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Editorial

Nanoparticles in Ocular Drug Delivery Systems
Hugo Almeida 1,2,3,* and Ana Catarina Silva 1,2,4,*

1 UCIBIO (Research Unit on Applied Molecular Biosciences), REQUIMTE (Rede de Química e Tecnologia),
MEDTECH (Medicines and Healthcare Products), Laboratory of Pharmaceutical Technology,
Department of Drug Sciences, Faculty of Pharmacy, University of Porto, 4050-313 Porto, Portugal

2 Associate Laboratory i4HB-Institute for Health and Bioeconomy, Faculty of Pharmacy, University of Porto,
4050-313 Porto, Portugal

3 Mesosystem Investigação & Investimentos by Spinpark, Barco, 4805-017 Guimarães, Portugal
4 FP-BHS (Biomedical and Health Sciences Research Unit), FP-I3ID (Instituto de Investigação, Inovação e

Desenvolvimento), Faculty of Health Sciences, University Fernando Pessoa, 4249-004 Porto, Portugal
* Correspondence: hperas5@hotmail.com (H.A.); anacatsil@gmail.com (A.C.S.)

Conventional ophthalmic formulations lack a prolonged drug release effect and mu-
coadhesive properties, decreasing their residence time in the precorneal area and, therefore,
in drug penetration across ocular tissues, presenting low bioavailability with a conse-
quent reduction in therapeutic efficacy. These limitations are related to the physiological
mechanisms of the eye. To increase the residence time in formulations on the surface of
ocular tissues and increase their ability to penetrate these tissues, different strategies can be
used, namely, the use of viscosifying agents, mucoadhesive polymers, stimuli-responsive
polymers, microparticles, and colloidal carriers (e.g., micelles, liposomes, nanosuspensions,
nanoemulsions, and polymeric and lipid nanoparticles).

We are delighted to present the latest research and review works reporting on the
use of nanoparticles and other nanosystems in ophthalmic formulations to increase the
bioavailability of drugs, improving their therapeutic efficacy. The articles selected for this
Special Issue are the following:

1. “Development of Triamcinolone Acetonide Nanocrystals for Ocular Administra-
tion” [1].

2. “Design, Characterization and Pharmacokinetic–Pharmacodynamic Evaluation of
Poloxamer and Kappa-Carrageenan-Based Dual-Responsive In Situ Gel of Nebivolol
for Treatment of Open-Angle Glaucoma” [2].

3. “Cannabidiol Loaded Topical Ophthalmic Nanoemulsion Lowers Intraocular Pressure
in Normotensive Dutch-Belted Rabbits” [3].

4. “Enhanced Ocular Anti-Aspergillus Activity of Tolnaftate Employing Novel Cosolvent-
Modified Spanlastics: Formulation, Statistical Optimization, Kill Kinetics, Ex Vivo
Trans-Corneal Permeation, In Vivo Histopathological and Susceptibility Study” [4].

5. “Photodisruption of the Inner Limiting Membrane: Exploring ICG Loaded Nanoparti-
cles as Photosensitizers” [5].

6. “Linoleic Acid-Based Transferosomes for Topical Ocular Delivery of Cyclosporine
A” [6].

7. “Ciprofloxacin-Loaded Zein/Hyaluronic Acid Nanoparticles for Ocular Mucosa De-
livery” [7].

8. “Physicochemical and Stability Evaluation of Topical Niosomal Encapsulating
Fosinopril/γ-Cyclodextrin Complex for Ocular Delivery” [8].

9. “Recent Progress in Chitosan-Based Nanomedicine for Its Ocular Application in
Glaucoma” [9].

10. “Ocular Delivery of Therapeutic Proteins: A Review” [10].
11. “Bioprinted Membranes for Corneal Tissue Engineering: A Review” [11].
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12. “Fluorescent Nanosystems for Drug Tracking and Theranostics: Recent Applications
in the Ocular Field” [12].

The selected articles highlight the use of nanotechnology in ophthalmic formulations
to encapsulate molecules with different therapeutic applications, including antibiotics,
anti-inflammatory drugs, natural compounds, and proteins. The use of nanosystems in
different approaches, such as theranostics and nanobubbles, is also presented, showing
their potential for ocular application.

We would like to take this opportunity to thank all the authors and reviewers for their
incredible work. Without their contribution, it would not be possible to publish this Special
Issue with such high scientific quality. We hope that the readers of this Special Issue enjoy
these articles, and that they will serve as a starting point for further research and/or review
articles, thus contributing to scientific discovery and progress in this field.

Funding: The Applied Molecular Biosciences Unit—UCIBIO—which is financed by national funds
from Fundação para a Ciência e a Tecnologia—FCT—(UIDP/04378/2020 and UIDB/04378/2020),
supported this work.

Conflicts of Interest: The authors declare no conflict of interest.
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Article

Development of Triamcinolone Acetonide Nanocrystals for
Ocular Administration
María Lina Formica 1 , Hamoudi Ghassan Awde Alfonso 1 , Alejandro Javier Paredes 2 , María Elisa Melian 3,
Nahuel Matías Camacho 1, Ricardo Faccio 4 , Luis Ignacio Tártara 1 and Santiago Daniel Palma 1,*

1 Unidad de Investigación y Desarrollo en Tecnología Farmacéutica (UNITEFA), CONICET and Departamento
de Ciencias Farmacéuticas, Facultad de Ciencias Químicas, Universidad Nacional de Córdoba, Ciudad
Universitaria, Córdoba 5000, Argentina

2 School of Pharmacy, Queen’s University Belfast, 97 Lisburn Road, Belfast BT9 7BL, UK
3 Área de Farmacología, Departamento de Ciencias Farmacéuticas—CIENFAR, Facultad de Química,

Universidad de la República (Udelar), Av. General Flores 2124, Montevideo 11800, Uruguay
4 Área Física, Departamento de Experimentación y Teoría de la Estructura de la Materia y sus

Aplicaciones—DETEMA, Facultad de Química, Universidad de la República (Udelar),
Av. General Flores 2124, Montevideo 11800, Uruguay

* Correspondence: sdpalma@unc.edu.ar

Abstract: Triamcinolone acetonide (TA) is a powerful anti-inflammatory drug used in the treatment
of inflammatory ocular disorders; however, its poor aqueous solubility and ocular anatomical barriers
hinder optimal treatment. The aim of this work was to obtain triamcinolone acetonide nanocrystals
(TA-NC) to improve ocular corticosteroid therapy. Self-dispersible TA-NC were prepared by the bead
milling technique followed by spray-drying, exhaustively characterized and then evaluated in vivo
in an ocular model of endotoxin-induced uveitis (EIU). Self-dispersible TA-NC presented an average
particle size of 257 ± 30 nm, a narrow size distribution and a zeta potential of −25 ± 3 mV, which
remained unchanged for 120 days under storage conditions at 25 ◦C. In addition, SEM studies of
the TA-NC showed uniform and spherical morphology, and FTIR and XRDP analyses indicated no
apparent chemical and crystallinity changes. The subconjunctival administration of TA-NC in albino
male white rabbits showed no clinical signs of ocular damage. In vivo studies proved that treatment
with self-dispersible TA-NC alleviated the inflammatory response in the anterior chamber and iris in
EUI rabbit eyes. Dispersible TA-NC are a promising approach to obtaining a novel nanometric TA
formulation for ocular disorders.

Keywords: triamcinolone acetonide; nanocrystals; ocular inflammation; corticosteroids; media milling

1. Introduction

Corticosteroids are widely used drugs in the treatment of several inflammatory ocu-
lar disorders, such as diabetic macular edema (DME), retinal vein occlusion, age-related
macular degeneration (AMD) and uveitis [1]. Corticosteroids act by inhibiting inflamma-
tion primarily through interaction with glucocorticoid receptors. Although these drugs
are considered effective, the duration of their therapeutic effect is conditioned by their
pharmaceutical dosage form, the route of administration and their potential side effects.
Topical ocular administration is the route of choice for patients; however, less than 5% of
the instilled drug is usually absorbed in the ocular tissue, and a minimal amount usually
reaches the posterior segment, limiting the treatment of posterior segment pathologies. On
the other hand, systemic administration of corticosteroids requires high doses to achieve
therapeutic levels of the drug in the eye, which can be accompanied by severe systemic
side effects [2].

In this way, the intravitreal administration of corticosteroids as a depot of drug sus-
pensions is usually used to allow effective concentrations in the back of the eye. However,
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in chronic pathologies, frequent injections are required, which are associated with risks of
retinal detachment, endophthalmitis and intravitreal haemorrhage. In addition, chronic
treatment with corticosteroids may lead to increased intraocular pressure and predispose to
the development of cataracts. A biodegradable intravitreal implant loaded with a corticos-
teroid has been developed to overcome these drawbacks and allow sustained drug release.
Nevertheless, it presented some limitations associated with its administration technique
and high cost [3].

Among other corticosteroid therapies, ocular injections of triamcinolone acetonide (TA)
are used as an effective and low-cost treatment for different ocular diseases [4,5]. Topical
administration of TA to the inner part of the eye is problematic due to ocular barriers
and drug properties such as low solubility in body fluids and limited permeability [6].
However, intravitreal or periocular administration of TA increases its delivery to the
vitreous cavity, providing prolonged drug action related to a depot effect [7,8]. Thus, the
available FDA-approved formulations of TA are applied intravitreally, such as Triescence™-
Alcon Research, Ltd. and Trivaris™-Allergan, Inc. Mainly in developing countries, other
formulations based on the intravenous suspension of TA are still administered by ocular
routes as off-label drugs for the treatment of inflammatory processes of ocular diseases
such as DME, uveitis and ADM, among others. Although injectable TA suspension is
widely used by clinical ophthalmologists, it presents certain limitations associated with its
particle size and preservatives in its formulation, which may hinder its administration and
cause ocular discomfort [9]. Therefore, the development of new therapeutic strategies of
TA for ocular application is interesting due to its proven efficacy, low cost and the broad
range of pathologies for which it is prescribed. Moreover, the limitations related to its route
of administration, inclusion in pharmaceutical forms and the need of an effective ocular
delivery, must be resolved.

Ocular delivery systems based on nanotechnology have proven to be effective and
safe for ocular drug delivery. Different nanotechnological strategies have been developed
to obtain TA delivery systems for ocular applications such as liposomes [10], lipid nanocap-
sules [11], nanostructured lipid carriers [12], microneedles [13] and nanoemulsions [14].
Beyond the fact that these strategies have shown promising results for the ocular delivery
of TA, the availability of simpler formulations that allow TA to be maintained as a low-cost
therapeutic option is much needed. Hence, the formulation of nanocrystals (NCs) is an
interesting strategy to obtain simple nanotechnology-based pharmaceutical formulations
that can be prepared by simple and scalable processes.

Drug NCs are solid particles of a drug of nanometric size, typically between 200
and 500 nm [15], surrounded by a stabilizing layer. Usually, stabilizers are amphiphilic
surfactants or polymers. NCs can be produced from nanosuspensions (NSs) of drugs, in
which nanometric particles of the drug are dispersed in an aqueous medium that can be
removed to obtain the NCs as solid nanoparticles.

NCs provide a higher drug dissolution rate, saturation solubility and adhesiveness [16,17].
These physicochemical features allow for improved bioavailability and therapeutic effi-
cacy [18]. Our research group has been working on the development of NC formulations
that demonstrate improved biopharmaceutical and pharmacokinetic behaviour of poorly
water-soluble drugs via several administration routes [19,20]. Taking into account the above
considerations on the need for the development of TA formulations and the advantages of
NCs, this work aimed at the development of triamcinolone acetonide nanocrystals (TA-NC)
as a novel therapeutic strategy for ocular TA administration. Thus, self-dispersible TA-NC
were prepared by media milling followed by spray-drying. Exhaustive physicochemical
analyses were performed to characterize the NC, and in vivo studies using albino rabbits
were carried out to evaluate the therapeutic efficacy of TA-NC compared to an injectable
suspension commonly used off-label for ocular application.
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2. Materials and Methods
2.1. Materials and Reagents

The micronized form of triamcinolone acetonide (mTA) with a purity of 99.5% was
purchased from Pura Quimica® (Córdoba, Argentina). Poloxamer 188 (P188) was provided
by Rupamel S.R.L (Buenos Aires, Argentina), a sales agent of BASF. Ultrapure water was
obtained from Water Purification System (HF-Super Easy Series, Heal Force, Shanghai,
China). Escherichia coli lipopolysaccharide (LPS) was purchased from Sigma-Aldrich®.
Zirmil® Yttrium-stabilized zirconium beads of 0.1 mm size (Saint-Gobain ZirPro, Köln,
Germany) were used as a collision agent in the milling process. All other chemicals were
extra pure grade and used without further purification.

2.2. Preparation of Triamcinolone Acetonide Nanosuspensions (TA-NS)

Triamcinolone acetonide nanosuspensions (TA-NS) were prepared by the wet bead
milling (WBM) technique as described previously [19] using a NanoDisp® laboratory-
scale mill (NanoDisp®, Córdoba, Argentina). Briefly, mixtures of mTA and P188 were
homogenized in a porcelain mortar for 5 min and ultrapure water was added gradually
up to 100 mL to form suspensions. The drug suspensions and 0.1 mm zirconia beads (25%
v/v) were then placed in the milling chamber and processed at 1600 rpm for 120 min at a
fixed temperature of 15 ◦C by the circulating cold water with a Thermo Haake® compact
refrigerated circulator (Thermo Fisher Scientific, Waltham, MA, USA). The processed
samples were evaluated in terms of average particle size (APS) and polydispersity index
(PDI) every 30 min. An experimental mixture design was carried out to evaluate the
influence of the component ratio of the TA-NS on the colloidal properties. Table 1 shows
the ratio of mTA and P188 in the experimental mixture design formulations with a total
solids content of 2% w/v (NS1-NS5). In turn, wet milling of a TA-NS with a total solid
content of 6% w/v (NS6) composed of TA and P188 with a mass ratio of 1:1 was prepared
by WBM with the same process parameters to evaluate the colloidal properties at a higher
solids concentration.

2.3. Preparation of Dried Dispersible Triamcinolone Acetonide Nanocrystals

After the WBM process, the water in the TA-NS was immediately removed by spray-
drying using a Büchi B-290 mini spray-drier (Büchi Labortechnik AG, Flawil, Switzerland)
equipped with a dehumidifier module, using a two-fluid nozzle with a cap orifice diameter
of 1.5 mm. The drying process was carried out with the following set conditions: inlet
temperature of 45 ◦C, atomizing air flow rate of 600 L/h, pump speed of 2 mL/min and
aspiration at 30 m3/h. In addition, slow magnetic stirring was kept constant during the
drying process. The dried powders were weighed to determine the process yield and
moisture and stored at 4–8 ◦C and room temperature (25 ◦C) under dry conditions.

2.4. Process Yield and Moisture Content

The process yield percentage (PY%) after water removal was calculated by the follow-
ing equation:

PY (%) =
A
B
× 100 (1)

where A is the solids weighed of TA-NC recovered after drying and B is theoretical initial
solids (mTA and P188 weighed), considering the initial dry mixture of powders (drug and
P188) as the theoretical 100%.

The moisture of the dried redispersible TA-NC was measured immediately after
the removal of water using a halogen heating autoanalyzer (Ohaus M45®, Greifensee,
Switzerland) at 90 ◦C.
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2.5. Physical Mixture Preparation

A physical mixture (PM) between broken granules of P188 and mTA was prepared as
a control for physicochemical characterization in a mass ratio of 1:1 of both components.
Briefly, mTA and P188 were mixed and ground in a porcelain mortar.

2.6. Physicochemical Characterization of NC-TA

Samples from the milling process, TA-NS and dried TA-NC, were analyzed in terms
of APS, PDI and zeta potential (ZP) using a Zetasizer NanoSerie DTS 1060 (Malvern Instru-
ments S.A., Worcestershire, UK) at 25 ◦C in triplicate. Previously, a small fraction (spatula
tip) of the dried TA-NC was dispersed in 5 mL of ultrapure water at room temperature. In
addition, dried powders were stored at room temperature (~25 ◦C), while the redispersed
TA-NC nanosuspensions were stored at both room temperature (~25 ◦C) and 4 ◦C for
30 days. The following parameters were evaluated at different time points: macroscopic
aspects (aggregate formation and colour changes), APS, PDI and ZP.

2.7. Scanning Electron Microscopy (SEM)

Images of mTA, PM and dried TA-NC were taken with FE-SEM Σigma (ZEISS,
Oberkochen, Germany). Powdered samples were deposited in an aluminum well and
sprayed with chromium prior to morphological analysis. Magnification ranges between
500 and 10,000× were used.

2.8. Fourier Transform Infrared Spectroscopy (FTIR)

Powdered samples of mTA, PM, P188 and dried TA-NC were analyzed by FTIR using
a Nicolet FTIR 5-SXC® Infrared Spectrophotometer. Four clean-up scans were performed
with a threshold of 0.002; 40 background signal scans were made in a spectral range of
650–4000 cm−1 and with a deuterated triglycine sulfate detector.

2.9. Differential Scanning Calorimetry (DCS) and Thermogravimetry (TGA)

For DSC analysis, powdered samples of mTA, PM and TA-NC were deposited in
aluminum pans and examined at a heating rate of 10 ◦C/min in the temperature range
between 10 and 305 ◦C using a Discovery DSC 25P instrument (TA Instruments, New Castle,
DE, USA) under a dynamic N2 atmosphere (50 mL/min). The DSC cell was calibrated with
indium (mp 156.6 ◦C; ∆Hfus = 28.54 J/g). TGA analysis was performed under the same
established conditions in the temperature range of 10–350 ◦C and a dynamic N2 atmosphere
(50 mL/min) at a heating rate of 10 ◦C/min using a TGA instrument (Discovery HP TGA,
TA Instruments, New Castle, DE, USA).

2.10. X-ray Powder Diffraction (XRPD)

Powder samples of mTA, P188, PM and TA-NC were examined in terms of crystallinity
using a Rigaku Miniflex X-ray powder diffractometer (Rigaku, Tokyo, Japan) with CuKα

radiation (λ = 1.5418 Å) operating at 40 kV, 15 mA and utilizing a D/tex Ultra2 1D detector.
Measurements were carried out in the scan mode over a 2θ range from 2◦ to 60◦ with a step
size of 2θ = 0.01◦ and a speed of 5◦/min.

2.11. Confocal Raman Microscopy

Confocal Raman microscopy was performed using WITec Alpha 300-RA confocal
Raman microscopy equipment (WITec, Ulm, Germany). The excitation laser wavelength
corresponded to λ = 532 nm and the nominal power was adjusted to 45 mW to avoid sample
decomposition. Raman spectra of the pure components were obtained by averaging a set of
100 spectra with an integration time of 0.512 s for each spectrum. Two-dimensional confocal
Raman microscopy images of the PM and TA-NC samples were collected at random
locations of 150 × 150 µm areas with 50 × 50 point grids defining the bitmap image
(2500 pixels). Individual Raman spectra were collected for each pixel in the selected areas
with an integration time of 0.112 s. The spectrometer operating with 600 lines/mm grating
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allowed us to obtain spectra with a resolution of ~4 cm−1 in the range of 70–4000 cm−1. All
images were collected at an optical resolution limit of ~300 nm. True component analysis
was used to map the spatial distribution of mTA and P188 in the PM or TA-NC samples
using ProjectFive 5.1 Plus software (WITec, Ulm, Germany).

2.12. Drug Saturation Concentration

Excess amounts of mTA, PM and dried dispersible TA-NC were added to tubes
containing 1 mL of simulated tear fluid (pH = 7.4) and they were placed in a water bath
and shaken at 37 ◦C. Afterward, they were centrifuged (2990× g, 5 min and 37 ◦C) and
the supernatants were collected and filtered (0.45 µm PVDF membrane). Then, drug
concentration was determined by U-Vis. Different time intervals (0.25, 0.5, 0.75, 1, 2, 4, 6,
24, 48 and 72 h) were evaluated in triplicate.

2.13. Animals

Male albino white rabbits (weight, 2.0–2.5 kg) were treated according to the guidelines
of the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Every
effort was made to reduce the number of animals used. All experimental procedures were
approved by the Institutional Animal Care and Use Committee (CICUAL) of the Facultad
de Medicina, Universidad Nacional de Córdoba (School of Medical Sciences, National
University of Cordoba) (No. 44/2017).

2.14. Ocular Tolerance and Irritation Test

Ocular irritation tests were performed using male albino white rabbits (n = 10). Five
rabbits were injected subconjunctivally with a dispersible TA-NC suspension (40 mg/mL,
50 µL) in the right eyes, while 50 µL of normal saline solution (NSS) was applied as a
control in the left eyes. Fiver other rabbits were subconjunctivally injected with 50 µL of
Fortcinolona® 40 suspension (40 mg/mL) in the right eyes, while the left eyes were observed
as normal eyes. Clinical signs of damage in the anterior and posterior segments in response
to treatments were evaluated using a slit lamp (Huvitz HIS5000, Anyang-si, Gyeonggi-
do, Republic of Korea) and indirect ophthalmoscopy by an experienced ophthalmologist.
Furthermore, the integrity of the corneal epithelium was checked by fluorescein staining.

2.15. Endotoxin-Induced Uveitis (EIU)

For the preclinical evaluation of TA-NC, we used an EIU rabbit model based on
others reported in the literature [21,22], which was previously optimized and adapted
in our laboratory [11]. All rabbits were topically anesthetized with 0.5% proparacaine
hydrochloride ophthalmic solution and then injected with 60 µL of LPS (Sigma-Aldrich®,
Darmstadt, Germany) 1 ng/µL via the intravitreal route using a 30G needle. After 1 h of
model induction, the groups of animals were injected subconjunctivally (50 µL) with a single
dose as follows: I) a dispersible TA-NC suspension (40 mg/mL) (n = 8), II) Fortcinolona®

40 (40 mg/mL) (n = 8) and III) NSS, the control group of the EUI model (n = 8). The clinical
signs of the different groups were compared with IV) normal animals (n = 8) that were
neither subjected to the EUI model nor given any treatment. Before determining the clinical
signs of different groups, 0.5% topical tropicamide (Alcon Mydril™-Alcon Inc., Fort Worth,
TX, USA) and topical anesthesia (0.5% proparacaine hydrochloride ophthalmic solution)
were applied to all animals. Two masked experienced ophthalmologists examined the
animals by slit-lamp and binocular indirect ophthalmoscopy (Heine small pupil) using
a 20D lens (VOLK, Mentor, OH, USA) after 24, 48 and 72 h of the EIU model induction.
A clinical inflammation scoring criterion was used to assess the severity of EIU, which
took into account the anterior chamber flare, Tyndall effect by anterior chamber cells,
fibrine deposits and iris vessel congestion. The anterior chamber flare and Tyndall effect
of anterior chamber cells were valued between 0 and 8, while the other parameters were
scored between 0 and 4 for each parameter.
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Moreover, the aqueous humour fogging in the anterior chamber (flare) was quantified
using ImageJ® software (64-bit, Java 8) from ocular photographs taken with Canon EOS
Rebel T6 coupled to the slit lamp and calculated as the difference between the mean
grey of the corneal light reflection and the anterior camera in each group of animals. An
optically cut section of the eye was optically obtained from a very thin parallelepiped
slice (3 × 3 mm) of the cornea with a slit lamp microscope (16×) using a 45-degree angle
between the illumination and viewing paths. Then, the aqueous humour transparency
percentage (AHT%) in the anterior chamber was calculated by the following equation,
considering that this difference from mean grey in normal rabbits corresponds to 100%:

AHT% =
D
E
× 100 (2)

where D is the aqueous humour fogging of animals after induction of the EIU model and
E is the aqueous humour fogging of normal rabbits (baseline response). In addition, the
intraocular pressure (IOP) was measured with a calibrated digital ICARe® tonometer.

2.16. Statistical Analysis

For each parameter, ANOVA analysis was performed using Minitab®18 software or
Prism-GraphPad, together with the Tukey pairwise comparison, and both ANOVA and
Tukey’s mean comparison analysis results were expressed as mean values ± standard
deviation (SD). p < 0.05 was considered to be statistically significant.

3. Results
3.1. Preparation of TA-NS and Dispersible TA-NC

In order to obtain self-dispersible TA-NC, the preparation of TA-NS was first studied.
TA-NS were successfully obtained by the WBM technique with the set processing condi-
tions. In order to evaluate the influence of the component ratio of mTA and P188 on the
colloidal properties and stability, TA-NS were prepared with different ratios of drug and
stabilizer between 0.250 and 1.725%. The results of the experimental mixture design for the
preparation of TA-NS (NS1-NS5) with a total solids content of 2% w/v are shown in Table 1.

Table 1. Composition and colloidal parameters of triamcinolone acetonide nanosuspensions (TA-NS)
and self-dispersible triamcinolone acetonide nanocrystals (TA-NC) obtained by bead milling and
spray-drying, respectively.

Solid Components of
TA-NS TA-NS after Wet Milling Dispersed TA-NC after Spray-Drying

TA-NS TA
(%)

P188
(%)

TSC
(%)

Size
(nm) PDI ZP

(mV) TA-NC Size
(nm) PDI ZP

(mV) PY % MC%

NS1 1.750 0.250 2 250.5 ± 3.2 0.14 ± 0.03 −30.6 ± 0.7 NC1 757.8 ± 13.7 0.52 ± 0.10 −21.0 ± 0.7 51.9 1.28
NS2 1.375 0.625 2 305.3 ± 7.8 0.15 ± 0.03 −25.1 ± 0.5 NC2 326.6 ± 4.2 0.260 ± 0.003 −24.8 ± 0.2 62.2 1.38
NS3 1 1 2 231.8 ± 2.9 0.12 ± 0.02 −25.9 ± 0.3 NC3 260.1 ± 1.6 0.18 ± 0.09 −26.1 ± 0.4 69.2 1.18
NS4 0.625 1.375 2 234.8 ± 2.0 0.12 ± 0.02 −27.2 ± 0.3 NC4 260.1 ± 2.5 0.15 ± 0.02 −25.2 ± 0.9 69.5 1.16
NS5 0.250 1.750 2 312.9 ± 8.3 0.21 ± 0.02 −32.8 ± 0.1 NC5 232.3 ± 1.2 0.14 ± 0.05 −29.9 ± 0.6 68.5 1.57

NS6 3 3 6 274.7 ± 45.8 0.15 ± 0.05 −28.3 ± 3.4 NC6 257.3 ± 30.5 0.15 ± 0.08 −24.9 ± 2.9 60.0 1.26

Abbreviations: APS: Average particle size; MC%: Moisture content percentage; PDI: Polydispersity index; PY%:
Process yield percentage; TSC: Total solids content; ZP: Zeta potential.

Despite the composition of the formulation tested, a decreasing trend in particle size
and PDI was observed with increasing milling times as shown in Figure 1A. After 2 h of
milling at the set parameters, all TA-NS formulations exhibited a particle size below 350 nm
and a PDI below 0.2. A decrease in APS was observed in TA-NS with a high proportion of
P188 and a low proportion of TA. NS3 and NS4 presented the lowest particle sizes, around
232 nm. Regarding PDI, it seems to decrease with increasing stabilizer concentration up
to 1.375% as in NS1 to NS4, while it is the highest in NS5. All PZ values were negative,
between −30 and −25 mV, appearing to increase in terms of absolute values with high
stabilizer concentration.
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Subsequently, the colloidal stability of different TA-NS under storage conditions at
25 ◦C was studied. As shown in Figure 1B, there is a progressive increase in the APS
and PDI in all nanosuspensions, which doubled their value in the first 2 h and reached
micrometric size after 24 h under this storage condition. Based on these results, water
removal from TA-NS by the spray-drying process was carried out.

3.2. Dispersible TA-NC

Through the spray-drying process under the established parameters, different dried
TA-NC (NC1, NC2, NC3, NC4 and NC5) were efficiently obtained from the respective
TA-NS (NS1, NS2, NS3, NS4 and NS5). The spray-drying process yield of different TA-NS
was higher than 50%, reaching values of 70% for TA-NC obtained from NS3, NS4 and NS5.
Moreover, the moisture content of powder TA-NC was lower than 2%.

Table 1 shows the colloidal parameters of different dried TA-NC in terms of APS,
PDI and ZP after dispersion in water. The dried TA-NC prepared with the TA-NS with a
high proportion of P188 and a low proportion of TA showed lower APS and PDI and a
higher negative ZP in terms of absolute value. Thus, the aqueous dispersed NC1 prepared
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from the TA-NS with only 0.250% of P188 showed an APS of 758 ± 14 nm and a high
polydispersity (PDI = 0.52), presenting a large difference with the parameters of the starting
nanosuspension (NS1). On the contrary, the NC5 prepared from the TA-NS with 1.725% of
stabilizer exhibited an APS of 232 ± 1 nm and a narrow size distribution (PDI = 0.14), lower
than that of the starting nanosuspension (NS5). Regarding the aqueous dispersed NC3
and NC4 prepared from TA-NS with stabilizer concentrations between 1.000 and 1.375%
(NS3 and NS4, respectively), both showed an APS of 260 nm, slightly differing (around
30 nm) from the TA-NS (before the spray-drying process). Similarly, water-dispersed NC3
and NC4 exhibited a narrow size distribution, remaining with a PDI below 0.2 after the
spray-drying process of NS3 and NS4.

Moreover, all dried TA-NC showed satisfactory aqueous self-dispersion, even those
with a high proportion of drug and a low proportion of P188, while faster homogeneous
self-dispersion occurs with an increasing amount of stabilizer (Figure 2). As a control, mTA
dispersion in ultrapure water was tested under the same experimental conditions, which
was not achieved. As illustrated in Figure 2, NC3 containing the same ratio of drug and
stabilizer seems to exhibit the most homogeneous powder self-dispersion.
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Figure 2. Illustrative images of the aqueous self-dispersion of the powdered TA-NC at 0, 15, 30 and
60 s.

Next, the stability of the different TA-NC stored at room temperature at different times
was examined by measuring the particle size after dispersion in water (Figure 3). The
TA-NC with the lowest stabilizer concentration exhibited a particle size difference of at
least 100 nm between the different studied times after its dispersion in water. In contrast,
no significant changes were observed in the APS of the TA-NC with high stabilizer concen-
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tration (NC3, NC4 and NC5) after 24 h of its aqueous dispersion. Considering the APS and
PDI of TA-NS and dispersible TA-NC, colloidal stability and the use of minimum stabilizer
concentration required in ocular pharmaceutical technologies, the TA-NC containing the
same ratio of drug and stabilizer (1:1) was selected for further experiments.
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In order to evaluate the preparation of TA-NC from a TA-NS with a higher total
solids content (6%) by the described WBM process followed by spray-drying, a drug
nanosuspension (NS6) composed of TA and P188 at a mass ratio of 1:1 was prepared.
Compared to NC3, which had the same mass ratio with a lower total solids content, NC6
presented slight differences in terms of APS, PDI, ZP and moisture content. Moreover, the
previous TA-NS (NS6) presented a comparable size reduction during the milling process
resulting in nanoparticles around 275 nm and a PDI lower than 0.2, both slightly higher
than those shown by NS3. Therefore, the preparation of TA-NC from the nanosuspension
of the drug with a three-fold solids content is feasible at the tested concentrations of TA
and P188 with a mass ratio of 1:1.

Subsequently, NC6 dispersed in ultrapure water and stored at 4 ◦C and 25 ◦C remained
stable for thirty days in terms of APS, PDI and ZP under both storage conditions, showing
no significant changes compared to initial values (Figure 3B,C). No macroscopic changes in
appearance were observed at the end point of the study. For its part, the dry dispersible
NC6 powder retained its APS for at least 120 days under storage at room temperature, as
observed in Figure 3D,E.

The formulation corresponding to the dispersible TA-NC obtained from the TA-NS
with TA and P188 with a mass ratio of 1:1 was selected to continue with further studies
since it showed low APS, a narrow size distribution and low moisture content and was
obtained with a high yield from the spray-drying process. In turn, previous TA-NS also
exhibited low APS, a narrow size distribution and a lower rate of size increase under room
temperature storage conditions after the milling process.

3.3. Scanning Electron Microscopy (SEM)

SEM study performed at 500× and 3000× magnification revealed that TA-NC are
homogeneously distributed (Figure 4A) and presented spherical shapes with smooth
surfaces (Figure 4B). Under 10,000×, TA-NC were observed to present a rougher surface
and were distributed in microclusters of particle sizes around 1 µm (Figure 4C). In contrast
to TA-NC, under 500× magnification, no distinct powder particles were observed in the
mTA sample (Figure 4D), while at higher magnification (10,000×), particles distributed in
heterogeneous macroclusters between 5 and 20 µm were observed (Figure 4B). In addition,
PM showed heterogeneous aggregates of mTA and P188 between 5 and 50 µm (Figure 4F).
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12



Pharmaceutics 2023, 15, 683

3.4. Fourier Transform Infrared Spectroscopy (FTIR)

An FTIR spectrometry study was used to analyze the chemical interactions in the
chemical structure of the TA-NC and whether there were chemical interactions between the
drug and the stabilizer. Figure 5 shows that mTA and TA-NC presented typical infrared
absorption bands around 3392 cm−1 associated with the O–H stretching vibration and
around 1700 cm−1 related to the C–O aliphatic ketone present in the TA molecule. In turn,
it showed a band at 2950 cm−1 that corresponds to the C–H vibrations. Moreover, in the
FTIR spectra of mTA and TA-NC, characteristics peaks of TA were observed, such as bands
around 1120 cm−1 corresponding to the asymmetric axial deformation of C–O–C bond in
aliphatic esters and the peak around 1056 cm−1 corresponding to C–F stretching of the
halogenated ring [13,23].
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In addition, P188 showed absorption bands around 2900 cm−1, 1500 cm−1 and
1300 cm−1 corresponding to the aliphatic chains of the molecule, which were clearly observ-
able in the FTIR spectrum of TA-NC, but with lower intensity. Furthermore, no substantial
wavenumbers shifts or additional peaks were observed in the FTIR spectrum of TA-NC.
All these results indicate that no detectable chemical interactions between TA and P188
occurred during the preparation process.

