its Structure

The release of fasudil depended strongly on the microsphere size of the microspheres (Figure 2).
The smallest microspheres (W1) had a high burst release of about 65% during the first 3 days, and the
monophasic release was completed after only 20 days. Medium-sized W2 microspheres also showed
a high burst release of about 40%, which was followed by a sustained release period over 35 days.
In contrast, the S microspheres showed a typical triphasic sustained release, over about 45 days starting
with a burst release of only about 20% followed by a plateau from day 1 to day 10 where no fasudil
was released up to day 10 and followed by an almost linear release from day 17 to day 38.

To determine whether the fasudil was chemically unmodified after release from microspheres,
HPLC-mass spectrometry (HPLC-MS) analysis was performed. Figure 3a shows the HPLC-MS total
ion chromatogram of fasudil that was not encapsulated into microspheres as reference (indicated as
free fasudil), and Figure 3b shows fasudil after it was released from microspheres (indicated as released
fasudil). Both, free and released fasudil had the same retention time of 0.89 min. The MS-spectra of
free and released fasudil matched very well (Figure 3c,d). Both showed a molecular peak at 291.1 m/z

and a fragment ion peak at 146.6 m/z indicating that fasudil remained structurally intact during the
encapsulation process and release.
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Figure 2. Cumulative release of fasudil from poly (lactide-co-glycolide) (PLGA) microspheres.
Release experiments were performed in Dulbecco’s phosphate-buffered saline (DPBS) containing
0.02% Tween-20 at 37 °C. Increasing microsphere size is indicated by the gray triangle with the
inscription “size.” The burst release of fasudil was reduced with increasing microsphere size. In the
same order, the release period was extended. Data are expressed as mean + standard deviation of
cumulative released fasudil of three independent batches.
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Figure 3. Integrity of fasudil before encapsulation and after release from PLGA microspheres.
(A,B) HPLC-MS total ion chromatogram and electrospray mass spectrum of free fasudil. (C,D) HPLC-MS
total ion chromatogram and electrospray mass spectrum of released fasudil. Both, free and released
fasudil had a retention time of 0.89 min and the molecular peak was at 292.1 m/z.
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3.3. Released Fasudil Reduces Actin Stress Fiber Formation

ROCK inhibitors decrease the outflow resistance in the anterior chamber of the eye due to their
effects on the cytoskeleton of TM and SC cells [4,34]. TM and SC cells as well as fibroblasts were treated
with free fasudil and fasudil released from microspheres. After staining the actin cytoskeleton with
FITC-phalloidin, cells were studied by fluorescence microscopy (Figure 4). Untreated TM and SC cells
and fibroblasts displayed numerous thick and longitudinally arranged actin stress fibers. The stress
fibers of TM cells and fibroblasts were thicker than those of SC cells, which had a more cortical actin at
baseline. In contrast, fasudil treatment (free or released) caused a dramatic reduction of actin stress
fibers, and rather a cortical actin cytoskeleton remained. In all cell types, the effect of fasudil released
from microspheres was comparable to free fasudil, corroborating that fasudil was not affected by the
encapsulation procedure and still biologically active after release.

free released
fasudil fasudil

control

TM cells

SC cells

fibroblasts

Figure 4. Free and released fasudil disrupt actin stress fibers. Representative fluorescence microscopic
images of the actin cytoskeleton. Human using trabecular meshwork (TM) and Schlemm’s canal
(SC) cells and fibroblasts were incubated for 24 h with free or released fasudil at a concentration of
25 uM. This concentration was chosen because it is widely used in literature and well tolerated by
all three cell types at a serum concentration of 0.35% (c.f. supplementary materials Figure S1) [30,31].
Actin cytoskeleton was labeled with FITC—phalloidin and visualized by fluorescence microscopy.
Free and released fasudil caused a reduction of actin stress fibers and induced an actin reorientation
compared to controls. Scale bar indicates 20 pum.

3.4. Released Fasudil Reduces Cell Contractility

To functionally measure the effect on actomyosin contractility, TM and SC cells as well as fibroblasts
were embedded in a three-dimensional collagen type I gel and treated with free or released fasudil.
Because cells have an inherent contractility, the gel matrix moves together over time. As a consequence,
the gel surface area decreases. The more pronounced the cell contractility is, the smaller is the gel
surface area and vice versa. The gel surface area was analyzed over time and served as a measure
for cell contractility [35,36]. Gel area and cell contractility behave inversely, which means the smaller
the gel area, the higher is the cell contractility. The gels initially filled the entire well, but over time
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and without fasudil treatment, the surface area of control gels decreased due to the contractility of
embedded cells (Figure 5a, left column). Control gels with embedded TM cells had the smallest surface
area after an assay time of 72 h, followed by those with SC cells and fibroblasts. In contrast, with fasudil
treatment (free or released), the gel surface area remained nearly constant or only slightly decreased
over 72 h (Figure 5a, middle and right columns). Due to the stronger gel contraction observed for
TM cells under control conditions, the impact of fasudil was more pronounced for TM cells than for
fibroblast and SC cells. This became even more apparent in the semi-quantitative analysis in Figure 5b.
After 48 h, for example, the projected gel area relative to the control was the highest when TM cells
(~2.4-fold) were embedded, followed by SC cells (~1.4-fold) and finally fibroblasts (~1.3-fold). For each
cell type, no significant difference (p > 0.05) between free or released fasudil-treated cells was observed.

A conirel free released B
fasudil fasudil —
1 / ~~ = g TM cells
G c
TM cells G 3
[e]
=
g
‘ = SC cells
SC cells \ Ea fibroblasts
S -- free fasudil
; = — released fasudil
fibroblasts |

Figure 5. Free and released fasudil reduce contractility of fibroblasts, TM and SC cells embedded in
collagen gels. (A) Representative images of control gels and gels that were incubated with free or
released fasudil at a concentration of 25 uM after 48 h. The projected gel surface is highlighted by the
hatched area. Control gels with embedded TM cells had the smallest surface area. The surface areas
of gels with SC cells or fibroblast were similar. After incubation with fasudil, the surface area was
much larger irrespective of the cell type. (B) Semiquantitative analysis of mean areas of collagen gels
incubated with free or released fasudil normalized to controls at 0, 24, 48 and 72 h. For each cell type,
no significant difference (p < 0.05) between free or released fasudil treated gels was observed. Y-axis is
discontinued between 2.0 and 2.5. Data are expressed as normalized mean + standard deviation of the
mean (n = 4).

