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ARTICLE INFO ABSTRACT

Keywords: With an ever-increasing burden of vision loss caused by diseases of the posterior ocular segment, there is an
Topical ocular drug delivery unmet clinical need for non-invasive treatment strategies. Topical drug application using eye drops suffers from
Cornea

low to negligible bioavailability to the posterior segment as a result of static and dynamic defensive ocular
. barriers to penetration, while invasive delivery systems are expensive to administer and suffer potentially severe
Dexamethasone sodium-phosphate . . . A . . .
Posterior ocular segment complications. As the cornea is the main anatomical barrier to uptake of topically applied drugs from the ocular
Cell penetrating peptides surface, we present an approach to increase corneal permeability of a corticosteroid, dexamethasone sodium-
phosphate (DSP), using a novel penetration enhancing agent (PEA). We synthesised a novel polyacetylene
(pAc) polymer and compared its activity to two previously described cell penetrating peptide (CPP) based PEAs,
TAT and penetratin, with respect to increasing transcorneal permeability of DSP in a rapid ex-vivo porcine
corneal assay over 60 min. The transcorneal apparent permeability coefficients (P,,p) for diffusion of pAc, and
fluorescein isothiocyanate (FITC) conjugated TAT and penetratin were up to 5 times higher (p < 0.001), when
compared to controls. When pAc was used in formulation with DSP, an almost 5-fold significant increase was
observed in Py, of DSP across the cornea (p = 0.0130), a significant 6-fold increase with TAT (p = 0.0377), and
almost 7-fold mean increase with penetratin (p = 0.9540). Furthermore, we investigated whether the PEAs
caused any irreversible damage to the barrier integrity of the corneal epithelium by measuring transepithelial
electrical resistance (TEER) and immunostaining of tight junction proteins using zonula occludens-1 (ZO-1) and
occludin antibodies. There was no damage or structural toxicity, and the barrier integrity was preserved after
PEA application. Finally, an in-vitro cytotoxicity assessment of all PEAs in human retinal pigment epithelium cells
(ARPE-19) demonstrated that all PEAs were very well-tolerated, with ICsy values of 64.79 mM for pAc and
1335.45 pM and 87.26 uM for TAT and penetratin, respectively. Our results suggest that this drug delivery
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technology could potentially be used to achieve a significantly higher intraocular therapeutic bioavailability
after topical eye drop administration, than currently afforded.

1. Introduction

Despite being the safest and most convenient method of ocular drug
delivery, topical administration suffers from limited bioavailability of
drug to internal structures beyond the ocular surface due to the presence
of physiological and anatomical defensive barriers in the eye. Overall,
less than 5 % of the applied amount of a drug reaches even the anterior
segment tissues after eye drop administration on the ocular surface
(Hughes et al., 2005; Loftsson et al., 2008; Urtti, 2006). Inflammation
plays a significant role in the pathogenesis of multifactorial diseases in
the posterior segment of the eye. Recent studies have demonstrated the
association between inflammatory and angiogenic cascades and how
either could be a cause or consequence of the other in the pathophysi-
ology of age related macular degeneration (AMD) (Telander, 2011) and
diabetic macular oedema (Romero-Aroca et al., 2016). New long term
clinical management strategies include intraocular injections or im-
plants of steroids, sometimes in combination with anti-vascular endo-
thelial growth factor (anti-VEGF) drugs (Abadia et al., 2016).

These invasive treatments are painful to administer, cause fear and
anxiety, and are financially burdensome because of the requirement for
expert administration, which can lead to non-adherence and inferior
visual outcomes in patients (Ehlken et al., 2020). Additionally, there is a
well-documented risk of post injection complications including
endophthalmitis (Sigford et al., 2015), increased intraocular pressure &
glaucoma (Good et al., 2011), cataract (Thompson, 2006), and retinal
tear & detachment (Karabag et al., 2015). These issues make topical
drug delivery for the posterior segment a “holy-grail”. Several nano-
particulate carrier based approaches are currently being investigated
extensively to achieve an effective bioavailability of drugs at the pos-
terior segment via topical instillation (Wang et al., 2018) including lipid
based solid lipid nanoparticles (SLNs) and nanostructured lipid carriers
(NLCs) (Balguri et al., 2016), polymeric nanoparticles (Tahara et al.,
2017), liposomes (Lai et al., 2019), etc. However, majority of them
follow the scleral route instead of corneal uptake.

Penetration enhancing agents (PEAs) can facilitate increased uptake
of otherwise poorly absorbed drugs into cells and across impermeable
tight epithelium membranes like cornea and conjunctiva (Kaur and
Smitha, 2002; Moiseev et al., 2019; Thareja et al., 2021). As opposed to
nanocarrier drug delivery systems, PEAs are more versatile in their use
because they do not require chemical surface processing for stability, do
not need a consistent 3D shape, size or size distribution and hence are
easier to scale-up, cost-effective, and do not carry the same risk of
adverse health effects and hazardous environmental exposure as an
obstacle in the regulatory pathway to their development (Desai, 2012).
PEAs are often also used as surface coating on nanoparticles (Mahaling
and Katti, 2016; Yang et al., 2019). Synthetic helical polymers are
increasingly being used in drug delivery. Polyacetylene (pAc) is one such
class of helical polymers that can modulate their structural conforma-
tions in response to external stimuli and their helicity can be exploited
for biomembrane interactions and enhanced cargo transport across
ocular barriers (Leigh and Fernandez-Trillo, 2020). We have developed
a novel pAc polymer for this purpose (Fernandez Trillo and Blanch,
2023).