3.5. Differential Scanning Calorimetry (DCS) and Thermogravimetry (TGA)

In order to evaluate the thermal properties of TA-NC, DSC and TGA studies were
carried out. As shown in Figure 6A, pure mTA presented a characteristic sharp endothermic
peak at 293.9 ◦C associated with the melting point of this drug in the anhydrous crystalline
state [23], while pure P188 exhibited a sharp endothermic melting peak at 52.9 ◦C. Moreover,
the TGA study showed that the weight loss of all samples was negligible between 25 and
250 ◦C, indicating a low moisture content, as also demonstrated above (Table 1). As shown
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in Figure 6B, mTA exhibited more than a 50% weight loss between 260 and 350 ◦C, while
P188 showed a high weight loss between 300 and 400 ◦C (80%). Comparing the DSC and
TGA thermograms, the results indicate that the melting of TA occurs simultaneously with
its decomposition.
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In relation to TA-NC, the DSC thermograms exhibited, on the one hand, a well-defined
peak at 52.6 ◦C corresponding to the melting point of P188 and, on the other hand, an
endothermic event at 291.9 ◦C associated with TA, which appears as a poorly defined peak,
less intense in terms of endothermic units and slightly shifted in relation to mTA. In the
PM sample, endothermic events related to the melting point of the stabilizer and the drug
were also observed. Both TA-NC and PM showed a mass loss after the 250 ◦C range in the
TGA study, also evidencing the decomposition of the drug. No significant differences or
new peaks associated with glass transition or recrystallization were observed between the
DSC thermograms of the TA-NC and the PM.
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3.6. X-ray Powder Diffraction (XRPD)

XRPD analysis was carried out to confirm the crystalline state of dried TA-NC. XRPD
patterns of mTA, P188, PM and TA-NC are illustrated in Figure 7. Pure mTA exhibited
distinctive sharp peaks at 2θ angles of 9–22◦ and 24–32◦, specifically at 9.7◦, 14.4◦, 17.4◦,
19.7◦, 24.5◦ and 30◦, indicating the typical crystal structure of the drug [24,25]. On the other
hand, P188 presented less crystalline characteristics, with only two main peaks located at 2θ
angles of 19.0◦ and 23.1◦. In relation to XRPD patterns of PM and TA-NC, the characteristic
peaks of mTA were found in both samples, indicating that the drug remained in crystalline
form after the preparation process. Taking into consideration these outcomes with the
thermal behaviour observed by DSC, it was concluded that the crystalline structure of TA
was largely preserved and neither amorphization nor the formation of polymorphs resulted
after bead milling. In reference to the excipient P188, small changes occurred during the
PM and TA-NC preparation, evidenced by small changes in the relative intensities of the
main two peaks. Nevertheless, the crystallinity of P188 remained almost nonaltered during
the preparation of both formulations.
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3.7. Confocal Raman Microscopy

Confocal Raman spectroscopy was very useful to analyze the formulations in the solid
state and to evaluate the distribution of components in the TA-NC and PM samples. The
Raman analysis of the pure components helped to identify characteristic Raman signals of
mTA (most notably ~1670 cm−1) and P188 (~841 cm−1), both signals are important because
of their intensity and negligible overlap of signals from both components. The Raman
spectra of the pure components are shown in Figure 8B.

The mapping images of the PM and TA-NC samples are shown in Figure 8A,C,
respectively. True component analysis (WITec, ProjectFive 5.1 Plus software) of the PM
allowed us to identify two different principal components, corresponding to the drug and
stabilizer. This reconstructed image (Figure 8A) shows areas where either pure P188 or
TA are detected with extensions in the range of ~50 µm and some small areas where the
two components are present. On the other hand, the chemical topographic mapping image
of the TA-NC sample showed a highly homogeneous distribution of both TA and P188
(Figure 8C), where the spectra collected for each pixel were virtually identical and exclusive
areas of the polymer or drug cannot be detected. The mean spectrum of all pixels is shown
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in Figure 8D. From these results, we can conclude that TA-NC is highly homogeneous, at
least at the resolution of the confocal Raman microscope (~300 nm for an excitation laser
operating at lambda = 532 nm).
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3.8. Drug Saturation Concentration

The drug saturation concentration in aqueous media of TA-NC was performed and
compared with PM and mTA to evaluate the influence of reducing the particle size on the
saturation concentration of TA. The results revealed that TA-NC presented a forty-fold
higher drug saturation concentration in a simulated tear fluid than mTA (Figure 9). After
incubation at 37 ◦C, the TA-NC reached a drug saturation concentration of 745 ± 41 µg/mL,
while the mTA and PM showed a drug saturation concentration of only 18 ± 1 µg/mL and
11.1 ± 0.3 µg/mL, respectively.

3.9. Ocular Tolerance and Irritation Test

Figure 10 shows rabbit eyes 24 h after the administration of NSS, TA-NC and Fortcinolona®

40. Clinical signs after subconjunctival administration of water-dispersed TA-NC (2 mg)
were examined by slit-lamp and binocular indirect ophthalmoscopy. The study revealed the
absence of corneal damage, opacity, conjunctival chemosis, conjunctival redness, vitreous
haze and retinal damage in all rabbits after 24 h, 48 h, 72 h and 1 week of formulation
administration. No conjunctival irritation was observed in any of the groups. Comparable
results were observed after subconjunctival administration of NSS and Fortcinolona® 40 at
a comparable dose to TA-NC. A group of normal animals was used to compare possible

16



Pharmaceutics 2023, 15, 683

injection-associated alterations. In addition, no apparent lesions were observed in the
cornea epithelium by fluorescein staining for either treatment (Figure 10A–C). On the other
hand, a delimited deposition of the drug Fortcinolona® 40 could be observed in Figure 10E,
while TA-NC seems to be deposited diffusely (Figure 10F).
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Figure 10. Images of fluorescein staining after 24 h of subconjunctival administration of (A) normal
saline solution, (B) Fortcinolona® 40 and (C) aqueous dispersible TA-NC to evaluate corneal damage.
Images of conjunctiva rabbit eye after 24 h of subconjunctival administration of (D) normal saline
solution, (E) Fortcinolona® 40 and (F) aqueous dispersible TA-NC to evaluate conjunctiva redness.

3.10. In Vivo Therapeutic Efficacy of TA-NC in EIU Model

The in vivo anti-inflammatory efficacy of aqueous dispersible TA-NC was assessed in
an EIU rabbit model. As was described above, evaluation of clinical signs revealed maximal
intraocular inflammation after 24 h of ocular application of endotoxin. Figure 11A shows
the combined mean clinical inflammation score based on clinical signs for the different
groups of animals. Rabbits injected with NSS showed clinical inflammatory signs such as
conjunctival redness and congestion of iris vessels, protein and fibrin deposits in the cornea
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and crystalline lens, significant anterior chamber cells (Tyndall effect) and aqueous humour
flares. Moreover, IOP decreased after model induction in comparison with baseline IOP
in all groups of animals injected with LPS. In contrast, animals injected with an aqueous
dispersion of TA-NC significantly alleviated the inflammatory response in the anterior
chamber and iris after 24, 48, and 72 h of application compared with animals injected with
NSS. Fortcinolona® 40 significantly alleviated clinical inflammatory signs relative to the
NSS-injected group after 24 h of model induction; however, no significant differences were
observed in clinical scores between these groups after 48 and 72 h. Therefore, TA-NC proved
to be the most effective anti-inflammatory treatment under the conditions evaluated.
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Figure 11. Evaluation of therapeutic efficacy of TA-NC. (A) Clinical inflammation score of rabbits
treated with normal saline solution (NSS), TA-NC and Fortcinolona® 40 after 24 h, 48 h and 72 h of
EUI model in comparison to normal animals. (B) Representative photographs taken with slit lamp of
the anterior chamber of normal eye and eyes exposed to EIU in vivo model (induced by LPS) after
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24 h of subconjunctival treatment with NSS, Fortcinolona® 40 and TA-NC. (C) Aqueous humour
transparency percentage (AHT%) of the rabbit eye after 24, 48 and 72 h of EIU in vivo model and
subconjunctival treatment with NSS (n = 8), Fortcinolona® 40 (n = 8) and TA-NC (n = 8) in comparison
with normal eyes (n = 8). AHT% was calculated from the difference in the mean grey between the
corneal light reflection and the anterior chamber. Results are presented as means ± SEM for all groups.
A two-way ANOVA test was used, and a significant difference was considered to be: * p < 0.05;
** p < 0.005; *** p < 0.001; and **** p < 0.0001 in relation to the group of normal eyes. The symbols
# p < 0.05, ## p < 0.005, ### p < 0.001, #### p < 0.0001 and && p < 0.005, &&& p < 0.001 are used to
refer to significant differences in relation to the NSS group and Fortcinolona® 40 group, respectively.

In uveitis, aqueous humour fogging (flare) in the anterior chamber and the Tyndall
effect are the main clinical signs of this ocular disorder, being directly proportional to the
observed inflammation. These clinical signs are caused by protein leaking from inflamed
blood vessels and cellular infiltration from inflammation of the iris and ciliary body. They
can be visualized in the red pupil fondus at maximum slit lamp light intensity. As displayed
in Figure 11B, in photographs obtained by a camera attached to the slit lamp, increased
fogging was observed in the aqueous humour of the anterior chamber of animals exposed
to LPS and injected with NSS. As a brief description of the sagittal optic section of the
eye exhibited in the photographs, the cornea is on the right, the anterior chamber is in the
centre and the crystalline lens is on the left. In normal eyes, the aqueous humour in the
anterior chamber appears transparent, not showing any type of opacity and reflecting the
normal red colour of the eye fundus. After 24 h of LPS injection, foggy aqueous humour
was observed in the eyes of animals with uveitis and injected with NSS, whereas less
fogginess of the aqueous humour was observed when the eyes were treated with TA-NC or
Fortcinolona® 40.

The degree of anterior chamber inflammation exhibited in the slit lamp images and
aqueous humour fogging of the anterior chamber were analyzed by Image J software and
quantified as the mean grey difference between the corneal light reflex and the anterior
chamber. The calculated AHT% relative to the basal mean grey difference of the normal eye
(which corresponds to 100%) is shown in Figure 11C. The significantly greater AHT% in
the TA-NC-treated eye compared with NSS reveals a significant attenuation of the aqueous
humour fogging after administration of the nanoparticulate formulation. In contrast, the
AHT% in the Fortcinolona® 40-treated eye did not show a significant difference relative
to NSS. Thus, TA-NS clearly attenuated ocular inflammation in the animals after the EUI
model, with a lower clinical inflammation score and achieving greater aqueous humour
transparency. Moreover, TA-NC presented a superior effect relative to Fortcinolona® 40,
demonstrating greater therapeutic efficacy in this in vivo model of ocular inflammation.

4. Discussion

TA is a synthetic glucocorticoid widely used as a first-line treatment for several ocular
pathologies due to its anti-inflammatory and immunomodulatory effects and low cost. Nev-
ertheless, the TA suspensions commonly used as off-label ophthalmic medicines present
certain limitations, mainly associated with their particle sizes, excipients and administra-
tion routes. The development of novel therapeutic formulations to improve the ocular
efficacy of TA, especially those requiring lower doses and less frequent administration and
presenting fewer drug side effects, would be extremely useful. In this regard, the design
of an NC-based TA formulation with simple composition obtained by a scalable process
is proposed. Thus, a self-dispersible TA-NC was developed as a therapeutic strategy for
ocular application produced by WBM followed by the spray-drying process.

The WBM is a top-down method for obtaining NSs that has demonstrated certain
advantages associated with the simplicity of the formulation and the ease of scaling up the
process and, which is widely accepted by the pharmaceutical industry [26]. In a previous
work of our research group, the preparation of NSs of poorly soluble drugs by WBM was
studied by exploring different process parameters, showing that the increase in microsphere
concentration, high motor speed and low solids content lead to smaller particle sizes and
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PDI [19]. In this work, an experimental mixture design for the preparation of TA-NS with a
total solids content of 2% w/v was performed to evaluate the ratio of drug and stabilizer
using high motor rotation frequencies (1600 rpm) and higher bead content (25%). After 2 h
of milling, all TA-NS formulations showed a nanometric particle size of less than 350 nm
with a narrow size distribution (PDI less than 0.2). A decrease in APS was observed in
TA-NS with a high proportion of P188 and a low proportion of TA, which could be related
to the higher availability of P188 to exert steric stabilization between drug particles due to
its capacity to bind to their solid surface [27]. TA-NS with P188 concentrations between
1.000 and 1.375% w/v (NS3 and NS4, respectively) showed an APS around 230 nm and
PDI = 0.12, while higher APS and PDI were observed with higher stabilizer concentration
and lower drug concentration (NS5), which could be related to higher viscosity during
the milling process and lower particle breakage efficiency [27]. As described, drug and
stabilizer content can influence particle size reduction by media milling.

All TA-NS showed negative surface potentials, which appeared to increase in ab-
solute values with high stabilizer concentration. The decline in zeta potential related to
the increasing concentration of P188 could be attributed to the formation of a sterically
stabilized polymeric layer. Although TA-NS presented ZP values around −25 mV, an
adequate parameter of colloidal stability, APS and PDI were studied after the media milling
process. As already described, the formation of nanosized particles creates high-energy
surfaces, which can lead to aggregation and Ostwald ripening if stabilization is not at an
efficient level. According to the Lifshitz−Slyozov−Wagner theory, in a system where small
particles are in equilibrium with larger particles, the overall size and size distribution will
increase over time [28]. Thus, a progressive increase in their APS and PDI was observed
after 2 h under storage conditions at 25 ◦C, reaching micrometric sizes after 24 h. Therefore,
it was determined that the removal of aqueous media from TA-NS by spray-drying should
be performed immediately after bead milling.

Spray-drying is a one-step process that allows the obtainment of a powder from a
liquid. The operating parameters were selected considering the process yield achieved
for dry NC composed of P188 based on previous research [19], which has been shown to
provide a “cryoprotectant effect” for low solids concentrations [29]. Thus, the spray-drying
process of different TA-NS showed a process yield of up to 70%, obtaining powders with
a moisture content below 2%. In relation to particle size, TA-NC with a low amount of
drug and high concentration of stabilizer showed a decrease in APS and PDI after aqueous
self-dispersion, remaining without significant changes for at least 24 h and presenting a
slight difference (~30 nm) with respect TA-NS before spray-drying. Likewise, TA-NC with
equal amounts of drug and stabilizer (1% w/v) exhibited a particle size of 260 nm and a
narrow size distribution, resulting in the most useful formulation with which to continue
the study since it allowed the obtainment of nanometric sizes without requiring low drug
content and high stabilizer content. In this way, it would be possible to minimize the
stabilizer concentration as is required in ocular pharmaceutical formulations and, at the
same time, ensure complete redispersion of the powders obtained after spray-drying.

In addition, the dispersed TA-NC obtained from TA-NS with a higher total solids
content (6%) composed of TA and P188 in a 1:1 ratio (NC6) presented a comparable size
and PDI to TA-NC with the same composition and a lower total solids content (2%). As
described, stabilization is necessary for the formation of NC as well as for long-term
formulation stability during storage. The study of the colloidal stability of NC6 after
aqueous self-dispersion revealed that it retains its APS, PDI and ZP at room temperature
and 4 ◦C for at least 30 days, which is the maximum recommended usage time for all
ophthalmic formulations once opened; while self-dispersible TA-NC powder remained
stable in terms of these assessed parameters at least 120 days.

Concerning the physicochemical characterization of TA-NC, it was revealed that the
manufacturing process did not affect the drug properties. TA-NC presented a spherical
shape with smooth surfaces, as usually observed for spray-dried powders, and a homoge-
neous size distribution according to SEM studies, in agreement with results observed for
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other NCs obtained by WBM and spray-drying processes [19]. Additionally, Raman studies
revealed a highly homogeneous distribution of both TA and P188 in TA-NC, which is in line
with the analyses of other NCs composed of P188 and obtained by the same process [30].
In addition, no detectable chemical interactions between TA and P188 were observed by
FTIR. In turn, XRPD studies revealed that the crystalline structure of TA was largely pre-
served and that neither amorphization nor polymorph formation occurred after obtaining
the TA-NC, while no new peaks associated with glass transition or recrystallization were
observed by DSC studies.

Among the main properties of NCs associated with the reduction in the drug particle
size to the nanometric range, the increase in surface area is a key factor leading to a faster
saturation of the dissolution layer around the particles when they are exposed to the solvent
for dissolution and, consequently, to an increase in the dissolution rate, according to the
Noyes–Whitney equation [31]. In turn, the increase in drug saturation concentration related
to the increase in the curvature and dissolution pressure of the drug from the NC makes a
more significant amount of dissolved molecules of the drug compound available [32,33].
Thus, the increased drug saturation concentration of TA-NC was demonstrated, reaching
concentration values at least forty times higher in a simulated tear fluid than mTA and PM.
Interestingly, TA-NC showed a higher increase in drug saturation concentration than those
achieved for lyophilized TA nanosuspensions in other works [13].

Moreover, the satisfactory self-dispersion exhibited by TA-NC could contribute to
achieving a drug saturation concentration faster, since particle separation allows exposure
of the enlarged surface to aqueous media. In this way, a better spread of particles was
observed in the subconjunctival space after subconjunctival injection of dispersed TA-
NC compared to Fortcinolona® 40, which forms a defined deposit in the injection site.
Adequate particle dispersion could explain this satisfactory spread of particles after ocular
administration of TA-NC, which, together with the low particle size, facilitated the injection
of the formulation.

Regarding ocular tolerance, the self-dispersible TA-NC did not cause ocular damage
after in vivo administration in rabbits, proving to be safe for subconjunctival application.
In turn, TA-NC attenuated the clinical signs of the inflammatory response in the in vivo
model of EIU, thereby demonstrating its therapeutic efficacy. As the results showed, TA-NC
significantly alleviated the inflammatory response in the anterior chamber and iris after 24,
48 and 72 h of subconjunctival injection compared with the group administered with NSS.
In turn, it did not show statistically significant differences with the normal eyes after 48 h of
injection. Interestingly, the group of animals injected with the commercial TA Fortcinolona®

40 exhibited a significant therapeutic effect on the clinical inflammatory signs relative to
the NSS group only after 24 h of its administration and showed statistically significant
differences after 24 and 48 h compared with normal eyes. Therefore, TA-NC proved to be
the most effective anti-inflammatory treatment under the conditions evaluated.

As described previously, fogging of aqueous humour in the anterior chamber may
clinically reflect the degree of inflammation in uveitis. In our study, a single dose of
dispersed TA-NC significantly decreased the fogginess, which could be related to the low
particle size, easy spread and increased drug saturation concentration. In turn, TA-NC
exhibited a superior effect on fogginess attenuation than Fortcinolona® 40 at the same
dose, which could be explained by the higher drug saturation concentration that allows a
larger amount of available dissolved molecules to exert a pharmacological effect. Similarly,
the demonstrated therapeutic efficacy of TA-NC was achieved in this in vivo model by
testing half the dose typically used for injection of TA nanosuspensions [34–37] such
as off-label Fortcinolona® 40 in the clinical treatment of ocular inflammations such as
uveitis. Thus, TA-NC could result in a promising approach to administering lower doses of
corticosteroids or decreasing the frequency of administration of the therapeutic scheme.
Considering the side effects associated with chronic corticosteroid treatments, such as
elevated intraocular pressure and cataract formation as well as those related to frequent
intraocular injections, the administration of a lower effective dose of injectable TA is a key
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achievement. Therefore, TA-NC can be considered a promising alternative in the ocular
delivery of TA with demonstrated in vivo efficacy.

5. Conclusions

This work addressed the design of a novel alternative for the treatment of ocular
inflammatory disorders. A novel self-dispersible TA-NC was developed by bead milling
followed by spray-drying, a method widely used in the pharmaceutical industry that
allows the obtainment of self-dispersible powders with a narrow particle size distribution,
lower moisture content and a high process yield. In turn, the self-dispersible TA-NC
powder remained nanometric-sized for at least 120 days under storage conditions at room
temperature, while the aqueous dispersed TA-NC for at least 30 days, the maximum
recommended use time for all ophthalmic formulations once opened. Furthermore, a
single subconjunctival administration of TA-NC was safe for ocular use and significantly
mitigated clinical signs of inflammatory response in the in vivo model at a lower dose
of TA than that typically applied in clinical practice. Therefore, self-dispersible TA-NC
represents a new approach for ocular use for the treatment of inflammatory processes of
various ocular disorders.
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Abstract: This study developed a dual-responsive in situ gel of nebivolol (NEB), a selective
β-adrenergic antagonist. The gel could achieve sustained concentrations in the aqueous humor
to effectively treat glaucoma. The gel was prepared using a combination of poloxamers (Poloxamer-
407 (P407) and Poloxamer-188 (P188)) and kappa-carrageenan (κCRG) as thermo-responsive and
ion-sensitive polymers, respectively. Box–Behnken design (BBD) was used to optimize the effect of
three critical formulation factors (concentration of P407, P188 and κCRG) on two critical response
variables (sol-to-gel transition temperature of 33–35 ◦C and minimum solution state viscosity) of the
in situ gel. A desirability function was employed to find the optimal concentrations of P407, P188 and
κCRG that yielded a gel with the desired sol-to-gel transition temperature and solution state viscosity.
An NEB-loaded gel was prepared using the optimized conditions and evaluated for in vitro drug
release properties and ex vivo ocular irritation studies. Furthermore, ocular pharmacokinetic and
pharmacodynamics studies were conducted in rabbits for the optimized formulation. The optimized
NEB-loaded gel containing P407, P188 and κCRG had a sol-to-gel transition temperature of 34 ◦C
and exhibited minimum viscosity (212 ± 2 cP at 25 ◦C). The optimized NEB-loaded gel sustained
drug release with 86% drug release at the end of 24 h. The optimized formulation was well tolerated
in the eye. Ocular pharmacokinetic studies revealed that the optimized in situ gel resulted in higher
concentrations of NEB in aqueous humor compared to the NEB suspension. The aqueous humor Cmax

of the optimized in situ gel (35.14 ± 2.25 ng/mL) was 1.2 fold higher than that of the NEB suspension
(28.2± 3.1 ng/mL), while the AUC0–∞ of the optimized in situ gel (381.8± 18.32 ng/mL*h) was 2 fold
higher than that of the NEB suspension (194.9 ± 12.17 ng/mL*h). The systemic exposure of NEB
was significantly reduced for the optimized in situ gel, with a 2.7-fold reduction in the plasma Cmax

and a 4.1-fold reduction in the plasma AUC0–∞ compared with the NEB suspension. The optimized
gel produced a higher and sustained reduction in the intra-ocular pressure compared with the NEB
suspension. The optimized gel was more effective in treating glaucoma than the NEB suspension
due to its mucoadhesive properties, sustained drug release and reduced drug loss. Lower systemic
exposure of the optimized gel indicates that the systemic side effects can be significantly reduced
compared to the NEB suspension, particularly in the long-term management of glaucoma.

Keywords: ocular drug delivery; nebivolol; open-angle glaucoma; in situ gel; Box Behnken design;
Poloxamer-407; kappa-carrageenan

1. Introduction

Glaucoma is a cluster of chronic, progressive optic neuropathies that manifests as
an increase in intra-ocular pressure leading to damage of the optic disc and eventually
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impairing vision [1]. Glaucoma is the second most common cause of blindness globally.
The major risk factor for the onset of primary open-angle glaucoma (POAG) is elevated
intraocular pressure (IOP) [2]. The main cause of elevated IOP in the anterior chamber
of the eye is an ocular drainage system malfunction, which results in blockage and re-
sistance to aqueous humor outflow [3]. Currently, β-blockers account for approximately
70% of all prescriptions for treatment of POAG. This is due to their effectiveness and
mechanism of competing with catecholamines for β-2 adrenoreceptors in the ciliary epithe-
lium and decreasing aqueous humor production [4]. However, the non-selective nature
of first-generation β-blockers leads to systemic side effects raising concern for long-term
management of POAG [5]. Though the second-generation β-1 cardio-selective agents like
betaxolol offer a better systemic safety profile as compared to the existing first-generation
β-blocking agents, they still suffer from some systemic side effects [6].

Nebivolol (NEB), a third-generation novel selective β-adrenolytic drug, has an unique
mechanism of facilitating nitric oxide release that plays a role in the L-Arginine/NO/cGMP
pathway, which provides neuroprotective properties while modulating aqueous humor
drainage from the trabecular meshwork [7]. These dual mechanisms of lowering IOP as well
as providing neuroprotection offer an advantage in the long-term management of POAG [8].

Ophthalmic drops (solutions/suspensions) are the most popular and convenient drug
products available for the treatment of ocular diseases. Ophthalmic drops are easy to
administer, non-invasive and produce high patient compliance, particularly in ocular
diseases which require long-term, multi-dose administration of the drug. Ocular drug
delivery is riddled with many challenges due to various physiological, anatomical and
enzymatic barriers. These challenges become increasingly difficult as the target site for drug
distribution and action moves from superficial layers (layers of cornea/conjunctiva) of the
eye to the inner tissue of the eye (iris/ciliary body/vitreous humor). In the management of
POAG using conventional ophthalmic drops, the ocular bioavailability for many drugs is
very minimal (around 5–10%) while the systemic exposure is very high (50– 90%) [9,10].

An in situ gel is an ideal choice for ocular drug delivery because of its ability to undergo
rapid sol-to-gel transition via temperature/pH/ion stimuli [11]. Due to its solution state, it
is easy to administer while maintaining dose accuracy. Following administration, the in
situ gel form a viscous gel which helps in retaining the drug at the surface of the cornea
and provides intimate contact with the cornea. In addition, drug dilution by lachrymal
fluids and drug loss due to naso-lachrymal drainage is significantly reduced by the viscous
gel. This results in higher ocular availability and lower systemic absorption of the drug.

Several synthetic and natural polymers were investigated for their in situ gelling
properties based on various stimuli such as temperature, ions and pH [12–14]. In glaucoma,
there is dysfunction in aqueous humor circulation leading to variation in the pH and
temperature at the precorneal area [15,16]. Therefore, it is crucial to design an ocular in
situ gel that can be triggered by more than one stimuli as well as provide mucoadhesive
characteristics to sustain drug release for effective management of glaucoma [17].

Poloxamer-407 (P407) is a synthetic thermo-responsive polymer. It is a triblock copoly-
mer, consisting of a central hydrophobic polyoxypropylene (PPO) chain and two lateral
hydrophilic polyoxyethylene (PEO) chains. P407 has 70% of PEO and 30% of PPO in its struc-
ture [18]. It exhibits thermo-responsive characteristics in the concertation range of 18–22%
w/v. The temperature-induced gelation of P407 is due to the hydrophobic interaction of its
copolymer chains. As temperature increases, the copolymer chains start aggregating to form
a micellar structure, which is the initial step of gelation [19]. However, the gels produced are
of low viscosity. Poloxamer-188 (P188) is added to increase the viscosity of the gels formed
by P407. P188 has 80% of PEO and 20% of PPO in its structure. P188 produces viscous gels
with good mucoadhesive characteristics even at lower concentrations. Therefore, most of the
thermo-responsive in situ gels use a combination of P407 and P188 [20].

Carrageenan (CRG) is a long, linear polysaccharide containing D-galactose and D-
anhydro-galactose disaccharide repeating units with anionic sulphate groups. Three dif-
ferent grades of CRG are available depending on the number of sulphate groups attached
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to the disaccharide repeating units. In kappa-carrageenan (κCRG), there is only one sul-
phate group attached to the disaccharide repeating units. The aqueous solutions of κCRG
exhibit ion-sensitive in situ gelling properties in the presence of monovalent ions (such as
Na+ and K+) [21,22]. κCRG can be combined with P407 + P188 to design dual-responsive
ocular in situ gels for effectively delivering drugs towards the inner tissues of the eye. In
addition, κCRG, when combined with P407 + P188, forms strong hydrogen bonds with
their micellar structure and reinforces the gel structure (Figure 1), resulting in higher gel
strength, improved mucoadhesion and slower gel erosion [23,24].
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Figure 1. Illustration showing the possible gel matrix formed by the NEB-loaded dual-responsive in
situ gel at 34 ◦C in presence of STF (containing K+ ions).

In the current research, we designed and optimized an NEB-loaded dual-responsive
in situ gel using a mixture of P407 + P188 (as thermo-responsive polymer) and κCRG (as
ion-sensitive polymer). The optimized formulation was characterized for mucoadhesion,
in vitro drug release and ex vivo ocular toxicity. The ocular pharmacokinetic and pharma-
codynamic studies were conducted in New Zealand white rabbits to determine the efficacy
of the optimized dual-responsive in situ gel in comparison to the NEB suspension.

2. Materials and Methods
2.1. Materials

Nebivolol (NEB) and nebivolol-d4 (internal standard) were purchased from Vivan
life sciences Private limited (Mumbai, India) and BioOrganics Private limited (Bangalore,
India), respectively. κCRG, P407, P188 and benzododecinium bromide were procured from
Sigma-Aldrich Private Limited (Mumbai, India). Methanol and acetonitrile (LC-MS grade)
were purchased from Thermo Fischer Scientific (Mumbai, India). Ammonium acetate,
formic acid and disodium EDTA were purchased from SRL Chem Limited (Mumbai, India).
Sample analysis was conducted using high-quality HPLC-grade water obtained from the
Milli-Q purification system (Millipore®, Burlington, MA, USA). Male New Zealand white
rabbits (2–2.5 kg) were procured from Vimta Labs (Hyderabad, India).
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2.2. Analytical Method for Analysis of NEB

A validated LC-MS/MS method, reported previously by our group, was used to
analyse the concentration of NEB in the aqueous humor and plasma samples obtained
in the ocular pharmacokinetic studies [25]. The samples were analysed using an Agilent
HPLC (model: 1260 Infinity II, Agilent Technologies Inc., Santa Clara, CA, USA) coupled
with a triple quadrupole mass analyser (model: API 4500, AB SCIEX, Redwood City, CA,
USA). Chromatographic separation was performed on a reverse phase column (Zorbax
SB-C18, 4.6 × 100 mm, 3.5 µm) using a mobile phase consisting of an organic phase
(mixture of methanol and acetonitrile in the ratio of 70:30 v/v) and an aqueous phase (5 mM
ammonium acetate buffer adjusted to pH 3.5 ± 0.05 with formic acid) in the ratio of 75:25
v/v. Samples were extracted using a protein precipitation technique. The mass spectrometer
was operated in positive electrospray ionization mode with multiple reactions monitoring
for NEB at (Q1→Q3) of (406.2→151.1) and for nebivolol-d4 (internal standard) at (Q1→Q3)
of (410.2→151.3).

A validated RP-HPLC method was used to determine the concentration of NEB
obtained in drug content analysis samples and in vitro drug release study samples. An
end-capped C18 column (Luna®, 150 mm × 4.6 mm, 5 µm, Phenomenex, Torrance, CA,
USA), maintained at 30 ◦C inside a column oven, was used in the analysis. The mobile
phase consisting of acetonitrile and 0.1% v/v orthophosphoric acid in the ratio of 43:57 v/v
was pumped at a flow rate of 0.8 mL/min to separate the NEB from the interfering peaks.
The analyte was detected at a wavelength of 281 nm. The injection volume was fixed at
50 µL. The baseline was stabilized prior to the analysis of the samples.

2.3. Preparation and Optimization of NEB-Loaded Dual-Responsive In Situ Gel
2.3.1. Preparation of NEB-Loaded Dual-Responsive In Situ Gel

The poloxamer solutions were prepared by the cold method [9]. In the first step, the
required amounts of P407 (18–20% w/v, varied as per the design in BBD) and P188 (1–5%
w/v, varied as per the design in BBD) were added to pre-cooled (4 ◦C) deionized water with
continuous stirring to ensure proper hydration of the poloxamers. The resultant mixture
was kept in the refrigerator for 24 h until the polymers were completely dissolved. The
required amount of κCRG (0.3–0.5% w/v, varied as per the design in BBD) was added to
the above solution and stirred at 500 rpm for 2 h to form a homogenous solution. Finally,
NEB (0.3% w/v), mannitol (5.2% w/v; this was used as an isotonicity-adjusting agent) and
benzododecinium bromide (0.01% w/v) were added to the resulting solution and stirred for
30 min to form an NEB-loaded dual-responsive in situ gel. The formulation was stored at
4 ◦C until further use.

2.3.2. Optimization of NEB-Loaded Dual-Responsive In Situ Gel

Box–Behnken design (BBD), a response surface method, was used to analyse and
optimize the effect of concentrations of P407, P188 and κCRG on the gelling tempera-
ture and solution state viscosity of the dual-responsive in situ gels [26]. BBD was em-
ployed at three experimental levels to optimize the three formulation-related factors: X1—
concentration of P407 (18% to 20% w/v); X2—concentration of κCRG (0.3% to 0.5% w/v) and
X3—concentration of P188 (1% to 5% w/v) as shown in (Table 1). The effect of the three
formulation factors was studied on two critical response variables of the in situ gel: Y1:
gelling temperature (◦C) and Y2: solution state viscosity at 25 ◦C (cP).
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Table 1. Experimental design used in BBD for optimization of NEB-loaded dual-responsive in situ gels.