3.5. Fasudil Diffuses through Vitreous Humor and Alters Cell Junctions

Fasudil-loaded microspheres are intended to be injected into the vitreous body. To test whether
released fasudil diffuses through the vitreous body to affect target cells in the anterior chamber, an
experimental setup was developed that measures the cellular response only after successful fasudil
diffusion through vitreous humor (Figure 6a). In this setup, the cellular response over time is measured
by electric cell-substrate impedance sensing (ECIS) and serves as a measure for changes in cell—cell
and cell-matrix junctions induced by cytoskeletal rearrangements (e.g., loss of stress fibers) [37,38].
A direct incubation of immortalized TM (HTM-N) cells with either free or released fasudil resulted in
an immediate drop of impedance values from basal values by about 18% within 50 min (Figure 6b).
The impedance signal showed a modest recovery over the next four hours. There was no statistically
significant difference (p < 0.05) between free and released fasudil at any timepoint. In contrast,
when fasudil was mixed with vitreous body and its contact to the cell monolayer was only possible
after diffusion through the gel-like vitreous, the cellular impedance decreased over a much longer time
period of about three hours to final values that were comparable to those after a direct treatment with
fasudil. Again, no significant differences (p < 0.05) were observed between free and released fasudil.
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The observed impedance changes indicate that TM cells experience a significant weakening of their
cell—cell and/or cell-matrix adhesion in good agreement with the fasudil-induced loss of stress fibers.
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Figure 6. Free and released fasudil diffuse through the vitreous body and induce changes in cell—cell
and cell-matrix junctions of immortalized TM cells. (A) Schematic illustration of the experimental setup
of the vitreous diffusion assay in combination with electric cell-substrate impedance sensing (ECIS).
(a) Cells were seeded in a culture well with integrated gold-film electrodes to allow for impedance
measurements. Impedance was recorded at an alternating current frequency of 8 kHz. Cells were
treated with free or released fasudil at a final concentration of 25 uM. Fasudil was either directly added
to the cells (solid red arrow) or first mixed with vitreous humor, which was then placed in a Transwell®
insert (dashed red arrow). Small blue arrows represent the current flow. (b) The bottom of the well
was fabricated from a polycarbonate-based substrate (gray) with an interdigitated gold electrode
layout (black). Each blue cycle represents one culture well. The dimensions are not drawn to scale;
(B) Time-dependent changes of the impedance of immortalized TM cells (HTM-N cells) are shown.
Values were normalized to impedance values immediately before addition of fasudil. Incubation
with fasudil started at timepoint 0 h (indicated by arrow and “Treatment”). Cells that were directly
incubated with fasudil (red curves) showed an immediate reduction of the impedance from basal
values. In contrast, impedance slowly decreased over an extended time period, when a diffusion of
fasudil through the vitreous was necessary (blue curves). All samples treated with fasudil (free or
released) were performed in triplicate and control sample was performed in duplicate. Error bars show
the standard deviation of normalized ECIS data. One representative experiment of two independent
ones is shown. At indicated timepoints (black arrows with numbers), no statistical differences (p < 0.05)
between free and released fasudil were observed.

3.6. Released Fasudil Does Not Influence Retinal Pigment Epithelial Cells

Fasudil that is released in the vitreous body may also come in contact with cells of the posterior
chamber of the eye. Therefore, the effect of fasudil—either free or released—on the actin cytoskeleton of
ARPE-19 cells was investigated. After staining the actin cytoskeleton with FITC—phalloidin, cells were
visualized by fluorescence microscopy (Figure 7). Both untreated cells and cells that were treated with
fasudil showed characteristics of a healthy retinal pigment epithelium (RPE), including defined cell
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borders, a cobblestone-like monolayer and a well-organized actin cytoskeleton, suggesting that fasudil
at a concentration of 25 uM did not negatively affect ARPE-19 cells.
control

free fasudil | released fasudil

Figure 7. Free and released fasudil do not negatively affect retinal pigment epithelium cells (ARPE-19).
ARPE-19 cells were incubated for 24 h with free or released fasudil at a concentration of 25 uM. The actin
cytoskeleton was labeled with FITC—phalloidin (green) and the cell nuclei were stained with DAPI
(blue). All samples had features characteristic of retinal pigment epithelium (RPE) including defined
cell borders, an overall cobblestone appearance and a well-organized actin cytoskeleton. Representative
fluorescence microscopic images of ARPE-19 cells are shown. Scale bar indicates 50 pm.

4. Discussion

ROCK inhibitors are considered as promising drug class for glaucoma therapy because they allow
for causative treatment. To date, only eye drop formulations of ROCK inhibitors are available on the
market. To deal with the issues associated with these formulations, including conjunctival hyperemia,
subconjunctival hemorrhage and low intraocular bioavailability, we propose a depot formulation for
intravitreal application. We incorporated the ROCK inhibitor fasudil into PLGA microspheres. PLGA
is an advantageous material choice because it is approved by the Food and Drug Administration and
the European Medicines Agency for intravitreal application [39] and it is commonly used to fabricate
devices for controlled and sustained delivery of small and large drug molecules [40]. In contrast to
non-biodegradable delivery devices for glaucoma therapy like the implant iDose made from titanium,
which must be removed after the travoprost-loaded reservoir is empty, its biodegradability and high
biocompatibility makes PLGA favorable for intraocular application.