Cell penetrating peptides (CPPs) are short chain peptides consisting
of 5-30 amino acid residues with an intrinsic ability to translocate across
cell membranes through endocytic or non-endocytic mechanisms or a
combination of both, which is not seen in other peptides, mainly
attributable to the presence of positive charges and amphipathicity,
although some anionic and hydrophobic CPPs have also been reported
(Bechara and Sagan, 2013; Milletti, 2012). In a recent systematic review,
we identified penetratin and TAT, as two CPPs that were the most

efficient PEAs for posterior segment drug delivery (Thareja et al., 2021).
TAT is a cationic CPP isolated from the Tat protein of the HIV-1 virus,
whereas penetratin is a partially amphipathic CPP corresponding to the
third helix of Antennapedia homeodomain protein of Drosophila mela-
nogaster (Milletti, 2012; Vives et al., 2008).

Dexamethasone sodium-phosphate (DSP) is a polar, water soluble
pro-drug of dexamethasone, a corticosteroid commonly used as gold
standard treatment against oedematous vascular leakage in macular
oedema secondary to diabetic retinopathy (Dugel et al., 2015) or retinal
vein occlusion (Haller et al., 2010), and to treat inflammation in uveitis
(Saincher and Gottlieb, 2020), and sometimes as an adjunct therapy
with anti-VEGF biologicals in neovascular AMD (Vakalis et al., 2015),
either as intraocular injections or through sustained release intraocular
implants, primarily due to its anti-inflammatory properties com-
plemented by angiostatic and anti-permeability effects (Ciulla et al.,
2004; Gaballa et al., 2021). DSP, being hydrophilic, exhibits far inferior
corneal permeability compared to dexamethasone (Civiale et al., 2004).

In this study, we investigated the ability of penetratin, TAT and pAc
in improving bioavailability of DSP across complex defensive ocular
barriers in a medium-throughput and rapid-assay ex-vivo model of
permeability using porcine eye tissue, developed in our group (Begum
et al., 2020). pAc was synthesised using a patented protocol (Fernandez
Trillo and Blanch, 2023). We first tested the permeabilities of pAc
compared with that of fluorescently labelled CPPs, across porcine cornea
and sclera. DSP was then formulated with pAc and non-labelled CPPs for
topical application and assayed for permeability. DSP concentration in
the receptor chamber was quantified using high-performance liquid
chromatography (HPLC) to ascertain the enhancement in its perme-
ability with PEAs. This was followed by safety assessment of barrier
integrity of corneal epithelium using transepithelial electrical resistance
(TEER) measurements and immunofluorescent staining of excised
cornea with epithelial tight junction markers ZO-1 and occludin, and
finally in-vitro cytotoxicity assessment of PEAs in human ARPE-19 cell
line using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assay. This work adds a new horizon to a safe, simple,
and affordable topical ocular delivery modality of corticosteroids by
modulating the transcorneal route using PEAs without causing any
irreversible damage to defensive barriers of the eye, and potentially
achieve therapeutic doses at the posterior segment tissues.

2. Materials and methods
2.1. PEAs

A poly(O-propargyl-N-amino carbamate) (pAc) was prepared
following a proprietary, patented protocol (Fernandez Trillo and Blanch,
2023), with all the chemicals and solvents (reagent grade) purchased
from Sigma-Aldrich (Poole, Dorset, UK), Fisher Scientific (Leicester,
UK), VWR (Peterborough, UK), or ThermoFisher (Ashford, UK). Briefly,
an acetylene monomer O-propargyl-N-(tert-butoxycarbonyl) amino
carbamate (PBocAC) was synthesised using propargyl alcohol, carbon-
yldiimidazole, and tert-butyl carbazate in ethyl acetate. PBocAC was
then polymerised upon reaction with a rhodium catalyst [Rh(NBD)B
(Ph)4] in tetrahydrofuran to give the protected polymer compound poly
(O-propargyl-N-(tert-butoxycarbonyl) amino carbamate) (p(PBocAC)). p
(PBocAC) was finally dissolved in trifluoroacetic acid to obtain depro-
tected reactive pAc polymer which was later freeze-dried to a pale-
yellow powder. The protected polymer (p(PBocAC)) was characterised
by gel permeation chromatography (GPC) for the following parameters:
weight average molecular weight (M,,) = 41158 + 130 g/mol, number
average molecular weight (M;) = 24615 + 734 g/mol, and
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polydispersity index (P) = 1.67 + 0.04.

Freeze-dried CPPs (TAT and penetratin) used in this study were all
commercially available and purchased from AnaSpec — Kaneka Euro-
gentec (Seraing, Belgium) and their sequences and properties are listed
in Table 1.

2.2. Ex-Vivo permeability measurement of PEAs and DSP formulations in
cornea and sclera

Ex-vivo Porcine Eye model: An ex-vivo model of permeability using
porcine cornea and sclera was used to rapidly assess transcorneal and
trans-scleral permeability, which has been established and validated by
our group (Begum et al., 2020) (Fig. 1). Fresh non-scalded porcine eyes
(Medical Meat Supplies, Rochdale, UK), surplus tissue from the food
industry, were obtained from a local abattoir within two hours of
slaughter and transported on ice in an air-tight container. The eyes were
then physically examined, and those with an opaque/cloudy cornea or a
visible corneal injury/scar were discarded, using only clear transparent
corneas. The attached muscles and optic nerve were removed, and the
globes rinsed with multiple changes of phosphate buffered saline (PBS;
Cat no. BR0O014G, ThermoFisher, Hampshire, UK). A small incision was
made at the corneal limbus using a scalpel blade and the cornea was
carefully excised with a scleral rim using curved mayo scissors. The
corneal button was rinsed multiple times with PBS and placed in a petri
dish containing PBS, with the corneal epithelium facing down. The
remaining globe without the cornea was then cleared out of all other
tissues including the lens, vitreous, retina, and choroid to obtain only the
sclera, which was then rinsed thoroughly in multiple changes of PBS. 5
mm discs of cornea and sclera were excised using biopsy punches
(Stiefel, GSK, Waterford, Ireland) — 3 to 4 sections from each tissue.