Factors Levels Used

Independent Variables −1 0 +1

X1 = P407 concentration (% w/v) 18% 19% 20%

X2 = κCRG concentration (% w/v) 0.3% 0.4% 0.5%

X3 = P188 concentration (% w/v) 1% 3% 5%

Dependent variables Constraints

Y1 = Gelling temperature In range of 33–35 ◦C

Y2 = Solution state viscosity at 25 ◦C Minimize

Design Expert software (Version 13, Stat-Ease Inc., Minneapolis, MN, USA) was used
to construct the BBD for optimization of the dual-response in situ gel. In the optimiza-
tion trials, a 17-run BBD (including five centre point runs) was constructed for the three
formulation factors (X1, X2 and X3) studied at three levels (−1, 0 and +1) to assess main
effects, interaction effects and quadratic effects on response variables (Y1 and Y2). In order
to evaluate the reproducibility of the method used in the preparation of the in situ gel, five
centre point runs were included. Optimization using BBD resulted in a quadratic equation
that relates each of the response variables, separately, with the critical factors. The general
form of the second-order quadratic equation for a response variable is as follows:

Y = β◦ + β1X1 + β2X2 + β3X3 + β12X1X2 + β23X2X3 + β13X1X3 + β11X2
1 + β22X2

2 + β33X2
3 (1)

where Y is the response/dependent variable; X1, X2 and X3 are input/independent vari-
ables, β◦ is the arithmetic mean response of the seventeen runs. βi and βij (i, j = 1− 3)
are the coefficients of individual linear and quadratic effects of the factors, respectively.

2.4. Characterization of Blank and NEB-Loaded Dual-Responsive In Situ Gels
2.4.1. Determination of Gelling Temperature and Solution State Viscosity of the In Situ Gels

The ‘vial tilting’ method, reported in the literature, was used to determine the gelling
temperature of the in situ gels [27]. A small tube containing 1 mL of the test formulation
was put in a thermostatically controlled water bath. The water bath temperature was raised
steadily from 20 ◦C to 40 ◦C at a rate of 1 ◦C/min. The tube was turned 90 degrees at each
temperature level. The temperature at which no flow was observed upon tilting the tube
was identified as the gelling temperature of the formulation [28].

The solution state viscosity of the in situ gels was measured using a viscometer
(Brookfield DV-E, AMETEK, Wilmington, MA, USA) with CP 52 spindle at 10 rpm [29].
The test formulation (in situ gel) was placed in a beaker, and the viscosity was measured at
25 ± 0.5 ◦C. The experiment was performed in triplicate.

2.4.2. Physical Appearance, pH and Drug Content of Optimized NEB-Loaded Dual-Responsive
In Situ Gel

The physical appearance and clarity of the optimized NEB-loaded in situ gel was
examined by visual observation. The pH of the formulation (for three replicates) was
determined using a calibrated pH meter (Eutech Instruments, Pune, India) [30]. The drug
content of the drug-loaded in situ gels was carried out by diluting 100 µL of the formulation
in 1 mL of deionized water. The samples were then analysed using HPLC [31]. The drug
content was determined for three replicate formulations.

2.5. Rheological Study of Blank and NEB-Loaded Dual-Responsive In Situ Gels

The rheological properties of the blank and NEB-loaded dual-responsive in situ gels
were evaluated using a Rheometer (Anton Paar, MCR 302, Graz, Austria) to determine the
sol-to-gel transition temperature and the strength of the gel formed by the formulations.
The measurements were performed in oscillatory mode using parallel plate geometry
with a temperature sweep from 20 ◦C to 37 ◦C. The samples were analysed in their linear
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viscoelastic regions, which were determined by the amplitude and frequency sweep ex-
periments. Three different experimental conditions were used to evaluate the rheological
behaviour of the samples: (1) temperature ramp, (2) temperature ramp in the presence of
simulated tear fluid (STF) and (3) temperature ramp in the presence of deionized water. The
sol–gel transition and gel strength were determined from the data obtained from the plots
of ‘loss factor (tan δ) vs. temperature’ and ‘storage modulus (G’) vs. temperature’ [32–35].

2.6. Mucoadhesion Studies of NEB-Loaded In Situ Gels

The mucoadhesive property of the in situ gels was studied using a Texture analyser
(TA-XT plus, Stable Micro Systems, Surrey, UK). A blank P407 + P188 in situ gel and blank
κCRG in situ gel were prepared to understand the contribution of the thermo-responsive
polymer (mixture of P407 + P188) and ion-responsive polymer (κCRG) towards the overall
mucoadhesive properties of the dual-responsive in situ gel. In the study, a filter paper
(Whatman filter paper, grade one, Size 110) was cut into a small disc and moistened with
mucin dispersion (8% w/w, prepared in STF) to form a mucin disc (which can mimic
the mucosal surface of the cornea). The mucin disc was then placed horizontally on the
lower end of the texture profile analysis probe using double-sided adhesive tape. Around
100 µL of the test formulation (in situ gel) was poured near the basement probe where
the temperature was maintained at 34 ◦C. The samples were equilibrated and allowed
to undergo a sol–gel transition. The probe was lowered at a speed of 1 mm/s until the
mucin disc came into contact with the surface of the gel formed by the test formulation. A
downward force (0.2 N) was applied for 1 min to ensure proper contact between the mucin
disc and the gel. The probe was then moved upwards at a speed of 0.5 mm/s. The force
required to detach the mucin disc from the surface of the gel was determined from the
force vs. time plot constructed by the instrument software. The study was conducted in
triplicate [36,37].

2.7. In Vitro Drug Release Studies of NEB-Loaded In Situ Gels

The dialysis method was used to perform in vitro drug release studies of NEB-loaded
in situ gels [30,38]. Drug release studies were conducted for the NEB suspension, NEB-
loaded P407 + P188 in situ gel, NEB-loaded κCRG in situ gel and NEB-loaded dual-
responsive in situ gel. In the study, 40 µL of the test formulation (equivalent to 3 mg of NEB
per mL of formulation) was sealed in a dialysis bag (MWCO: 3.5 kDa). The dialysis bag was
incubated in a beaker containing 100 mL of STF (pH 7.4 ± 0.5) with 0.5% w/v Tween 80 as
the dissolution media. The dissolution media was stirred at 75 rpm while maintaining the
temperature at 34 ± 0.5 ◦C. Samples of 2 mL were drawn at 0.5, 1, 2, 4, 6, 8, 12, 16, 18 and
24 h during the study. Fresh media (maintained at the same temperature) of equal volume
was added each time the sample was drawn from beaker. The samples were centrifuged at
10,000 rpm. The supernatant was collected and analysed, after appropriate dilution, using
HPLC to determine the concentration of NEB. The data obtained from the in vitro drug
release studies were fit into various kinetic models (i.e., zero-order, first-order, Higuchi and
Korsmeyer–Peppas models) to understand the release behaviour of NEB from the different
in situ gels [39,40].

2.8. Ex Vivo Ocular Irritation Test (HET-CAM) of the Optimized In Situ Gels

The hen’s egg test on chorioallantoic membrane (HET-CAM) method, an inexpensive,
rapid and sensitive alternative of the Draize test was performed to study the ocular irritation
of optimized in situ gels. Eggs procured from a local hatchery were incubated for nine
days for proper growth of the CAM. The eggshells were delicately cracked on each of
eggs on the 10th day from the large end to expose the air cell without damaging the inner
membrane. The inner membrane was carefully removed with forceps to make the CAM
ready for studying the effect of four different treatments. Three eggs (n = 3) were used for
each treatment. Group 1 was treated with 0.1 N NaOH (positive control), Group 2 was
treated with 0.9% w/v NaCl solution (negative control), Group 3 was treated with the blank
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dual-responsive in situ gel and Group 4 was treated with the NEB-loaded dual-responsive
in situ gel. Blood vessels were examined for 300 s for signs of vascular lysis (disintegration
of blood vessels), haemorrhage and coagulation. The irritation score (IS) value for each
treatment was determined using Equation (2).

IS =

[
(301− H)

300
× 5

]
+

[
(301− L)

300
× 7

]
+

[
(301− C)

300
× 9

]
(2)

where H is the time (in sec) taken to start haemorrhage reactions, L is the time (in sec) taken
to start vessel lysis and C is the time (in sec) taken to start coagulation formation on the
CAM [41,42].

The ocular irritation properties of the treatments were identified based on the IS
values. A treatment is considered to be ‘non-irritating’ if the IS value is in the range of
0–0.9, ‘slightly irritating’ if the IS value is in the range of 1–4.9, ‘moderately irritating’ if
the IS value is in the range of 5–9.9 and ‘strongly irritating’ if the IS value is in the range of
10–21 [43].

2.9. Hemolysis Study of the Optimized In Situ Gels

The haemolytic study was conducted to evaluate the isotonicity of the optimized in
situ gel. Blood (2 mL) was drawn from the marginal ear vein of rabbits using a syringe
into centrifuge tubes pre-treated with anticoagulant (4% w/v disodium EDTA solution).
Red blood cells were separated using centrifugation at 3600 rpm for 15 min. To achieve a
haematocrit of 2% (v/v), the cells were suspended in a required volume of physiological
saline. Then the RBC suspension (1 mL) was mixed with the (1 mL) in situ gel (blank
dual-responsive in situ gel or NEB-loaded dual-responsive in situ gel), and the mixture
was incubated in water at 37 ± 0.5 ◦C for 1 h. In positive and negative controls groups, a
RBC suspension (1 mL) was mixed with 1 mL of Triton X-100 and 1 mL of 0.9% w/v NaCl
solution, respectively. For each treatment, the supernatant collected after centrifugation was
measured for ultraviolet absorbance at 540 nm, and the absorbance values were substituted
in Equation (3) to determine the haemolysis (%). Haemolysis studies of the treatment were
carried out in triplicate.

Haemolysis (%) =
(As − Ab)

(Ac − Ab)
× 100 (3)

where Ac is the absorbance value of the supernatant obtained by treating RBC suspension
with Triton X-100, As is the absorbance value of the supernatant obtained by treating
RBC suspension with in situ gelling formulation and Ab is the absorbance value of the
supernatant obtained by treating RBC suspension with a 0.9% w/v NaCl solution [44,45].

2.10. Ocular Histopathology Studies of In Situ Gels

Ocular histopathology studies were performed to evaluate the effect of optimized in
situ gels on the structural integrity of the corneal epithelium. Fresh goat eyeballs were
procured from a local slaughterhouse. The cornea was excised from the goat eyeball. The
excised cornea was washed and then incubated with each treatment, separately, for 4 h.
The treatments used in the study were: STF (pH 7.4 ± 0.5) (negative control), 75% v/v
isopropyl alcohol (positive control), blank dual-responsive in situ gel and NEB-loaded dual-
responsive in situ gel. After the incubation period, the cornea was again washed and fixed
in a 10% formalin solution for 24 h. After fixation, the cornea was subsequently dehydrated
for 1.5 h using ethyl alcohol (at each concentration gradient of 30–50–70–90–100%). The
cornea was then placed in xylene for 1.5 h and embedded in hot paraffin at 56 ◦C for
24 h. Paraffin blocks were solidified at room temperature. A rotary microtome (Leica
Microsystems SM2400, England) was used to slice paraffin tissue blocks (3–4 µm thick).
The sliced tissues were mounted on a glass slide and washed with xylene to remove the
paraffin. The tissues were finally stained with haematoxylin and eosin (H-E stain). The
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stained tissues were observed for histopathological changes under a digital microscope
(ZEISS, Axiocam 705 color, Oberkochen, Germany) at 20×magnification [46].

2.11. In Vivo Studies of the Optimized NEB-Loaded Dual-Responsive In Situ Gel
2.11.1. Ocular Pharmacokinetic Studies

Ocular pharmacokinetic studies of the optimized NEB-loaded dual-responsive in situ
gel and NEB suspension were performed in male New Zealand white albino rabbits. Ani-
mals (n = 6 for each treatment group) weighing between 2.5 and 3.0 kg and having clinically
normal eyes (free from signs of ocular abnormality) were used in the study. The protocols
of conducting the in vivo studies were approved by the Institutional Animal Ethics Com-
mittee (IAEC) of Vimta labs, Hyderabad, India (Protocol No.: VLL/1122/NG/1099). All
the animals were acclimatized to animal facility conditions (22 ± 1 ◦C room temperature,
55 ± 10% RH, and 12 h light–dark cycle) for one week prior to the study. A calibrated
micropipette was used to instil 40 µL of the test formulation (NEB suspension/NEB dual-
responsive in situ gel) in the cul-de-sac of each of the eyes in all the rabbits. Immediately
following the dosing, the upper and lower eyelids were gently held closed for 10 s to
maximize the contact between the cornea and the administered formulation. Aqueous
humor samples were collected under mild anaesthesia using isoflurane (2% v/v). Aqueous
humor samples (70 µL) were collected from the anterior part of eye by puncturing it with a
30 G sterile hypodermic needle via paracentesis. Blood samples (0.25 mL) were collected
from the animals by ear vein puncture and transferred to Eppendorf tubes containing
200 mM K2EDTA (20 µL per mL of blood) as an anticoagulant [47]. Aqueous humor and
plasma samples were collected in a sparse sampling manner at 0.5, 1, 2, 4, 8, 12 and 24 h
after the formulation instillation. The samples (blood and aqueous humor) obtained from
the ocular pharmacokinetic study were analysed using a validated LC-MS method reported
by our group [25].

A non-compartmental analysis was used to calculate the pharmacokinetic parameters
from the NEB concentration versus time data in each of the matrices [48]. The maximum
NEB concentration in the rabbit aqueous humor and plasma (Cmax, ng/mL), the time to
reach Cmax (Tmax, h) and the mean residence time (MRT0–∞, h) were determined. The
area under the curve from 0 to 24 h (AUC (0–24), ng × h/mL) was calculated using the
trapezoidal method.

2.11.2. Pharmacodynamic Studies

In the pharmacodynamic study, the intra-ocular pressure (IOP) in the eye of rabbits
was measured using a calibrated tonometer (TONO-PEN XL, Reichert, Germany) [49]. The
efficacy of the optimized NEB-loaded dual-responsive in situ gel was compared with the
NEB suspension by comparing the time course of percent reduction in IOP [∆IOP(%)]
of the two formulations. In the study, six rabbits were allocated to the two formulations,
with three rabbits for each formulation. The pre-dose IOP values were measured in both
the eyes of each rabbit before instilling the formulations. The formulations (NEB-loaded
dual-responsive in situ gel and NEB suspension) were instilled at a dosing volume of 40
µL into the lower cul-de-sac of each of the eyes of the rabbits in their group. The IOP was
measured at 2, 6 and 12 h after the ocular administration of the formulations. Based on the
data obtained in the study, the percentage reduction in IOP [∆IOP(%)] at different time
points was calculated for both the treatments using the following equation:

∆IOP(%) =
(IOPPre − IOPt)

IOPPre
× 100 (4)

where IOPPre is the intra-ocular pressure at pre-dose (just before administering the treat-
ment) and IOPt is the intra-ocular pressure at time t following the administration of the
treatment [48].
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3. Results
3.1. Optimization of Dual-Responsive In Situ Gels Using BBD

A total of 17 independent runs (including 5 centre point runs) were constructed using
BBD to examine three critical formulation factors on the two response variables. NEB-
loaded dual-responsive in situ gels were prepared, in triplicate, for each run separately
based on the composition of the run given by the BBD. The prepared in situ gels were
evaluated to determine their gelling temperature (Y1) and solution state viscosity at 25 ◦C
(Y2). The data obtained for each of the runs are presented in Table 2.

Table 2. Design matrix of the 17 experimental runs generated by BBD and responses obtained from
characterization of NEB-loaded dual-responsive in situ gels in terms of gelling temperature and
solution state viscosity.

Run

Critical Factors Response

P407 Concentration
(X1, %w/v)

κCRG Concentration
(X2, %w/v)

P188 Concentration
(X3, %w/v)

Gelling
Temperature (Y1, ◦C)

Sol State Viscosity
(Y2, cP)

1 19 0.4 3 41 212

2 19 0.4 3 41 205

3 19 0.5 1 34 217

4 18 0.3 3 42 183

5 19 0.5 5 46 209

6 19 0.3 5 45 199

7 20 0.4 5 45 227

8 18 0.4 1 35 195

9 19 0.4 3 41 204

10 19 0.3 1 34 211

11 20 0.4 1 33 233

12 18 0.4 5 47 179

13 20 0.5 3 40 227

14 19 0.4 3 40 210

15 19 0.4 3 41 205

16 18 0.5 3 42 187

17 20 0.3 3 40 224

3.1.1. Effect of Critical Formulation Factors on the Gelling Temperature (Y1) of In Situ Gels

Regression analysis was used to model the gelling temperature (Y1) as a function of
the three critical formulation factors (X1, X2 and X3) for the NEB-loaded dual-responsive
in situ gels obtained from the 17 runs generated by BBD. The quadratic equation, with
statistically significant terms, relating the gelation temperature of the in situ gels and the
three critical factors, in the coded form, is given below:

Gelling temperature (Y1) = 40.80− 1.00X1 + 0.125X2 + 5.88X3 + 0.25X2X3 + 0.225X2
1 − 1.02X2

3 (5)

The statistical significance of the regression model and the various model terms was
evaluated using analysis of variance (ANOVA). The ANOVA results of the regression
model for gelling temperature are presented in Table 3. The Fcal value (214.12) of the model
was statistically significant, with Pcal < 0.0001. The regression coefficients, R2

adj (adjusted
R2) and R2

press (predicted error sum of square R2) of the model were 0.9917 and 0.9819,
respectively. High R2

adj and R2
press indicate that the regression equation obtained in the

optimization can predict the gelling temperature (Y1) values within a less than 2% deviation
from the experimental/observed values. The lack of fit of the model was insignificant
(Fcal value = 0.417 and Pcal = 0.751). The lowest and highest gelling temperatures were
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33 ± 0.5 ◦C and 47 ± 0.5 ◦C for the in situ gels prepared using the conditions given in the
11th and 12th experimental runs, respectively (Table 2).

Table 3. Results obtained from ANOVA of BBD for optimization of gelling temperature and solution
state viscosity of NEB-loaded dual-responsive in situ gels.

Source
Gelling Temperature (Y1,

◦C) Sol State Viscosity at 25 ◦C (Y2, cP)

Sum of Squares DF F-Value p-Value Sum of Squares DF F-Value p-Value

Model 289.07 9 214.12 <0.0001 3835.69 91 46.22 <0.0001

X1 8.00 1 53.33 0.0002 3486.13 1 378.05 <0.0001

X2 0.125 1 0.833 0.3917 66.13 1 7017 0.0316

X3 276.13 1 1840.83 <0.0001 220.50 1 23.91 0.0018

X1 X2 0.000 1 0.000 1.000 0.25 1 0.0271 0.8739

X1 X3 0.000 1 0.000 1.000 25 1 2.71 0.1436

X2 X3 0.250 1 1.67 0.2377 4.16 1 0.433 0.5312

X1
2 0.213 1 1.42 0.2721 6.32 1 0.6852 0.4351

X2
2 0.0026 1 0.0175 0.8984 2.21 1 0.240 0.6392

X3
2 4.42 1 29.49 0.0010 26.84 1 2.91 0.1317

Residual 1.05 7 64.45 7

Lack of fit 0.2500 3 0.4167 0.751 13.75 3 0.3609 0.7856

Pure error 0.800 4 50.80 4

Total 290.12 16 3900.24 16

3.1.2. Effect of Critical Formulation Factors on the Solution State Viscosity (Y2) of In Situ Gels

The quadratic equation relating the effect of the three critical formulation factors
(X1, X2 and X3) on the solution state viscosity (Y2) of the NEB-loaded dual-responsive in
situ gels obtained from the 17 runs generated by BBD, in the coded form, is presented in
Equation (6) given below:

Solution state vicosity (Y2) = 207.2 + 0.88X1 + 2.88X2 − 5.25X3 + X2X3 − 1.23X2
1 + 2.53X2

3 (6)

The results obtained from the ANOVA of the regression equation for solution state
viscosity (Y2) suggest that the model was statistically significant (Fcal value = 46.22 and
Pcal < 0.0001) while the lack of fit was insignificant (Fcal value = 0.361 and Pcal = 0.786)
(Table 3). The regression equation for solution state viscosity (Y2) appeared to have very high
predictability as suggested by R2

adj (0.963) and R2
press (0.923) values, which are closer to 1.

In the optimization design, the in situ gels prepared using the experimental conditions
given in the 12th run exhibited minimum viscosity (179 ± 2.3 cP at 25 ◦C), while the
formulation prepared using the 11th experimental run conditions had maximum viscosity
(233 ± 4.1 cP at 25 ◦C) (Table 2).

The effect of concentration of P407 and concentration of P188, at a fixed concentration
of κCRG, on gelling temperature of the in situ gels is presented as a response surface graph
in Figure 2a. The gelling temperature decreased slightly with an increase in concentration
of P407 (from 18 to 20% w/v) at higher concentrations of P188 (3 to 5% w/v). Increasing the
concentration of P188 (from 1 to 5% w/v) had a positive impact on the gelling temperature
of the in situ gels at any given concentration of P407 studied in the design. As depicted in
Figure 2b, at a fixed concentration of P407, increase in the concentration of κCRG (from
0.3 to 0.5% w/v) did not have any significant effect on the gelling temperature of the in
situ gels at any given concentration of P188 (1 to 5% w/v). It was expected κCRG, being an
ion-sensitive polymer, should not have much impact on the gelling temperature of the in
situ gels. Though P407 is a thermo-sensitive polymer, the concentration ranges in which it
was studied had a smaller impact on gelling temperature. However, the gelling temperature
increased with an increase in concentration of P188. This could be due to the increase in
the polyethylene oxide content in the poloxamer polymers mixture (P407 + P188) in the

34



Pharmaceutics 2023, 15, 405

vehicle, which then prevents the water molecules from moving away from PPO chains and
thereby reduces the chances of micelle formation followed by gelling [50].
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Figure 2. Response surface 3D plots showing the effect of (a) concentration of P407 and P188 on
gelling temperature; (b) concentration of P188 and κCRG on gelling temperature; (c) concentration of
P188 and P407 on solution state viscosity and (d) concentration of P407 and κCRG on solution state
viscosity of NEB-loaded dual-responsive in situ gels.

Figure 2c presents the response surface of solution state viscosity (at 25 ◦C) of the in
situ gels as a function of the concentration of P188 and concentration of P407 (at a fixed
concentration of κCRG). As depicted in the graph, the solution state viscosity decreased
significantly with an increase in the concentration of P407 (from 18 to 20% w/v) at any
given concentration of P188 (1 to 5% w/v). Increasing the concentration of P188 (from
1 to 5% w/v) marginally decreased the solution state viscosity of the in situ gels at any
given concentration of P407 (18 to 20% w/v). At a fixed concentration of P188, an increase
in the concentration of κCRG (from 0.3 to 0.5% w/v) resulted in a slight increase in the
solution state viscosity of the in situ gels at any given concentration of P407 (18 to 20% w/v)
(Figure 2d). The solution state viscosity of the in situ gels (at 25 ◦C) was more affected by
the concentration of P407 than the concentration of P188 or κCRG. This could be due to
the higher concentration of P407 relative to the other polymers used in the in situ gels. As
the concentration of P407 increased, the solution state viscosity of the in situ gels (at 25 ◦C)
increased. The results obtained in our study are consistent with the observations made by
Hirun et al. in their work [26].
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3.1.3. Identification of Optimized Conditions Using Desirability Function

A simultaneous optimization technique involving a desirability function was em-
ployed to determine the optimal conditions for the preparation of NEB-loaded dual-
responsive in situ gels. The objective for gelling temperature (Y1) was set as a range
between 33 and 35 ◦C, and for solution state viscosity, the goal was set to minimize while
applying the desirability function. At the highest overall desirability value, the optimized
conditions for the preparation of the NEB-loaded dual-responsive in situ gel were as fol-
lows: concentration of P407 = 19% w/v, concentration of κCRG = 0.3% w/v and concentration
of P188 = 1% w/v.

3.2. Characterization of Optimized NEB-Loaded Dual-Responsive In Situ Gel
3.2.1. Gelling Temperature and Solution State Viscosity

The gelling temperature and the solution state viscosity (25 ◦C) of the optimized
NEB-loaded dual-responsive in situ gel were 34 ± 0.5 ◦C and 212 ± 2 cP, respectively.
These results were close to the predicted values determined from the regression equations
of gelling temperature (Y1) and the solution state viscosity (Y2), affirming the validity of
the optimization model. The optimized NEB-loaded dual-responsive in situ gel exhibited
desirable flow properties in the solution state (at 25 ◦C) while undergoing rapid sol-to-gel
transition and forming a firm gel in the presence of STF at 34 ± 0.5 ◦C (Figure 3).
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Figure 3. Image showing the flow properties of an optimized NEB-loaded dual-responsive in situ gel.
(A) Free flowing properties at 25 ◦C suitable for easy and accurate dosing and (B) forming a firm gel
at 34 ± 0.5 ◦C in presence of STF.

3.2.2. Physical Appearance, pH, Osmolarity and Drug Content of the Optimized
Dual-Responsive In Situ Gels

The blank dual-responsive in situ gel was transparent, while the optimized NEB-
loaded dual-responsive in situ gel was translucent due to suspended NEB particles. The
pH of both formulations was 7.2± 0.5, which is compatible with the pH of lachrymal fluids.
The osmolarity of the optimized formulation was calculated based on the molarity equation
and was found to be 285.44 mOsm/L. The osmolarity of the optimized in situ gel lies in the
range reported for lachrymal fluids [51]. The drug content of the optimized NEB-loaded
dual-responsive in situ gel was found to be 96.5 ± 1% for three independent batches of the
formulation. This suggests that the method of preparation of the in situ gels was reliable
and reproducible.

3.3. Rheological Studies of Blank and NEB-Loaded Dual-Responsive In Situ Gels

Figure 4a,b depict the rheological behaviour of the optimized blank and NEB-loaded
dual-responsive in situ gels, respectively, as a function of temperature in the presence
of STF and deionized water. Figure 4a presents the loss factor (tan δ) vs. temperature
behaviour of the formulations, while Figure 4b shows the storage modulus (G’) of the
formulations as a function of temperature. The tan δ values of optimized blank and NEB-
loaded dual-responsive in situ gels, without the addition of STF/deionised water, were
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more than one in the temperature range of 20 to 30 ◦C, indicating the free-flowing nature
of the formulations. The tan δ values dropped below one between 32 and 34 ◦C for the
optimized blank and NEB-loaded dual-responsive in situ gels in the presence of deionised
water. This suggests a clear sol-to-gel transition due to the thermo-responsive component
(P407 + P188) of dual-responsive in situ gels. In the presence of STF, tan δ values of the
optimized blank and NEB-loaded dual-responsive in situ gels were more than one in the
temperature range of 20 to 37 ◦C, with a drop in the range of 32 to 34 ◦C. Due to the
presence of the cations (K+ and Na+) in STF, the ion-responsive component (κCRG) of the
dual-responsive in situ gels caused the in situ gels to undergo sol-to-gel transition even at
20 ◦C. In the temperature range of 32 to 34 ◦C, the thermo-responsive component added
to the increase in viscosity of the gel that was formed. These results indicate that both
thermo-responsive and ion-responsive polymers were able to cause a sol-to-gel transition
of the in situ gels independently and synergistically (Table 4).
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Figure 4. Semi-logarithmic plots of (a) loss tangent (tan δ) and (b) storage modulus (G’) of an
optimized blank dual-responsive in situ gel and an NEB-loaded dual-responsive in situ gel as
a function of temperature in presence of STF and deionized (DI) water. Rheological studies of
optimized blank and NEB-loaded in situ gels. Note: A—blank dual-responsive in situ gel; B—blank
dual-responsive in situ gel in the presence of STF; C—blank dual-responsive in situ gel in the presence
of DI water; D—NEB-loaded dual-responsive in situ gel; E—NEB-loaded dual-responsive in situ gel
in the presence of STF and F—NEB-loaded dual-responsive in situ gel in the presence of DI water.
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Table 4. Loss tangent (tan δ) of optimized blank dual-responsive in situ gel and NEB-loaded dual-responsive
in situ gel as a function of temperature (20 to 37 ◦C) in presence of STF and deionized (DI) water.

Formulation

Experimental Condition Used in Rheological Study

Only Temp Ramp Temp Ramp in Presence of
DI Water

Temp Ramp in Presence
of STF

Blank dual-responsive in
situ gel

tan δ > 1 in the range of
20–33 ◦C and tan δ = 1

at 34 ◦C

tan δ >> 1 in the range of
20–33 ◦C and tan δ = 1

at 34 ◦C

tan δ < 1 in the range of
20–30 ◦C and tan δ << 1 in

the range of 30–37 ◦C

NEB-loaded
dual-responsive in situ gel

20–30 tan δ > 1
At 32 ◦C tan δ = 1

tan δ >> 1 in the range of
20–32 ◦C and tan δ = 1

at 33 ◦C

tan δ < 1 in the range of
20–31 ◦C and tan δ << 1 in

the range of 31–37 ◦C

Note—tan δ >> 1 indicates low storage modulus with no gelation (liquid state); tan δ > 1 indicates increased storage
modulus with no gelation; tan δ = 1 indicates gelling point; tan δ < 1 indicates gelling with high storage modulus
(gel with low viscosity) and tan δ << 1 indicates gelling with very high storage modulus (gel with high viscosity).

The data obtained from the storage modulus (G’) of the in situ gels further supported
the inferences made from the loss factor values. The G’ values of NEB-loaded dual-
responsive in situ gels, in the presence of deionised water, were low in the temperature
range of 20–31 ◦C. However, the G’ values increased steeply in the temperature range of
31 to 34 ◦C, suggesting a significant increase in the viscosity of the formulation due to
the sol-to-gel transition caused by the thermo-responsive polymer. In the presence of STF,
NEB-loaded dual-responsive in situ gels exhibited higher G’ values even in the temperature
range of 20 to 30 ◦C, which further increased in temperature range of 30 to 34 ◦C. Higher
G’ values even in the temperature range of 20 to 30 ◦C were due to the gelation of the
ion-responsive polymer (κCRG) caused by the cations present in STF. The spike in G’ values
in the temperature range of 30 to 34 ◦C was due to the increase in viscosity caused by the
thermo-responsive polymer mixture (P407 + P188).

3.4. Mucoadhesion Study of the Blank In Situ Gels

In situ gels with good mucoadhesive characteristics can improve the overall perme-
ation of the drug through the corneal membrane by providing intimate contact with the
corneal membrane and also increasing the residence time. A texture analyser was used
to evaluate the mucoadhesive properties of blank in situ gels. The blank P407 + P188
in situ gel (0.145 N) exhibited relatively low mucoadhesive properties compared to the
bank κCRG in situ gel (0.253 N). This can be attributed to the large molecular weight
and secondary interactions (hydrogen bonding) of κCRG with the mucin [52]. The blank
dual-responsive in situ gel showed slightly more mucoadhesion compared to the blank
κCRG in situ gel (0.289 N), possibly due to the additive effect of the individual polymers in
the dual-responsive in situ gel (Figure 5).
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3.5. In Vitro Drug Release Studies of NEB-Loaded In Situ Gels

In vitro drug release studies were performed in STF (pH 7.4 ± 0.5) containing Tween
80 (0.5% w/v). The solubility of the NEB in STF was 28.62 µg/mL. Therefore, to maintain
the sink condition, 100 mL of STF containing 0.5% w/v of Tween 80 was used in the study.
The mean cumulative percentage of drug released vs. time was plotted from the in vitro
dissolution data (Figure 6). The NEB suspension was dissolved completely within 30 min.
The NEB-loaded P407 + P188 in situ gel and NEB-loaded κCRG in situ gel showed 90%
drug release within 8 h and 12 h, respectively. The optimized NEB-loaded dual-responsive
in situ gel slowed and prolonged the drug release, with 86% drug release at the end of
24 h. This can be attributed to the interaction of κCRG with the micelles of (P407 + P188)
through secondary bonds, such as hydrogen bonds, resulting in increased viscosity of the
gel formed, which is in line with the observations made from the rheological evaluation
of the in situ gels. Increase in gel viscosity reduced the diffusivity of the drug through
the gel matrix [23]. The drug release from the NEB-loaded dual-responsive in situ gel as
well as the NEB-loaded P407 + P188 in situ gel and NEB-loaded κCRG in situ gel followed
Higuchi kinetics. The value of n in the Korsmeyer–Peppas equation for the NEB-loaded
dual-responsive in situ gel was found to be 0.77, suggesting the release of NEB was due to
the combined effect of Fickian diffusion and matrix erosion.
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Figure 6. In vitro drug release profiles of an NEB suspension, NEB-loaded (P407 + P188) in situ gel,
NEB-loaded κCRG in situ gel and NEB-loaded dual-responsive in situ gel. Each data point is the
mean cumulative percent of NEB released (± SD) of three independent formulations (n = 3).

3.6. Ex Vivo Ocular Irritation Test (HET-CAM) of the Optimized In Situ Gels

The images obtained from the HET-CAM test of the various treatments are presented
in Figure 7. The positive control caused significant damage to the CAM within 30 s,
resulting in coagulation and haemorrhages followed by the lysis of blood vessels in the
CAM (Figure 5B). The irritation severity score of the positive control was found to be 18.
The negative control (0.9% w/v NaCl solution), blank and NEB-loaded dual-responsive in
situ gels did not cause any inflammatory changes in the CAM. No visible changes were
observed in terms coagulation/haemorrhage/lysis of the blood vessels in the CAM upon
treatment with the negative control or in situ gels. The irritation severity score of the
negative control, blank and NEB-loaded dual-responsive in situ gels were 0. Based on the
results obtained from the HET-CAM test, it can be inferred that the optimized NEB-loaded
dual-responsive in situ gel is safe and well tolerated by ocular tissues.
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Figure 7. Images obtained from the HET-CAM test following the exposure of the CAM membrane to
(A) negative control (0.9% w/v NaCl); (B) positive control (0.1 N NaOH); (C) blank dual-responsive in
situ gel and (D) NEB-loaded dual-responsive in situ gel.