Three modifications of the double emulsion solvent evaporation technique were applied to
produce microspheres of different sizes of about 3, 18 and 70 pm (W1, W2 and S microspheres,
respectively). One important parameter to control the microsphere size was the stirring speed during
the first step of microsphere formation. Stirring is necessary because it provides the energy to disperse
the immiscible oily PLGA phase and the aqueous drug-containing phase into each other [41]. As
expected, the mean microsphere size was inversely proportional to the stirring speed. The second
parameter to control microsphere size was the polymer concentration; microsphere size increased with
increasing PLGA concentration. S microspheres were produced with the highest polymer concentration
of 200-mg/mL and thus yielded the largest microsphere size, while W1 microspheres were the smallest
and had the lowest polymer concentration (25 mg/mL) [42,43]. Size of the microspheres may have an
influence on their intravitreal tolerability. Due to a higher specific surface area, smaller microspheres
may show slightly more adverse effects [44]. We suggest fabrication under aseptic conditions to obtain
a sterile ocular drug formulation. The encapsulation efficacy of fasudil into PLGA microspheres
was only about 4%. It is known that hydrophilic molecules like fasudil with a logP-value around
zero (logP = 0.16 [45]) are difficult to encapsulate into PLGA polymer matrices, which are relatively
lipophilic [46]. The main reason for the poor encapsulation efficacy is that fasudil shows a free
solubility in water (up to ~200 mg/mL [47]), which favors its distribution from the lipophilic polymer
matrix to the external aqueous phase. As a consequence, fasudil was already “released” from the
PLGA matrix before microsphere creation was complete. Unfortunately, varying process parameters
such as increasing the pH to reduce the solubility of the weakly basic fasudil (pK, = 9.7 [48]) in the
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external water phase (as was performed for the W1 microspheres) did not improve the encapsulation
efficacy [25]. In addition, the encapsulation of fasudil in its solid form, as done for the S microspheres,
did not avoid its partitioning into the water phase during the manufacturing process.

Nevertheless, varying process parameters produced microspheres with different release
characteristics in terms of initial release and time profile. A characteristic feature of microspheres
manufactured by emulsion solvent evaporation technique is their initial burst release [49], which was
particularly prominent for the smallest W1 microspheres with about 65% of the drug being released
in the burst phase. This can be attributed to the high specific surface area of smaller microspheres
and the shorter diffusion length that the drug must overcome to be transported from the microsphere
matrix to the surrounding medium [49]. Because W2 and S microspheres were larger, the diffusion
barrier to fasudil increased, resulting in initial burst releases of only about 40% and 20%, respectively.
Additionally, the release duration of fasudil was prolonged to about 35 and 45 days, respectively.
The PLGA concentration was the lowest for W1 (25 mg/mL) followed by W2 (66.7 mg/mL) and S
(200 mg/mL) during microsphere formation. To decrease mobility and sedimentation of fasudil crystals
and thus preventing drug loss towards the surrounding aqueous phase during microspheres hardening,
a high polymer concentration was chosen for S microspheres to increase the viscosity. Furthermore,
the polymer concentration has a huge impact on initial burst release [50]. With decreasing polymer
concentration, the internal porosity is increased and vice versa [50]. A high internal porosity allows
water to penetrate much easier and deeper into the polymer matrix within a shorter time frame and
thus shortens the diffusion distance of the drug [50]. Additionally, hydrophilic drugs such as fasudil
favor water penetration into microspheres upon drug leaching leading to higher burst release and
shorter release duration [40,50]. Further possibilities to reduce the extend of burst release would be
the use of a polymer with a higher molecular weight or to add additives such as alginate or chitosan
to the internal aqueous phase [51,52]. S microspheres showed the typical triphasic profile, which is
controlled by drug diffusion within the polymer matrix and polymer erosion [53,54]. PLGA degrades
by hydrolysis into its acidic monomers, lactic and glycolic acid, and thus, the surrounding medium in
which fasudil is released acidifies [55,56]; however, the integrity of fasudil was not negatively affected.
Therefore, PLGA is a suitable carrier for fasudil as it does not affect its chemical structure.

Through several downstream mediators, ROCK promotes the phosphorylation of the myosin
light chain and thereby facilitates the assembly and formation of actin stress fibers and focal
adhesions [3,57,58]. In addition, cells of the TM undergo a switch from a mesenchymal- to a
myofibroblast-like phenotype during the progression of glaucoma disease [58]. Therefore, fibroblasts
were included in this study, in addition to cultures of TM and SC cells, to analyze the biologic activity
of fasudil released from microspheres. Cytochemical staining clearly showed that treatment with
free or released fasudil resulted in a reduction of actin stress fibers in all three cell types. Due to
individual phenotypes of the three cell types and the use of primary cells from different human
donors with unknown previous diseases, the number and extent of the stress fibers varied between
TM and SC cells and fibroblasts. However, all three cell types showed the same trend upon fasudil
treatment. Our observations were similar to effects observed in ROCK inhibitor-treated cells found in
literature [31,57,59,60]. It must be kept in mind that our experimental setup measuring cellular effects
of released fasudil has some limitations, since cells were only treated with a fixed dose of previously
released fasudil and were not incubated directly with fasudil loaded microspheres which would reflect
more the in vivo conditions.

ROCK also regulates the cellular contractility by modulating the actomyosin contraction in the
outflow tissues [3,57,58]. Increased contractility of TM and particularly of SC cells alters the outflow
resistance in glaucoma [61]. The impact of free and released fasudil on the cellular contractility was
investigated using a collagen gel contraction assay. Treatment with fasudil caused a decrease in
contraction of the collagen gel of the embedded cell type. These observations suggest reduced cellular
contractility or at least altered interactions between the embedded cells and the collagen when fasudil
was applied. Effects similar to those observed in our study have been reported for TM cells and
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fibroblasts [38,62,63]. Similar to TM cells, SC cells have a smooth muscle-like morphology and are
therefore also highly contractile [61,64]. The reduced contractility of SC cells in presence of fasudil
should therefore be based on a similar mechanism as for TM cells.