Corneal discs were taken from superior, inferior, nasal, and temporal
cornea and each disc included both central and peripheral cornea. Each
5 mm tissue disc was then placed in a CellCrown 96 well microplate
insert (Cat no. 2682004, Sigma-Aldrich, Poole, UK) with the corneal
epithelium or outer sclera facing up, thus simulating eye drop instilla-
tion. The tissue disc was placed at the base of the outer insert covering
the aperture and the inner insert was then placed on top of the tissue and
gently pressed in to create a watertight seal without deforming the tis-
sue. Combined inserts containing tissue discs were then placed in a black
wall, clear flat-bottom 96 well microplate (Cat no. 301002, Porvair,
Norfolk, UK) containing 80 pl PBS in each well. The formulation to be
tested was applied into the cavity in the inner insert that acted as the
donor chamber, and the concentration after diffusion through the
cornea or sclera was detected in PBS in the microplate well that acted as
receptor chamber.

Permeability Measurements: The PEAs were first assayed for their
permeabilities at 37 °C across porcine cornea (n = 12/PEA) and sclera
(n = 9/PEA). Fluorescein sodium (Cat no. 46960, Sigma-Aldrich) was
used as a positive control. The 34 biopsy discs of cornea and sclera were

Table 1

List of CPPs used in the study with their amino acid residue sequences. To study
the permeability of CPPs, fluorescein isothiocyanate (FITC) labelled peptides
were used, conjugated at N terminal with a long chain (LC) to prevent degra-
dation of FITC.

Peptide Name Amino acid sequence Catalogue Molecular
(N terminal — C No. weight (Da)
terminal)

FITC-LC-TAT (47-57) FITC — —LC-YG RKK AS-27043 2063.0
RRQ RRR - NH,

FITC-LC-Antennapedia FITC — —LC-RQ IKI AS-24176 2748.9

peptide/Penetratin WFQ NRR MKW KK —
NH,

TAT (47-57) H - YGR KKR RQR RR AS-60023 1560.4
- OH

Penetratin H - RQI KIW FQN AS-64885 2362.5

RRM KWK KGG - OH

International Journal of Pharmaceutics 660 (2024) 124305

randomised across all PEA groups. 20 pl each of 2.21 mg/ml (19.36 mM)
polyacetylene (pAc) suspension in PBS, and 100 uM PBS solutions of N-
terminal FITC labelled CPPs FITC-TAT and FITC-penetratin, and fluo-
rescein sodium, were applied in the donor chamber and their concen-
trations were measured in the PBS in microplate wells after 60 min. The
inserts with formulations were carefully removed from the microplates
and concentration analysed in a BMG Clairostar Plus microplate reader
(BMG Labtech GmbH, Ortenberg, Germany) operated using in-built
Read Control acquisition software and data collected in MARS data
analysis software. pAc was detected by fluorescence (Aex: 410 nm, Aem:
481 nm), FITC-TAT and FITC-penetratin were detected by measuring
absorbance at 496 nm and fluorescein at 488 nm. The unknown con-
centrations were calculated by linear regression of standard calibration
curves.

Further, formulations of dexamethasone 21-phosphate disodium salt
(DSP 98 %; Cat no. J64083, ThermoFisher, Oxford, UK) with PEAs were
assayed for their permeability at RT across cornea (n = 12/formulation)
and sclera (n = 9/formulation). The formulations were prepared in PBS
as follows: 2.21 mg/ml pAc + 10 mg/ml DSP stirred overnight, 100 uM
of CPPs TAT or penetratin + 10 mg/ml DSP mixed and vortexed just
before use, and 10 mg/ml DSP only controls. The tissue sections were
randomised as earlier and 20 pl of each formulation was applied in the
donor chamber. The permeability of DSP with and without the PEAs was
calculated by measuring its concentration in the receptor chamber after
60 min. The inserts were removed carefully and the solution in micro-
plate wells was collected in micro-inserts in vials for high-performance
liquid chromatography (HPLC) analysis.

HPLC for DSP Quantification: DSP transcorneal and transscleral
penetration was quantified using Agilent 1260 Infinity II HPLC equip-
ment (Agilent, Santa Clara, CA, USA) fitted with a G7129A vial auto-
sampler, G7111B quaternary pump and G7115A diode array detector,
operated and data collected by OpenLab chromatography data system
(CDS) software (Agilent), using a previously published and validated
method (Milojevic et al., 2002). The mobile phase consisted of a 65:35,
v/v mixture of deionised water + acetonitrile (HPLC Plus, > 99.9 %; Cat
no. 34998, Sigma-Aldrich) adjusted to pH 2.5 with phosphoric acid (ACS
reagent, > 85 %; Cat no. 30417-M, Sigma-Aldrich) and degassed by
vacuum filtration before running at an isocratic elution flow rate of 1
ml/min. The analytes were separated at 25 °C in an Agilent ZORBAX
Eclipse Plus C18 4.6 x 250 mm reverse phase porous silica column with
5 um particle size and 95 A pore size (Cat no. 959990-902, USA) fitted
with a4.6 x 12.5 mm guard column (Cat no. 820950-936, Agilent). 10 ul
samples were injected in each run and DSP was detected at 242 nm UV
absorbance after 3.8 min retention time. Standard calibrations for DSP
were performed in triplicate in a concentration range of 0.2-400 pg/ml.
The method was validated according to ICH Q2(R2) guidelines for
validation of analytical procedures (EMA, 2024), for linearity (r =
0.99986), precision and accuracy. The limits of detection (LOD) and
quantification (LOQ) was calculated at 0.02736 pg/ml and 0.08291 pg/
ml respectively. Unknown concentrations of DSP were calculated from
the linear regression of standard curves.

Apparent Permeability Coefficient: The penetration of PEAs and DSP
was expressed as a normalised apparent permeability coefficient (Pypp,

cm/s) calculated using the equation: Pgy, = % <m> (Begum et al.,

2020; Civiale et al., 2004; Liu et al., 2014), where Q is the mass of
translocated compound detected in PBS in the receptor chamber at t =
60 min, Qg is the initial mass of compound applied in the donor chamber
and A is the area of tissue available for diffusion.