3.7. Hemolysis Study of the Optimized In Situ Gels

The RBCs treated with the optimized in situ gels (blank and NEB-loaded dual-
responsive in situ gel) were checked for their shape and size (40× magnification). The
morphology of the RBCs was found to be intact when treated with the negative control
sample (STF pH 7.4), blank and NEB-loaded in situ gels. However, the RBCs incubated
with Triton X-100 were completely lysed, as shown in Figure 8. The haemolysis (%) val-
ues of the RBCs incubated with the blank and NEB-loaded dual-responsive in situ gels
were found to be 1.1% and 1.16%, respectively. These results suggest that optimized the
NEB-loaded dual-responsive in situ gel is isotonic and biocompatible with no/minimal
detectable disruption of RBCs.
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X-100); (B) negative control (0.9% w/v NaCl) and (C) NEB-loaded dual-responsive in situ gel.

3.8. Ocular Histopathology Studies of the Optimized In Situ Gels

Microscopic examinations of the corneal structure incubated with STF (negative con-
trol) showed intact epithelium and stroma without any sign of tissue damage (Figure 9).
There was visible disruption of the epithelium and stroma with tissue necrosis in the pres-
ence of 75% v/v isopropyl alcohol (positive control). The cornea treated with the optimized
in situ gels (blank and NEB-loaded dual-responsive in situ gel) did not show any signif-
icant difference as compared to the STF-treated cornea. We can infer that the optimized
formulations are safe and do not alter the structural integrity of the cornea.

40



Pharmaceutics 2023, 15, 405

Pharmaceutics 2023, 15, 405  18  of  25 
 

 

3.7. Hemolysis Study of the Optimized In Situ Gels 

The RBCs  treated with  the optimized  in situ gels  (blank and NEB‐loaded dual‐re‐

sponsive in situ gel) were checked for their shape and size (40× magnification). The mor‐

phology of the RBCs was found to be intact when treated with the negative control sample 

(STF pH 7.4), blank and NEB‐loaded in situ gels. However, the RBCs incubated with Tri‐

ton X‐100 were completely lysed, as shown in Figure 8. The haemolysis (%) values of the 

RBCs incubated with the blank and NEB‐loaded dual‐responsive in situ gels were found 

to be 1.1% and 1.16%, respectively. These results suggest that optimized the NEB‐loaded 

dual‐responsive in situ gel is isotonic and biocompatible with no/minimal detectable dis‐

ruption of RBCs. 

 

Figure 8. Results obtained from haemolysis studies of RBCs treated with (A) positive control (Triton 

X‐100); (B) negative control (0.9% w/v NaCl) and (C) NEB‐loaded dual‐responsive in situ gel. 

3.8. Ocular Histopathology Studies of the Optimized In Situ Gels 

Microscopic examinations of the corneal structure incubated with STF (negative con‐

trol) showed intact epithelium and stroma without any sign of tissue damage (Figure 9). 

There was visible disruption of the epithelium and stroma with tissue necrosis in the pres‐

ence of 75% v/v isopropyl alcohol (positive control). The cornea treated with the optimized 

in situ gels (blank and NEB‐loaded dual‐responsive in situ gel) did not show any signifi‐

cant difference as compared to the STF‐treated cornea. We can infer that the optimized 

formulations are safe and do not alter the structural integrity of the cornea. 

 

Figure 9. Microscopic images of the cornea exposed to (A) negative control (STF, pH 7.4); (B) posi‐

tive control (IPA, 75% v/v); (C) blank dual‐responsive in situ gel and (D) NEB‐loaded dual‐respon‐

sive in situ gel. 

Figure 9. Microscopic images of the cornea exposed to (A) negative control (STF, pH 7.4); (B) positive
control (IPA, 75% v/v); (C) blank dual-responsive in situ gel and (D) NEB-loaded dual-responsive in
situ gel.

3.9. In Vivo Studies of the Optimized NEB-Loaded Dual-Responsive In Situ Gel
3.9.1. Pharmacokinetic Study

The time course profiles of NEB in aqueous humor and plasma following the ocular
administration of the NEB suspension and the optimized NEB-loaded dual-responsive
in situ gel (at drug dose of 0.05 mg/kg) are shown in Figure 10a,b, respectively. The
ocular and plasma pharmacokinetic data obtained in the study were subjected to non-
compartmental analysis using Pheonix WinNonLin software (version 8.3.3.33, Pharsight
Corporation, Raleigh, NC, USA) to determine pharmacokinetic parameters such as maxi-
mum concentration of NEB (Cmax), time to reach maximum concentration of NEB (Tmax),
area under the course curve between zero to time ‘t’ (AUC0-t), area under the curve between
‘t = 0′ and ‘t = ∞’ (AUC0–∞) and mean residence time between ‘t = 0′ and ‘t = ∞’ (MRT0–∞).
The pharmacokinetic parameters are presented in Table 5.

Table 5. Pharmacokinetic parameters of NEB in aqueous humor and plasma following ocular
administration of an NEB suspension and optimized NEB-loaded dual-responsive in situ gel in male
New Zealand white rabbits.

Biological Matrix Parameters Units
Treatments

NEB Suspension NEB In Situ Gel

Aqueous humor

Cmax ng/mL 28.2 ± 3.1 35.14 ± 2.25 *

Tmax h 2 4

AUC0–24 ng/mL * h 189.0 ± 13.14 364.1 ± 16.76 ***

AUC0-∞ ng/mL * h 194.9 ± 12.17 381.8 ± 18.32 ***

MRT0-∞ h 6.12 ± 0.178 8.11 ± 0.12 ***

Plasma

Cmax ng/mL 1.8 ± 0.01 0.6 ± 0.01 ***

Tmax h 0.5 1

AUC0–24 ng/mL * h 20.2 ± 2.7 4.1 ± 0.2 ***

AUC0-∞ ng/mL * h 33.2 ± 2.1 8.0 ± 0.43 ***

MRT0-∞ h 25.8 ± 1.5 11.01 ± 0.6 ***
Each value represents the mean ± SD of four independent determinations (n = 4). * Statistically significant
difference (Pcal < 0.05) was observed when compared against the NEB suspension. *** Statistically significant
difference (Pcal < 0.0001) was observed when compared against the NEB suspension.
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Figure 10. Mean concentration versus time profiles obtained following ocular administration of NEB
suspension and optimized NEB in-situ gel in male New Zealand white rabbits (a) in aqueous humor
and (b) in plasma. Each data point represents the mean of four independent determinations (n = 4).

The aqueous humor Cmax (35.14± 2.25 ng/mL) and AUC0–∞ (381.8± 18.32 ng/mL*h) of
the NEB-loaded dual-responsive in situ gel were 1.2 fold (Pcal < 0.05) and 2 fold (Pcal < 0.0001)
higher as compared with the Cmax (28.2± 3.1 ng/mL) and AUC0–∞ (194.9± 12.17 ng/mL*h)
of the NEB suspension, respectively. Higher Cmax and AUC0–∞ suggests that a greater
amount of NEB could permeate across the cornea and reach the aqueous humor in the case
of the NEB-loaded dual-responsive in situ gel compared with the NEB suspension. This
could be due to the lesser drug loss, lesser drug dilution and intimate contact between the
gel and cornea for efficient permeation of the drug offered by the in situ gel compared to
the suspension. Furthermore, the MRT0–∞ values of the in situ gel (8.11 ± 0.12 h) were
significantly higher (Pcal < 0.0001) than those of the NEB suspension (6.12 ± 0.18 h). This
indicates that the in situ gel sustained the concentrations of NEB in the aqueous humor for a
longer duration compared with the NEB suspension. This could be due to the ability of the in
situ gel to resist nasolacrimal drainage for a longer duration compared to the suspension by
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forming a viscous gel at the precorneal area. Since the in situ gel remained in the precorneal
area for a longer duration, the drug permeation into the aqueous humor was more sustained.

In ocular drug delivery, systemic side effects resulting from unwanted absorption of
the drug into systemic circulation is a major cause of concern. Ocular drug products of
β-adrenergic antagonists (like timolol, betaxolol etc.) used in the long-term treatment of
glaucoma suffer from systemic side effects like bradycardia, reduced blood pressure and
an irregular pulse [53]. An ocular drug product which results in lesser systemic exposure
of the drug will have a relatively low side effect profile.

The Cmax (0.69 ± 0.01 ng/mL) and AUC0–∞ (8.05 ± 0.43 ng/mL*h) in plasma of the
NEB-loaded dual-responsive in situ gel were 2.7 fold (Pcal < 0.0001) and 4.1 fold (Pcal < 0.0001)
lower as compared with the Cmax (1.86 ± 0.01 ng/mL) and AUC0–∞ (33.21 ± 2.1 ng/mL*h)
in plasma of the NEB suspension, respectively. Based on the data obtained, we can infer
that the in situ gel resulted in significantly lower systemic exposure compared to the NEB
suspension. Following ocular administration, the in situ gel forms a viscous gel layer with
mucoadhesive properties on the surface of cornea through which the drug permeates into the
aqueous humor. This pathway of drug permeation is considered more productive in reaching
the target sites of the iris/ciliary body for the treatment of glaucoma. In the case of suspension,
the drug present in a dissolved state in the lachrymal fluids could spread on the cornea and
conjunctiva. Since the conjunctival membranes are highly vascularized, drugs that are in
contact with conjunctiva permeate through it and reach systemic circulation. In addition,
the naso-lachrimal drainage system can draw drugs present in the dissolved state into the
lachrymal fluids and into the nasal cavity, from which the drug can get absorbed into systemic
circulation. The plasma MRT0–∞ of the in situ gel (11.0± 0.6 h) was significantly (Pcal < 0.0001)
lower than that of the NEB suspension (25.8 ± 1.5 h). The concentrations of NEB in systemic
circulation were sustained for more time in the case of the NEB suspension compared to the
in situ gel. This suggests that the in situ gel significantly decreases the duration for which the
systemic side effects would be experienced by the patients compared to the NEB suspension.
Overall, the pharmacokinetic studies indicate that NEB-loaded dual-responsive in situ gels
produce higher and sustained concentrations of NEB at the aqueous humor as well as reduce
the intensity and duration of systemic side effects of the drug.

3.9.2. Pharmacodynamic Study

The percentage reduction in IOP [∆IOP(%)] versus time profiles of the NEB-loaded dual-
responsive in situ gel and NEB suspension are presented in Figure 11. The pharmacodynamic
data [∆IOP(%) versus time] of the two formulations was analysed using NCA to determine
parameters such as area under the curve between ‘t = 0′ and ‘t = 12 h’ (AUC0–12h) and mean
response time between ‘t = 0′ and ‘t = 12 h’ (MRT0–12h). The AUC0–12h of the NEB-loaded
dual-responsive in situ gel (137.04) was 1.85 fold higher (Pcal < 0.0001) compared with that
of the NEB suspension (74.21). A higher pharmacodynamic response was observed for the
in situ gel compared to the NEB suspension. In addition, the MRT0–12h of the in situ gel
(6.1 h) was higher compared to the that of the NEB suspension (4.06 h). The NEB-loaded
dual-responsive in situ gel could provide a sustained pharmacodynamic effect compared to
the NEB suspension. These results are in line with the data obtained in the pharmacokinetic
studies, which clearly indicated a higher and sustained concentration of NEB in the aqueous
humor for NEB-loaded dual-responsive in situ gel compared to NEB suspension.
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Figure 11. Percentage reduction in intra-ocular pressure [∆IOP (%)] versus time profiles obtained
following ocular administration of an NEB suspension and optimized NEB-loaded dual-responsive
in situ gel at a drug dose of 0.05 mg/kg in male New Zealand white rabbits (n = 6).

4. Conclusions

In the present study, NEB-loaded dual-responsive in situ gels containing a mixture
of P407 + P188 as a thermo-responsive polymer and κCRG as an ion-responsive polymer
was successfully developed and optimized using BBD. The optimized dual-responsive
in situ gel exhibited the desired flow properties at room temperature while undergoing
rapid sol-to-gel transition at physiological temperature in the presence of STF. The dual-
responsive in situ gel was well tolerated with no signs of irritation/inflammation of the
eye. The formulation showed good mucoadhesive characteristics. Ocular pharmacokinetic
studies revealed that the optimized NEB-loaded dual-responsive in situ gel could enhance
the ocular bioavailability with minimum systemic exposure compared to NEB suspensions.
The pharmacodynamic studies established the efficacy of the NEB-loaded dual-responsive
in situ gel in reducing the IOP compared to the NEB suspension. The results obtained in
the current research showed that optimized NEB-loaded dual-responsive in situ gels can
be a promising drug delivery system for the effective treatment of glaucoma.
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Abstract: Cannabidiol (CBD) is the major non-psychoactive and most widely studied of the cannabi-
noid constituents and has great therapeutic potential in a variety of diseases. However, contradictory
reports in the literature with respect to CBD’s effect on intraocular pressure (IOP) have raised concerns
and halted research exploring its use in ocular therapeutics. Therefore, the current investigation aimed
to further evaluate CBD’s impact on the IOP in the rabbit model. CBD nanoemulsions, containing
Carbopol® 940 NF as a mucoadhesive agent (CBD-NEC), were prepared using hot-homogenization
followed by probe sonication. The stability of the formulations post-moist-heat sterilization, in terms
of physical and chemical characteristics, was studied for three different storage conditions. The
effect of the formulation on the intraocular pressure (IOP) profile in normotensive Dutch Belted male
rabbits was then examined. The lead CBD-NEC formulation (1% w/v CBD) exhibited a globule size
of 259 ± 2.0 nm, 0.27 ± 0.01 PDI, and 23.2 ± 0.4 cP viscosity, and was physically and chemically
stable for one month (last time point tested) at 4 ◦C, 25 ◦C, and 40 ◦C. CBD-NEC significantly lowered
the IOP in the treated eyes for up to 360 min, with a peak drop in IOP of 4.5 mmHg observed at the
150 min time point, post-topical application. The IOP of the contralateral eye (untreated) was also
observed to be lowered significantly, but the effect lasted up to the 180 min time point only. Overall,
topically administered CBD, formulated in a mucoadhesive nanoemulsion formulation, reduced the
IOP in the animal model studied. The results support further exploration of CBD as a therapeutic
option for various inflammation-based ocular diseases.

Keywords: cannabidiol; nanoemulsion; carbopol® 940 NF; autoclave; IOP; rabbits

1. Introduction

Cannabis contains more than 100 cannabinoids [1]. ∆9-tetrahydrocannabinol (THC) is
the major psychoactive component while cannabidiol (CBD) is the major non-psychoactive
and most widely studied of the other cannabinoid constituents. CBD is known to act
on various receptor targets such as peroxisome proliferator-activated receptor gamma
(PPARγ) and 5-hydroxytryptamine 1A receptor (5-HT1A), and shows anti-inflammatory (by
interacting with the CB2 receptor and inhibiting immune cell migration), neuroprotective,
and antioxidant properties (by scavenging reactive oxygen species (ROS) and blocking
NADPH oxidase) [2–4]. CBD, thus, holds tremendous potential as a therapeutic candidate
in multiple ocular diseases.

In recent years, however, contradictory reports in the literature and the lack of rigor in
most prior studies make it difficult to conclude the impact of CBD on intraocular pressure
(IOP). Concerns about CBD increasing IOP on topical application have generated questions
about the safety of CBD for ocular use. A review of the literature reveals that, prior to 2022,
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a total of nine studies investigated the effect of CBD on the IOP. These investigations were
conducted in rabbits, cats, monkeys, and humans, and were administered via topical ocular,
oral, sublingual, or intravenous routes of administration. Intravenous CBD administration
in rabbits [5–7] and oral administration in monkeys [6] did not demonstrate any effect
on the IOP. On the other hand, topical application of CBD in rabbits, using mineral-oil-
based formulations [8], continuous topical application in cats using a mini pump [9], and
intravenous CBD application in human subjects [10] all led to transient drop in IOP.

Two studies, however, have reported an increase in IOP after CBD application [11,12].
Tomida et al. investigated sublingual administration of CBD in humans through oromucosal
spray and observed a transient rise in the IOP with a CBD dose of 40 mg but not with
20 mg [11]. In 2018, a report by Miller et al. raised serious concerns about the safety of
topical ocular CBD application [12]. The authors studied the effect of THC (5 mM; 0.16%
w/v) and CBD (5 mM; 0.16% w/v), alone and in combination, on the IOP in C57BL/6J
(C57) mice and CB1 knockout (CB1 KO) mice on CD1 strain background. THC lowered the
IOP in C57 male mice for 8 h whereas CBD increased the IOP in C57 male mice. However,
when CBD was administered to CB1 KO mice, this resulted in a decrease in IOP 1 h after
administration, but there was no effect observed 4 h post-administration. When CBD/THC
mixture was administration to C57 mice, CBD blocked the effect of THC and there was
no effect on IOP observed in the treated and contralateral eyes (no statistically significant
difference). Based on the above observations, Miller et al. concluded that, unlike THC,
CBD increases the IOP upon topical application and on co-administration with THC, CBD
counteracts the IOP lowering effect of THC.

Contrary to the observation by Miller et. al. [12], Rebibo et al., in 2022, reported that a
CBD nanoemulsion (NE) decreased IOP when administered three times a day for two weeks.
At 0.4% CBD concentration, IOP decreased significantly in female C57BL/6 mice after
7 and 14 days compared to the baseline values within the group [13]. A reduction in IOP
was also observed with 1.6% CBD after 3 and 14 days of topical application. Additionally,
0.4% CBD significantly lowered the IOP at 7, 10, and 14 treatment days compared to the
blank NE group, whereas the 1.6% NE reduced the IOP after 3, 10, and 14 days compared
to the blank NE group. However, a reduction in IOP was not seen in the 0.8% CBD treated
groups. Thus, although there are some questions in this report as to why the middle dose
did not show any effect on the IOP, the data suggests that topically administered CBD did
not increase the IOP in mice.

Thus, except for the two studies conducted by Miller et al. and Tomida et al. [11,12],
all other studies indicate that CBD does not increase IOP but rather has an IOP lowering
effect. However, based on the report by Miller et al. [12], the development of CBD as a
therapeutic candidate for ocular diseases has almost come to a halt because of IOP related
safety concerns.

CBD’s site of action is at the trabecular meshwork or the iris-ciliary (IC) bodies, or
both, depending upon the molecular mechanisms involved based on the current under-
standing [14,15]. Thus, for CBD to mediate local activity following topical application,
it has to penetrate across the corneal epithelium and reach the anterior segment ocular
tissues, especially the aqueous humor (AH) and IC bodies to achieve a therapeutic effect.
Our earlier investigations explored the penetration of CBD into the ocular tissues through
the topical route [16]. In that investigation, Tocrisolve-based CBD formulations (0.47% w/v)
were prepared and tested in New Zealand White (NZW) rabbits and the study revealed
that the CBD levels in the ocular tissues, 90 min post-administration, were very low [16].
Unfortunately, in that study, the effect of the Tocrisolve–based CBD formulations on the
IOP was not monitored. However, to better understand the effect of CBD on the IOP in
rabbits, a formulation allowing better delivery of CBD into the intraocular tissues would
be needed.

Previously, we encountered similar transcorneal delivery challenges with THC from
mineral oil or Tocrisolve-based THC NE formulations and resultant lack of an IOP low-
ering effect through the topical administration route [17–19]. This ultimately led to the
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development of a Carbopol® 940 NF containing THC NE formulation (THC-NEC) with
low oil (5% instead of the 20% in Tocrisolve) and different surfactant concentrations [20].
With this THC-NEC formulation we were able to demonstrate consistent IOP lowering
activity of THC in New Zealand White (NZW) rabbits [20,21].

Thus, the first aim of this study was to formulate CBD into the THC-NEC formulation
vehicle, to enhance drug retention on the ocular surface and allow better permeation
through the corneal membrane [20]. The second aim was to understand the effect of CBD
on the IOP of pigmented Dutch Belted (DB) rabbits. The DB rabbits show a higher IOP than
the NZW rabbits and thus serve as a better model to study the effect on IOP. Additionally,
the role of pigmentation, if any, on the duration of activity would be evident in this model.

2. Materials and Methods
2.1. Materials
2.1.1. Chemicals and Glassware

Cannabidiol (CBD) derived from hemp was used in this study and was a gift from
ElSohly Laboratories, Inc. (Oxford, MS, USA). Optical rotation, melting point test, mass
spectroscopy, and nuclear magnetic resonance spectroscopy studies were performed to en-
sure that this investigation was carried out with the (-) normal CBD isomer. Poloxamer 407
NF grade, sesame oil NF grade, Carbopol® 940 NF grade, glycerin NF grade, and Tween®

80 (Polysorbate 80) NF grade were purchased from Spectrum Chemicals (New Brunswick,
NJ, USA). All other chemicals, including Vitamin E-d-alpha-tocopherol polyethylene glycol
1000 succinate (TPGS), were purchased from Fisher Scientific (St. Louis, MO, USA). Sol-
vents used for the instrumental analysis were of high-performance liquid chromatography
(HPLC) grade and were purchased from Fischer Scientific (St. Louis, MO, USA). Centrifuge
tubes, scintillation glass vials, and Slide-A-Lyzer™ MINI Dialysis Devices (10 K molecular
weight cutoff) were purchased from Fischer Scientific (Hampton, NH, USA). Screw top
clear class A (Type I) borosilicate glass HPLC vials (12 × 32 mm, 2.0 mL) with pre-slit
silicone septa were purchased from Waters (Waters, Milford, CA, USA).

2.1.2. Animals

Dutch Belted (DB) male rabbits (weight; 4.75–5.75 lbs and age; 8–12 weeks) were
purchased from ENVIGO (Denver, PA, USA). All animal experiments conformed to the
tenets of the Association for Research in Vision and Ophthalmology statement on the Use
of Animals in Ophthalmic and Vision Research and followed the University of Mississippi
Institutional Animal Care and Use Committee approved protocols (18-029).

2.2. Methods
2.2.1. HPLC Method

CBD was quantified using an HPLC-UV system comprising of a Waters® Alliance
e2695 separations module and a Waters® 2489 UV/Vis dual absorbance detector. Stock
solutions of CBD were prepared in acetonitrile. A detection wavelength (λmax) of 210 nm
was set. The mobile phase, consisting of a mixture of solution A and B (75:25 v/v), was
pumped isocratically at a flow rate of 1.2 mL/min. Solution A consisted of a mixture of
acetonitrile and methanol (75:25 v/v) containing 0.05% v/v formic acid, while solution B
was Milli-Q water containing 0.05% v/v trifluoroacetic acid. Chromatographic separation
was achieved within 10 min on a Waters Symmetry® C18 column (150 × 4.6 mm, 5 µm) as
a stationary phase with a retention time of 7.5 min. The injection volume was set to 20 µL
and the detector sensitivity was set to 2.0 AUFS (absorbance units full scale). The column
temperature was kept at 40 ◦C while the sample holder temperature was kept at 25 ◦C. The
HPLC method was linear over a CBD concentration range of 1–20 µg/mL.

2.2.2. Preparation of CBD-NE Formulations

The composition of the CBD-NE formulation is presented in Table 1. Oil in water
(O/W) NE was prepared using hot homogenization followed by the probe sonication
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method [22,23]. The oil phase was prepared by dissolving an accurately weighed amount
of CBD in sesame oil, with heating at 70 ± 2 ◦C, to obtain a clear oily solution. The
aqueous phase comprising glycerin (tonicity adjusting agent), Poloxamer 407 and Tween®

80 (surfactants), TPGS (antioxidant), and water was placed in another glass vial and
simultaneously heated at 70 ◦C under continuous stirring in a water bath. The hot aqueous
phase was then added to the heated oil phase dropwise under continuous magnetic stirring
at 2000 rpm for 5 min to form pre-emulsion. This pre-emulsion was then homogenized
using a T25 digital Ultra-Turrax (IKA Works, Inc., Wilmington, NC, USA) at 11,000 rpm for
5 min at 65.0 ± 2.0 ◦C to form a coarse emulsion. The coarse emulsion was allowed to cool
at room temperature before being subjected to probe sonication in an ice bath for 10 min
with a 3 mm stepped microtip at 500 watts power supply and 115 volts (40% amplitude,
pulse on: 10 s and pulse off: 15 s) using a Sonics Vibra-Cell™ Sonicator (Newtown, CT,
USA) to form NE.

Table 1. Composition of cannabidiol-loaded nanoemulsion formulations.

Ingredients (% w/v)
Formulations

CBD-NE CBD-NEC

CBD 1.0 1.0

Sesame oil NF 5.0 5.0

Tween® 80 NF 2.0 2.0

Poloxamer 407 NF 0.2 0.2

Glycerin NF 2.25 2.25

Carbopol® 940 NF – 0.4

TPGS 0.002 0.002

Milli-Q water q.s (mL) 10 10

2.2.3. Preparation of the Mucoadhesive CBD-NE (CBD-NEC)

The NE preparation method, as described above, was followed for the preparation of
the NEC formulations (Table 1). However, the volume of Milli-Q water used to prepare
NE was split into two equal parts: one part was used to prepare the aqueous solution of
the mucoadhesive agent (Carbopol® 940 NF) and the other half was used to prepare the
aqueous phase as described above. They were both heated to 70 ◦C and added into the
oily phase containing the drug in a drop-by-drop fashion, using two different pipettes,
under constant magnetic stirring at 2000 rpm for 5 min to form a pre-emulsion. This
pre-emulsion was then homogenized using a T25 digital Ultra-Turrax (IKA Works, Inc.,
Wilmington, NC, USA) at 11,000 rpm for 5 min at 65.0 ± 2.0 ◦C to form a coarse emulsion.
The coarse emulsion was allowed to cool at room temperature before being subjected to
probe sonication in an ice bath for 10 min with a 3 mm stepped microtip at 500 watts power
supply and 115 volts (40% amplitude, pulse on: 10 s and pulse off: 15 s) using Sonics
Vibra-Cell™ Sonicator (Newtown, CT, USA) to form NE [21,24].

2.2.4. Measurement of Globule Size, Polydispersity Index (PDI), and Zeta Potential (ZP)

The NE and NEC formulations were evaluated for their globule size, PDI, and ZP
using Zetasizer (Nano ZS Zen3600, Malvern Panalytical Inc., Westborough, MA, USA) at
25 ◦C in disposable, folded, clear, and solvent-resistant micro-cuvettes (ZEN0040). The NE
and NEC formulations were diluted (100-fold) with Milli-Q water [25]. The same diluted
formulations were transferred to Zetasizer disposable folded capillary DTS1070 cells for
performing zeta potential measurement after globule size and PDI measurement [26,27].
All globule size, PDI, and zeta potential measurements were conducted in triplicate.
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2.2.5. Assay (CBD Content)

Fifty microliters (50 µL) of the CBD-NE and CBD-NEC formulations were transferred
into a volumetric flask (5 mL) and the volume was adjusted with acetonitrile (extracting
solvent, 100-fold dilution). The extract was vortexed (5 min, 2000 rpm, Vortex-Genie® 2,
Scientific Industries, Inc., Bohemia, NY, USA) and sonicated (Bransonic® ultrasonic cleaner,
Branson Ultrasonics corporation, Brookfield, CT, USA) for 10 min. The extract was then
centrifuged (AccuSpin 17R centrifuge, Fisher Scientific, Hanover, IL, USA) for 20 min at
13,000 rpm. Then, the supernatant was diluted (10-fold) with acetonitrile before being
analyzed for CBD content using the HPLC method mentioned above.

2.2.6. pH Measurement

The pH was measured with a Mettler Toledo pH meter (FiveEasy™, Columbus, OH,
USA) equipped with an Inlab® Micro Pro-ISM probe. Before measurement, the pH meter
was calibrated using different buffers with known pH values of 4.01, 7.00, and 10.01
(Orion™ Standard All-in-One™ pH Buffer Kit, Thermo Fisher Scientific, Chelmsford, MA,
USA). The pH measurements were carried out in triplicate.

2.2.7. Viscosity Measurement

A Brookfield cone and plate viscometer (LV-DV-II+ Pro Viscometer, Middleborough,
MA, USA) was used to measure the viscosity of the prepared NE and NEC formulations in
the presence and absence of simulated tear fluid (STF). STF was prepared by dissolving
0.0084% calcium chloride, 0.138% potassium chloride, 0.678% sodium chloride, and 0.218%
sodium bicarbonate in Milli-Q water and the pH was adjusted to 7.0 ± 0.2 with 0.1 N
hydrochloric acid. STF was mixed with the formulation in a ratio of 7:50 prior to viscosity
measurement. The STF to formulation ratio was selected based on the expectation that a
standard eyedropper dispenses 0.05 mL (50 µL) while the precorneal tear fluid volume is
about 7 to 10 µL [25]. The cup was thermally equilibrated at 25 ± 0.5 ◦C for 15 min with
the aid of a circulating water bath before the test. The sample (0.5 mL) was placed in the
viscometer cup plate and rotated at a constant speed of 5.0 rpm using a CPE 52 spindle.
The torque required to maintain this speed was measured and translated to viscosity values
(centipoise, cP). Rheology analysis was performed using Rheocalc® software (Version 3.3
Build 49-1, USA). The viscosity measurements of all samples were carried out in triplicate.

2.2.8. Sterilization Process and Stability Assessment

CBD-NE and CBD-NEC formulations were subjected to terminal moist heat steril-
ization (121 ◦C under 15 psi for 15 min, 3850ELP-B/L-D Tuttnauer autoclave, Heidolph,
Germany) process in glass vials. The sterilization cycle was confirmed by the color change
of the indicator tapes attached to the glass vials.

2.2.9. Stability Studies

The physicochemical stability of NE and NEC formulations was evaluated at refrig-
erated (4 ± 2 ◦C), room temperature (25 ± 2 ◦C), and accelerated (40 ◦C ± 2 ◦C) storage
conditions pre- and post-moist heat sterilization process. The formulations were evaluated
for any change in globule size, PDI, ZP, pH, and CBD content over the one month of storage.

2.2.10. Scanning Transmission Electron Microscopy (STEM)

The analysis was carried out using a JSM-7200FLV Scanning Electron Microscope
(JOEL, Peabody, MA, USA) attached to a STEM detector with an accelerating voltage of
30 kV. STEM samples were examined following a negative staining protocol with a solution
of UranyLess. A carbon-plated copper grid was placed on top of one drop (20 µL) of the
formulation for 60 s and the excess sample was blotted off with a filter paper after grid
removal from the formulation surface to remove any excess sample. The grid was then
washed by dipping it in distilled water and the grid was blotted with filter paper to remove
excess water. Next, the grid was placed sample down on top of one drop (20 µL) of the
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staining solution for 60 s and then was blotted with a filter paper to remove any excess
stain. The grid was allowed to dry for a few minutes by air. The grid was examined under
the scanning transmission electron microscope at 30 K times magnification power.

2.2.11. In Vivo Single Dose Efficacy Studies—IOP Measurement

IOP was measured following our earlier published protocols [20,21]. Pigmented DB
rabbits were acclimatized to the environment, personnel, and measurement procedure for
14 days to establish the IOP baseline. The CBD-NEC and NEC placebo formulations were
individually instilled (50 µL) into the lower cul-de-sac of the left eye (treated eye) of the DB
rabbits, while the right eye (contralateral) was kept untreated. Following topical instillation,
the eyelids were kept closed (5–10 s) to decrease spillage of the NE formulations. The
IOP was measured before instillation (to establish a baseline IOP) and every 30 min up to
180 min, and then every 60 min up to 480 min post-instillation. The IOP value displayed on
the TONOVET Plus tonometer (Icare® Finland Oy, Finland) was an average of six readings
and at each time point was measured in triplicate. The IOP measurements at each time
point are reported as percent change in IOP (Equation (1)).

∆IOP =
Baseline IOP − Measured IOP

Baseline IOP
×100 (1)

Ocular irritation was qualitatively evaluated through visual monitoring of redness
and changes in tearing or blinking rate.

2.2.12. Statistical Analysis

Statistical comparisons of the means were performed using one-way analysis of vari-
ance (ANOVA). The difference was considered significant when the p-value was <0.05.
SPSS 28 software (IBM®, Armonk, NY, USA) was used for the statistical evaluations.

3. Results and Discussion

NE formulations are nanosized (20–200 nm), thermodynamically stable, isotropic
systems [22]. NEs have a high solubilizing capacity for therapeutic moieties, excellent
physicochemical stability, and are biocompatible [28,29]. NEs can improve ocular perme-
ation, extend drug release, and enable drug distribution to the deeper ocular tissues [22,28].
The low surface tension of these nanocarriers facilitate excellent spreading on the ocular
surface and excellent mixing with the tear film, thus prolonging the residence time of the
drug on the ocular surface and improving ocular permeation [30]. All these factors led to
considering these nanocarriers as the vehicle of choice for this investigation.

Mucoadhesive agents prolong the ocular surface residence time of topically applied
therapeutics by adhering to the mucin layer of the tear film, thus enabling uniform dis-
tribution of the applied eyedrops above the cornea [20,31]. Therefore, the addition of
a mucoadhesive agent to the developed NE could result in prolonging the activity and
improving the therapeutic outcomes of CBD. Many mucoadhesive agents that have been
reported and used in many Food and Drug Administration (FDA) approved ophthalmic
dosage forms such as chitosan, Carbopol®, hydroxyl propyl methyl cellulose, sodium
carboxy methyl cellulose, hyaluronan, and xanthan gum.

Carbomer copolymer type A (Pemulen TR-2 NF Carbopol® 71G NF, Carbopol® 971P
NF, and Carbopol® 981 NF) and B (Pemulen TR-1 NF) and Carbomer homopolymer type
B (Carbopol® 974P NF, Carbopol® 5984 EP, and Carbopol® 934 NF) and C (Carbopol®

940 NF, and Carbopol® 980 NF) have been used in many FDA approved ophthalmic
formulations [20]. Carbomer homopolymer type C (Carbopol® 940 NF) gives the highest
viscosity at pH 7.5 and has been used up to 4.0% w/w in FDA approved ophthalmic
formulations according to the FDA inactive ingredients database. Besides its mucoadhesive
properties, Carbopol® 940 NF undergoes a pH-dependent sol-to-gel transition to form a
viscoelastic gel above a pH of 5.5. The normal pH range of human tear fluid is 6.5 to 7.6 with
an average value of 7.0 [23,32]. In the alkaline environment of human tears, the carboxyl
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groups ionize and generate many negative charges along the Carbopol® polymer backbone.
The electrostatic repulsion of the similar negative charges of the anionic carboxyl group
triggers the uncoiling and expansion of the polymeric chains, thus resulting in polymer
swelling and gel formation [33].