The present microsphere formulation is intended to be injected into the vitreous body. During
PLGA degradation, fasudil most likely distributes throughout the vitreous body. Small, hydrophilic
molecules like fasudil are eliminated from the vitreous humor either by the anterior or posterior
route [22]. It is known that hydrophilic drugs are drained predominantly via the anterior route to the
trabecular meshwork. We developed an experimental setup to emulate the situation in the vitreous
body and evaluate whether released fasudil disseminates freely within the vitreous humor without
significant retention. In this vitreous body diffusion model, fasudil only affects the cells after successful
diffusion through the vitreous humor. ECIS measurements were used to monitor the cell response
with a time resolution of minutes. The general principle of ECIS is to cultivate adherent cells on
gold-film electrodes which allows to measure the changes of the cellular impedance as a function
of time. The impedance is determined by the cell type-specific architecture and by the tightness of
cell—cell and cell-matrix contacts [65]. It can be measured in a very sensitive and non-invasive manner
with high resolution [65]. Our ECIS data clearly demonstrate that fasudil successfully diffuses through
the vitreous humor and is thus able to induce changes in cell junctions of TM cells located in a second
compartment that is separated from vitreous by a permeable membrane. Despite the diffusion-related
time delay through the vitreous humor, the final changes in cell junctions were comparable to those of
cells directly treated with fasudil. Our results suggest that the decrease in impedance after treatment
with a ROCK inhibitor is attributed to loss of actin stress fibers and focal adhesions. Bischoff et al.
treated endothelial cells with the more potent ROCK inhibitor Y-27632 and found a similar impedance
time course to those we observed for TM cells directly treated with fasudil [66]. The novelty of our
setup is that it includes the diffusion of fasudil through vitreous humor before its cellular effect is
monitored by ECIS. Another advantage is that by altering the composition of the gel matrix, the ability
of molecules to diffuse through other tissues is assessable in a similar way. Finally, in this study, up to
16 samples were measured simultaneously, and further scaleup to high-throughput formats is easy
to realize.

As already mentioned, the remaining fraction of released fasudil will most likely be eliminated
via the retina. Besides their neuroprotective effects on retinal ganglion cells [19], ROCK inhibitors
are under investigation for the treatment of several vitreoretinal diseases [67]. This could be very
beneficial for some glaucoma patients because the prevalence of comorbid retinal disease is higher in
patients with primary open-angle glaucoma (15.7%) [68]. For example, intravitreally injected fasudil
reduced retinal hypoxia and RPE barrier breakdown in Goto Kakizaki type 2 diabetic rats [69]. Ni et al.
investigating the effect of a ROCK inhibitor (Y-27632) on ARPE19 cells, observed increased proliferation
and reduced apoptosis of RPE cells [70]. In our study, ARPE19 cells appeared unaffected by treatment
with free and released fasudil. Therefore, we assume that intravitreal delivery of a ROCK inhibitor
could have a doubly beneficial effect: both on TM and SC cells in the anterior chamber and on retinal
cells in the posterior eye.

Regarding the in vivo applicability, a critical question must be raised—are PLGA microspheres a
suitable depot for ROCK inhibitors? Subrizi et al. developed a simple equation to calculate the drug
dose (D) of an ocular depot formulation necessary for a desired dosing interval (1) [6]. The equation
also takes the drug clearance (CL), bioavailability (F) and the desired steady-state concentration (Css av)
into account:

D = CCsgsav X CL X (1/F), 4)

This equation allows to predict whether a formulation is suitable as an intraocular delivery device.
With regard to our formulation, we used the following parameters and inserted them into the equation:
For steady-state concentration Cs, v of fasudil at the target site we assumed 25 uM since it is a widely
used concentration in literature and well-tolerated by TM and SC cells [30,31]. The CL of hydrophilic
and small molecules from the vitreous is 0.28 mL/h according to literature [6]. For the dosing interval T,

173



Pharmaceutics 2020, 12, 706

we assumed 30 days based on the mean release duration of fasudil from our microspheres. However,
it should be mentioned that longer dosing intervals would be attractive to improve patient compliance.
Finally, the bioavailability was considered to be 100% because after intravitreal injection, no tissue
barriers must be overcome (F = 1.0). According to this calculation, a total amount of about 1.7 mg
tasudil would be required for a 30 day dosing interval. Taking the encapsulation efficacy and the drug
loading of the microspheres into account, about 460 mg of microspheres would have to be applied per
dosing interval. This polymer amount would correspond to a final intraocular PLGA concentration
of 115 mg/mL in humans (volume of human vitreous body: four milliliters [13]). The maximum
tolerated concentration of PLGA in the rat vitreous was determined to be about 10 mg/mL [20], thus a
total microsphere dose of 460 mg would most likely be too high for intraocular use. According
to these considerations, a higher drug content of at least 42.5 pug/mg would be necessary for this
application interval. Particularly, when longer dosing intervals are desired, a higher encapsulation
efficiency is needed to keep the amount of polymer as low as possible. Because the technical options to
increase the encapsulation efficacy of fasudil into PLGA microspheres in an aqueous environment
are exhausted, other encapsulation strategies or the encapsulation of other ROCK inhibitors must
be considered. The prodrug netarsudil, for example would bring two advantages: first, it is more
lipophilic (logP = 3.77 [45]) compared to fasudil, which would improve its encapsulation into the
lipophilic PLGA matrix. Second, netarsudil is more potent compared to fasudil (netarsudil: K; value
®Rock2) = 1 nM [60]; versus fasudil: K; value rocko) = 330 nM [71]). At least a significant portion of
intravitreally released netarsudil will be metabolized to netarsudil-M1 by esterases present in the
vitreous humor [72-74]. While the lipophilic netarsudil will most likely be eliminated from the vitreous
via the posterior route across the retina, the active metabolite netarsudil-M1 (logP = 1.19 [45]) will be
eliminated via both pathways—the posterior and anterior route [13]. The extent of elimination across
the retina depends largely on the localization of the formulation in the vitreous and poses therefore an
adjusting screw to control the elimination pathway. In addition, netarsudil-M1 is a more potent ROCK
inhibitor compared to netarsudil with a K; value (rock2) of 0.2 nM [60], and therefore an even lower
concentration will be necessary at the target site to achieve similar effects. We started with fasudil
because it is available in sufficient quantities for this type of proof-of-concept study.