2.3. Transepithelial electrical resistance measurement of corneal
epithelium

Transepithelial electrical resistance (TEER) measurements were
taken on the corneal discs in the ex-vivo permeability assays, to
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Fig. 1. Illustration of the ex-vivo model of permeability using porcine cornea and sclera. The inner and outer insert apertures allow diffusion of applied formulation
across the membrane of cornea or sclera discs taken using a biopsy punch which were then sandwiched between the two inserts forming a watertight seal. This
combined insert was then placed in a 96-well microplate well containing PBS. The formulation was applied in the donor chamber in the inner insert and its
permeability assayed by measuring the concentration in the PBS in microplate well, acting as the receptor chamber.

determine the PEA toxicity on the corneal epithelial barrier integrity
using a previously described method (Begum et al., 2020; Jureti¢ et al.,
2018). TEER was measured on cornea discs treated with pAc, FITC-TAT
and FITC-penetratin (n = 3/group) using Millicell ERS-2 (Electrical
Resistance System) volt-ohm meter (Cat no. MERS00002; Sigma-
Aldrich) at RT by placing the corneal discs in a Millicell 96-well trans-
port analysis plate (Cat no. PSHT004S5; Sigma-Aldrich) wells contain-
ing PBS and measuring the resistance values on the epithelial surface by
immersing the tip of a specially designed silver/silver chloride (Ag/
AgCl) electrode for 96 well plates (Cat no. MERSSTXO00; Sigma-Aldrich).
The resistance values were recorded from the monitor in ohms ()
initially at 0 min before application of compounds and finally after
removal of the compounds at 60 min. PBS only wells were measured for
background resistance, which was subtracted from the measured values
and TEER was calculated by multiplying the recorded resistance values
with the cross-sectional area of 5 mm corneal discs and expressed in Q.
cm?. PBS treated corneal discs (n = 3) were used as controls for
comparison.

2.4. Immunostaining of epithelial tight junctions

To prepare corneal discs for cryosectioning prior to immunohisto-
chemistry, corneal discs were recovered after permeability assays and
fixed in 4 % paraformaldehyde (BioReagent, > 36.0 %; Cat no. 47608,
Sigma-Aldrich) in PBS overnight at 4 °C followed by cryoprotection in
increasing concentration of sucrose (>99.5 %; Cat no. S9378, Sigma-
Aldrich, Switzerland) solutions — 10 %, 20 % and 30 % for 8-14 h
each. The tissues were then embedded in Peel-A-Way embedding
moulds (Cat no. 12677736, Epredia, Fisher Scientific, USA) with optimal
cutting temperature compound (OCT; Cat no. 12678646, Fisher Scien-
tific) and frozen on dry ice to be stored at —80 °C. Frozen blocks were
sectioned at 15 pm thickness using a cryostat (Brights Instruments,
Huntingdon, UK) at —20 °C, and the sections were collected on Super-
Frost Plus adhesion glass microscope slides (Cat no. 10149870, Fisher
Scientific, Ashford, UK). The sections were allowed to settle overnight at
RT before storing at —20 °C until use.

Corneal discs were immunostained for epithelial tight junction
markers to detect structural damage to tight junction integrity. Frozen
sections were thawed at RT for 30 min and washed 2 x 5 min in PBS,
followed by permeabilisation in 0.1 % triton X-100 (Cat no. T8787,
Sigma-Aldrich, USA) in PBS for 10 min. After further 2 x 5 min PBS

washes at RT, sections were blocked in 0.5 % bovine serum albumin
(BSA; Cat no. A3311, Sigma-Aldrich) + 0.1 % triton X-100 in PBS for 30
min at RT to prevent any non-specific binding. The tissue sections
treated with pAc, FITC-TAT, FITC-penetratin, fluorescein sodium and
PBS controls (n = 3/group) were then incubated with primary anti-
bodies: ZO-1 (1:100; Rabbit Polyclonal IgG, Cat no. 40-2200, Thermo-
Fisher) and occludin (1:100; Rabbit Polyclonal IgG, Cat no. 71-1500,
ThermoFisher) separately in PBS containing 0.5 % BSA + 0.05 % tween-
20 (Cat no. 663684B, VWR) and left overnight at 4 °C in a humidified
chamber. The next day, sections were washed three times for 5 min in
PBS and incubated with fluorescently labelled secondary antibody:
Alexa Fluor Plus 594 (1:400; Donkey anti-Rabbit Polyclonal IgG; Cat no.
A32754, ThermoFisher) in PBS containing 0.5 % BSA + 0.05 % tween-
20 for 1 h at RT. After further washes, three times for 5 min in PBS,
coverslips were mounted with Vectashield Plus antifade mounting me-
dium containing 4,6-diamidino-2-phenylindole (DAPI) (Cat no. H2000,
Vector Laboratories, Peterborough, UK). Sections were imaged on an
inverted confocal laser scanning microscope with Airyscan (LSM880;
Carl Zeiss Ltd, Cambridge, UK) and two to three images were obtained
using 20X objective (200X magnification) for each section with red,
green and DAPI filters by an experimenter masked to the treatment
conditions.