Our earlier investigation studied the effect of inclusion of Carbopol® 940 NF on
the intensity and duration of IOP lowering activity of ∆9 -tetrahydrocannabinol-valine-
hemisuccinate (THC-VHS) loaded in a nanoemulsion formulation [20]. The THC-VHS-
NEC formulation demonstrated a significant (p < 0.05) improvement in the duration of
IOP lowering activity, compared to THC-VHS-NE. Moreover, THC-VHS-NEC was more
effective than the marketed latanoprost ophthalmic eyedrops in terms of both duration
and intensity of IOP lowering. Thus, with the main objective of increased ocular surface
residence of the topically applied eye drops, Carbopol® 940 NF was the best choice for this
study with its dual mechanism for serving the objective.

3.1. Formulation Development

CBD-NE and CBD-NE formulations were prepared according to our previously es-
tablished protocols [20]. The composition of the prepared NE formulations is presented
in Table 1. The NE formulations were prepared using sesame oil as the oily phase as
CBD possesses adequate solubility in this oil. Moreover, Epidiolex®, the only FDA ap-
proved commercial product (oral) for CBD, is provided as a solution in sesame oil. The
selected Carbopol® 940 NF concentration (0.4% w/w) increases the viscosity of the pre-
pared NE while facilitating easy topical ocular application (≤50 cP) based on our earlier
investigations [20].

3.2. Physicochemical Characteristics of CBD-NE and CBD-NEC Formulations

The globule size, PDI, ZP, and drug content of CBD-NE and CBD-NEC formulations
are illustrated in Table 2. The globule size is an important factor for adhesion and interaction
with ocular epithelial cells. The reduction in globule size provides a larger surface area
for contact with the ocular surface, which can significantly enhance bioavailability [34].
Smaller globules (<200 nm) are transported by receptor-mediated endocytosis uptake
whereas larger particles are transported by phagocytosis [23]. PDI values show the width
of globule size distribution and PDI values < 0.3 demonstrate that the NE formulations
were uniform dispersions with narrow globule size distribution [35]. ZP values of more
than ±30 mV indicate good physical stability for the prepared NEs [23,36].

Table 2. Globule size, PDI, zeta potential, drug content, pH, and viscosity of the CBD-NE and
CBD-NEC formulations (mean ± SD, n = 3).

Parameter
Formulation

CBD-NE CBD-NEC

Globule size (d. nm) 167.2 ± 4.2 259.5 ± 2.0

Polydispersity index 0.20 ± 0.01 0.27 ± 0.01

Zeta potential (mV) −19.8 ± 1.1 −37.9 ± 0.8

Drug content (%) 100.0 ± 0.3 101.9 ± 0.1

pH 5.6 ± 0.02 3.6 ± 0.02

Viscosity (cP) without STF 11.6 ± 0.5 23.2 ± 0.4

Viscosity (cP) with STF 12.3 ± 1.0 31.2 ± 1.2

Carbopol® 940 NF addition changed ZP significantly from −19.8 ± 1.1 for CBD-NE to
−37.9 ± 0.8 for CBD-NEC, probably due to the negatively charged carboxylic acid groups
along the polymer backbone. The change in ZP suggests that Carbopol® 940 NF is adsorbed
on the surface of the oil droplets [20]. The significant increase (p < 0.05) in globule size from
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167.2 ± 4.2 for CBD-NE to 259.5 ± 2.0 for CBD-NEC also supports surface adsorption of
Carbopol® 940 NF [20]. Both NE formulations demonstrated CBD content, 100.0 ± 0.3 for
CBD-NE and 101.9 ± 0.1 for CBD-NEC, within the acceptance limits of the label’s content
(90–110%).

3.3. pH and Viscosity

Although physiological pH ranges are always preferred, the eye can tolerate topical
formulations with low buffering capacity over a pH range of 3.0–8.6. In this study, incorpo-
ration of the mucoadhesive agent, Carbopol® 940 NF, significantly (p < 0.05) affected the
pH of the formulation (Table 2). The decrease in pH from 5.6 ± 0.02 (CBD-NE) to 3.6 ± 0.02
(CBD-NEC) would be due to the acidic carboxylic groups of Carbopol® 940 NF. The pH
values of both formulations were within the acceptable range. Moreover, in our earlier
studies with THC-VHS using the same vehicle, there were no signs of discomfort, ocular
irritation, or redness in the treated eye during the in vivo single-dose efficacy study period
(8 h study) based on visual examination [20]. This suggests the lower pH of the CBD-NEC
formulation would not cause any ocular irritation or redness in the treated eye.

Viscosity is a critical parameter of topical ophthalmic dosage forms because it can affect
the performance of the applied product as well as patient comfort. Generally, viscosity
values up to 50 cP have been established to be most favorable in terms of patient compliance,
ease of topical ocular application, and prolonging retention at the ocular surface, thus
leading to improved ocular bioavailability [37]. The viscosity of both NE formulations was
measured using a Brookfield cone and plate viscometer (Table 2). It was observed that the
viscosity of the CBD-NE formulation (11.6 ± 0.5 cP) was significantly (p < 0.05) increased,
expectedly, after the incorporation of Carbopol® 940 NF (CBD-NEC; 23.2 ± 0.4 cP) within
the formulation. Moreover, the addition of STF increased the viscosity (31.2 ± 1.2) of
CBD-NEC significantly (p < 0.05) because the alkaline environment (7.0 ± 0.2) resulted
in Carbopol® 940 NF swelling and gel formation. All measured viscosity values were
favorable for ocular application.

3.4. STEM

The surface morphology of CBD-NEC was studied using STEM and the result is shown
in Figure 1. The globules were spherical in shape with a globule size around 250 d.nm,
which is consistent with the results obtained from dynamic light scattering studies.
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3.5. Stability Studies

The physicochemical stability of both NE formulations was evaluated at 4, 25, and
40 ◦C storage conditions over 30 days (last time point tested). Both formulations did not
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show any change in color, precipitation, creaming, or cracking during the testing period
upon visual examination.

Addition of Carbopol® 940 NF makes filtration of the NEC formulation very chal-
lenging, necessitating aseptic manufacturing if not autoclavable. Terminal sterilization of
the final dosage form is always more preferred than aseptic manufacturing. Thus, moist-
heat sterilization was also investigated for the NE and NEC formulations. The pre- and
post-moist-heat sterilization physicochemical characteristics are provided in Table 3. The
autoclaved formulations remained stable under the test conditions employed; globule size,
PDI, ZP, pH, and drug content did not show a significant (p < 0.05) change in comparison
to the pre-autoclaved formulation for one month.

Table 3. Stability data for CBD-NE and CBD-NEC nanoemulsion formulations pre- and post- steril-
ization over one month of storage at 4, 25, and 40 ◦C (mean ± SD, n = 3).

Formulation Day

Storage at 4 ± 2 ◦C

DS (d, nm) PDI ZP (mV) pH Drug Content (%)

Sterilization Stage

Pre Post Pre Post Pre Post Pre Post Pre Post

CBD-NE
0 167.2 ± 4.2 167.9 ± 2.0 0.20 ± 0.01 0.21 ± 0.02 −19.8 ± 1.1 −21.6 ± 0.2 5.60 ± 0.02 5.62 ± 0.01 100.0 ± 0.3 97.0 ± 0.2

30 166.0 ± 3.7 163.6 ± 2.6 0.20 ± 0.02 0.23 ± 0.01 −21.7 ± 0.5 −20.6 ± 0.4 5.60 ± 0.02 5.64 ± 0.02 99.5 ± 2.1 99.0 ± 0.5

CBD-NEC
0 259.5 ± 2.0 258.5 ± 0.4 0.26 ± 0.01 0.25 ± 0.02 −33.9 ± 0.8 −34.7 ± 0.3 3.60 ± 0.01 3.59 ± 0.03 101.9 ± 0.1 98.2 ± 0.3

30 252.9 ± 2.8 251.7 ± 3.7 0.25 ± 0.01 0.26 ± 0.01 −35.2 ± 0.2 −33.6 ± 0.4 3.60 ± 0.01 3.65 ± 0.01 101.9 ± 1.4 102.6 ± 1.5

Storage at 25 ± 2 ◦C

CBD-NE
0 165.7 ± 1.8 166.4 ± 2.0 0.21 ± 0.01 0.22 ± 0.01 −19.8 ± 0.9 −21.6 ± 0.8 5.62 ± 0.02 5.63 ± 0.01 99.8 ± 0.1 97.0 ± 0.1

30 164.9 ± 1.0 161.9 ± 3.0 0.22 ± 0.01 0.22 ± 0.02 −21.2 ± 0.3 −20 ± 0.6 5.64 ± 0.02 5.62 ± 0.01 98.2 ± 1.7 97.6 ± 0.6

CBD-NEC
0 262.9 ± 1.3 259.4 ± 0.8 0.25 ± 0.02 0.24 ± 0.02 −34.3 ± 2.1 −35.7 ± 0.8 3.61 ± 0.01 3.60 ± 0.02 100.8 ± 0.1 101.0 ± 0.1

30 256.8 ± 4.7 256.1 ± 0.8 0.26 ± 0.01 0.26 ± 0.01 −35.8 ± 0.6 −34.3 ± 0.8 3.64 ± 0.01 3.65 ± 0.02 100.2 ± 2.0 99.6 ± 2.1

Storage at 40 ± 2 ◦C

CBD-NE
0 166.8 ± 2.2 170.2 ± 2.4 0.19 ± 0.01 0.21 ± 0.01 −21.2 ± 0.5 −19.6 ± 0.3 5.55 ± 0.01 5.64 ± 0.02 99.6 ± 0.1 98.0 ± 0.3

30 160.9 ± 2.0 162.2 ± 2.6 0.21 ± 0.01 0.21 ± 0.00 −20.8 ± 0.6 −20.6 ± 0.5 5.58 ± 0.01 5.62 ± 0.01 100.3 ± 3.1 99.8 ± 0.2

CBD-NEC
0 263.1 ± 1.8 256.9 ± 2.9 0.24 ± 0.03 0.25 ± 0.01 −34.4 ± 2.1 −35.4 ± 0.3 3.60 ± 0.03 3.62 ± 0.01 99.9 ± 0.2 101.6 ± 0.5

30 254.9 ± 4.0 254.7 ± 1.8 0.25 ± 0.01 0.26 ± 0.01 −34.6 ± 1.6 −36.2 ± 0.8 3.64 ± 0.01 3.65 ± 0.03 102.9 ± 0.3 102.4 ± 1.2

Surfactant composition, globule size, and surface charge are directly related to the
physical stability of NEs. The combined effect of these three parameters determines
the formulation stability. A suitable surfactant combination provides an elastic interface
between the two immiscible liquids, allowing the dispersed phase to be suspended in the
form of small globules in the dispersion medium [38]. The oil globules become elastic and
can survive a high degree of tension during deformation. In addition, smaller dispersed oil
globules are not affected by gravitational force and become suspended continuously in the
dispersion medium [39]. Moreover, numerous surface charges over the smaller oil globules
keep them separate due to the presence of strong interglobular repulsive forces [40].

The continuous motion of oil globules within the dispersion medium makes oil glob-
ules approach each other, and the globules become subjected to strong repulsive force
and finally move apart after the elastic collision [40]. This phenomenon improves kinetic
stability by Brownian motion [38]. Although high-molecular-weight surfactants such as
Tween® 80 and Poloxamer 407 provide a lower magnitude of ZP, these surfactants keep
the NE stable by the additive effects of steric hindrance and the repulsive force between
similarly charged globules [38]. Based on the HLB theory reported by Griffin, a mixture of
surfactants with a final HLB value between 9 and 12 is sufficient to prepare stable O/W
Nes [41,42]. Hence, it seems that the 1:10 ratio of Poloxamer 407: Tween® 80 (HLB: ~15.6)
could provide excellent physical stability. It is worth mentioning that the same formulation
composition loaded with THC-VHS provided excellent stability with respect to globule size,
PDI, ZP, pH, and drug content pre- and post-sterilization in our earlier investigation [20].
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3.6. In Vivo Single-Dose Efficacy Studies—IOP Measurement

In earlier studies, Miller et al. reported there was an increase in IOP in mice after
administering CBD [12], whereas Rebibo et al. [13] reported a decrease in IOP when
mice were dosed with a CBD emulsion. Both groups administered a blank vehicle to the
contralateral eye and a drug loaded formulation to the treated eye; however, they report
contrasting results. This could be attributed to how the change in IOP was determined.
Miller et al. compared the IOP of the treated eye to that of the contralateral eye, whereas
Rebibo et al. [13] compared the IOP of the treated eye to the baseline values. As the
literature indicates, IOP lowering agents applied to one eye can significantly reduce IOP
in the contralateral eye also [17,20,43–48]. This has also been observed in the mouse
model [49,50]. CBD, like THC, is seen to lower the IOP in the contralateral eye. Thus,
concluding the effect of CBD on the IOP, or a change in IOP, based on a comparison
between the contralateral and treated eye IOPs could be erroneous.

Miller et al. and Rebibo et al. both used a mouse model to demonstrate the impact
of CBD on IOP. The mouse model is particularly attractive due to the ease of husbandry,
the extensive genomic resources available, and the potential for genetic manipulation [51].
However, the mouse model for glaucoma also presents challenges with obtaining an
accurate determination of IOP due to the small size of the mouse eye. Both research groups
have used anesthesia to measure the IOP. Anesthesia has been reported to influence the IOP
in rodents. The type and quantity of the anesthesia used determines how much the IOP is
influenced [52]. Kim et al. reported that the mean IOP decreases rapidly during the first
10 min after the loss of the lid reflex and remains unchanged thereafter. Both groups have
reported measurements taken after the successful induction of anesthesia, which could
impact the IOP reading [12,13].

Figure 2 illustrates the IOP vs. time profile following topical administration of CBD-
NEC (treated eye and contralateral eye), NEC placebo (treated eye), and baseline of left eye
in Dutch Belted male rabbits. The IOP versus time profile of the baseline of the left eye (test
eye) was established prior to application of NEC formulations. There were no significant
(p > 0.05) differences found in the baseline of the test eye over the 8 h and an average IOP of
23.1 ± 0.2 mmHg was maintained. The NEC-placebo formulation exhibited a similar IOP
vs. time profile as the baseline and maintained an average IOP of 23.5 ± 0.3 mmHg. The
CBD-NEC formulation demonstrated a significant IOP-lowering effect in the DB rabbits
following a topical application (p < 0.05). A drop of more than 10% was observed for both
the contralateral and test eye 30 min after the application of CBD-NEC formulation in the
test eye as well as the contralateral eye. The maximum drops in IOP (% drop from time 0)
for the test eye and contralateral eye after the instillation of CBD-NEC were 19.9% and
17.4%, respectively, at 150 min post-application. The durations of action (considered only if
the drop in IOP was more than 10% from baseline) for the test eye and contralateral eye
were 240 min and 150 min, respectively. The IOP began returning to baseline after 180 min
post-application. The IOP of the treated eye after application of CBD-NEC was significantly
lower than the established left eye baseline from the 30 min time point (p < 0.005) and this
effect lasted until 300 min (p < 0.001). The statistical difference between the treatments can
be found in Table 4. Based on previous data that suggest the addition of the mucoadhesive
agent to a nanoemulsion prolongs the duration of action compared to the nanoemulsion
alone, CBD-NE was not tested [20].
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Figure 2. IOP vs. time profile following topical administration of CBD-NEC (treated eye and
contralateral eye), NEC placebo (treated eye), and baseline of left eye in Dutch Belted male rabbits
(mean ± SEM, n = 6).

Table 4. p-values associated with the difference in the IOP values of treated and contralateral eyes
from the baseline value post-instillation of CBD-NEC or placebo formulations in the Dutch Belted
male rabbits (n = 6).

Time Point
(min)

CBD-NEC Treated Eye
vs.

NEC-Placebo

CBD-NEC Treated Eye
vs.

CBD-NEC Contralateral Eye

CBD-NEC Treated Eye
vs.

Baseline Treated Eye

CBD-NEC Contralateral
Eye vs.

Baseline Treated Eye

p-Value p-Value p-Value p-Value

0 0.211 0.625 1.000 1.000

30 0.003 0.235 0.005 <0.001

60 0.003 0.397 0.001 0.024

90 <0.001 0.155 0.001 0.024

120 <0.001 0.226 <0.001 0.001

150 <0.001 0.431 <0.001 <0.001

180 <0.001 0.045 <0.001 0.309

240 <0.001 0.144 <0.001 0.149

300 – 0.051 <0.001 0.356

360 0.566 1.000 0.271 0.564

480 0.323 0.088 0.045 0.396

4. Conclusions

This study is the first to report—to the author’s knowledge—that CBD lowers the
IOP in normotensive Dutch Belted rabbits following topical application. The CBD-NEC
formulation exhibited a max drop of 19.9% with a duration of 300 min. The CBD-NE
and CBD-NEC formulations were successfully prepared using Carbopol® 940 NF as a
mucoadhesive agent and were evaluated for stability at 4, 25, and 40 ◦C. Both formulations
were sterilized via moist heat and the pre- and post-autoclaved formulations were stable for
at least one month (last time point tested) after the sterilization process. The ocular tissue
biodistribution profile, dose–effect relationship, effect of sex on the pharmacodynamic
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activity, and investigations into the IOP lowering mechanism are the topics of additional
studies that are underway. In summary, the prepared NE formulations could provide a
promising CBD delivery platform for the treatment of glaucoma or other ocular indications.
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13. Rebibo, L.; Frušić-Zlotkin, M.; Ofri, R.; Nassar, T.; Benita, S. The Dose-Dependent Effect of a Stabilized Cannabidiol Nanoemulsion

on Ocular Surface Inflammation and Intraocular Pressure. Int. J. Pharm. 2022, 617, 121627. [CrossRef]
14. Vallée, A.; Lecarpentier, Y.; Vallée, J.-N. Cannabidiol and the Canonical WNT/β-Catenin Pathway in Glaucoma. Int. J. Mol. Sci.

2021, 22, 3798. [CrossRef]
15. Straiker, A.; Miller, S. ∆9-THC and CBD Differentially Regulate Intraocular Pressure. Investig. Ophthalmol. Vis. Sci. 2018, 59, 6040.

58



Pharmaceutics 2022, 14, 2585

16. Taskar, P.; Adelli, G.; Patil, A.; Lakhani, P.; Ashour, E.; Gul, W.; ElSohly, M.; Majumdar, S. Analog Derivatization of Cannabidiol
for Improved Ocular Permeation. J. Ocul. Pharmacol. Ther. 2019, 35, 301–310. [CrossRef] [PubMed]

17. Taskar, P.S.; Patil, A.; Lakhani, P.; Ashour, E.; Gul, W.; ElSohly, M.A.; Murphy, B.; Majumdar, S. ∆9-Tetrahydrocannabinol
Derivative-Loaded Nanoformulation Lowers Intraocular Pressure in Normotensive Rabbits. Trans. Vis. Sci. Tech. 2019, 8, 15.
[CrossRef]

18. Adelli, G.R.; Bhagav, P.; Taskar, P.; Hingorani, T.; Pettaway, S.; Gul, W.; ElSohly, M.A.; Repka, M.A.; Majumdar, S. Development of
a ∆9-Tetrahydrocannabinol Amino Acid-Dicarboxylate Prodrug with Improved Ocular Bioavailability. Investig. Ophthalmol. Vis.
Sci 2017, 58, 2167–2179. [CrossRef]

19. Hingorani, T.; Adelli, G.R.; Punyamurthula, N.; Gul, W.; ElSohly, M.A.; Repka, M.A.; Majumdar, S. Ocular Disposition of
the Hemiglutarate Ester Prodrug of ∆9-Tetrahydrocannabinol from Various Ophthalmic Formulations. Pharm. Res. 2013, 30,
2146–2156. [CrossRef] [PubMed]

20. Sweeney, C.; Dudhipala, N.; Thakkar, R.; Mehraj, T.; Marathe, S.; Gul, W.; ElSohly, M.A.; Murphy, B.; Majumdar, S. Impact of
Mucoadhesive Agent Inclusion on the Intraocular Pressure Lowering Profile of ∆9-Tetrahydrocannabinol-Valine-Hemisuccinate
Loaded Nanoemulsions in New Zealand White Rabbits. Int. J. Pharm. 2022, 616, 121564. [CrossRef]

21. Sweeney, C.; Dudhipala, N.; Thakkar, R.; Mehraj, T.; Marathe, S.; Gul, W.; ElSohly, M.A.; Murphy, B.; Majumdar, S. Effect of
Surfactant Concentration and Sterilization Process on Intraocular Pressure–Lowering Activity of ∆9-Tetrahydrocannabinol-Valine-
Hemisuccinate (NB1111) Nanoemulsions. Drug Deliv. Transl. Res. 2021, 11, 2096–2107. [CrossRef]

22. Youssef, A.A.A.; Cai, C.; Dudhipala, N.; Majumdar, S. Design of Topical Ocular Ciprofloxacin Nanoemulsion for the Management
of Bacterial Keratitis. Pharmaceuticals 2021, 14, 210. [CrossRef] [PubMed]

23. Youssef, A.A.A.; Thakkar, R.; Senapati, S.; Joshi, P.H.; Dudhipala, N.; Majumdar, S. Design of Topical Moxifloxacin Mucoadhesive
Nanoemulsion for the Management of Ocular Bacterial Infections. Pharmaceutics 2022, 14, 1246. [CrossRef] [PubMed]

24. Tatke, A.; Dudhipala, N.; Janga, K.Y.; Balguri, S.P.; Avula, B.; Jablonski, M.M.; Majumdar, S. In Situ Gel of Triamcinolone
Acetonide-Loaded Solid Lipid Nanoparticles for Improved Topical Ocular Delivery: Tear Kinetics and Ocular Disposition Studies.
Nanomaterials 2019, 9, 33. [CrossRef]

25. Youssef, A.A.A.; Dudhipala, N.; Majumdar, S. Dual Drug Loaded Lipid Nanocarrier Formulations for Topical Ocular Applications.
IJN 2022, 17, 2283–2299. [CrossRef] [PubMed]

26. Youssef, A.; Dudhipala, N.; Majumdar, S. Ciprofloxacin Loaded Nanostructured Lipid Carriers Incorporated into In-Situ Gels to
Improve Management of Bacterial Endophthalmitis. Pharmaceutics 2020, 12, 572. [CrossRef]

27. Marathe, S.; Shadambikar, G.; Mehraj, T.; Sulochana, S.P.; Dudhipala, N.; Majumdar, S. Development of α-Tocopherol Succinate-
Based Nanostructured Lipid Carriers for Delivery of Paclitaxel. Pharmaceutics 2022, 14, 1034. [CrossRef] [PubMed]

28. Lallemand, F.; Daull, P.; Benita, S.; Buggage, R.; Garrigue, J.-S. Successfully Improving Ocular Drug Delivery Using the Cationic
Nanoemulsion, Novasorb. J. Drug Deliv. 2012, 2012, 604204. [CrossRef]

29. Singh, M.; Bharadwaj, S.; Lee, K.E.; Kang, S.G. Therapeutic Nanoemulsions in Ophthalmic Drug Administration: Concept
in Formulations and Characterization Techniques for Ocular Drug Delivery. J. Control. Release 2020, 328, 895–916. [CrossRef]
[PubMed]

30. Ammar, H.O.; Salama, H.A.; Ghorab, M.; Mahmoud, A.A. Nanoemulsion as a Potential Ophthalmic Delivery System for
Dorzolamide Hydrochloride. AAPS PharmSciTech 2009, 10, 808–819. [CrossRef] [PubMed]

31. Naik, J.B.; Pardeshi, S.R.; Patil, R.P.; Patil, P.B.; Mujumdar, A. Mucoadhesive Micro-/Nano Carriers in Ophthalmic Drug Delivery:
An Overview. BioNanoScience 2020, 10, 564–582. [CrossRef]

32. Abelson, M.B.; Udell, I.J.; Weston, J.H. Normal Human Tear PH by Direct Measurement. Arch. Ophthalmol. 1981, 99, 301.
[CrossRef]

33. Ban, M.M.; Chakote, V.R.; Dhembre, G.N.; Rajguru, J.R.; Joshi, D.A. In-Situ Gel for Nasal Drug Delivery. Int. J. Dev. Res. 2018, 8,
18763–18769.

34. Dhahir, R.K.; Al-Nima, A.M.; Yassir Al-bazzaz, F. Nanoemulsions as Ophthalmic Drug Delivery Systems. Turk. J. Pharm. Sci. 2021,
18, 652–664. [CrossRef]

35. Lin, L.; Gu, Y.; Cui, H. Moringa Oil/Chitosan Nanoparticles Embedded Gelatin Nanofibers for Food Packaging against Listeria
Monocytogenes and Staphylococcus Aureus on Cheese. Food Packag. Shelf Life 2019, 19, 86–93. [CrossRef]

36. Mitri, K.; Shegokar, R.; Gohla, S.; Anselmi, C.; Müller, R.H. Lipid Nanocarriers for Dermal Delivery of Lutein: Preparation,
Characterization, Stability and Performance. Int. J. Pharm. 2011, 414, 267–275. [CrossRef]

37. Uddin, M.S.; Mamun, A.A.; Kabir, M.T.; Setu, J.R.; Zaman, S.; Begum, Y.; Amran, M.S. Quality Control Tests for Ophthalmic
Pharmaceuticals: Pharmacopoeial Standards and Specifications. J. Adv. Med. Pharm. Sci. 2017, 14, 1–17. [CrossRef]

38. Rai, V.K.; Mishra, N.; Yadav, K.S.; Yadav, N.P. Nanoemulsion as Pharmaceutical Carrier for Dermal and Transdermal Drug
Delivery: Formulation Development, Stability Issues, Basic Considerations and Applications. J. Control. Release 2018, 270, 203–225.
[CrossRef] [PubMed]

39. Komaiko, J.S.; McClements, D.J. Formation of Food-Grade Nanoemulsions Using Low-Energy Preparation Methods: A Review of
Available Methods. Compr. Rev. Food Sci. Food Saf. 2016, 15, 331–352. [CrossRef]

40. Mishra, N.; Yadav, K.S.; Rai, V.K.; Yadav, N.P. Polysaccharide Encrusted Multilayered Nano-Colloidal System of Andrographolide
for Improved Hepatoprotection. AAPS PharmSciTech 2017, 18, 381–392. [CrossRef]

59



Pharmaceutics 2022, 14, 2585

41. Santos, J.; Calero, N.; Trujillo-Cayado, L.A.; Martín-Piñero, M.J.; Muñoz, J. Processing and Formulation Optimization of Mandarin
Essential Oil-Loaded Emulsions Developed by Microfluidization. Materials 2020, 13, 3486. [CrossRef]

42. Griffin, W.C. Calculation of HLB Values of Non-Ionic Surfactants. J. Soc. Cosmet. Chem. 1954, 5, 249–256.
43. Kiel, J.W.; Kopczynski, C.C. Effect of AR-13324 on episcleral venous pressure in Dutch belted rabbits. J. Ocul. Pharmacol. Ther.

2015, 31, 146–151. [CrossRef] [PubMed]
44. Dong, Y.-R.; Huang, S.-W.; Cui, J.-Z.; Yoshitomi, T. Effects of Brinzolamide on Rabbit Ocular Blood Flow in Vivo and Ex Vivo. Int.

J. Ophthalmol. 2018, 11, 719.
45. Rao, H.L.; Senthil, S.; Garudadri, C.S. Contralateral Intraocular Pressure Lowering Effect of Prostaglandin Analogues. Indian J.

Ophthalmol. 2014, 62, 575–579. [CrossRef]
46. Piltz, J.; Gross, R.; Shin, D.H.; Beiser, J.A.; Dorr, D.A.; Kass, M.A.; Gordon, M.O. Contralateral Effect of Topical β-Adrenergic

Antagonists in Initial One-Eyed Trials in the Ocular Hypertension Treatment Study. Am. J. Ophthalmol. 2000, 130, 441–453.
[CrossRef] [PubMed]

47. Dunham, C.N.; Spaide, R.F.; Dunham, G. The Contralateral Reduction of Intraocular Pressure by Timolol. Br. J. Ophthalmol. 1994,
78, 38–40. [CrossRef] [PubMed]

48. Arfaee, F.; Armin, A. A Comparison between the Effect of Topical Tafluprost and Latanoprost on Intraocular Pressure in Healthy
Male Guinea Pigs. J. Exot. Pet Med. 2021, 39, 91–95. [CrossRef]

49. Aihara, M.; Lindsey, J.D.; Weinreb, R.N. Reduction of Intraocular Pressure in Mouse Eyes Treated with Latanoprost. Investig.
Ophthalmol. Vis. Sci. 2002, 43, 146–150.

50. Ota, T.; Murata, H.; Sugimoto, E.; Aihara, M.; Araie, M. Prostaglandin Analogues and Mouse Intraocular Pressure: Effects of
Tafluprost, Latanoprost, Travoprost, and Unoprostone, Considering 24-Hour Variation. Investig. Ophthalmol. Vis. Sci. 2005, 46,
2006–2011. [CrossRef] [PubMed]

51. Weinreb, R.N.; Lindsey, J.D. The Importance of Models in Glaucoma Research. J. Glaucoma 2005, 14, 302–304. [CrossRef]
52. Kim, C.Y.; Kuehn, M.H.; Anderson, M.G.; Kwon, Y.H. Intraocular Pressure Measurement in Mice: A Comparison between

Goldmann and Rebound Tonometry. Eye 2007, 21, 1202–1209. [CrossRef]

60



Citation: Aziz, D.; Mohamed, S.A.;

Tayel, S.; Makhlouf, A. Enhanced

Ocular Anti-Aspergillus Activity of

Tolnaftate Employing Novel

Cosolvent-Modified Spanlastics:

Formulation, Statistical Optimization,

Kill Kinetics, Ex Vivo Trans-Corneal

Permeation, In Vivo

Histopathological and Susceptibility

Study. Pharmaceutics 2022, 14, 1746.

https://doi.org/10.3390/

pharmaceutics14081746

Academic Editors: Ana Catarina

Silva and Hugo Almeida

Received: 29 June 2022

Accepted: 16 August 2022

Published: 22 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceutics

Article

Enhanced Ocular Anti-Aspergillus Activity of Tolnaftate
Employing Novel Cosolvent-Modified Spanlastics: Formulation,
Statistical Optimization, Kill Kinetics, Ex Vivo Trans-Corneal
Permeation, In Vivo Histopathological and Susceptibility Study
Diana Aziz 1, Sally A. Mohamed 2 , Saadia Tayel 1 and Amal Makhlouf 1,*

1 Department of Pharmaceutics and Industrial Pharmacy, Faculty of Pharmacy, Cairo University,
Cairo 11562, Egypt

2 Department of Microbiology and Immunology, Faculty of Pharmacy, Cairo University, Cairo 12613, Egypt
* Correspondence: amal.makhlouf@pharma.cu.edu.eg

Abstract: Tolnaftate (TOL) is a thiocarbamate fungicidal drug used topically in the form of creams
and ointments. No ocular formulations of TOL are available for fungal keratitis (FK) treatment due to
its poor water solubility and unique ocular barriers. Therefore, this study aimed at developing novel
modified spanlastics by modulating spanlastics composition using different glycols for enhancing
TOL ocular delivery. To achieve this goal, TOL basic spanlastics were prepared by ethanol injection
method using a full 32 factorial design. By applying the desirability function, the optimal formula
(BS6) was selected and used as a nucleus for preparing and optimizing TOL-cosolvent spanlastics
according to the full 31.21 factorial design. The optimal formula (MS6) was prepared using 30%
propylene glycol and showed entrapment efficiency percent (EE%) of 66.10 ± 0.57%, particle size
(PS) of 231.20 ± 0.141 nm, and zeta potential (ZP) of −32.15 ± 0.07 mV. MS6 was compared to BS6
and both nanovesicles significantly increased the corneal permeation potential of TOL than drug
suspension. Additionally, in vivo histopathological experiment was accomplished and confirmed the
tolerability of MS6 for ocular use. The fungal susceptibility testing using Aspergillus niger confirmed
that MS6 displayed more durable growth inhibition than drug suspension. Therefore, MS6 can be a
promising option for enhanced TOL ocular delivery.

Keywords: tolnaftate; spanlastics; cosolvent; fungal keratitis; kill kinetics; susceptibility

1. Introduction

Fungal keratitis (FK) is one of the serious corneal infections that can cause eye damage
and blindness if not treated effectively. Ocular trauma is considered the most common
cause of FK as it can introduce fungi directly into the cornea [1]. It is evident that the most
common causative organisms of FK are Candida and filamentous fungi (like Fusarium species
and Aspergillus species) [2]. Aspergillus spp., if not diagnosed early, can result in macular
involvement, damage of the choroid, and necrosis in the retina with subsequent reduction in
visual capacity [3]. The spectrum of Aspergillus spp. is causing FK to become broader than
previously believed [4]. Furthermore, Aspergillus is resistant to hot and dry conditions [5].
Hence, FK caused by Aspergillus spp. significantly increased over the last few years.