5. Conclusions

We successfully developed fasudil-loaded PLGA microspheres of different sizes. For one
preparation we achieved a controllable sustained release behavior. The biologic activity of released
fasudil was successfully demonstrated in several cell-based assays using TM and SC cells as well as
fibroblasts. A finding of utmost importance was that the proposed intravitreal application route is
feasible, since fasudil is able to overcome the barrier of the vitreous humor and subsequently elicit
the desired cellular effect. Because ROCK inhibitors have positive concomitant effects on retinal
cells, an intravitreal delivery system could have additional advantages, particularly for glaucoma
patients with comorbid retinal diseases. Unfortunately, the encapsulation efficiency of fasudil into
the microspheres was quite low, thereby limiting their in vivo applicability. Possibilities to address
this issue are to prepare microspheres by altering the lactic to glycolic acid ratio, e.g., with the
Resomer® RG 501 H (ratio 45:55). Moreover, spray-drying the microspheres in a nonaqueous system
or the manufacture of microspheres using microfluidics could significantly improve the encapsulation
efficiency [46]. A completely different approach could be the covalent attachment of fasudil to
polyacid poly(L-glutamic acid) based layer-by-layer thin films [75]; or the use of lipid based implants
manufactured by compression or extrusion [76,77]. Alternatively, a more lipophilic and potent ROCK
inhibitor such as netarsudil could be used, which would be more easily encapsulated into lipophilic
polymers such as PLGA and achieve similar efficacy with a lower dose. Our results suggest that
intravitreal delivery of a ROCK inhibitor as a dual-purpose drug depot could significantly supplement
and improve current glaucoma therapy.
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Figure S1: Fasudil at a concentration of 25 uM is well tolerated by HTM-N cells, TM cells, SC cells and fibroblasts.
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Abstract: Drug delivery into the vitreous chamber remains a great challenge in the pharmaceutical industry
due to the complex anatomy and physiology of the eye. Intravitreal injection is the mainstream
route of drug administration to the posterior segment of the eye. The purpose of this review is
to assess the current literature about the widening use of the intravitreal 0.7 mg dexamethasone
(Dex) implant, and to provide a comprehensive collection of all the ocular disorders that benefit
from Dex administration. Although anti-vascular endothelial growth-factors (VEGFs) have been
largely indicated as a first-choice level, the Dex implant represents an important treatment option,
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especially in selected cases, such as vitrectomized eyes or patients in whom anti-VEGF failed or are
contraindicated. In this article, the safety profile as well as the list of the possible complications
related to intravitreal Dex injection are also discussed.

Keywords: corticosteroids; drug delivery systems; intravitreal dexamethasone implant; intravitreal
injections; Ozurdex

1. Introduction

Intravitreal injection is nowadays considered the best accepted means of delivering drugs directly
to the retina and choroid [1]. However, it is difficult to achieve and maintain significant levels of drugs
into the vitreous cavity, and frequent injections are often needed.

The sustained-release of intravitreal 0.7 mg dexamethasone (Dex) implant (Ozurdex®, Allergan
Pharmaceuticals, Irvine, CA, USA) with a biodegradable capsule of lactic acid and glycolytic acid
polymers has been shown to overcome this drawback, being effective for 3-6 months [2,3].

As a corticosteroid, intravitreal Dex has been shown to suppress inflammation by inhibiting
multiple inflammatory cytokines, resulting in decreased capillary leakage and the migration of
inflammatory cells, edema, and fibrin deposition [4]. The United States (US) Food and Drug
Administration (FDA) approved Ozurdex for the treatment of macular edema (ME), related to the
following diseases: central or branch retinal vein occlusion (CRVO or BRVO, 2009), non-infectious
posterior uveitis (NIU, 2010) and diabetic retinopathy (DR, 2014) [4].

To date, published reviews, articles and collected literature data about the approved use of Dex
implant confirm its efficacy [4-6]. Nevertheless, in recent years several additional studies further
confirmed the potential benefits of intravitreal Dex for various ocular pathologies with inflammatory
etiopathogenesis and ME (Figure 1).

Posterior Segment

Anterior Segment + Non-infectious posterior uveitis
«  Diabetic Retinopathy

*  Infectious uveitis

* Neovascular AMD

* Inherited Retinal Disorders

+ Radiation Maculopathy

+ Coat's Disease

+  Cancer-associated retinopathy
+  Xinked Retinoschisis

« Hydroxychloroquine retinopathy
« Vitreoretinal surgery

+ Central or branch retinal vein occlusion
On - Label

«  Anterior segment surgery in patients with
recurrent chronic non-infectious uveitis

«  Anterior segment surgery in patients with
diabetic retinopathy

+ Corneal graft rejection

«+ Ocular hypotony after glaucoma surgery

Off - Label

Off - Label

Figure 1. Ocular disorders that can benefit from Intravitreal Dexamethasone Injection.

The purpose of this review is to assess the current literature about the widening use of Dex
implant, and to further provide a comprehensive collection of all the ocular disorders that benefit from
Dex administration. The safety profile and the list of the possible complications related to intravitreal
Ozurdex injection are also discussed.

2. Methods

PubMed databases from January 2009 to March 2020 were searched by using the terms
“dexamethasone intravitreal implant” and “Ozurdex”. Studies were limited to the English language.
Registered randomized controlled studies (RCTs), prospective and retrospective, randomized and
nonrandomized, single center and multicenter studies, case series and case reports were included.
Anatomical and functional outcomes, as well as complications, were analyzed and discussed.

3. Dex Implant Mechanism of Action and Pharmacokinetic

Drug distribution in the posterior segment of the eye is a crucial step in the treatment of ocular
pathologies. Dex implant contains micronized, preservative-free Dex 0.7 mg in a biodegradable
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copolymer of polylactic-co-glycolic acid that releases active ingredients within the vitreous chamber
for up to 6 months [7]. Corticosteroids have multiple levels of action, modifying tight junction
integrity, inhibiting different molecules involved in inflammation and vascular permeability process,
such as Intercellular adhesion molecule-1 (ICAM-1), interleukin-6, stroma-derived factor-1, as well as
vascular endothelial growth-factor (VEGF). Intravitreal Dex also targets prostaglandins and leukotrienes
production blocking phospholipase A2 and paracellular permeability of Muller cells by downregulating
aquaporin4levels[7]. A decrease of 30% in some vasoactive proteins (persephin, pentraxin 3, hepatocyte
growth factor, insulin-like growth factor binding proteins, endocrine gland-VEGF) has been reported
after Dex implant [7].

Dex concentrations in the retina and vitreous humor reach a plateau within days of administration
and are maintained at high levels for 2 months before declining over subsequent months. A dual-phase
pharmacokinetic has been described, related to the fragmentation of the implant [8]. From days 7
to 60, high concentrations of Dex in the vitreous were detected in monkeys’ eyes, whereas at days
90 to 180, Dex release was sustained at low concentrations. From days 210 to 270, Dex was below
the limit of quantification [8]. Although the study was conducted in monkey eyes, the steady state
concentrations of Dex achieved in monkeys are expected to be similar to those in humans [8]. Indeed,
the biphasic pharmacokinetic profile resembles that obtained with the systemic pulse administration of
corticosteroids and is consistent with the sustained duration of action of DEX implant seen in clinical
studies. Of note, the time-point of the evaluation of Dex efficacy can account for differences in terms
of functional and anatomical outcomes influencing the interpretation of the findings from different
studies. Considering the Ozurdex efficacy profile, a scheduled visit at the end of the first phase is
recommended to eventually consider the need for a second implant. The pharmacokinetics of 0.7 mg
Ozurdex is similar in non-vitrectomized and vitrectomized eyes [9].