2.5. MTT assay for in-vitro cytotoxicity of PEAs

In-vitro cytotoxicity of all the PEAs was determined using MTT assay-
based Cell Proliferation Kit I (Cat no. 11465007001, Sigma-Aldrich).
The assays were performed according to manufacturer’s instructions
on human retinal pigment epithelium, ARPE-19, cell line (ATCC-CRL-
2302; ATCC, Manassas, VA, USA). The cells were cultured between
passages 5-7 in a 75 cm? tissue culture flask (Cat no. 430641, Corning)
with 1:1 mixture of Dulbecco’s modified eagle medium and Ham’s
nutrient mixture F-12 basal media (DMEM/F-12; Cat no. 31330038,
ThermoFisher) containing 4-(2-Hydroxyethyl)-1-piperazine ethane-
sulfonic acid (HEPES) buffer, 2.5 mM L-glutamine and phenol red, and
supplemented with 10 % heat-inactivated foetal bovine serum (FBS; Cat
no. 10500064, ThermoFisher) and 1 % penicillin/streptomycin anti-
biotic mixture (5,000 U/mL; Cat no. 15070063, ThermoFisher). The
cells were grown in an incubator at 37 °C in 5 % CO and after reaching
80 % confluency, cells were detached using a mixture of 0.05 % (w/v)
trypsin and 0.53 mM ethylene-diamine-tetra acetic acid (Trypsin-EDTA,
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without phenol red; Cat no. 15400054, ThermoFisher) in sterile DPBS
(Dulbecco’s; Cat no. 14190094, ThermoFisher). Cells were counted and
seeded at a concentration of 10* cells/well in 100 pl supplemented cell
culture medium into tissue culture grade 96-wells flat bottom micro-
plates (Cat no. 3596, Corning, Durham, NC, USA) and allowed to settle
overnight in an incubator at 37 °C and 5 % CO».

The next day, media was carefully removed, and 100 pl each of the
three PEAs at a range of different concentrations were added, and media
only wells were used as controls. All treatments were prepared in sterile
cell culture medium, and each experiment had at least 8 technical rep-
licates for every concentration of each PEA. pAc was UV sterilised and
CPPs were provided as sterile freeze-dried powders from the manufac-
turer. Cells were exposed to the PEAs for 24 h at 37 °C and 5 % CO». The
PEAs were removed, and fresh culture medium was added to allow for a
recovery for 48 h at 37 °C and 5 % COs. At this point, the media was
removed and 100 pl of 0.5 mg/ml solution of MTT in sterile culture
medium was added to the wells and incubated for 4 h in the dark at
37 °C, 5 % CO». Finally, the purple formazan crystals were solubilised
with the addition of 100 pl solubilisation buffer containing 10 % sodium
dodecyl sulphate (SDS) in 0.01 M hydrochloric acid (HCI). The plates
were allowed to stand overnight at 37 °C, 5 % CO, for complete sol-
ubilisation of formazan crystals and the resulting purple solution was
analysed by measuring spectrophotometric absorbance of the formazan
product in the samples at 570 nm in a microplate reader (BMG Clair-
ostar, Ortenberg, Germany). The experiment was repeated three times
(n = 3), and half maximal inhibitory concentration (ICsp) values were
calculated for each PEA from the non-linear sigmoidal fits of the dos-
e-response curves.

2.6. Statistical analysis

The data were analysed in OriginPro, Version 2021b SR1 (OriginLab
Corporation, Northampton, MA, USA). All values are presented as mean
+ standard error of mean (SEM). P,,, data was tested for normality
using Shapiro-Wilk test and accordingly parametric or non-parametric
tests were used for further analysis. For a parametrically distributed
data, one-way ANOVA with post-hoc Bonferroni’s multi comparisons
test was used, while Kruskal-Wallis ANOVA with post-hoc Dunn’s
pairwise comparisons test was used for non-parametrically distributed
data. A p value < 0.05 was set as the threshold for statistical
significance.

3. Results
3.1. All three PEAs increased corneal permeability of DSP ex-vivo

PAc, FITC-TAT, and FITC-penetratin all showed significantly higher
permeabilities compared to fluorescein sodium controls across both
cornea and sclera in the permeability assays (Table 2 and Fig. 2(a)).
Among the three PEAs, FITC-penetratin had the highest corneal
permeability, up to 5 times higher (p < 0.0001) than the corneal Py, of
fluorescein after 60 min. All PEAs showed up to 2-fold higher (p < 0.05)

Table 2
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permeabilities across the sclera compared to fluorescein controls.
However, all the PEAs showed similar permeabilities amongst them
across the sclera. Though pAc and fluorescein’s scleral P, values were
almost double as compared to their corneal P,p, values, CPPs showed
slightly lower scleral permeabilities compared to their corneal
permeabilities.

All three PEAs — pAc, TAT, and penetratin, significantly increased the
corneal permeability of DSP in formulations in permeability assays
(Table 3 and Fig. 2(b)). TAT exhibited the most statistically significant
enhancement of DSP corneal uptake after 60 min at 6-fold (p = 0.0377),
pAc increased the DSP corneal permeability by 5-fold (p = 0.0130),
whereas penetratin showed the highest increase in mean value of DSP
corneal permeabilities by up to 7-fold higher (p = 0.9540). However,
there was no enhancement in scleral permeability of DSP with any of the
PEAs. DSP’s scleral P,pp with pAc and penetratin at 60 min was much
lower — almost half compared to the scleral Pp;, of DSP by itself, and its
scleral P,p, with TAT remained similar to its scleral Ppp by itself. The
scleral permeability of DSP itself was upwards of 10 times higher than its
permeability in the cornea. With pAc and penetratin, DSP’s scleral
permeability was almost similar compared to the permeability in cornea,
whereas its scleral permeability with TAT was almost double than the
corneal permeability.

3.2. Peas cause no irreversible damage to the barrier integrity of corneal
epithelium or epithelial tight junctions

TEER measurements on the corneal discs treated with PEAs and PBS
controls showed no significant differences in TEER over 60 min as
depicted in Fig. 3. In fact, control discs exhibited the maximum drop in
TEER values at 5.90 + 2.91 % from 181.62 + 22.52 Q.cm? at 0 min to
172.1 + 25.82 Q.cm? at 60 min, compared to drop in pAc tissues at 2.33
+ 0.58 % from 75.07 + 4.48 Q.cm? at 0 min to 73.38 + 4.8 Q.cm? at 60
min, in FITC-TAT at 2.66 + 0.36 % from 79.32 + 8.63 Q.cm? at 0 min to
77.24 + 8.56 Q.cm? at 60 min, and that of FITC-penetratin at 4.61 +
1.59 % from 93.16 + 4.29 Q.cm? at 0 min to 88.74 + 2.55 Q.cm? at 60
min. Immunostaining in the corneal sections with ZO-1 and occludin
showed characteristic staining of tight junctions in the apical cell layers
of corneal epithelium with all PEAs, and identical to PBS treated con-
trols, as shown in different panels in Fig. 4. There was no breakdown of
surface cellular layers at any point confirming that the integrity of the
corneal barrier is preserved.