Tolnaftate (TOL) is a synthetic thiocarbamate antifungal agent that acts selectively
against filamentous fungi, e.g., Aspergillus spp. Its fungicidal activity is mediated by inhibit-
ing squalene epoxidase, which is an important enzyme in the biosynthesis of ergosterol
(an important constituent of the fungal membrane). Therefore, squalene accumulates in
the fungal plasma membrane and ergosterol is diminished resulting in negative effects on
the membrane permeability and fungus growth resulting in cell death [6]. However, the
conventionally available topical dosage forms of TOL, e.g., creams, gels, and ointments
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are of limited efficacy due to their poor penetration potential which requires long-term
therapy and consequently decreases patient compliance [7]. Hence, several researchers
have put forward their efforts in designing novel topical particulate carriers for enhancing
the penetration of TOL for better therapeutic efficacy and increased patient compliance.
These carriers include solid lipid nanoparticles [8], nanostructured lipid carriers [8], pro-
niosomes [9,10], niosomal gels [11], and liposomal gels [7]. TOL is predictable to be a
favorable therapeutic agent for the treatment of FK due to its selective fungicidal activ-
ity, lipophilic character (log P 5.5), and intermediate molecular weight (307.4). These
physico-chemical properties enhance TOL permeability through the lipid-rich fungal cell
membrane [12]. However, there is no satisfactory data in earlier literature about the use
of TOL in an appropriate ocular delivery system for FK treatment due to its poor water
solubility (0.00054 mg/mL) and the unique ocular barriers which consequently limit its
ocular efficacy [13]. Our research team formulated TOL in novel polymeric pseudorotaxans
and confirmed its superiority over TOL suspension in enhancing its ocular permeation and
retention [14]. The challenge in this article is to formulate TOL in another novel delivery
system for enhancing its water solubility with resultant enhancing its ocular permeation
and retention.

The blinking reflex of the eye and its tear film turnover reduce the amount of the
applied dose available to be absorbed. The remaining drug must then penetrate through
the corneal epithelial constricted junction to be therapeutically effective [15]. Hence, to
achieve satisfactory antifungal activity, an ideal topical drug delivery system should possess
high corneal penetration, prolonged retention time with the eye, simplicity of installation,
decreased frequency of administration with minimal side effects, and better patient com-
pliance [16]. Accordingly, several novel drug delivery systems have been adopted for
enhancing the ocular delivery of antifungal agents and improving their ocular bioavailabil-
ity such as nanovesicles (niosomes, liposomes), elastic vesicles (transferosomes, spanlastics),
microemulsions, solid lipid nanoparticles, and polymeric mixed micelles.

Spanlastics, span-based elastic vesicles, are referred to as modified niosomes. Like nio-
somes, spanlastics are uni/multilamellar spherical structures composed mainly of lipophilic
non-ionic surfactant (span) with an additional edge activator that imparts flexibility to
their walls [17]. Edge activators (single chain surfactants) can destabilize the vesicles and
improve their vesicular bilayer deformability by lowering their surface tension [18]. Hence,
the high elasticity of spanlastics helped them to enhance drug permeation through different
mucosal bio-membranes (skin, cornea, gastrointestinal mucosa, etc.), by squeezing them-
selves through membrane pores with minimal risk of vesicular rupture [19]. Spanlastics
had been investigated previously for their capability to augment the ocular, trans-duodenal,
and transdermal drug absorption [17,20,21].

In the last two decades, great progress has been made in the field of formulating
vesicular nano-carriers. For example, water was partially replaced with a cosolvent, e.g.,
ethanol, glycerol, and propylene glycol in order to induce a degree of elasticity to the
vesicular bilayer [22]. In addition to enhancing the vesicular bilayer fluidity, these additives
can enhance TOL water solubility due to their high solubilizing power [23]. It had been
reported that the transdermal delivery of diclofenac and baicalin was enhanced via the
incorporation of cosolvents in the vesicular constructs [22,24]. Up to date, the use of
cosolvent-tailored nanovesicles for enhancing ocular delivery has not been yet investigated.
Therefore, this research was conducted for accomplishing two main goals; the first one
was to formulate TOL spanlastics according to 32 factorial designs using Design-Expert®

software in order to study the effect of various formulation variables on the prepared
spanlastics properties and to select the optimal formulation using desirability function.
Secondly, to confirm the hypothesized capacity of cosolvents in enhancing the vesicular
deformability, the optimal basic spanlastics were utilized as the nucleus for fashioning novel
tailored spanlastics by modifying their composition using various cosolvents. Tailored
spanlastics were prepared using a full 2131 factorial design for studying the effect of the
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type and proportion of the used cosolvent on the vesicular properties and selecting the
optimal one based on the desirability function.

2. Materials and Methods
2.1. Materials

Tolnaftate (TOL) was supplied by Hikma pharmaceuticals (Cairo, Egypt). Span 60 (sor-
bitan monostearate) and Tween 80 (polyoxyethylene sorbitan monooleate) were acquired
from Sigma Chemical Co. (St. Louis, MO, USA). Absolute methanol, absolute ethanol,
glycerol, and propylene glycol were acquired from El-Nasr Pharmaceutical Chemicals Co.
(Abu-Zaabal, Cairo, Egypt).

2.2. Preparation of TOL Basic Spanlastics

TOL basic spanlastics (prepared without the incorporation of cosolvents) were for-
mulated using ethanol injection method [25]. Precisely, Span 60 and TOL (10 mg) were
dissolved in 5 mL of absolute ethanol which was sonicated for 5 min at 80 ◦C to obtain a
clear solution. The resultant alcoholic solution was then rapidly injected into the pre-heated
aqueous solution (Tween 80, as edge activator, dissolved in 10 mL ultra-pure distilled water
and heated to the temperature of 80 ◦C at 600 rpm using a 30 gauze syringe). The ratio of
Span 60 to Tween 80 was optimized using Design-Expert® software (Version 7, Stat-Ease,
Inc., Minneapolis, MN, USA) according to full 32 factorial design (Table 1). Post hoc analysis
was performed using Tukey’s honest significant difference (HSD) test using SPSS software
17.0 (SPSS Inc., Chicago, IL, USA). Stirring was continued at 80 ◦C for 30 min. Spanlastics
were formed spontaneously turning the solution slightly turbid. Then, the resultant turbid
solution was left for another 30 min on a magnetic stirrer at room temperature for ethanol
removal by evaporation. For reduction of PS, the prepared formulae were sonicated in
a bath sonicator at 25 ◦C for 10 min. TOL basic spanlastics formulations were then left
overnight to equilibrate at 4 ◦C.

Table 1. Full 32 factorial design for TOL basic spanlastics optimization.

Factors Levels

X1: Span 60 amount (mg) 200 300 400
X2: Tween 80 amount (mg) 50 100 150

Responses (dependent variables) Desirability Constraints

Y1: EE% Maximize
Y2: PS (nm) Minimize
Y3: ZP (mV) Maximize (as absolute value)

Abbreviations: EE%, entrapment efficiency; PS, particle size; ZP, zeta potential.

2.3. In Vitro TOL Basic Spanlastics Characterization
2.3.1. Entrapment Efficiency (EE%)

TOL basic spanlastics formulae were filtered using Whatman filter paper (grade No. 1,
11 µm) to separate the unentrapped drug due to the extremely low solubility of TOL in
water [17,26,27] whereas vesicles loaded with TOL passed through the filter paper to the
filtrate. Then, 0.3 mL of the filtrate were then sonicated with methanol, and the entrapped
TOL concentration was measured spectrophotometrically at 257 nm. Each result was
expressed as the mean of three measurements ± SD. TOL EE% was calculated by the
following formula:

EE% =
Incorporated amount of TOL

Totlal amount of TOL
× 100

2.3.2. Particle Size (PS), Polydispersity Index (PDI), and Zeta Potential (ZP)

Zetasizer Nano ZS (Malvern Instrument Ltd., Worcestershire, UK) was used in the deter-
mination of PS, PDI, and ZP of the prepared TOL basic spanlastics applying dynamic light
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scattering technique. The formulations were diluted with deionized water prior to measurement
to produce proper scattering intensity. Each measurement was carried out in triplicates.

2.4. TOL Basic Spanlastics Formulation Optimization

Desirability function was applied to select the optimum TOL basic spanlastics. The
optimization process targeted to achieve a formula with the highest EE% and ZP (as
absolute value) and the least PS as presented in Table 1. The formula with the highest
desirability value (near to one) was chosen. To check whether the responses predicted by
the software are valid or not, the optimized TOL basic spanlastics formula was prepared
and characterized and its responses were compared to the predicted ones [28].

2.5. Modification of the Optimal TOL Basic Spanlastics Using Cosolvents

Cosolvent-modified spanlastics (TOL-cosolvent spanlastics) were prepared using
the same components of the optimal basic spanlastics together with different cosolvents
(glycerol and propylene glycol in different concentrations). Formulations were prepared
using the same ethanol injection technique employed for the preparation of the basic
spanlastics, and the cosolvent was added to the pre-heated aqueous medium.

2.6. Statistical Design for the Preparation of TOL-Cosolvent Spanlastics

A full factorial design (31.21) was utilized using Design-Expert® software to prepare
TOL-cosolvent spanlastics. Changing the utilized cosolvent (X1) and its percentage (%v/v)
(X2) were considered as the independent variables X1 and X2, respectively. On the other
hand, EE% (Y1), PS (Y2), and ZP (Y3) were the selected dependent variables as shown in
Table 2. For the percentage of the used cosolvent (X2), post hoc analysis was performed by
Tukey’s HSD test utilizing SPSS software 17.0.

Table 2. Full (31.21) factorial design for optimization of TOL-cosolvent spanlastics.

Factors Levels

X1: Type of cosolvent Glycerol Propylene glycol
X2: Percentage of cosolvent 10 20 30

Responses (dependent variables) Desirability Constraints

Y1: EE% Maximize
Y2: PS (nm) Minimize
Y3: ZP (mV) Maximize (as absolute value)

Abbreviations: EE%, entrapment efficiency percent; PS, particle size; ZP, zeta potential.

2.7. In Vitro TOL-Cosolvent Spanlastics Characterization
2.7.1. Entrapment Efficiency (EE%)

EE% of TOL-cosolvent spanlastics was determined using the same procedures fol-
lowed for determination of EE% of TOL spanlastics.

2.7.2. Particle Size (PS), Polydispersity Index (PDI), and Zeta Potential (ZP)

As previously mentioned, PS, ZP, and PDI were determined using Zetasizer at 25 ◦C.

2.8. TOL-Cosolvent Spanlastics Optimization

The optimum TOL-cosolvent spanlastics composition was predicted by applying the
desirability function method using Design-Expert® software (Version 7, Stat-Ease, Inc.,
Minneapolis, MN, USA). The optimization criteria were the smallest PS, the highest EE%,
and absolute value of ZP (Table 2). The formulation with the highest desirability value was
chosen for further characterizations. After selection, the optimal formulation was prepared,
characterized, and compared with the predicted responses to confirm the model efficacy.
Thereafter, to explore the effect of the added cosolvent on the vesicular physico-chemical
properties, the characteristics of the optimal cosolvent tailored spanlastics (PS, ZP, and
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EE%) were compared to those of the optimal basic spanlastics. Student’s t-test was used to
statistically analyze the results.

2.9. Transmission Electron Microscopy (TEM)

The morphological features of the selected optimal TOL-cosolvent spanlastics were
assessed using TEM (Joel JEM 1230, Tokyo, Japan). One drop of the undiluted sample
was placed on a carbon-coated copper grid and allowed to dry for about 10 min at room
temperature and subsequently investigated.

2.10. Differential Scanning Calorimetry (DSC)

Thermal analysis of TOL, Span 60, the optimum TOL-cosolvent spanlastics formula, and
the physical mixture of TOL with spanlastics ingredients was accomplished by a previously
calibrated differential scanning calorimeter (DSC-60, Shimadzu, Kyoto, Japan). Each sample
(≈5 mg) was placed in a standard aluminum pan and heated in a temperature range of
10–300 ◦C at a heating rate of 10 ◦C/min with continuous purging of nitrogen (25 mL/min).

2.11. Ex Vivo Studies
2.11.1. Corneas Preparation

The Research Ethics Committee of the Faculty of Pharmacy, Cairo University, Egypt
approved the study (PI 2982). Adult male New Zealand albino rabbits (2.5–3.0 kg) were
used to extract the corneas. The rabbits were decapitated following anesthesia with an
intramuscular injection of ketamine 35 mg/kg, and a relaxing agent: xylazine 5 mg/kg [29].
The eyes were enucleated immediately, and the corneas were excised and cautiously
cleaned with saline and checked for being free from any pores before using in the test. The
permeation experiment was conducted within half an hour of corneas extraction [25].

2.11.2. Corneal Permeation Study

A modified static Franz diffusion cell (area = 0.64) was used in TOL corneal perme-
ation studies. The excised corneas were sandwiched between the donor and receptor
chamber. The receptor medium was 100 mL of methanol: water (3:2), and it was kept
under continuous stirring (100 rpm) at 37 ◦C [30]. Accurate volume of each of the optimal
TOL-cosolvent spanlastics, TOL basic spanlastics, and TOL aqueous suspension (equivalent
to 300 µg TOL) was loaded under non-occlusive conditions on the corneal surface (donor
compartment). At different time intervals (0.5, 1, 2, 4, 6, and 8 h), 3 mL volumes were
withdrawn from the receptor compartment and fresh medium was added to replace the
withdrawn samples. The study was performed three times and the results were presented
as mean ± SD. TOL amount in the samples was determined by a validated HPLC system
(Shimadzu, Kyoto, Japan) equipped with L-7110 pump unit and an X Terra TM column
(Reversed C18:4.6 mm × 250 mm) having 5 µm size adsorbent as stationary phase (Mil-
ford, CT, USA). We used methanol 80% (v/v) as a mobile phase which flowed with a rate
of 1.2 mL/min, and the drug was detected at 258 nm [31]. The assay procedures were
validated for linearity, accuracy, and precision.

The cumulative amount of TOL permeated per unit area (µg/cm2) was plotted against
time (h). The flux (Jmax) at 8 h and the enhancement ratio (ER) were calculated using the
following equations [32].

Jmax =
Amount of drug permeated
Time × Area of membrane

ER =
Jmaxof the optimal nanoformulation

Jmaxof the drug suspension

The differences in Jmax and total TOL permeated were statistically analyzed using SPSS
software 17.0. Post hoc analysis was performed using Tukey’s HSD test. The difference
was considered significant when p ≤ 0.05.

65



Pharmaceutics 2022, 14, 1746

2.12. In Vitro Antifungal Activity
2.12.1. Fungal Strain and Inoculum Preparation

In this study, Aspergillus niger standard strain (ATCC32656) was tested. Sabouraud
Dextrose Agar (SDA) (Oxoid, Hampshire, UK) was used as the growth medium and the plates
were incubated for 48–96 h at 28 ± 2 ◦C. The germinating spores were harvested in sterile
normal saline solution, and the inoculum size was adjusted to 105–106 CFU/mL count.

2.12.2. Tested Samples

For the in vitro antifungal activity, the tested treatments were (i) the optimum TOL-
cosolvent spanlastics (MS6) (treatment A), (ii) TOL aqueous suspension (1 mg/mL) (treat-
ment B), and (iii) placebo solution (TOL-free optimum cosolvent-spanlastics formula).

2.12.3. Minimum Inhibitory Concentration (MIC)

The determination of MIC was performed utilizing microbroth dilution technique
according to Sayed et al. [30,33]. Two-fold serially diluted treatments A and B were set
in double strength Sabouraud Dextrose Broth (SDB) (500–0.24 µg/mL), dispensed into
U-shaped bottom 96-well plates, then 10 µL of the spore suspension (inoculum size of
105–106 CFU/mL) was added to each well. Negative control (double strength SDB only)
and positive control (double strength SDB and two-fold serial dilution of placebo solution
with 10 µL of the inoculum) were adopted. The microplates were incubated at 28 ± 2 ◦C
for 48 h. The MIC was determined as the lowest concentration having no observable fungal
growth. Triplicates of the experiment were conducted.

2.12.4. Minimum Fungicidal Concentration (MFC)

For treatment A and treatment B, the determination of MFC was performed using
broth microdilution method according the Clinical and Laboratory Standards Institute
guidelines [33]. Briefly, 2-fold serially diluted treatment A or B till the MIC together with the
10 µL spore suspension at 28 ± 2 ◦C were incubated in 96-well plates for 24 h. Then, 10 µL
of mixture was spotted on SDA plates. The plates were then incubated at 28 ± 2 ◦C for 48 h
then the fungal colony count (as CFU/mL) was determined. The MFC was expressed as
the lowest treatment concentration that shows no fungal growth.

2.12.5. Kill Kinetics Assay

Time–kill kinetics of treatment A and treatment B against Aspergillus niger (ATCC32656)
were conducted according to the method described by Ismail et al., with some modifica-
tions [34]. Briefly, the killing kinetics of treatment A and treatment B were assayed at the
fungicidal concentrations. In a 96-well microtiter plate, 100 µL of the double strength SDB
and 100 µL of treatment A or treatment B in its MFC concentration together with 10 µL of
the spore suspension (inoculum size of 105–106 CFU/mL). Ten microliters of this mixture
were added to 90 µL of saline solution, 10-fold serially diluted, and subjected to viable
colony count on SDA medium (0 time sample). The 96-well microtiter plate containing the
mixture of treatment and fungal spores was incubated at 28 ± 2 ◦C for up to 24 h. Then,
samples of each test were withdrawn at time intervals of 4, 6, 10, 16, and 24 h, diluted, and
subjected to viable colony count on SDA medium. The test was performed in triplicates.

2.13. In Vivo Studies
2.13.1. Animals

The Research Ethics Committee at Faculty of Pharmacy, Cairo University, Egypt (PI
2982) approved the study. Twelve male albino rabbits (2–3 kg) were used in the study.
The rabbits were individually caged under proper conditions of humidity, temperature
(25 ± 2 ◦C), and 12 h light/dark cycles. The animals were on a standard dry food and water
ad libitum. Examination of the rabbits by a slit lamp was performed to exclude animals
with ocular inflammation or disorder before the study.
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2.13.2. Draize Test

In order to assess the irritation potential of the optimal formula, a scoring system was
applied using three male albino New Zealand rabbits [29]. An aliquot of 100 µL of the
optimal TOL-cosolvent spanlastics was added to the right eye (in the conjunctival sac) and
the left eye was treated with normal saline to serve as control. We examined the right eye
visually at 1, 2, 5, 8, and 24 h after installation for any irritation, and the eye was scored
according to Draize scale [19,29]. The Draize scale was given as follows: 0, no reaction; 1,
very slight erythema; 2, well-defined erythema; 3, moderate to severe erythema [19].

2.13.3. Histopathology

Male albino New Zealand rabbits (3 animals) were utilized to assess the safety of the
prepared spanlastics. The optimum TOL-cosolvent spanlastics (one drop) were dropped
into the rabbit’s right eye and normal saline was installed into the left eye as control. The
treatments were repeated at one-hour intervals for a total of six hours [35]. Then, the rabbits
were anesthetized and euthanized and their eyeballs were extracted, washed with normal
saline solution, and fixed in 10% formalin in saline for 24 h. Then, the samples were washed
with tap water followed by serial dilutions of alcohols to dehydrate the samples. Then,
specimens were cleared in xylene and fixed in paraffin for 24 h at 56 degrees in hot air oven.
A sledge microtome (Leica Microsystems SM2400, Cambridge, UK) was used to prepare
paraffin beeswax tissue blocks by sectioning at 4 microns thickness. Then tissue sections
were presented on glass slides, deparaffinized, stained by hematoxylin and eosin stain to
be examined under light electric microscope [36].

2.13.4. Susceptibility Test

The tested microorganism was Aspergillus niger (ATCC32656). A parallel design of two
groups each composed of three rabbits was applied. The study was performed according
to Albash et al. [37]. Group I was administered the optimal TOL-cosolvent spanlastics
(treatment A) and group II was administered TOL suspension (treatment B). Equal volumes
(50 µL containing 50 µg TOL) of treatment A and treatment B were applied in the lower
conjunctival sac of the rabbit’s right eye using micropipette. No treatment was applied in
the left eye of all rabbits to serve as the control. At predetermined intervals (2–24 h), four
sterile filter paper discs (Whatman no. 5, 6 mm in diameter) were wetted by placing the
discs under the eyelid of each eye. For each eye (right and left), two discs were placed in
a 1.5 mL Eppendorf tube containing 500 µL SDB inoculated with 10% v/v fungal spore
suspension (105–106 CFU/mL). The other two discs were placed in a 1.5 mL Eppendorf
tube containing 500 µL uninoculated SDB as a blank for measuring the optical densities.
All tubes were then incubated at 28 ± 2 ◦C for 48 h under aerobic conditions. At the end of
the incubation period, 200 µL of each tube was transferred to a sterile 96-well plate and the
optical densities (OD600 nm) were read on an automated spectrophotometric plate reader
(Biotek, Synergy 2, Winooski, VT, USA). The results were presented as growth inhibition %
calculated according to the following equation:

Growth inhibition % =
Control (left eye) OD600 nm − Test (right eye) OD600 nm

Control (left eye) OD600 nm
× 100

3. Results and Discussion
3.1. Preparation of TOL Basic Spanlastics

Based on the preliminary studies, the ethanol injection method was the most appropriate
method for preparing TOL spanlastics. Span 60, a lipophilic non-ionic surfactant (HLB = 4.7),
was selected due to the lipophilicity of its saturated alkyl chain which cards the formation of
multi-lamellar vesicles [21]. Furthermore, the surface-active nature of Span 60 would boost the
action of the edge activator in reducing the interfacial tension with the subsequent production of
fine spanlastics dispersion. In contrast, it was shown that Span 40 and Span 80 formed vesicles
with a high degree of instability and aggregation [38]. The incorporation of edge activators
would enhance the vesicular elastic nature and increase their deformability. Different edge
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activators were used for preparing TOL basic spanlastics in the preliminary trials including
Tween 80, Cremophor EL, and sodium cholate. Vesicles formed using Tween 80 as an edge
activator showed better results with respect to EE% and PS (data not shown) and therefore, it
was used in this study. Ethanol was shown to have a positive impact on these nanovesicular
properties via enhancing the drug entrapping and partitioning within their vesicular bilayer [39].
Furthermore, ethanol can decrease vesicular size via different mechanisms. Firstly, it can reduce
the thickness of the vesicular membrane due to its membrane condensing ability. Secondly,
ethanol can modify the system net charge towards negative ZP with resultant steric stabiliza-
tion [40]. As previously mentioned, sonication is necessary for developing fine dispersion with
suitable PS. However, preliminary screening showed that there was an inverse relationship
between EE% of the prepared vesicles and sonication time. Hence, sonication time was fixed
to be 10 min which fashioned vesicles with optimum PS without significantly affecting PS or
which achieved a good compromise between PS and EE%.

3.2. Factorial Design Analysis of TOL Basic Spanlastics

A total of nine formulations of TOL basic spanlastics were prepared according to 32

full factorial design which was statistically analyzed by Design-Expert® software in order
to analyze the combined effect of the selected variables on spanlastics’ properties. The
selection of the levels of the factors was according to preliminary trials and the possibility
of TOL spanlastics preparation utilizing these levels. Two-factor interaction (2FI) was the
selected model. The measured responses of the nine experimental runs are presented in
Table 3. The predicted R2 was calculated as a measure of the model efficiency in predicting
a response value [6]. Referring to the results of design analysis (Table 4), it is worthy to note
that the predicted R2 values was close to the adjusted R2 in all responses, which confirmed
that the selected model adequately fitted to the data [41]. Adequate precision denotes the
signal-to-noise ratio to confirm that the model can assess the design space [42]. A ratio
greater than 4 is desirable, which was observed in all of the measured response (Table 4).

Table 3. Experimental runs, independent variables, and measured response of 32 full factorial
experimental designs of TOL basic spanlastics.

RunsRuns
X1 X2 Y1 Y2 Y3

Span 60 Amount
(mg)

Tween 80 Amount
(mg)

EE
% a

PS
(nm) a

ZP
(mV) a

BS1 200 50 27.85 ± 1.20 238 ± 1.98 −23.75 ± 1.20
BS2 300 50 32.05 ± 3.89 271.8 ± 11.03 −28.35 ± 0.78
BS3 400 50 51.15 ± 0.49 436.55 ± 9.97 −39.45 ± 0.92
BS4 200 100 31.05 ± 1.63 349.55 ± 34.44 −23.25 ± 0.78
BS5 300 100 49.8 ± 12.30 300.14 ± 0.14 −29.75 ± 1.20
BS6 400 100 76.8 ± 7.07 282.75 ± 1.34 −28.75 ± 2.76
BS7 200 150 30.9 ± 2.26 231.5 ± 10.18 −24.85 ± 0.64
BS8 300 150 47.3 ± 2.12 330.55 ± 44.48 −31.85 ± 0.78
BS9 400 150 85.45 ± 1.77 400.40 ± 6.51 −32.95 ± 1.48

Abbreviations: EE%, entrapment efficiency; PS, particle size; ZP, zeta potential; BS, basic spanlastics. a Data
represented as mean ± SD (n = 3).

Table 4. Output data of the full factorial analysis of TOL basic spanlastics.

Responses R2 Adjusted R2 Predicted R2 Adequate
Precision

Significant
Factors

EE% 0.9676 0.9388 0.8703 15.990 X1 (<0.0001),
X2 (=0.0004)

PS (nm) 0.9602 0.9249 0.8409 14.628 X1 (<0.0001)

ZP (mV) 0.9641 0.9321 0.8562 17.310 X1 (<0.0001),
X2(=0.0047)

Abbreviations: EE%, entrapment efficiency; PS, particle size; ZP, zeta potential.
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3.2.1. Formulation Variables Effect on EE% of TOL Basic Spanlastics

The formulated basic spanlastics showed EE% ranging from 27.85 ± 1.20 (BS1) to
85.45 ± 1.77 (BS9) as shown in Table 3. The influence of the amount of Span 60 (X1) and the
amount of Tween 80 (X2) on EE% of TOL basic spanlastics was graphically illustrated in
Figure 1. X1 and X2 were shown to have significant effect on EE% (p < 0.0001 and =0.0004,
respectively) (Table 4). Post hoc analysis showed that spanlastics prepared using 400 mg
Span 60 had the highest EE% compared to those prepared using 300 mg Span 60 and
then those prepared using 200 mg Span 60 (p < 0.05). This might be related to increasing
the amount of vesicle-forming material (Span 60), which might result in the formation
of greater lipophilic ambiance to incorporate a higher amount of the hydrophobic drug
(TOL) with the consequent increase in EE% [43]. With respect to the effect of using different
amounts of Tween 80 (X2), post hoc analysis revealed that spanlastics prepared using
100 mg and 150 mg Tween 80 showed higher EE% compared to those prepared using 50 mg.
The positive impact of edge activator amount (Tween 80) on EE% could be explained by
the aptitude of edge activator, when used in optimum concentration, to endow more space
for holding extra drug [44]. It could also be related to the capability of the edge activator
monomolecular layer to create a coat over the composed spanlastics that can stabilize
them. This coat is also able to hold more drugs and subsequently enhance EE% [45]. These
findings agreed with that presented by El Menshawe et al. who showed that EE% of
fluvastatin-loaded spanlastics increased by increasing edge activator concentration from
10% W/W to 20% W/W [44].
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Figure 1. Line plots of the significant effect of Span 60 amount (X1) (a), Tween 80 amount (X2) (b),
response 3D plot for the combined effect of amount of Span 60 (X1) and amount of Tween 80 (X2)
(c) on EE% of TOL basic spanlastics.

3.2.2. Formulation Variables Effect on PS of TOL Basic Spanlastics

The particle size of the prepared TOL basic spanlastics ranged from 231.50 ± 10.18 nm
to 436.55 ± 9.97 nm as shown in Table 3. The small PS plays a specific role in the safe and
efficient ocular drug delivery. The influence of the amount of Span 60 (X1) and the amount
of Tween 80 (X2) on PS of TOL basic spanlastics was graphically illustrated in Figure 2.
ANOVA results revealed that only the amount of Span 60 (X1) significantly affected the PS
of the prepared basic spanlastics (p < 0.0001) (Table 4). By increasing the amount of Span
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60 (film-forming material), multiple layers would have accumulated over each other and
consequently, PS increased. These results can also be correlated with the noticeable increase
in EE% by increasing the amount of Span 60. As previously mentioned, increasing Span
60 amount increased the amount of TOL incorporated in vesicles’ hydrophobic region and
consequently increased the distance between the vesicular lipid bilayer with the resultant
increase in PS [43]. Oppositely, the PS of TOL basic spanlastics was not significantly affected
by the amount of Tween 80 (X2) (p = 0.1270).
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3.2.3. Formulation Variables Effect on ZP of TOL Basic Spanlastics

The nanosystem stability is related directly to the magnitude of the electric charge
adsorbed on its surface. It was observed that TOL basic spanlastics were with negative ZP
values which fluctuated from −23.25 ± 0.78 to −39.45 ± 0.92 mV (Table 3). This negative
charge will prevent aggregation and give more stable dispersion. The influence of the amount
of Span 60 (X1) and the amount of Tween 80 (X2) on the ZP of TOL basic spanlastics is
illustrated in Figure 3. Statistical analysis showed that both X1: the amount of Span 60 and X2:
the amount of Tween 80 had a significant effect on ZP of TOL basic spanlastics (p < 0.0001 and
= 0.0047, respectively) (Table 4). With respect to the effect of the amount of Span 60 (X1) on ZP,
post hoc analysis revealed that spanlastics prepared using 400 mg Span 60 had the highest
ZP and that ZP increased by increasing the amount of Span 60 in a concentration-dependent
manner. This might be attributed to the ionizable carboxylate group present within the polar
head of Span 60, which is normally directed towards the aqueous external phase creating net
negative ZP [46]. Hence, by increasing Span 60 amount, more negative carboxylate groups
would reside on the vesicular surface, and consequently, ZP increases. With respect to the
effect of the amount of Tween 80 (X2) on ZP of TOL basic spanlastics, the post hoc test showed
that spanlastics containing 100 mg Tween 80 possessed the highest ZP compared to spanlastics
prepared using 50 and 150 mg. The higher ZP values of spanlastics containing 100 mg
compared to those of 50 mg are referred to as the EE% which increased when the Tween
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80 amount increased as previously stated. TOL, containing an ionizable thiocarbamate group,
could ionize and obtain a negative charge in alkaline and neutral pH. Hence, by increasing the
amount of Tween 80 from 50 to 100 mg, more TOL would be entrapped within the vesicles with
further ionization of the thiocarbamate group and consequently increased negative charge
acquired by the formed spanlastics [47]. As previously mentioned, there was no significant
difference in EE% of spanlastics containing 100 mg and those of 150 mg Tween 80. However,
the latter showed significantly lower ZP values. Tween 80, being a non-ionic surfactant, can
reside on the surface of the vesicles’ bilayer due to its hydrophilicity and consequently shield
the acquired negative surface charge [48]. Hence, by increasing the amount of Tween 80, the
negative ZP values gradually decreased due to the accumulation of the hydrophilic non-ionic
surfactant (Tween 80) on the vesicular bilayer surface with consequent shielding of the surface
negative charge [20,21].
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3.3. Selection of the Optimal TOL Basic Spanlastics

In order to select the optimal formula from the nine prepared spanlastics formulations,
a response surface analysis of the factorial design was performed using Design-Expert®

software. The predetermined constraints for optimization (minimizing PS and maximizing
EE% and ZP, as absolute value), were achieved in BS6 with total desirability of 0.633. BS6
was composed of 400 mg Span 60 and 100 mg Tween 80 and showed EE% of 76.80 ± 7.07%,
PS of 349.55 ± 34.44 nm, and ZP of −28.75 ± 2.76 mV. Therefore, BS6 was selected as a
nucleus formula for preparing and optimizing novel cosolvent-modified spanlastics.

3.4. Factorial Design Analysis of TOL-Cosolvent Spanlastics

To assess the effect of using different cosolvents on the physicochemical properties of
spanlastics and to evaluate the effect of cosolvent amount on these properties, a full 31.21

factorial design was utilized and statistically analyzed through Design-Expert® software.
The model selected was 2FI. The measured responses of the six experimental runs are
presented in Table 5. As shown in Table 6, adequate precision is greater than 4 (the
desirable value) in all responses except ZP which was a non-significant model term. It was
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also noted that the predicted R2 values came in reasonable agreement with the adjusted R2

in all responses except ZP (Table 6). The negative predicted R2 value of ZP indicates that
the overall mean is a better predictor of the response [49]. This might be due to the fact that
the ZP of the prepared tailored spanlastics was not significantly influenced by any of the
tested factors.

Table 5. Experimental runs, independent variables, and measured responses of 31.21 full factorial
experimental design of TOL-cosolvent spanlastics.

Runs
X1 X2 Y1 Y2 Y3

Cosolvent Type Cosolvent
Percentage EE% a PS (nm) a ZP (mV) a

MS1 Glycerol 10 71 ± 5.66 416.5 ± 33.23 −30.9 ± 1.13
MS2 Glycerol 20 37.8 ± 1.56 285.5 ± 11.17 −29.75 ± 2.90
MS3 Glycerol 30 72.5 ± 2.83 581.5 ± 2.55 −31.9 ± 1.13
MS4 Propylene glycol 10 56.73 ± 15.09 328.55 ± 14.21 −31.8 ± 0.71
MS5 Propylene glycol 20 57.45 ± 2.76 374.85 ± 32.74 −28.7 ± 2.12
MS6 Propylene glycol 30 66.1 ± 0.57 231.2 ± 0.141 −32.15 ± 0.07

Abbreviations: EE%, entrapment efficiency percent; PS, particle size ZP, zeta potential; MS, modified spanlastics.
a Data represented as mean ± SD (n = 3).

Table 6. Output data of the full factorial analysis of TOL-cosolvent spanlastics.

Responses R2 Adjusted R2 Predicted R2 Adequate
Precision Significant Factors

EE% 0.8557 0.7354 0.4226 7.209 X2 (=0.0089)
PS (nm) 0.9836 0.9699 0.9342 24.226 X1 (<0.0001), X2 (=0.0009)
ZP (mV) 0.5441 0.1641 −0.8238 2.991 ———

Abbreviations: EE%, entrapment efficiency percent; PS, particle size; ZP, zeta potential.