4. Dex Implant in Retinal Vein Occlusion

4.1. Pathogenesis of Retinal Vein Occlusion and Inflammation

Retinal vein occlusion (RVO) has been identified as the second main cause of vision loss in the
working age population, following DR [10]. The known risk factors include systemic hypertension,
diabetes mellitus (DM), smoking, hyperlipidemia, systemic vascular diseases, hypercoagulable states
and ocular hypertension [10]. Two different types of RVO are described based on the site of occlusion:
CRVO with a prevalence of 0.1-0.4% and BRVO with a prevalence of 0.6-1.1% [10].

Two main mechanisms are involved in RVO pathophysiology: (i) inner blood-retina barrier
breakdown due to venous pressure rise, which is a consequence of mechanical/ischemic damage;
(i) pro-inflammatory cytokine dysregulation with consequent increase in vascular permeability and
capillary network impairment [11].

Several inflammatory molecules have been identified to play an important role in the RVO
pathogenesis. ICAM-1, P-selectin and E-selectin are involved in leukocyte recruitment and their
adhesion to retinal blood vessel surface [10]. Moreover, high levels of VEGF and ICAM-1 in the
vitreous cavity have been associated with ischemic CRVO, suggesting their role in the pathogenesis of
the disease [10].

Intraretinal exudation of fluid, lipids and blood contribute to vision-threatening ME, which is a
common complication of both BRVO and CRVO [12,13].

Over the years, several treatments have been proposed for ME secondary to RVO, including
grid laser photocoagulation, pars plana vitrectomy (PPV), intravitreal anti-VEGF and systemic and
intravitreal corticosteroids [12]. The rationale of using anti-inflammatory therapies, such as intravitreal
Dex, is supported by the pathophysiology of the disease, as described above [14]. Being a water-soluble
biodegradable corticosteroid with anti-inflammatory properties, Ozurdex is able to inhibit VEGFE,
prostaglandin and inflammatory molecule synthesis [15].
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4.2. Evidence of the Efficacy of Dex Implant in RVO

Despite the proven efficacy of anti-VEGF in RVO resolution [16], some patients do not improve at
all (20%) or even worsen (6.9%), probably due to the high variability of VEGF levels strictly related to
retinal ischemia grade [17,18].

Ozurdex was approved in June 2009 by the US FDA for ME secondary to RVO, based on a phase
III sham-controlled study with 6-month follow-up [19]. The GENEVA trial highlighted its beneficial
effects in the treatment of 1267 patients suffering from BRVO or CVRO. In detail, 30% of patients
enrolled achieved a gain of at least 15 letters visual acuity (VA) during the first 6 months of the trial
compared to sham. The mean decrease in central macular thickness (CMT) was significantly higher
after Dex implant as well, compared to the sham group. The GENEVA trial was extended in an
open-label manner at 6 further months and, although a second implant was performed, the safety
and tolerability profiles were preserved [14]. Comparable results were shown in Chinese population,
where Ozurdex determined a significant improvement of functional and anatomical parameters in
both BRVO and CRVO in comparison to sham [20].

Based on data collected from GENEVA trial, Danis et al. found a significant negative linear
correlation between changes in CMT and in VA, with the greatest VA improvement in eyes that
achieved and maintained CMT decrease at 90 and 180 days after Dex implant [21].

The SOLO study was the first multicenter trial evaluating functional and anatomical findings
in patients with RVO after a unique Dex implantation with a 6-month follow-up in a real life clinical
setting [22].

Early re-treatment (before 6 months) was suggested since the peak of functional and anatomical
efficacy were seen at 8 weeks, with a progressive reduction in efficacy in the subsequent period.
Specifically, the mean time-point of reinjection was 17.50 + 4.20 weeks and 17.68 + 4.20 weeks in BRVO
and CRVO, respectively. Of note, in the first two months, BRVO and CRVO showed a different response
to treatment with better outcomes in the BRVO group, probably related to the natural progression of
the disease, which is more favorable than CRVO [22].

The onset and duration of VA improvement after Ozurdex implant in eyes with RVO have been
further investigated in another study [23]. The authors reported a peak of clinical activity at 60 days
(starting at 7 days), that began to decrease at 3 months [23].

A prompt treatment with intravitreal Dex in patients with RVO is associated with better clinical
outcomes [24,25]. Longer ME duration at the time of first treatment was associated with significantly
lower likelihood of achieving a VA gain (15 letters or more) and CMT reduction (200 micron or more)
at 6-month follow-up, particularly in BRVO [25].

Ferrini et al. reported an immediate effect of the Dex implant at 24 h after the injection, while the
mean time of edema relapse was identified as approximately 4.6 months [24].

In a real world setting multicenter open-label phase IV clinical study in the US (SHASTA STUDY,
26 sites, n = 289) patients were treated with two or more Ozurdex injections for ME secondary to
RVO [26]. The mean time between two consecutive Dex implants was 5.6 months and multiple
treatments demonstrated high durability and safety. A similar significant reduction in CMT was
obtained between re-treatments and, as expected, intraocular pressure (IOP) increased more frequently
in patients with a known history of IOP response to steroid treatment [26].

These results suggest that an accurate patient anamnesis is mandatory before starting the
corticosteroid treatment. Similarly, Querques et al. reported a mean interval time of re-treatment of
4.7 + 1.1 months and 5.1 + 1.5 months after the first and the second implant, respectively [27].

Interestingly, the correlation between clinical improvements and angiographic findings in patients
receiving intravitreal Dex for RVO, was also investigated [28]. Changes in macular leakage correlated
significantly with CMT decrease in both BRVO and CRVO patients. Moreover, the proportion of eyes
with active neovascularization increased from baseline to day 180 in the sham group, but remained
unchanged in subjects receiving Dex injections [28].
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As known, anti-VEGF agents are considered as first line treatment in eyes with RVO, although
the number of injections is definitely higher and sometimes patients may not show a good clinical
response [18,29].