3.3. PEAs exhibit safe levels of in-vitro tolerance in ARPE-19 cells at
clinically relevant concentrations

All the three PEAs were tolerated well in-vitro in ARPE-19 cell
toxicity assays, as evidenced in the dose response curves in Fig. 5. ICsg
values as calculated from these curves for pAc was 64.79 mM, for CPPs
TAT and penetratin it was 1335.45 pM and 87.26 uM respectively, which
was much higher than we used ex-vivo in all cases except penetratin.

P,pp (Mean + SEM) values for all PEAs and fluorescein from permeability assays, and ratios of means as a comparative analysis of permeability of PEAs to that of
fluorescein across cornea (n = 12/group) and sclera (n = 9/group). The statistical significance of the results is demonstrated by p values.

Compound Cornea (n = 12/group)

Sclera (n = 9/group)

Papp (Mean + Mean ratio to Fluorescein

p value (compared with

Papp (Mean + Mean ratio to Fluorescein ~ p value (compared with

SEM) Control fluorescein) SEM) Control fluorescein)
X 10* em/s X107* em/s
PAc (2.21 mg/ml; 1.09 £+ 0.18 2.69 <0.001 1.90 + 0.44 2.07 0.0195
19.36 mM)
FITC-TAT (100 puM) 1.72 + 0.13 4.24 <0.0001 1.68 + 0.28 1.84 0.01726
FITC-penetratin (100 2.01 + 0.06 4.94 <0.0001 1.84 +0.26 2.00 0.0035
uM)
Fluorescein (100 uM) 0.41 £+ 0.04 0.92 £+ 0.07
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Fig. 2. Mean & SEM Py, plots of PEAs (a) and DSP in formulation with PEAs (b) in cornea (n = 12/group) and sclera (n = 9/group) from permeability assays at 60
min. (a) All three PEAs show higher permeabilities across both cornea and sclera compared with fluorescein controls. In cornea and sclera respectively: pAc ~ 2.7X
(***p < 0.001) and = 2.1X (*p = 0.0195); FITC-TAT ~ 4.2X (****p < 0.0001) and ~ 1.8X (*p = 0.0173); FITC-penetratin ~ 4.9X (****p < 0.0001) and ~ 2X (**p =
0.0035). (b) All PEAs increase corneal uptake of DSP: pAc ~ 4.9X (*p = 0.0130); TAT ~ 6.2X (*p = 0.0377); Penetratin ~ 6.9X (p = 0.9540). However, there is no
enhancement observed in the uptake of DSP across sclera with any of the PEAs. NS = not significant.

Table 3
Calculated P,pp, values (Mean & SEM) of DSP alone and in formulations with different PEAs showing the comparative uptake across cornea (n = 12/group) and sclera
(n = 9/group) with all PEAs, as observed by the ratios of means of DSP P, with PEAs to the DSP P, by itself, and their statistical significance (p values) in enhancing

DSP uptake.

Formulation Cornea (n = 12/group)

Sclera (n = 9/group)

Papp (Mean + Mean ratio to DSP

p value (compared with

P.pp (Mean + Mean ratio to DSP p value (compared with

SEM) only DSP) SEM) only DSP)
X107 cm/s X 107° cm/s
DSP (10 mg/ml) 0.20 + 0.04 2.26 + 0.92
pAc (2.21 mg/ml) + DSP  1.01 + 0.33 4.93 0.0130 1.15 4+ 0.75 0.51 0.1451
TAT (100 uM) + DSP 1.26 + 0.68 6.18 0.0377 2.21 +1.74 0.98 0.0703
Penetratin (100 uM) + 1.41 + 0.74 6.88 0.9540 1.46 + 0.77 0.65 0.2697

DSP

4. Discussion

We aimed to increase DSP bioavailability in the posterior segment of
the eye after topical administration using PEAs as a delivery agent. We
showed that all three PEAs increased corneal permeability of DSP by
several fold over control formulations. We also showed that none of the
PEAs caused damage to the barrier integrity of the cornea by immuno-
histochemistry for tight junction proteins, including ZO-1 and occludin
and PEAs had no effect on ARPE-19 cell viability at clinically relevant
concentrations. These results suggest that PEAs increase DSP corneal
permeability after topical application and may be used clinically to in-
crease the bioavailability of DSP for the treatment of inflammatory
conditions in the eye.

Dexamethasone is a corticosteroid used primarily in eye drop for-
mulations to treat inflammation in the eye, particularly after cataract
surgery (Karasu et al., 2022). However, it is practically insoluble in
aqueous systems, which limits its use for topical ophthalmic adminis-
tration (Shen et al., 2021). Dexamethasone’s hydrophilic prodrug — the
sodium-phosphate ester, DSP, is poorly permeable and hence efforts to
overcome this limitation have been explored to allow local drug
administration in posterior segment disease. For example, intravitreal
implants of dexamethasone (Ozurdex) have been developed and used to
treat diabetic macular oedema and macular oedema secondary to retinal
vein occlusion and posterior uveitis, however, this requires intravitreal

implantation and hence is an expensive treatment option, with a risk of
complications that may worsen patients’ vision (Massa et al., 2019).