3.4.1. Effect of Formulation Variables on EE% of TOL-Cosolvent Spanlastics

EE% of all TOL-cosolvent spanlastics ranged from 37.80 ± 1.56 to 72.50 ± 2.83% as
demonstrated in Table 5. The influence of type of cosolvent (X1) and percentage of cosolvent
(X2) is graphically illustrated in Figure 4. Results of the ANOVA test revealed that type of
cosolvent (X1) did not significantly affected EE% of TOL-modified spanlastics (p = 0.9339).
On the other side, the percentage of the cosolvent (X2) possessed significant effect on
EE% (p = 0.0089). By increasing the percentage of cosolvent (glycerol or propylene glycol),
EE% significantly increased. This could be attributed to the cosolvent positive effect on
TOL solubility in the lipid phase [50]. Furthermore, the higher concentration of cosolvent
allowed a superior lipid packing and more efficient drug loading [51].

3.4.2. Formulation Variables Effect on PS of TOL-Cosolvent Spanlastics

As shown in Table 5, the PS of the prepared TOL-cosolvent spanlastics fluctuated from
231.20 ± 0.141 to 581.50 ± 2.55 nm. Figure 5 illustrates the effect of type of cosolvent (X1)
and percentage of cosolvent (X2) on PS of the prepared tailored spanlastics. Statistical anal-
ysis showed that type of cosolvent (X1) had a significant effect on PS (p < 0.0001). Due to the
higher viscosity of glycerol, it was shown that it formed significantly larger vesicles com-
pared to propylene glycol-modified spanlastics [52]. Additionally, Manconi et al. reported
the reduction in PS by incorporation of glycols [51]. It was also shown that the percentage
of cosolvent (X2) significantly affected the PS of the prepared spanlastics (p = 0.0009). With
respect to glycerol-based vesicles, the ANOVA test revealed that increasing concentration
of glycerol caused the formation of bigger vesicles due to the glycerol viscous nature [52].
In contrast, 30% propylene glycol-based vesicles showed the smallest PS. This could be
related to that the incorporation of propylene glycol caused reduction in vesicular size due
to its interaction with vesicular bilayer causing more bilayer flexibility and small vesicle
size. Hence, increasing propylene glycol percentage showed significant negative effect
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on vesicular size [50]. These results also came in agreement with Manconi et al. who
reported that diclofenac-loaded vesicles showed significant decrease in PS by increasing
the percentage of propylene glycol to 40 and 50% [51].
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for the combined effect of cosolvent type (X1) and cosolvent percentage (X2) (b), on EE% of TOL-
cosolvent spanlastics.

3.4.3. Formulation Variables Effect on ZP of TOL-Cosolvent Spanlastics

The ZP of TOL-cosolvent spanlastics fluctuated between −28.70 ± 2.12 and −32.15
± 0.07 mV as shown in Table 5. The ZP of the prepared spanlastics was not affected
significantly by the studied factors (p > 0.05).

3.5. Selection of the Optimal TOL-Cosolvent Spanlastics

Desirability was determined by identifying the optimal formula that has the highest
EE% and ZP, as the absolute value, and the lowest PS. These desirability constraints
were established in MS6 with overall desirability of 0.895. MS6 was prepared using
30% propylene glycol and showed EE% of 66.10 ± 0.57%, PS of 231.20 ± 0.141 nm, and
−32.15 ± 0.07 mV. By comparing the measured responses for both BS6 and MS6, MS6
showed significantly smaller PS compared to BS6 (p = 0.04) due to the influence of the
incorporated cosolvent (propylene glycol) on enhancing the vesicular bilayer flexibility and
consequently producing vesicles with smaller PS [50]. Hence, MS6 was selected for further
characterization. Oppositely both vesicles showed was no significant difference in EE%
and ZP (p = 0.167 and 0.223, respectively).
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3.6. Transmission Electron Microscopy (TEM)

TEM imaging is valuable for describing the morphological features of the prepared
system [41]. Illustrative photomicrographs of MS6 are exemplified in Figure 6. The devel-
oped modified spanlastics were well scattered without any aggregations. Furthermore, the
vesicular diameter observed by TEM was in line with that previously measured using a
Zetasizer and ranged from 200–300 nm.
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3.7. Differential Scanning Calorimetry (DSC)

The DSC thermograms of TOL, Span 60, TOL-Span 60-Tween 80-propylene glycol phys-
ical mixture, and MS6 are shown in Figure 7. Since the measuring temperature of DSC
equipment ranged from 25 to 725 ◦C, the thermotropic properties of Tween 80 and propylene
glycol, being liquids at room temperature, could not be assessed in this work [17]. The DSC
thermogram of pure TOL showed a single endothermic peak at 112.31 ◦C corresponding to
its melting point due to the TOL crystallinity [53]. The endothermic peak at 55.05 ◦C was
for Span 60 and corresponded to its melting point [54]. Regarding the DSC thermogram of
the physical mixture of TOL with cosolvent-modified spanlastics components, it showed the
endothermic transition of TOL but with lower intensity compared to the pure drug. This
might be attributed to the dilution of the drug with the used excipients [55]. Oppositely,
the TOL endothermic peak was completely absent in the thermogram of MS6 confirming
that TOL was entrapped in cosolvent-modified spanlastics and perfectly interacted with the
vesicular bilayer. Furthermore, the development of a less-ordered lattice arrangement in the
case of MS6 compared to pure excipients was evidenced by the changes in the positions of
the melting peak (lowering of the melting enthalpies) of both TOL and Span 60 together
with the appearance of a broad endothermic peak at 91.38 ◦C [20]. It could also be related to
the effect of Tween 80 as an edge activator in perturbing the packing characteristics of Span
60 and consequently fluidizing the vesicular bilayer [56]. Hence, the aforementioned results
confirmed that TOL dispersed homogenously within spanlastics in an amorphous form.
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3.8. Ex Vivo Corneal Permeation

TOL permeability from MS6 was examined using excised rabbits’ corneas and its
corneal permeation profile was constructed and compared to that of BS6 and drug sus-
pension (Figure 8). By comparing the corneal permeability parameters, it was shown that
both MS6 and BS6 significantly enhanced the drug flux and resulted in a higher amount of
TOL permeated in 8 h compared to TOL suspension (p < 0.05) (Table 7). This significantly
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enhanced TOL ocular delivery through cosolvent-modified spanlastics as well as basic
spanlastics could be related to the hydrophilic ingredients of these elastic vesicles (edge
activators and propylene glycol) which are attracted preferentially to the area of high water
content such as the aqueous humor and the vitreous of the eye which constitutes a majority
of water (≈90%). Hence, edge activators enhance the vesicular deep migration in the
water-rich environment, carrying drug molecules to secure and acceptable hydration condi-
tions [25,57]. In addition, the nanometric size of these elastic vesicles eased their passage
through the narrow hydrated corneal stromal network as a fine dispersion compared to
coarse PS of drug suspension [58].
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Figure 8. Ex vivo corneal permeation profile of TOL-cosolvent spanlastics (MS6) and basic spanlastics
(BS6) compared to TOL suspension.

Table 7. Ex vivo corneal permeability parameters of TOL-cosolvent spanlastics (MS6) and basic
spanlastics (BS6) compared to a drug suspension.

Formulation Total Amount of TOL Permeated per
Unit Area in 8 h (µg/cm2) a Jmax (µg/cm2/h) a ER

MS6 22.33 ± 0.67 4.36 ± 0.13 1.26

BS6 21.30 ± 0.07 4.16 ± 0.01 1.20

Drug suspension 17.74 ± 0.89 3.46 ± 0.17 1

Abbreviations: Jmax, flux; ER, enhancement ratio; MS, modified spanlastics; BS, basic spanlastics. a Data presented
as mean ± SD (n = 3).

3.9. In Vitro Antifungal Activity
3.9.1. Minimum Inhibitory Concentration (MIC)

The microbroth dilution technique was applied in the antifungal assays in order to
investigate whether the optimal TOL-cosolvent spanlastics (MS6) impacts the antifungal
activity of TOL. The MIC of MS6 (treatment A) was 0.49 µg/mL, while TOL suspen-
sion (treatment B) had a higher MIC (1.95 µg/mL) and that for the placebo solution was
125 µg/mL. Hence, the antifungal activity of MS6 was improved in comparison to that
of TOL suspension. This might be related to the ability of MS6 to enhance TOL solubility,
which consequently enhanced TOL penetration through the fungal cell wall and inhibited
ergosterol biosynthesis which is responsible for its activity [16,30].

3.9.2. Minimum Fungicidal Concentration (MFC)

The broth microdilution technique was used to determine MFC for treatment A and
B. Both MS6 and TOL suspension exhibited fungicidal effect after 48 h of incubation at
28 ◦C ± 2 for. MS6 (treatment A) showed a more powerful fungicidal effect at 3.9 µg/mL
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(8× MIC), whereases MFC of TOL suspension (treatment B) was higher with a value of
125 µg/mL (64× MIC). Therefore, TOL suspension had inferior fungicidal activity compared
to that of MS6.

3.9.3. Kill Kinetics Assay

The killing kinetics of Aspergillus niger (ATCC32656) by treatment A and treatment
B were investigated. Treatment A (MS6) killed Aspergillus niger (ATCC32656) after 16 h
incubation at its MFC concentration (3.9 µg/mL) (9× MIC), while longer time (24 h)
was needed for treatment B (TOL suspension) to kill Aspergillus niger (ATCC32656) at
its MFC concentration (125 µg/mL) (64× MIC) (Figure 9). This confirmed the superior
anti-aspergillus activity of TOL-cosolvent spanlastics compared to the drug suspension.
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chart was generated using GraphPad Prism (v5) (GraphPad, California, CA, USA). 
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changes in the cornea (the lining corneal epithelium, the underlying stroma, and endo-
thelium) (Figure 10(a2)). The same results were observed in the iris (Figure 10(b2)), retina, 
choroid, and sclera (Figure 10(c2)) compared to control (Figure 10(a1–c1)). The absence of 
any histopathological abnormalities in ocular tissues after treatment with TOL-cosolvent 
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Figure 9. The killing kinetics of treatment A (MS6) and treatment B (TOL suspension) tested against
Aspergillus niger (ATCC32656). Treatment A tested at concentration of (3.9 µg/mL) (9× MIC), treat-
ment B (TOL suspension) tested at concentration of (125 µg/mL) (64× MIC). Data are represented by
means of the number of recovered colonies counted at each time point ± SD, n = 3. The chart was
generated using GraphPad Prism (v5) (GraphPad, California, CA, USA).

3.10. In Vivo Studies
3.10.1. Draize Test

The obtained results of the Draize test showed that corneas treated with MS6 did not
show irritation, lacrimation, or any sign of inflation compared to the control eye at all tested
time points. Hence, they scored zero on the Draize scale. These results suggested the ocular
tolerance of the optimally modified spanlastics.

3.10.2. Histopathology

The obtained photomicrographs exhibited the absence of any histopathological changes
in the cornea (the lining corneal epithelium, the underlying stroma, and endothelium)
(Figure 10(a2)). The same results were observed in the iris (Figure 10(b2)), retina, choroid, and
sclera (Figure 10(c2)) compared to control (Figure 10(a1–c1)). The absence of any histopatholog-
ical abnormalities in ocular tissues after treatment with TOL-cosolvent spanlastics confirmed
its tolerability and safety for ocular application.

3.10.3. Susceptibility Test

The retention time of the drug on the surface of eye following ocular administration
strongly affects the percentage growth inhibition of Aspergillus niger (Figure 11). The
percentage inhibition of MS6 was maximum (45.7 ± 33.66%) after 6 h of administration.
Similarly, after 6 h, the TOL suspension reached its maximum inhibition (50.75 ± 20.15%)
but then it decreased to 0% inhibition after 8 h and 27 ± 38.18% after 24 h. The percentage
growth inhibition of MS6 was significantly greater than that of TOL suspension after 8 h
(p = 0.005) of administration (one-way ANOVA, p < 0.05).
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Figure 10. Histopathological photomicrographs (stained with hematoxylin and eosin) showing control
rabbit eye (group I) and MS6-treated eye (group II); (a1,a2) show the cornea, (b1,b2) show the iris, (c1,c2)
demonstrate the retina, choroid and sclera with normal histological structure (×40 magnification power).
Photomicrographs of Group I ((a1,b1,c1)) were adopted from Aziz et al. [14].
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In this work, TOL basic spanlastics were formulated using the ethanol injection 
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on the characteristics of TOL spanlastics characteristics and to select the optimal formu-
lation for further modification. BS6 was selected as the nucleus for developing novel 
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tions in their constructs. TOL-modified spanlastics were prepared using the same pro-
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Figure 11. In vivo percentage growth inhibition of MS6 (treatment A) compared to TOL suspension
(treatment B) on Aspergillus niger (ATCC32656). * Indicates statistically significant difference between
the columns applying one-way ANOVA test (p < 0.05, n = 3).

TOL-cosolvent spanlastics had prolonged antifungal activity in the eye compared
to TOL suspension. The area under the curve for MS6 was 1.5 folds greater than that
of TOL suspension (AUC2 h–24 h = 458.6 and 300.3, respectively). This might be related
to the PS of MS6 which was smaller than that of drug suspension which consequently
increased the residence of TOL on the cornea [15,20]. In addition, the components of
the modified spanlastics formula such as the cosolvent and edge activators enhanced the
corneal penetration of TOL. Therefore, MS6 is an encouraging substitute for eye drops due
to its prolonged antifungal effect.

4. Conclusions

In this work, TOL basic spanlastics were formulated using the ethanol injection method
according to a full 32 factorial design to analyze the formulation variable's effect on the
characteristics of TOL spanlastics characteristics and to select the optimal formulation
for further modification. BS6 was selected as the nucleus for developing novel TOL-
modified spanlastics by incorporating different cosolvent in different concentrations in
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their constructs. TOL-modified spanlastics were prepared using the same procedures of
preparing basic spanlastics according to 3121 full factorial designs. MS6, prepared using
30% propylene glycol, was the optimized TOL-cosolvent spanlastics with a desirability
value of 0.895. MS6 was compared to BS6 and both of them presented superior corneal
permeation potential compared to a drug suspension. The safety and tolerability of MS6
were confirmed by the in vivo histopathological studies. The fungal susceptibility of
Aspergillus niger (ATCC32656) to TOL using confirmed the superior residence of MS6 in
the cornea compared to a drug suspension. Concisely, it can be concluded that modified
spanlastics can be an effective ocular treatment for Aspergillus niger-induced fungal keratitis.
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Abstract: The inner limiting membrane (ILM) represents a major bottleneck hampering efficient drug
delivery to the retina after intravitreal injection. To overcome this barrier, we intend to perforate
the ILM by use of a light-based approach which relies on the creation of vapor nanobubbles (VNBs)
when irradiating photosensitizers with high intensity laser pulses. Upon collapse of these VNBs,
mechanical effects can disrupt biological structures. As a photosensitizer, we explore indocyanine
green (ICG) loaded nanoparticles (NPs) specifically designed for our application. In light of this,
ICG liposomes and PLGA ICG NPs were characterized in terms of physicochemical properties, ICG
incorporation and VNB formation. ICG liposomes were found to encapsulate significantly higher
amounts of ICG compared to PLGA ICG NPs which is reflected in their VNB creating capacity. Since
only ICG liposomes were able to induce VNB generation, this class of NPs was further investigated
on retinal explants. Here, application of ICG liposomes followed by laser treatment resulted in subtle
disruption effects at the ILM where zones of fully ablated ILM were alternated by intact regions. As
the interaction between the ICG liposomes and ILM might be insufficient, active targeting strategies
or other NP designs might improve the concept to a further extent.

Keywords: retinal drug delivery; inner limiting membrane; photodisruption; vapor nanobubbles;
indocyanine green; nanotechnology; pulsed laser

1. Introduction

The global burden of vision impairment and blindness is estimated to afflict the increas-
ingly elderly population on a continuous basis in the coming years with the most prominent
pathologies being glaucoma, age-related macular degeneration, diabetic retinopathy along
with several inherited disorders [1,2]. All these diseases share the origin of their underlying
mechanism at the level of the retina, a key player in visual processing. Although, while
worldwide scientific effort continuously uncovers potential therapies such as gene- and
stem cell therapy products to treat retinal diseases [3,4], efficient delivery to the posterior
segment of the eye is essential for their clinical translation. Following the footsteps of the
first FDA approved retinal gene therapy product Luxturna, clinical trials are currently to a
large extent monopolized by gene augmentation strategies targeting the outer retina via
subretinal injection. However, while highly effective to target photoreceptor cells (PRs)
and the retinal pigment epithelium (RPE), new pioneering therapeutic strategies such as
neuroprotection [5], optogenetics [6] and reprogramming [7] demand delivery to target
cells located in the inner retina. In this regard, intravitreal (IVT) injection is increasing
in interest given its low-invasive and easy-to-perform character which is exemplified by
its routinely clinical use to deliver antibodies [8]. Despite these attractive features, large
therapeutics in the nanosized-range and beyond struggle to reach their target cells after
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injection into the vitreous. The major culprit challenging retinal delivery after IVT injection
is the inner limiting membrane (ILM), a thin membrane located in front of the retina [9–11].
While several inventive approaches to overcome this barrier such as subILM injection [12],
ILM peeling [13] and enzymatic digestion [10] indeed elicit enhanced drug delivery, the
lack of tunability and/or highly invasive nature of these approaches block the road to
clinical translation.

Conscious of the need for new perspectives, our group recently explored an innovative
light-based approach to disrupt the ILM in a controlled manner. In general, this physical
technique is based on pulsed laser irradiation combined with photothermal molecules
or nanoparticles (NPs) and is mainly investigated as a tool to enhance intracellular drug
delivery, termed photoporation for this purpose [14–16]. The procedure is usually initiated
by incubation of cells with a photosensitizer followed by application of extremely short
laser pulses (<10 ns). Thereby, an ultrafast increase in temperature is induced resulting in
evaporation of the surrounding water. Consequently, nanoscopic bubbles, known as vapor
nanobubbles (VNBs), are created which expand by consuming their thermal energy. Finally,
upon their collapse, high-pressure shock waves are released which can create transient
pores in the cell membrane. Seeing that the concept recently broadened its applications to
destruct larger biological structures such as biofilms [17] and collagen aggregates in the
vitreous (‘eye floaters’) [18–20], laser-induced VNB formation also offers an interesting
alternative to locally disrupt the main delivery bottleneck after IVT injection, i.e., the ILM.

Based on their intrinsic capacity to efficiently convert absorbed laser light into pho-
tothermal phenomena, plasmonic materials—e.g., gold nanoparticles (AuNPs)—are well
suited to expertly mediate VNB formation due to their localized surface plasmon resonance
(LSPR). However, as toxicity-concerns [21] as well as lack of biodegradability interfere clini-
cal translation, a shift toward the design of photosensitizing materials with biodegradable
and biocompatible characteristics is on the rise [22]. For ILM disruption specifically, the
FDA approved organic dye indocyanine green (ICG) concerns an interesting candidate
given its history in the ophthalmologic field as a dye to stain the ILM during ILM peeling.
Moreover, it is favored with photothermal properties operating in the near-infrared (NIR)
range which is beneficial in an in vivo setting [23–26]. Triggered by this potential match,
we recently revealed the strength of the photosensitizing capacity of free ICG as proof of
principle was established to disrupt the ILM via ICG-mediated photoporation resulting in
enhanced retinal drug delivery [27]. Although these results highlight the potential of this
photodisruption concept, several aspects must be considered in view of clinical translation.
Firstly, after IVT injection, ICG might be captured into the network of the vitreous cavity
due to its affinity for collagen resulting in loss of a fraction of ICG that is able to reach the
ILM. Thus, laser application can potentially affect the collagen network of the vitreous.
Secondly, due to its molecular weight of 775 Da, ICG is able to cross the ILM and enter
the retina implying that the VNB effects might not remain restricted to the ILM [28]. The
current design of the treatment could, consequently, induce collateral damage at the level
of retinal cells and/or vitreous. Therefore, to boost this promising concept to a further
extent, we intended to load ICG into nanoparticles unable of crossing the ILM to strive for
a more localized treatment and smoothen the migration through the vitreous.

Interestingly, owing to ICG’s profitable spectral properties, incorporation of ICG into
NPs is a highly investigated topic; It is researched in context of light triggered drug release,
imaging purposes, photodynamic and photothermal therapy for cancer treatment. As a
result, an expanded set of NP designs are discussed in literature as ICG is compatible
with different materials attributable to its amphiphilic nature—e.g., mesoporous silica [29],
polymeric [30], lipid [31]- as well as protein-based [32] nanoparticles. As IVT injection of
ICG NPs would be preferred, optimal mobility in the vitreous should be guaranteed which
is dictated by the size and surface charge of NPs. In this regard, a size below 550 nm is
required to be able to traverse through the collagen network while a negative to neutral
charge should prevent binding to vitreous components [33,34]. On top of that, a second
criterium implies that ILM penetration of ICG NPs must be excluded requiring a size above
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100 nm [35,36]. Accordingly, to design the ideal NP for our approach the following criteria
must be met: (1) a negative to neutral charge and a size below 550 nm to allow mobility
through the vitreous, (2) a size above 100 nm to prevent ILM penetration as well as (3) a
high ICG loading for efficient VNB generation.

In this study, we explore two types of ICG NPs with biodegradable and biocompatible
characteristics for photodisruption of the ILM (Figure 1). We incorporated ICG in different
types of poly (lactic-co-glycolic acid) (PLGA) NPs and liposomes which were screened in
terms of physicochemical and ICG incorporating characteristics. The VNB creating capacity
was furthermore investigated by use of dark field microscopy in two different settings: in
buffer and accumulated onto patient-derived human ILM. Since ICG liposomes emerged
as the most encouraging photothermal NP, their VNB effects were finally evaluated in an
ex vivo setting on bovine retinal explants.
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Figure 1. (A) Schematic overview of IVT injection of ICG NPs. (B) After migration through the
vitreous, ICG NPs accumulate at the level of the ILM. Application of high intensity laser pulses
results in VNB formation. Upon collapse of these VNBs, mechanical effects can disrupt the ILM
paving the way for therapeutics to enter the retina. Image created with BioRender.

2. Experimental Section
2.1. Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine (Lyso PC), 1,2-
distearoyl-sn-glycero-3 phosphoethanolamine (DSPE), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000] (DSPE-PEG), 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) and cholesterol were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA). Poly (vinyl alcohol) (PVA, Mw 13,000–23,000) 88–89%
hydrolyzed, poly (D,L-lactide-co-glycolide) (PLGA, Mw 7000–17,000) 50:50, dimethylsul-
foxide (DMSO) and acetonitrile were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Dichloromethane was purchased from Carl Roth (Karlsruhe, Germany). Paraformaldehyde
(PFA) and methanol were purchased from Honeywell Research Chemicals (Charlotte, NC, USA).

2.2. Synthesis of ICG NPs
2.2.1. ICG Liposomes

Three types of ICG liposomes composed of varying lipid components were synthesized
via the thin-film hydration method based on previous reports in literature [36,37]. Lipids
were dissolved in chloroform and mixed in different ratios (Table 1). The lipid mixture was
placed in a rotary evaporation system to exclude the organic solvent by gradually reducing
the pressure below 100 mbar at 40 ◦C. Next, the lipid film was hydrated with 500 µL of
a water phase composed of ICG dissolved in HEPES (N-2-hydroxyethylpiperazine-N-2-
ethane sulfonic acid) buffer (20 mM, pH 7.4). To solubilize the lipid film, this hydration step
was performed in a water bath at 60 ◦C for 1 h under continuous rotation. Subsequently, the
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liposomes were downsized by applying a tip sonication cycle (3× 10 s, 10% amplitude (A),
Branson digital sonifier, Danbury, CT, USA). After removal of free components by dialysis
for 24 h at 4 ◦C (20 kDa, Float-A-Lyzer® G2, Spectrum laboratories), the ICG liposomes
were stored at 4 ◦C.

Table 1. Composition, molar ratios and starting concentrations of ICG liposomes.

ICG LIPOSOMES

Type Composition Molar Ratio ICG Concentration
(mg/mL)

Total Lipid Concentration
(mg/mL)

DPPC DPPC/DSPC/Lyso PC/DSPE 75/15/10/4 0.22 7.2

DPPC-PEG DPPC/DSPC/Lyso
PC/DSPE-PEG 75/15/10/4 0.37 7.2

DOTAP-PEG CHOL/DOTAP/DSPE-PEG 10/9/1 0.53 25

2.2.2. PLGA ICG NPs

Based on the spontaneous emulsification solvent evaporation method, three types of
PLGA ICG NPs were investigated according to previous described protocols with slight
modifications [38–40]. A detailed overview of the solvents, volume ratios as well as ICG,
PLGA and PVA concentrations for each type is displayed in Table 2. Briefly, varying
amounts of PLGA and ICG were independently dissolved in an appropriate organic
solvent and gently pooled together to obtain the organic phase. Next, the ICG/PLGA
mixture was added dropwise to the aqueous phase composed of MilliQ water with varying
concentrations of PVA as a stabilizer. For type 2 specifically, a proper emulsion was
obtained by an extra tip sonication step (10 s, 10% A). Next, the organic phase was allowed
to evaporate by continuous stirring for 4 h at room temperature. In order to collect the
PLGA ICG NPs and eliminate free components, 3 washing steps with MilliQ water were
performed by use of centrifugation (type 1:3 min at 4000× g; type 2:5 min at 7000× g; type
3:5 min at 10,000× g).

Table 2. Solvents, starting concentrations and volume ratios of PLGA ICG NPs. (I: organic solvent
ICG, P: organic solvent PLGA, O: total organic phase, W: total aqueous phase).

PLGA ICG NPs

Type Concentration
ICG (mg/mL) ICG Solvent Concentration

PLGA (mg/mL)
Solvent
PLGA PVA Volume

Ratio I/P
Volume

Ratio O/W

1 10 Methanol 50 Acetonitrile 4% 1:1 1:4
2 1 Methanol/DCM 30 Methanol/DCM 0.25% 3:7 1:10
3 10 DMSO 10 Acetonitrile - 1:10 1:5

2.3. Characterization of ICG NPs
2.3.1. Size and Zeta Potential

Dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern instruments Co., Worces-
tershire, UK) was used in order to screen the hydrodynamic diameter as well as the zeta
potential of ICG NPs. Prior to analysis, ICG NPs were diluted 1/100 in HEPES buffer for
ICG liposomes or MilliQ water for PLGA ICG NPs. The size distribution was reported as
the Z-average value.

2.3.2. ICG Concentration and Encapsulation Efficiency

The ICG concentration was determined based on fluorescence measurements by use
of a microplate reader (Victor3, PerkinElmer, Waltham, MA, USA). In order to measure
the encapsulated amount of ICG, ICG NPs were dissolved in DMSO to release the ICG.
Based on a standard curve (0.08–5 µg/mL) of free ICG in DMSO, we were able to measure
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the ICG concentration of the individual ICG NPs. The encapsulation efficiency (EE%) was
furthermore calculated based on Equation (1).

EE% =
Initial mass ICG

mass ICG in formulation
× 100 (1)

2.4. VNB Generation ICG NPs in Buffer and on Isolated Patient-Derived Human ILM

To determine whether ICG NPs are suitable photothermal entities to induce ILM
photodisruption, VNB generation was evaluated in two different settings: ICG NPs in
buffer as well as ICG NPs accumulated onto the ILM. Depending on the type of particle, a
proper dilution in MilliQ or HEPES buffer was made to be able to visualize potential VNBs.
In case of studying the effects on the ILM, patient-derived human ILM isolated during
ILM peeling was obtained from Ghent University Hospital. Protocols were approved by
the Ethical Committee of Ghent University Hospital (dossier number: BC-10642). After
an incubation period of 15 min for the NPs to sediment and/or attach to the ILM, VNBs
were detected via dark field microscopy. Since the home built 800 nm picosecond set-up
is not connected to a dark field microscope, another laser set-up was used to detect VNB
formation. With this set-up, laser pulses of 7 ns were applied tuned to a wavelength of
561 or 647 nm (Opolette HE 355 LD, OPOTEK Inc., Carlsbad, CA, USA). The laser pulse
energy was monitored by an energymeter (J-25MB-HE&LE, Energy Max-USB/RS sensors,
Coherent, Santa Clara, CA, USA) synchronized with the pulsed laser. Images and/or
movies were recorded via MicroManager and Free Cam software, respectively.

2.5. Isolation of Bovine Retinal Explants

The entire procedure of explant isolation, laser treatment, cryopreservation, sectioning
and immunostaining was performed as described earlier [27]. Bovine eyes were obtained
from a local slaughterhouse and transported in cold CO2 independent medium (Gibco®,
Paisly, UK). The excess muscle and glandular tissue were removed in order to allow for
a smooth dissection. After submerging the eye in 20% ethanol, the sclera was punctured
10 mm below the limbus with a 21G needle to create an entrypoint to bisect the eye with
curved scissors followed by separation of the anterior segment. After gently removing the
vitreous, the posterior eyecup was filled with CO2 independent medium. Three relaxing
cuts were made to flatten the entire structure to be able to isolate retinal explants by use of
an 11 mm trephine blade (Beaver-Visitec International, Waltham, MA, USA). After carefully
removing the surrounding retina, the explants were isolated by pipetting CO2 independent
medium below the explants.

2.6. Laser Treatment of Bovine Retinal Explants

Bovine retinal explants were transferred to a 35 mm glass bottom dish (Nunc™,
Thermo Fisher Scientific, Waltham, MA, USA) making sure the ILM was positioned up-
wards. The dish was placed in the laser set-up and 20 µL of ICG NPs was added on top
of the explants. Next, the entire explant was scanned with 2 picosecond laser pulses of
800 nm at a frequency of 1 kHz. For this purpose, a home built set-up was used powered
by a Ti:Sapphire regenerative amplifier (Spitfire-Ace PM1K, Spectra-Physics, Milpitas, CA,
USA) seeded by a Ti:Sapphire solid state laser (Mai Tai HP, Spectra-Physics, Milpitas, CA,
USA) and pumped by a diode Nd:YLF laser (Ascend 40, Spectra-Physics, Milpitas, CA,
USA). The total scanning time of one retinal explant was approximately 6 min. After laser
treatment, the fixation and cryopreservation process was immediately initiated.

2.7. Cryopreservation, Sectioning and Immunostaining

After completing the laser treatment, bovine retinal explants were fixed with 4% PFA
for 2 h at 4 ◦C. After removal of the PFA, cryopreservation was performed which includes
three steps. Sequentially, retinal explants were incubated with 30% sucrose overnight (4 ◦C),
1:1 30% sucrose/O.C.T (Tissue Tek®, Sakura Finetek, Antwerp, Belgium ) for 3 h (4 ◦C)
and O.C.T for 3 h (25 ◦C). Next, the explants were transferred to cryomolds embedded in
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fresh O.C.T followed by snap freezing in cooled isopentane and stored at −20 ◦C. Using
a cryostat (Leica), 10 µm cryosections were cut followed by mounting onto SuperFrost®

Plus microscopy slides (Thermo Fisher Scientific, Waltham, MA, USA). In order to obtain
an overview of the entire retina, 6 different locations at a distance of 1 mm from each other
were investigated per sample.

The ILM was visualized by use of an indirect immunostaining method with collagen
IV antibodies, a main constituent of the ILM. As a first step, the sections were washed
10 min with phosphate buffered saline (PBS) at room temperature. Next, the tissue was
permeabilized by submerging the sections in 0.1% Triton for 5 min followed by another
washing step with PBS for 10 min. After a blocking step with 5% goat serum for 1 h at room
temperature, the sections were incubated overnight with a 1:200 dilution of rabbit anti-
collagen IV antibody (Ab6586, Abcam, Cambridge, UK) at 4 ◦C. The primary antibody was
removed by a washing step with PBS for 10 min. Subsequently, the sections were incubated
with a 1:500 dilution of Hoechst as well as secondary anti-rabbit AlexaFluor 568 antibody
(Invitrogen). A last washing step in PBS was executed to finally mount the slides with 1:1
PBS/glycerol solution. Retinal cryosections were imaged via confocal microscopy (Nikon
A1R) using a 60x water objective (SR plan apo IR 60X WI). Further processing of the images
was achieved with Fiji software.

3. Results
3.1. Synthesis of ICG Nanoparticles with Suitable Physicochemical Characteristics

In the search for a suitable nanosized-photosensitizer for localized ILM photodisrup-
tion, two main classes of ICG NPs with biodegradable and biocompatible features were
evaluated: ICG liposomes and PLGA ICG NPs. By varying several parameters during
synthesis, three individual sub-types were investigated for each class (Tables 1 and 2).

As proper physicochemical characteristics are of utmost significance to reach the ILM
after IVT injection, the different ICG NP formulations were screened in terms of size and
charge by measuring the hydrodynamic diameter and zeta potential, respectively. Based
on Figure 2A, it can be noted that all the ICG NPs exceed the lower size limit criterium of
100 nm to be able to accumulate at the level of the ILM. While the sizes of all ICG liposomes
are consistently leaning towards the lower limit independent of the lipid composition, with
values ranging between 113 ± 8 nm and 124 ± 9 nm, PLGA ICG NPs are clearly found
in a higher size-order. In the latter class, amending the organic solvents, PLGA and PVA
concentration during synthesis gave rise to relevant differences. Type 1 and 2 resulted in
the largest particles with values of 467 ± 24 nm and 428 ± 32 nm, respectively, in vicinity
of the upper size limit of 550 nm. On the contrary, type 3 is characterized by a significantly
lower size of 233 ± 48 nm.