Two multicenter RCTs investigated the efficacy and safety at 6 months of intravitreal Dex versus
Ranibizumab (Rzb) 0.5 mg for the treatment of CRVO (COMRADE C study) [30] and BRVO (COMRADE
B) [31].

Patients treated with Rzb showed a higher VA gain and a lower degree of retinal ischemia at
6 months [30,31]. Moreover, the results from the 1 year COMBRADE extension study provided an
additional 6 months of data, revealing that BRVO and CRVO had a better response to continuous
Rzb treatment in comparison to Dex in terms of VA, and this was true especially for BRVO form [32].
However, all the aforementioned studies had an important limitation because patients in the Ozurdex
group were not re-treated during the 6-month follow-up [30-32]. As previously mentioned, Ozurdex
effect peaks at 3 months and re-injection should be considered earlier than 6 months. Therefore,
adopting a Dex Pro Re Nata (PRN) regimen may have provided a more robust comparison between
the two treatments groups.

In a real-life study, the authors reported a significant improvement in VA with a significant
reduction in CMT from baseline to week six after Dex treatment in both BRVO and CRVO [33]. Enrolled
subjects were divided into three subgroups, based on ME duration. At week 12, the mean change
was +9.5 Early Treatment Diabetic Retinoapthy Study (ETDRS) letters in patients with ME duration
<90 days, +7.3 letters in those with ME duration between 90 and 180 days and +5.4 letters in those
with ME duration >180 days. Furthermore, a very good tolerability of Dex treatment was detected in
84% of patients, while a moderate tolerability in 6% [33].

These data further support the evidence that a prompt treatment with Ozurdex in patients
with RVO is associated with better clinical outcomes [24,25,33,34]. This is valid also for patients
unsuccessfully treated with Rzb and aflibercept and switched to DEX [35].

A 12-month multicenter RCT (COMO study) compared anti-VEGF with multiple Dex injections
in BRVO [36]. In brief, a mean of 2.5 Ozurdex injections and 8.0 Rzb injections were performed during
the 12-month follow-up. The authors demonstrated that intravitreal Dex effect could be maintained
only if a retreatment was performed at 4-5 months after the first implant. The use of Ozurdex was
associated with an increased risk of IOP elevation and cataract progression, but a lower injection
burden, compared to Rzb [36].

Of note, Kumar et al. compared the efficacy and safety of four different injection therapeutic
schemes: three monthly Rzb injections (Group 1); combination of one intravitreal Rzb + laser
photocoagulation (Group 2); Dex implant (Group 3); combination of one Dex implant + laser
photocoagulation (Group 4) [37].

Improvements in the BCVA and CMT were comparable initially in all groups, but Rzb alone
(Group 1) showed significantly higher BCVA gains at 6 months. No additional advantage of the
combination with laser photocoagulation was found in both Rzb and Dex treatments [37].

In the RANIDEX study, Rzb and Dex implant were found to be both safe and effective at the
12-month follow-up in patients with ME, secondary to CRVO, with no statistically significant differences
in VA and CMT changes [38].

Similar results were reported by Gado et al., who showed no significant differences at 6 months in
terms of VA and CMT in patients with CRVO receiving either Ozurdex implant or bevacizumab [39].

5. Dex Implant in Posterior Non-Infectious Uveitis

5.1. Pathogenesis of Posterior Non-Infectious Uveitis

Posterior NIUs include a wide range of inflammatory conditions, affecting the uveal tissue. ME is
a common complication and represents one of the leading causes of vision loss among patients affected
by NIUs and its prevalence varies depending on the diagnostic technique and the underlying cause,
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ranging from 20% to 70% [40]. The treatment of NIUs and associated ME is still very challenging.
Since inflammation is the main pathogenic event in these disorders, corticosteroids, either systemic or
regional, represent the mainstay of treatment [5]. Although effective, the use of systemic corticosteroids
is limited due to numerous adverse effects [41]. Intravitreal drug delivery allows us to obtain rapid and
high concentrations of the drug into the eye, with a lower incidence of drug related systemic adverse
events [42].

5.2. Evidence of the Efficacy of Dex in Posterior Non-Infectious Uveitis

Several studies showed the efficacy of Ozurdex in controlling inflammation in NIUs. The HURON
trial initially investigated the safety and efficacy of a single Dex injection for the treatment of NIUs,
showing a significant improvement of vitreous inflammation and VA, persisting for up to 6 months [2].
Throughout the 26-week study, the percentage of eyes in the 0.7-mg Dex implant group requiring
IOP-lowering medications was 23% or less, but none needed surgical intervention for glaucoma [2].

Lightman and coauthors further confirmed the benefits of a single Dex implant in patients with
NIUs for up to 6 months, reporting a significant BCVA improvement [43].

Dex implant has been proven effective and well tolerated in patients with persistent ME, resulting
from uveitis or Irvine-Gass syndrome, producing significant improvements in VA and fluorescein
leakage at 3 months [44].

A shorter duration of Dex implant of approximately 3 to 4 months was reported by Myung et al.,
albeit only four consecutive patients were included in their retrospective study [45].

A significant increase in VA and decrease in CMT and vitreous haze (VH) were observed in
patients with NIUs treated with Ozurdex and followed up for at least 1 year [46]. In this study multiple
injections yielded comparable visual and anatomical outcomes to single injections, and mean IOP did
not change significantly during follow-up [46]. The efficacy and safety of repeated DEX implants in
patients with NIUs were further confirmed by several studies, with a median duration of therapeutic
effect of 6 months and a transient rise in mean IOP always well managed by topical medication [46—49].

Recent evidence suggests that Intravitreal Dex has a better safety profile and a slightly longer-lasting
effect than intravitreal triamcinolone acetonide (TA) [50,51].

Of note, in a multicenter RCT it has been shown that both intravitreal TA and intravitreal Dex
implants were superior to periocular TA for treating uveitic ME [52]. The risk of IOP elevation was
mild and did not differ significantly between the two intravitreal treatments [52].