Intracanalicular implants have also been tested for sustained release
of dexamethasone to the ocular surface (Lee and Blair, 2020; Walters
et al., 2015). In clinical trials, one-off intracameral delivery of dexa-
methasone was preferred by patients undergoing cataract surgery and
proved to be effective at reducing pain, inflammation, and thus
improved visual acuity (Hovanesian and Donnenfeld, 2022). However,
topical delivery of dexamethasone remains the most versatile, cheapest,
and patient-friendly option for long-term treatment. Recent efforts in
this regard have resulted in development of cyclodextrin — dexametha-
sone inclusion complexes micro-suspension which has been validated to
achieve a therapeutic bioavailability of dexamethasone to the posterior
segment by topical eye-drop instillation in an in-vivo animal model
(Johannsdottir et al., 2018), showed significant improvement in patients
with diabetic macular oedema in a phase II randomised controlled trial
(RCT) (Stefansson et al., 2023), and is currently in phase III clinical trial
(“Oculis | Oculis Announces First Patient First Visit in Phase 3
OPTIMIZE-2 Trial of OCS-01 for the Treatment of Inflammation and Pain
Following Cataract Surgery,” n.d.).

To measure the permeability of our PEAs and DSP formulations ex-
vivo across cornea and sclera, we employed a novel diffusion model
using porcine eye tissues owing to easy availability as a meat industry
excess and overwhelming anatomical similarities with human eye
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Fig. 3. Plots representing (a) TEER values and (b) percentage change in TEER (mean + SEM; n = 3/PEA) over 60 min of application of PEAs on corneal surfaces in
assays. The drop in TEER values for all PEAs is lower than that of PBS controls. NS = not significant.
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Z0-1
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FITC-Penetratin
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Fig. 4. Confocal micrographs of cross sections of corneas at 200X magnification stained with ZO-1 and occludin after permeability assays showing corneal epithelium
(E) and stroma (S). Tight junctions between the superficial stratified squamous epithelial cells with flat nuclei are stained in red for ZO-1 and occludin in the 2-3
apical layers of corneal epithelium as shown by white arrows. No staining was observed in either wing or basal cell layers in the epithelium. FITC conjugated CPPs
and fluorescein also show a green-fluorescent layer on the top indicating surface retention of PEAs, however no such fluorescence was seen in deeper layers within
epithelium or further down in stroma and endothelium. DAPI stained nuclei in blue; scale bar 50 um; n = 3 sections per PEA.

compared to other non-primate mammals. Porcine corneas are only
slightly thicker than human corneas (Blanch et al., 2012; Faber et al.,
2008), and the epithelium also has 1-2 extra cell layers (Ehlers, 1970)
whereas porcine sclera is double in thickness to human sclera but has
exactly similar composition and histology (Nicoli et al., 2009). Nor-
mally, drugs applied to the ocular surface are instantly cleared, showing
a 100 % surface elimination within a maximum 15-20 min (Balla et al.,
2022), thus limiting its precorneal residence time and bioavailability.
Our rapid assay miniaturised model of permeability is favourable for
shorter durations. The model only uses a 5 mm biopsy of the tissue
instead of whole cornea or sclera (Begum et al., 2021, 2020), thus
reducing the need for tissue and multiplexing its use by maximising the
throughput in a 96-well microplate subscribing to the 3Rs principles of
animal research (Graham and Prescott, 2015; Sneddon et al., 2017) and
the FDA modernisation act 2.0 (Stewart et al., 2023). PEAs were trans-
ported across both cornea and sclera at a rate much faster than

fluorescein controls, with P,p,, values up to 5 times higher in cornea and
2X in sclera, however there were no differences between the corneal and
scleral permeabilities of PEAs except for pAc.

Transport of CPPs across lipophilic and negatively charged corneal
epithelium would necessarily be through transcellular means following
either energy dependent endocytic pathways or passive direct trans-
location or a combination of both depending upon the concentration
(Duchardt et al., 2007; Lindgren et al., 2004; Lundin et al., 2008;
Richard et al., 2003), aided by their cationic and amphipathic nature,
while hydrophilic stroma and endothelium should ideally offer no hin-
derance. A negatively charged and hydrophilic fluorescein sodium dye
would be blocked transcellularly and only show low paracellular
transport across the cornea due to its small molecular size, as is
consistent with our results. However, the sclera does not have distinct
cell layers but instead is an aqueous matrix of collagen fibre bundles
with embedded fibroblasts and negatively charged proteoglycans, and



A. Thareja et al.

(a) -+ pAc

-
(=3
o

@
o

2]
o

H
o

% Viability of ARPE-19 cells + SEM
]
S

|

0
20 15 1.0 -05 00 05 1.0
logyo(Concentration (mM)) of pAc

% Viability of ARPE-19 cells + SEM

15 20 25

International Journal of Pharmaceutics 660 (2024) 124305

() - TAT
100 , - Penetratin
80 :
60
40
20 ; {
0 E

15 1.0 05 00 05 1.0 15 20 25 3.0
log,,(Concentration (uM)) of CPPs

Fig. 5. Dose response curves of (a) pAc and (b) CPPs TAT and penetratin showing percentage viability of ARPE-19 cells (Mean + SEM; n = 3/PEA) against logio
concentration range of PEAs, from which ICso values were calculated to evaluate their tolerance in-vitro. Dotted lines denote the concentrations used for ex-vivo

permeability measurement.

the permeability would depend on molecular weight and hydrodynamic
radius of PEAs making their way through this matrix (Ambati et al.,
2000; Trier, 2005; Wen et al., 2013), supporting the higher Py, of
fluorescein across sclera compared to cornea whereas CPPs having a
larger molecular radius show similar P,p), in cornea and sclera. However,
an amphiphilic pAc with a much smaller size would not face any resis-
tance across sclera.

Permeability of DSP across the cornea was enhanced more than 6
times in combination with PEAs. DSP being a hydrophilic ester of
dexamethasone, with a water/octanol partition coefficient (log P) value
of 0.54 as opposed to 2.12 for dexamethasone, showed very low Py,
values across cornea by itself, as it is obstructed by the corneal epithe-
lium and paracellular transport is limited due to molecular size, but,
hydrolysis of some of DSP into dexamethasone alcohol by phosphatase
enzymes on corneal surface would result in transcellular transport of
lipophilic dexamethasone, which would then be limited by the corneal
stroma (Baeyens et al., 1997; Civiale et al., 2004; Weijtens et al., 2002).
Therefore, there is also a difficulty in simultaneously estimating the
concentrations of DSP and dexamethasone in the receptor chamber,
depending upon the rate of hydrolysis, which needs to be addressed in
future pharmacokinetic studies.

However, a very high aqueous solubility of DSP would ideally cancel
some of the hydrophilic limitations on permeability, as suspension
particles are cleared much more quickly from the ocular surface
(Schoenwald and Ward, 1978). pAc would ideally conjugate with DSP
through the formation of an acyl hydrazone following dynamic covalent
chemistry and DSP release can be triggered by hydrolysis of the acyl
hydrazone at an acidic pH in endosomes in case of endocytic uptake
(Priegue et al., 2018; Ulrich, 2019). It is worth noting here that the CPPs
are not covalently conjugated to DSP rather simply mixed to complex
with DSP by non-covalent interactions and it has been shown that CPPs
are highly effective in binding to a variety of cargoes non-covalently and
transporting them across cells without hampering the uptake efficacy of
complexes by avoiding any chemical modification of the drug which
preserves its pharmacological activity and does not cause unintended
clearance, and this is also sometimes the preferred mode of combining
cargoes to CPPs as it broadens the scope for their use (Hu et al., 2009;
Keller et al., 2013).

The non-corneal route of drug transport to the posterior segment
through conjunctiva-sclera-choroid has been suggested to contribute a
major chunk of bioavailability in retina and other tissues, especially for
hydrophilic drugs (Ahmed and Patton, 1987; Hughes et al., 2005), thus
it was important to test for scleral permeability alongside cornea. As was
evident from our results, we observed no enhancement in DSP transport
across sclera with any of the PEAs, and all of them showed lower Py, of
DSP compared to DSP itself — up to half its original value. At the same

time, DSP on its own had a 10 times higher permeability across sclera
compared to cornea because an aqueous sclera does not limit the
transport of hydrophilic molecules. Moreover, it can be deduced that
PEAs likely inhibited DSP penetration across sclera due to the formation
of a complex of size much bigger than the radius of DSP, following that
transport across sclera is dependent on the size of the molecules as a
small molecule DSP would travel much faster across the scleral matrix
than a larger PEA-DSP complex. It is important to note that in this study
we have only used sclera ex-vivo after removing the vascular layers of
conjunctiva and choroid, however the non-corneal absorption is limited
by clearance via lymphatics and vasculature of conjunctiva and choroid,
and further blocked by the tight retinal pigment epithelium (RPE) and
Bruch’s membrane (Ahmed and Patton, 1987; Ranta et al., 2010; Rob-
inson et al., 2006). Therefore, future studies should use a combined
barrier system of conjunctiva-sclera-choroid.

Finally, TEER and immunostaining showed that none of the PEAs
caused any damage or structural toxicity to the corneal barrier integrity,
as TEER is a very sensitive electrophysiological indicator of barrier
function of corneal epithelium (Kusano et al., 2010), while ZO-1 and
occludin are cytoplasmic and transmembrane proteins respectively that
constitute tight junctions between adjacent cells in the superficial layers
of corneal epithelium and protect the barrier by regulating and
restricting the paracellular transport of any foreign molecule (Ban et al.,
2003; Contreras-Ruiz et al., 2012; Sugrue and Zieske, 1997). CPPs are
often feared for inducing toxicity by causing cell membrane perturba-
tions and leakage by pore formation (Eiriksdottir et al., 2010; El-
Andaloussi et al., 2007). However, our results showed no disruption to
the structure of cell membranes of superficial epithelial cells by PEAs,
and therefore, the cellular resistance was maintained in the apical layer
of corneal epithelium. This was also corroborated by the ICso values
obtained from MTT assays on ARPE-19 cell line in-vitro, and any future
in-vivo work could use a range of concentrations of PEAs below the
obtained values. However, since the CPPs used in MTT assays were non-
labelled, as opposed to FITC labelled ones in penetration assays, they
might show different toxicities in either case, as fluorophore labelling
can also affect the cytotoxicity of CPPs by modulating the net charge and
hydrophobicity of the CPP (Birch et al., 2017).

5. Conclusion

The PEAs tested, including penetratin, TAT, and pAc, are all capable
of improving the corneal permeability of DSP by several fold and hence
DSP bioavailability in the posterior segment of the eye should be
increased significantly after topical application. This would help reduce
frequent intraocular injections and a higher treatment compliance by
potentially allowing self-administered treatments for posterior segment
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degenerative and inflammatory conditions. Though even after corneal
penetration, there are multiple other physiological dynamic barriers to
overcome before reaching the retina, the increased corneal permeability
of hydrophilic drugs combined with the bioavailability from non-
corneal transport would significantly increase the total drug penetra-
tion in the posterior segment. We have presented a more versatile
alternative platform for topical ocular drug delivery to the retina using
simple mixing of PEAs with drugs without the need of chemical modi-
fications as compared to the more complicated synthesis and surface
modification of nanoparticulate drug delivery systems. At the same
time, it is evident from our work that these PEAs do not induce in-vitro
cytotoxicity and do not cause any damage to the defensive barrier
property of cornea ex-vivo, which is a common occurrence with nano-
particles. Further studies would be required to determine the thera-
peutic efficacy, safety, and pharmacokinetics-pharmacodynamics (PK/
PD) of the formulations in-vivo in animal models. This proof of concept
can then be used to deliver similar small molecule drugs and even
macromolecular biologics to the posterior segment that can currently
only be delivered through invasive intraocular administration.
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