Significant improvements in mean CMT and VA were reported in eyes with well-controlled NIUs
and persistent ME [53-55]. Of note, due to good clinical response, some patients reduced the daily
systemic corticosteroid dosage [55]. A significant systemic corticosteroid sparing effect of the Ozurdex
implant was further highlighted by Fabiani and coauthors, who reported a prompt resolution of the
ME and vasculitis without any safety issue [56].

Ratra et al., investigated the role of Dex in nonresponsive ME secondary to chronic NIUs in adults
and children, reporting a significant VA improvement and a good safety profile [57]. Moreover, a single
injection of Ozurdex was safe and effective, as an additional treatment to systemic immunomodulatory
drugs, in the treatment of refractory Behcet posterior uveitis for a 6-month period [58,59]. In a recent
retrospective study, 20 patients with ocular sarcoidosis were successfully treated with intravitreal Dex
injection, and only 35% of them required a second injection during the follow-up period (median
16.5 months) [60].

Ozurdex constitutes an efficacious treatment option against uveitic ME in eyes that received
pars plana vitrectomy (PPV) as well, and it appears to have similar dissolution rates in vitrectomized
and non-vitrectomized eyes [61]. The latter showed higher IOP increase following Dex implant than
vitrectomized eyes, showing the need for close IOP monitoring [61]. Nevertheless, Dex efficacy has also
been proven in challenging cases, as in a patient with NIU tamponated with silicon oil after PPV [62],
and in eight patients with chronic NIU and uveitic glaucoma successfully treated with a combined
surgery of Ozurdex + Ahmed drainage device [63].
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Worthy of note, the Dex implant has been additionally noted to be safe and efficacious in the
management of pediatric NIUs, where repeated implantations resulted in continuous control of
the inflammation, allowing for the reduction in systemic immunosuppression with few systemic
complications [64,65].

In 16 eyes of patients with recalcitrant Juvenile idiopathic arthritis-associated active uveitis (mean
age of 17 + 6.7), the injection of sustained-release Dex achieved the control of anterior inflammation
and the resolution of ME [66].

However, further data are required to establish the safety profile of the implant in the pediatric
age group [67].

DEX implant showed promising results in controlling disease activity and progression in a group
of inflammatory disorders named as white dot syndromes responsible for NUI [68-72]. The main
outcomes of these studies are summarized in Table 1.

Table 1. Characteristics of studies evaluating efficacy and safety of DEX implant in White Dot Syndrome.

. - Eyes DEX Injections Follow up . L.
Author (Year) Design Condition I (Time Interval Range) (Months) Main Outcomes Complications
Single (5 ) Stabilization of Transient
Miserocchi et al.  Retrospective Serpiginous g e o eyes), serpiginous lesions,  IOP increase (3 eyes),
X S 8 Repeated (3 eyes; 18 R .
(2017) [68] case series Choroiditis Decrease in Cataract progression
5-8 months) . L .
systemic corticosteroids (2 eyes)
Acute Posterior Stabilization of
Mora-Cantallops Multifocal Placoid . . . Transient IOP
Case report . 1 Single 6 inflammatory lesions, -
etal. (2019) [72] Pigment increase
S5 Increased BCVA
Epitheliopathy
Barnes et al. Retrospective Acute Zonal Stabilization of Traﬁi‘:;zt‘iop
(2016; F71] ’ casebspetries ¢ Occult Outer 6 Single 14-63 inflammatory lesions, Ca tarabct/
Retinopathy Increased BCVA -
progression
Stabilization of
. . Single (2 eyes), inflammatory lesions, .
Walsh et al. Retrospective Birdshot . d IOP increase
(2017) [69] case series Chorioretinopathy 6 Repeated (4 eyes; 12-36 Reduced macular (2 eyes)
4-6 months) edema,
Increased BCVA
- R T IOP increase
Bajwa et al. Retrospective Birdshot Single (2 eyes), . Sta?alhzatlon of the (2 eyes),
(2018) [70] case series  Chorioretinopathy 6 Repeated (4 eyes; 12-86 disease (2 eyes), Cataract
4-6 months) Increased BCVA

progression (3 eyes)

DEX: Dexamethasone intravitreal implant, IOP: Intraocular pressure, BCVA: Best corrected visual acuity.

Moreover, in two cases of bilateral idiopathic retinal vasculitis-aneurysms-neuroretinitis
syndrome, the Dex implant was successfully employed to control ME in addition to panretinal
photocoagulation (PRP), systemic corticosteroids, and PPV [73]; or in addition to PRP and systemic
aziathioprine [74].

6. Dex Implant in Diabetic Retinopathy

6.1. Pathogenesis of Diabetic Macular Edema and Inflammation

DR represents the leading cause of visual loss and blindness in adults of working age in developed
countries [75]. Central visual loss in patients affected by DR can be related to both ME and macular
ischemia, with an estimated prevalence of around 20% [76].

Hyperglycemia is certainly a major cause of early microvascular changes in diabetes, causing
endothelial dysfunction and the breakdown of the blood-retinal barrier.

Albeit VEGF-mediated pathways play a crucial role in DR and diabetic macular edema (DME)
pathogenesis, DME shows typical features of local, low-grade chronic inflammation. Elevated levels of
inflammatory markers have been detected in vitreous samples drawn from DME patients [4]. The setting
of a localized, chronic and self-perpetuating inflammation is the key point of the pathogenesis of DME.

Anti-VEGF agents represent the first-line therapy for DME patients, on account of their safety and
clear efficacy [77]. Nevertheless, there are patients in whom anti-VEGF drugs are contraindicated (e.g.,
pregnancy, high cardiovascular risk) or have demonstrated poor efficacy in improving visual function

186



Pharmaceutics 2020, 12, 703

and reducing DME [78]. Therefore, intravitreal steroids, especially a sustained-release device, such as
the Ozurdex implant, play a central role in the treatment of DME.

6.2. Evidence of the Efficacy of Dex in Diabetic Macular Edema

The Diabetic Retinopathy Clinical Research Network (DRCR.net) Protocol I study, evaluating
intravitreal TA or Rzb in combination with laser treatment, demonstrated similar efficacy of both drugs
in pseudophakic eyes [76]. Nevertheless, Dex has higher anti-inflammatory potency than TA and
less side effects because of its higher aqueous solubility and lower lipophilicity, ensuring, therefore,
a poor impact on trabecular meshwork and