In addition to size, surface charge is considered as another key parameter dictating the
fate of NPs after IVT injection. According to literature, it is known that a negative to neutral
charge is favorable to permit sufficient mobility in the vitreous [41]. When analyzing the
zeta potential, Figure 2C indicates that all ICG NPs meet this requirement–except for the
DOTAP-PEG liposomes. All PLGA ICG NPs were found to be highly negatively charged
(<−20 mV) independent of changed parameters during synthesis, while the charge of ICG
liposomes is lipid dependent. Evidently, incorporating neutral lipids such as DPPC and
DSPC should result in neutral liposomes. However, due to incorporation of negatively
charged ICG in the lipid layer this value shifted to slightly negative values (>−20 mV).
When changing to a positively charged lipid system, the overall surface charge of the
DOTAP-PEG liposomes was found to be slightly positive.
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As sufficient ICG encapsulation could possibly be a prelude to identify the most
successful particle in terms of VNB creating capacity, the ICG concentration as well as
the encapsulation efficiency (EE%) of ICG NPs were evaluated (Figure 2D,E). Remark-
ably, ICG liposomes indistinctly outclass PLGA ICG NPs in terms of both parameters.
Type 1 PLGA ICG NPs embodies the least impressive candidate as both values of ICG
concentration and EE% are almost negligible. Although types 1 and 2 perform slightly
better, the highest ICG concentration in this class of NPs does not exceed 15 µg/mL and
encapsulation efficiencies remain below 10% indicating that a large fraction of ICG is lost
during synthesis. Interestingly, ICG liposomes were able to ascend ICG concentrations to
180 µg/mL for DPPC liposomes and even 343 µg/mL for DPPC-PEG liposomes combined
with efficient encapsulation with values above 90%. Although for DOTAP-PEG liposomes
higher concentrations up to 411 µg/mL were obtained, it is of note that this is probably
due to the increase of the lipid concentration. Hence, the number of liposomes is probably
higher compared to the DPPC-(PEG) liposomes. Moreover, the encapsulation for this type
of liposome was the lowest within this class with a value of 79.8%.

3.2. ICG Liposomes Are Manifested as the Most Promising Photosensitizer

To reveal whether ICG NPs display intrinsic VNB creating capacities, dark field
microscopy was performed before and during application of a 7 ns laser pulse to detect
the presence of VNBs for all formulations in buffer solution (Figure 3). In this regard, the
suspected trends founded by the ICG incorporating characteristics are largely confirmed.
Indeed, PLGA ICG NPs are not able to generate VNBs despite application of powerful
3.6 J/cm2 pulses of 561 nm indicating ICG concentrations lower than 15 µg/mL do not
suffice for the rapid temperature increase to generate VNBs. On the contrary, the three
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types of liposomes emerge as efficient mediators of photodisruption since bubble formation
was observed (Figure 3, white arrowheads). In order to acquire an impression of differences
in efficiency between the individual types of ICG liposomes, the lowest laser fluences
able to induce apparent VNB formation were determined. Therefore, the wavelength was
tuned to 647 nm to approximate ICG’s absorption maximum of 800 nm as close as possible.
However, no appreciable difference is observed as the values remain between 1.04 and
1.46 J/cm2 for all liposomes. Lastly, another important remark to make is that, given the
size of the liposomes, the observed generated bubbles are possibly not originating from
individual liposomes but rather provoked by aggregation of NPs.
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Since the actual target of ICG NP-mediated photodisruption is in a biological environ-
ment, the interaction between ICG NPs and the ILM could possibly change the observed
effects. Therefore, the same process was repeated after incubation with patient-derived
isolated human ILM as displayed in Figure 4. Although accumulation of PLGA ICG NPs
onto the ILM could possibly boost VNB generation, there was still a lack of VNBs for each
type. On the other hand, the three different types of ICG liposomes were still able to form
VNBs at the human ILM. However, when revolving around effects on the ILM itself after
VNB formation, no persuasive impact such as pore formation is observed for any type of
ICG liposome as the human ILM seems to remain intact.
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presence of VNBs.

Although application of a single pulse resulted in creation of VNBs but did not elicit
noticeable effects at the level of the ILM, we investigated whether this could be improved
by use of repeated pulses. Remarkably, we did observe some effects when multiple pulses
were applied as highlighted in Figure 5. Application of three individual pulses resulted in
some structural changes as indicated by the green dotted circle. However, this feature was
only obtained for DPPC-PEG liposomes probably due to the fact that the ICG incorporation
per individual liposome is the highest compared to the other liposomes based on the
ICG:lipid ratio.
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3.3. ILM Integrity Is Slightly Affected after Laser Treatment with ICG Liposomes

To further investigate the possible impact of our treatment on ILM integrity from a
different perspective, the approach was tested on bovine retinal explants. To this end, a
picosecond setup was used tunable to a wavelength of 800 nm matching the absorption
maximum of ICG. As based on the preceding experiments ICG liposomes surfaced as the
most promising photothermal agent, the next set of experiments was continued with this
class of NPs. After laser treatment, bovine explants were further processed into retinal
cryosections stained with collagen IV antibodies, a main constituent of the ILM. As depicted
in Figure 6A, an intact ILM is observed in untreated samples. Similar observations are
made when explants underwent laser treatment without the presence of a photosensitizer
implying that laser only is insufficient to affect the ILM. Interestingly, we did observe subtle
effects when laser treatment was mediated with ICG liposomes as clarified in Figure 6B
(two representative images). For all ICG liposomes, regions can be found where a large
portion of the ILM is fully ablated (top row, white dotted lines). However, locations where
the ILM remains mainly intact (bottom row, few dotted lines) are also present. It is of note
that in the latter case it appears that the ILM occurs less bright compared to control samples.
Interestingly, this observation can denote that an “ILM thinning” effect, where part of the
ILM is removed without fully ablating it, might be provoked by our treatment. For each
tested NP, both ILM ablation and thinning are occurring in approximately equal proportion
concluding that no specific ICG liposome is surpassing its competitors. In general, the
structural organization of the retina is retained in all cases.
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treated and laser treated. (B) Treated samples: application of ICG liposomes on top of bovine retinal 

Figure 6. Visualization of retinal cryosections via confocal microscopy. (A) Control samples: untreated
and laser treated. (B) Treated samples: application of ICG liposomes on top of bovine retinal explants
followed by laser treatment with 800 nm pulsed laser light. Blue: Hoechst staining to visualize nuclei.
Red: immunostaining for Collagen IV to show the ILM and blood vessels. White dotted line indicates
complete absence of the ILM. Scale bar = 20 µm.
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4. Discussion

Visual perception is enabled by an intricate process which involves entry of light
in the eye and its translation into an image at the level of the brain. To bring this to a
successful conclusion, the neurosensory retina vouches for the key task to translate light
into an electric message. Unfortunately, several acquired and inherited disorders find their
origin at the level of the retina. Yet, the evolving expertise in the field of nucleic acid based-
and stem cell therapy opens increasing perspectives to develop promising therapeutics
to combat retinal diseases. While PRs and RPE cells located in the outer retina have a
well-known history as target cells for gene augmentation strategies, other interesting modes
of action such as neuroprotection, optogenetics and reprogramming require inner retinal
targeting. To reach these cells, IVT injection is the most attractive delivery route from a
targeting as well as a safety perspective [8]. Large therapeutics are, unfortunately, in many
cases blocked at the level of the ILM while heading for the retina. Excitingly, our research
group recently revealed the power of ICG-mediated photodisruption to bypass this barrier
in a controlled and tunable manner [27]. Although this concept has proven its worth to
enhance retinal drug delivery, opportunities to further boost or fine-tune the technique
more in depth are still in place. A potential hurdle in view of clinical translation is that,
due to affinity of ICG for collagen in the vitreous and its ability to diffuse into the retina,
ICG might not efficiently reach or remain strictly localized at the ILM which may lower
the potency of the technique or induce collateral damage, respectively. To eliminate these
potential concerns, we explore loading of ICG into NPs unable of crossing the ILM to
efficiently guide ICG in the direction of the ILM aiming for a localized treatment.

In order to pursuit localized disruption effects at the level of the ILM, optimization
of a suitable ICG-nanocarrier is the first pivotal step. To be able to traverse through the
mesh network of the vitreous after IVT injection a size below 550 nm and negative to
neutral charge are a must. On top of that, ILM passage should be avoided by targeting
a size above 100 nm. Two main classes of biodegradable and biocompatible NPs eligible
to meet these requirements were scrutinized: ICG liposomes and PLGA ICG NPs. For
each individual class, three independent sub-types were evaluated to find the ideal match
for our approach. Interestingly, all screened formulations were characterized by a size
within our effective window of 100–550 nm. ICG liposomes were all featured by a size
narrowly exceeding the lower limit of 100 nm, independent of the lipid composition,
ICG and lipid concentration. On the other hand, PLGA ICG NPs clearly yielded larger
particles yet remaining below the 550 nm upper limit. Since the PLGA ICG NPs were all
synthesized based on emulsification, the NP size is mainly dependent on the stability of the
emulsion droplets governed by several formulation parameters such as the type of solvents,
polymer and stabilizer concentration [42–44]. By varying several of these parameters, the
size could be tuned to large sizes for type 1 and 2 (>400 nm) while type 3 resulted in
significantly smaller NPs (∼233 nm) which is in accordance with the differences observed
when comparing the respective sizes obtained by other research groups [38–40]. In terms
of kinetic mobility, it is evident that given their larger size PLGA ICG NPs type 1 and 2
will migrate at a slower pace through the vitreous which potentially lowers the odds to
effectively reach the ILM compared to the other ICG NPs. While diffusion might be retarded
to some extent in consequence of size, different reports in literature state the importance
of surface charge of NPs as the main decisive factor for diffusion behavior [33,45,46].
Indeed, as the vitreous is a negatively charged network, positively charged nanoparticles
might be immobilized to a large extent due to electrostatic interaction while negative and
neutral NPs are in general not restricted. Interestingly, all formulations were marked by
a slightly negative to negative charge, except for the DOTAP-PEG liposomes which are
slightly positively charged. Yet, in the latter case, an extra coating step with negatively
charged components, e.g., hyaluronic acid, might facilitate vitreal migration [47]. Since,
as evidenced by Martens et al., PEGylation of NPs might improve the diffusion rate even
more, DPPC-PEG liposomes might be most preferred in terms of mobility in the vitreous.
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Although ICG NPs might be equipped with the desired physicochemical characteris-
tics, sufficient incorporation of ICG into the NP is possibly a critical factor to ensure ILM
destructing capacities. Therefore, ICG concentration and encapsulation efficiency were
evaluated as indicator to predict whether ICG NPs can operate in the VNB mode. ICG
liposomes were found to be discernibly more skilled to incorporate higher ICG amounts,
ranging between 180 and 411 µg/mL, compared to PLGA ICG NPs which are not able
to exceed values of 15 µg/mL. For the latter class attempts to increase ICG incorporation
by varying synthesis parameters were unsuccessful. As the synthesis of PLGA ICG NPs
was performed based on emulsification, it is likely that ICG does not remain confined to
the organic phase based on its amphiphilic nature resulting in loss of a large fraction of
ICG. Additionally, as both PLGA and ICG are negatively charged, electrostatic repulsion
might hamper proper incorporation. For ICG liposomes, on the contrary, ICG’s amphiphilic
properties are profitable as it is reported that ICG is able to interact with phospholipids as
well as liposomes [25]. While it is estimated that ICG is inserted in the lipid bilayer [48],
Lajunen et al. revealed via molecular dynamics simulation that ICG is able to interact with
hydrophilic PEG chains present on the surface of PEGylated liposomes [31]. The fact that
we were able to incorporate a higher ICG concentration into PEGylated DPPC liposomes
compared to their PEG-lacking counterparts accompanied by a more negative zeta potential
is underpinned by this hypothesis. In an attempt to increase ICG concentration, positively
DOTAP-PEG liposomes were investigated to explore the contribution of electrostatic inter-
action. Although the group of Miranda et al. claimed almost full complexation of ICG, we
observed a significantly lower EE value of 79.8%. Considering the difference between the
loading method, it is plausible that our passive loading could be less efficient. It should be
taken into account that although the absolute ICG concentration of this type is the highest,
the lipid concentration of this type of liposome was elevated whereby the ICG loading
per individual particle is potentially lower. In this regard, the highest value is probably
achieved with the DPPC-PEG formulation.

When turning to photothermal effects, two “modes” can be distinguished: direct
heating mode and VNB mode [15,16]. While the direct heating mode is generally observed
with continuous wave (CW) irradiation or low intensity pulsed laser light inducing thermal
effects, high intensity laser pulses can provoke the creation of nanoscopic bubbles resulting
in mechanical phenomena. Although the state-of-the art photothermal agents are often
plasmonic NPs such as AuNPs favored with substantial absorbing capacities based on their
localized surface plasmon resonance (LSPR) [14–16], these characteristics do not apply for
ICG NPs. However, owing to ICG’s absorbing capacities in the NIR range, ICG NPs are
widely investigated as photothermal NPs in the field of photothermal therapy to induce
hyperthermia after CW irradiation to destroy tumor cells. These findings have spurred to
investigate how ICG NPs behave after irradiation with high intensity laser pulses. In buffer
solution, PLGA ICG NPs were not found to trigger VNB generation probably due to the low
concentrations of ICG encapsulated into this type of NP (between 0.5 and 15 µg/mL). As a
result, this class of particles is possibly only able to operate in the direct heating mode. In
this regard, Della Pelle et al. observed a modest temperature rise of 7.5 ◦C when irradiating
a 5 µg/mL ICG solution for 5 min with a CW laser (3 W/cm2, 808 nm) while further
ascending to 50 µg/mL was accompanied by an elevated temperature rise of 50.7 ◦C [49].
This indicates that, although the actual temperature increase might be higher due to
the use of high intensity laser pulses in our case, this is not sufficient to induce the rapid
temperature increase needed for VNB generation. Although we believe that operating in the
heating mode might be able to permeabilize the ILM to some extent as thermal denaturation
of ILM proteins might be provoked, reaching the VNB mode is an advantage both in terms
of efficacy and safety. Sauvage et al. demonstrated that less laser pulses are required
to fully destroy vitreous floaters when the bubble mode is achieved. Most importantly,
since Haritoglou et al. observed severe disorganization of the human inner retina after
application of ICG followed by halogen illumination, the close proximity of the retinal
cells makes us strive to reach the VNB mode to tune the approach as safe as possible [50].
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Due to the insulating nature of gas combined with the very short bubble lifetime of VNBs,
dissipation of heat to the surrounding tissue is negligible which should temper retinal
toxicity. Intriguingly, this objective was achieved when irradiating ICG liposomes in
buffer with 7 ns laser pulses. Based on the feature of ICG liposomes to incorporate higher
amounts of ICG, higher increases in temperature are possibly obtained able to exceed
the critical temperature of the buffer to induce evaporation. Interestingly, these values
are in agreement with the ICG concentrations found to be effective in inducing VNB
formation after accumulation of free ICG onto the ILM (0.1 mg/mL) and vitreous floaters
(0.5 mg/mL) [19,27]. Given the size of the liposomes and number of bubbles, however, it is
possible that we are not able to detect individual VNBs as it is more difficult to form VNBs
with smaller NPs [22], but observing VNBs resulting from aggregated liposomes.

In a next step, to investigate possible changes in VNB-behavior in a biological setting
and to detect structural damage at the level of the ILM, the same set of experiments
was performed in presence of patient-derived human ILM. However, the same trends
were sustained. While PLGA ICG NPs were still lacking the capacity to induce VNB
formation, ICG liposomes preserved their assets to do so. Despite VNB generation for
all ICG liposomes, no discernible effects at the level of the ILM were elicited such as the
creation of holes as earlier observed for free ICG [27]. Since free ICG molecules, renowned
for their high affinity for the human ILM, are able to cluster in the ILM-network, ICG NPs
are rather “in touch” with the membrane implying that larger VNB formation should be
obtained to provoke more pronounced effects. Yet, it is probable that more subtle effects,
e.g., permeabilization or structural disorganization of the protein network of the membrane,
are not retraceable via dark field microscopy. Remarkably, DPPC-PEG liposomes were able
to disrupt the ILM to some extent after repetition of 3 individual laser pulses which was
not the case for the other types of liposomes likely attributable to the highest ICG:lipid ratio
of this liposome. While the efficacy of the approach might be upgraded by use of multiple
pulses, a downgrade in terms of toxicity cannot be excluded.

Since ICG liposomes outperformed their polymeric PLGA NP counterparts at each
stage, only ICG liposomes were included to evaluate ICG NP-mediated photodisruption
on bovine retinal explants. While zones with absent parts of ILM were observed, areas
with intact ILM were retrieved in almost equal amounts. Based on empirical evaluation,
we suggest that the intact ILM might be thinned to some extent. Since the same trend was
observed for all liposomes, none of them emerges as the most efficient photosensitizer
which is expected based on the insignificant difference in the lowest laser fluence able to
elicit VNBs. The fact that we were only able to observe mild effects, lacking a clear trend,
might be explained by several hypotheses. Firstly, since leakage of ICG from the liposomes
was not determined, we can not exclude the contribution of free ICG to the observed results.
Secondly, as previously mentioned, we suggest that VNBs are rather generated due to
aggregation of individual NPs. The difficult to control nature of this process might explain
the irregularity of the observed effects. Lastly, another important parameter determining
the probability of success is the affinity of the ICG NPs for the ILM. Since the ILM itself is
considered to be negatively charged, electric repulsion might limit the affinity of the NPs for
the ILM. However, since the ILM is a complex matrix composed of different extracellular
proteins [9] where other mechanisms such as hydrophobic interactions may come into play,
it is difficult to predict which physicochemical properties are most suitable for optimal
interaction with the ILM. Moreover, steric hindrance due to PEGylation might further
interfere with the affinity. Seeing that mild effects were observed on bovine retinal explants
while almost no damage is provoked on isolated human ILM, we expect that the mild
effects are not powerful enough to permeabilize the significantly thicker human ILM. In
conclusion, the current approach with ICG liposomes is not able to disrupt the ILM in a
consistent and reproducible manner. However, since it is probable that we still miss out
subtle effects undetectable via dark field microscopy or imaging of cryosections, no clear
statements can be made whether or not the observed effects are adequate to boost retinal
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drug delivery which should be investigated more into depth with advanced microscopy
techniques or evaluation of entrance of model drugs.

An important point to consider is that only one type of synthesis was evaluated
for both ICG liposomes and PLGA ICG NPs as the goal was to screen different types of
NPs. Nevertheless, we are aware that other types of synthesis are attractive in terms of
upscaling, avoiding the use of organic solvents and surfactants, controlling the size or
might improve the ICG encapsulation. Although increase of ICG concentration might
boost VNB generation even more, our observations suggest that the major obstacle is the
interaction between the ILM and the NPs. Active targeting strategies might solve this issue,
however, attachment of antibodies to the liposomes is possibly challenging and this extra
step can complicate market translation. On top of that, switching to other types of ICG
NPs can be another perspective to intrinsically improve the affinity of ICG NPs for the
ILM. While mesoporous silica NPs are also widely investigated to incorporate ICG, other
types of NPs matching the biological environment of the ILM, e.g., albumin- or hyaluronic
acid based NPs, or more neutrally charged ones could be promising. Hence, the possible
influence of the nature and charge of ICG NPs on the interaction with the complex protein
matrix of the ILM is an interesting topic which should be investigated more into depth.

5. Conclusions

The main objective of this study was to screen the potential of different types of ICG
NPs as photothermal entities to boost the ILM photodisruption concept, previously estab-
lished by our research group, in terms of restricting the treatment to the ILM only. In this
way, collateral damage to other structures could be bypassed and toxicity concerns tem-
pered. We were able to successfully synthesize a set of PLGA ICG NPs and ICG liposomes
characterized by suitable physicochemical properties that qualify for our approach. ICG
liposomes towered above PLGA ICG NPs in terms of ICG incorporating features which
was shown to determine their potential to induce VNBs. Generation of VNBs was only
observed for ICG liposomes both in buffer and after accumulation onto the human ILM.
Nevertheless, laser treatment on bovine retinal explants mediated by ICG liposomes merely
resulted in limited effects including small areas of ablated ILM alternated by zones of
mainly intact but possibly thinned ILM. Whether or not these effects are satisfactory to
enhance retinal drug delivery is the next question that should be answered. However, based
on our results we hypothesize that the major obstacle involves the interaction between
the ICG NPs and the complex ILM matrix, an important subject which demands further
investigation. In addition to active targeting strategies of ICG liposomes to enhance this
interaction, exploring other NP types with different building blocks and/or more neutral
charges might gain more insight into NP-ILM interaction and hence improve the concept
to a further extent.
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Abstract: Delivering high-molecular-weight hydrophobic peptides, such as cyclosporine A, across
the corneal epithelium remains a challenge that is complicated by other physio-anatomical ocular
structures that limit the ocular bioavailability of such peptides. Transferosomes have previously been
used to improve transdermal permeability, and have the potential for improving the ocular corneal
permeability of applicable drugs. In this study, transferosomes for the potential ocular delivery of
cyclosporine A were investigated. Linoleic acid was evaluated for its effect on the stability of the
transferosomes and was substituted for a portion of the cholesterol in the vesicles. Additionally,
Span® 80 and Tween® 80 were evaluated for their effect on transferosome flexibility and toxicity to
ocular cells as edge activators. Attenuated Total Reflectance–Fourier Transform Infrared spectroscopy
(ATF-FTIR), differential scanning calorimetry (DSC), and dynamic light scattering (DLS) were used to
evaluate the physicochemical parameters of the blank and the cyclosporine A-loaded transferosomes.
Cyclosporine A release and corneal permeability were studied in vitro and in a New Zealand albino
rabbit corneal model, respectively. The linoleic acid contributed to improved stability and the nano-
size of the transferosomes. The Tween®-based formulation was preferred on the basis of a more
favorable toxicity profile, as the difference in their corneal permeability was not significant. There
was an initial burst release of cyclosporine A in the first 24 h that plateaued over one week. The
Tween®-based formulation had a flux of 0.78 µg/cm2/h. The prepared transferosomes demonstrated
biocompatibility in the ocular cell line, adequately encapsulated cyclosporine A, ensured the corneal
permeability of the enclosed drug, and were stable over the period of investigation of 4 months at
−20 ◦C.

Keywords: topical ocular drug delivery; transferosomes; linoleic acid; cyclosporine A; nanoparticle
drug-delivery systems

1. Introduction

Topical ocular delivery is fraught with numerous challenges, arising mainly from the
physio-anatomical barriers posed by ocular structures in their normal physiological line of
duty [1]. A formidable barrier to topically applied substances is regularly presented by the
corneal epithelium, barely permitting the passage of low molecular weight substances by
diffusion [2]. The corneal epithelial cells allow the passage of lipophilic drugs that then is
barred by the corneal stroma, which is hydrophilic [3]. In addition, the paracellular passage
of substances is heavily challenged by the tight junctions presented by the cornea [4].
Consequently, the drive to deliver drugs across the cornea via topical ocular formulations
is a continuing venture. There is also the additional challenge of increasing the time that
such formulations stay on the ocular surface. This surface residence time is shortened by
the blink reflex, as well as the constant flow of the tear film. Various colloidal systems,
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such as polymeric micelles [5], nanoparticles [6] nanocapsules [7], microemulsions [8] and
vesicular systems, have been explored to overcome many of these challenges. Among
these, vesicular systems such as liposomes have stood out, overcoming the polarity issues
associated with many of the new chemical entities (and which limit their passage through
many biological membranes) and bringing biocompatibility, extended release, reduced
systemic side-effects, and improved ocular biodistribution to topical ocular delivery [9].

Many of the ocular conditions require the topical application of medicaments for their
treatment. Among these, the most frequently occurring are dry eye syndrome (keratocon-
junctivitis sicca), keratoconus, and keratitis [10]. Cyclosporine A (CysA) is a strong immune
suppressive oligopeptide with 11 amino acid residues that has found use in many inflam-
matory conditions of the eye, such as non-infectious uveitis and vernal keratoconjunctivitis
corneal healing [11]. Even though the systemic administration of CysA, which was the
initial mode of administration for ocular interventions, achieves high concentrations in
ocular tissues, the high incidence and level of side effects arising from such a systemic
administration is driving the search for topical formulations that could achieve the same
therapeutic concentrations in the ocular tissues [12]. Unfortunately, the high molecular
weight (1202.6 Da), strong hydrophobicity (Log P lies between 1.4 and 3 depending on
the solvent), and the presence of formidable barriers leaves little room for flexibility in
terms of formulation maneuvers to achieve the optimum availability in ocular tissues from
topical applications [11,13]. Nevertheless, various nanoplatforms have been explored for
overcoming some of these issues with the physicochemical properties of CysA. Many of
these platforms utilized excipients, to enable the solubilization and stabilization of CysA,
some of which may be contraindicated in the disease conditions which these formulations
are intended to treat, as a result of the additional disruptions brought about on the corneal
surface [5,14]. Allergan Inc., USA (now AbbVie) was the first company to push a nanoemul-
sion formulation of CysA to the market. Most of the other marketed CysA topical drops
are micellar solutions in which various surfactants, alcohols, co-solvents, and even some
excipients that have been shown to be harmful to ocular health, were used. One such
excipient is EDTA, which is employed for the solubilization of CysA [4,15].

Transferosomes were introduced three decades ago to further expound the capabilities
of the liposomal systems though directed to improve the delivery via the stratum corneum
of the skin [16]. Transferosomes as ultra-elastic lipid vesicles have, since inception, been
exploited in transdermal delivery for their exceptional permeability and the deformability
properties imparted to the bilayer of regular vesicles, due to the presence of edge activators,
such as Tween® 80, Span® 80, and sodium cholate [17]. Transferosomes are currently being
deployed to improve the permeability of the stratum corneum to a variety of drugs. The
success of transferosomes as a transdermal delivery system has been attributed partly to
the osmotic gradient that exists across the outer and inner skin layers, and partly to the
ability of transferosomes to deform while passing pores that are much smaller than them.
This understanding and the existence of similar gradients across the corneal epithelium and
stroma suggest that the same possibilities may exist for the permeation of large molecules
across the tight junctions of the eye cornea. One major challenge that may deter the use
of transferosomes in the corneal drug delivery has to do with the possible toxicity of
the surfactants employed as the edge activators to ocular cells and therefore, requires a
careful selection of, and delicate balance between, the edge activators and their use level.
A major challenge in dry eye disease is the instability in the tear film as a result of sub-
optimal tear volume and function [10]. While CysA has a strong stimulating effect on
tear fluid production, the excipients that will adequately stabilize the produced tear fluid
are still lacking in many commercial formulations. As a result of these considerations,
linoleic acid was introduced as a vesicle component to complement the pharmacological
action of cyclosporine A in the treatment of the targeted ocular condition. Linoleic acid
is an essential fatty acid that has been shown to stabilize the tear film when applied
topically [18], and could therefore contribute to the therapeutic experience in patients
with dry eye syndrome, in whom tear film stability is a major challenge contributing to
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the discomfort from the disease [19]. Daull and co-workers [13] had earlier concluded,
after reviewing many formulations of cyclosporine A currently on the market, that the
vehicle carrier in cyclosporine A topical formulations could contribute to a significantly
improved performance.

The benefits of transferosomes that have chronicled its application in transdermal
delivery underscore their potential in topical ocular delivery. Thus far, no study has
explored the possibility of transferosomes in ocular applications; hence, in this investigation,
a topical transferosomal formulation was proposed and explored as an alternative topical
formulation for CysA, particularly in the treatment of dry eye disease. In this investigation,
transferosomes, which are generally composed of phospholipids and an edge activator as a
membrane-softening agent, were formulated. Both Tween® 80 and Span® 80 were selected
for investigation, based on their demonstrated efficacy in facilitating the deformability of
the transferosomes. The additional challenge of tear film stability that accompanies and
complicates ocular conditions, such as dry eye, informed the decision to include linoleic
acid in the formulation. Linoleic acid has been found to have a stabilizing effect on tear
film. In addition, linoleic acid can contribute to permeation enhancement as a fatty acid
since other fatty acids, such as oleic acid, have demonstrated potential as permeation
enhancers in dermal formulations [20]. Additionally, linoleic acid was explored for its effect
on stabilizing the lipid bilayer of the transferosome, thereby acting as both an excipient
and an active ingredient. Spectroscopic methods were used to characterize and confirm
the inclusion of CysA in the form of transferosomes. Further physicochemical parameters,
such as size and zeta potential, were studied, as well as the biocompatibility in an ocular
cell line. In addition, the ex vivo corneal permeability of the developed transferosomes
were assessed, employing rabbit corneal tissue.

2. Materials and Methods
2.1. Materials

The cyclosporine A was purchased from LEAP pharma (DLD Scientific, South Africa).
The Tween® 80, Span® 80, linoleic acid, soy phosphatidylcholine, cholesterol, and the MTT
assay kit were purchased from Sigma-Aldrich (St. Louis, MO, USA). The ultrapure water
(Milli Q, water, Sigma-Aldrich, Burlington, MA, USA) was used. All of the other solvents
were obtained and used without further purification.

2.2. Preparation of the Transferosomes

The thin film method was employed in the preparation of blank and CysA-loaded
transferosomes, as depicted in Scheme 1 using the formulation variables outlined in Table 1.
The lipids, cholesterol, and linoleic acid were dissolved in an appropriate volume of
chloroform–methanol solution, mixed in a ratio of 3:1. For the CysA-loaded transferosome,
the cyclosporine was added in the film-forming solution. The resulting solution was
evaporated in a rotary shaker (Rotavapor1 RII, Büchi Labortechnik AG, Flawil, Switzerland)
to obtain a thin film which was subsequently hydrated using either a Tween® or Span®

solution constituted in artificial tear fluid (ATF) of pH 7.4. The concentration of the
Tween® or Span® solution was varied, as shown in Table 1 and incorporated either as
part of the hydrating fluid or as part of the lipid film. The resulting multilamellar vesicles
were ultrasonicated for 5 min in ice using a probe sonicator (Sonics Vibra cell, Newtown,
CT, USA) set at a 20 s on and 5 s off cycle, and an amplitude of 50%. The obtained
nanovesicles were subsequently lyophilized (Freezone 12 freeze drier, Labonco, Kansas
City, KS, USA) and characterized appropriately. A 2% sucrose solution was used as a cryo-
protectant. The effect of the linoleic acid inclusion on the physicochemical characteristics
of the transferosomes was also evaluated by preparing Tween® 80-based transferosomes,
with and without linoleic acid.
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Table 1. Composition of transferosomes.

Component Composition Function

Soy Lecithin 180 mg Lipid
Cholesterol 20 mg Lipid

Linoleic acid 20 mg Stabilizer/moisturizer
Tween® 80 1–2% v/v Edge activator
Span® 80 1–2% v/v Edge activator

CysA 60 mg Active ingredient
Sucrose 2% w/v Cryoprotectant

2.3. Characterization of the Transferosomes

The size, zeta potential, and polydispersity index of the prepared transferosomes were
determined in triplicate, using dynamic light scattering (DLS) on the ZetaSizer NanoZS
(Malvern Instruments, Malvern, UK). These measurements were undertaken shortly af-
ter sonication and after 4 months of storage at −20 ◦C in a freezer (GL I472QPZX, LG
Korea) [21].

A FEI Tecnai T12 transmission electron microscope (TEM, Hillsboro, OR, USA) and the
ZEISS Sigma 300 VP with a ZEISS ‘smart SEM’ software (Field Emission Scanning Electron
Microscope, SEM, FEI, Orlando, FL, USA) were used to characterize the morphology of the
transferosomes. A dispersion of the lyophilized transferosomes was prepared in deionized
water to a concentration of 0.5 mg/mL and dropped on a copper grid. The excess was
dabbed with a filter paper and the dispersion allowed to dry. The grid was subsequently
covered by a drop of 2% v/v phosphotungstic acid and imaged with the FEI Tecnai T12
transmission electron microscope. For the SEM imaging, a drop of the dispersion was
dropped onto a two-sided carbon tape mounted on an aluminum stub. The dispersion was
dried, and sputter-coated with gold/palladium before imaging.
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Differential scanning calorimetry (DSC) was undertaken (Mettler Toledo, DSC, STARe
System, Swchwerzenback, ZH, Switzerland) to study the heat transitions in both the
CysA-loaded and unloaded vesicles.

Attenuated Total Reflectance–Fourier Transform Infrared spectroscopy was undertaken
on a Perkin Elmer Spectrum 2000 ATR-FTIR spectrometer (PerkinElmer 100, Llantrisant,
Wales, UK), fitted with a single-reflection diamond. A MIRTGS detector was used to
study the surface transitions and functional groups on both the cyclosporine A-loaded and
unloaded transferosomes.

The stability of the transferosomes was assessed by storing lyophilized transferosomes
at a representative storage temperature of −20 ◦C over a period of 4 months. At specified
time intervals, the size distribution, polydispersity index, and zeta potential of the samples
were measured.

The elasticity of the transferosomes was studied, using a modified method as applied
by Jain and coworkers [22]. An appropriate amount of the lyophilized transferosomes was
dispersed in artificial tear fluid (ATF) to formulate a stock suspension that was diluted
appropriately before analysis. The stock suspension (one part) was diluted with nine parts
of ATF and the particle size determined. Subsequently, 1 mL of the diluted system was
extruded through a 100 nm polycarbonate filter. The volume extruded was noted, as well
as the hydrodynamic size of the extruded dispersion. The extrusion process was repeated
five times.

2.4. Encapsulation Efficiency and In Vitro Drug Release from Cyclosporine A-Loaded
Transferosomes

The direct method was employed in determining the quantity of the drug encapsu-
lated in the transferosomes [23]. To this end, a dispersion of the lyophilized drug-loaded
transferosomes was prepared in ATF and the absorbance read at a wavelength of 207 nm
on an IMPLEN NanoPhotometer®, (Implen GmbH, Munchen, Germany) The concentra-
tion was subsequently determined from a standard calibration curve of cyclosporine A,
prepared using methanol: ATF (9:1) solution as solvent. The encapsulation efficiency (EE%)
was subsequently calculated, using Equation (1):

EE% =
Actual amount o f drug entrapped in the trans f erosome

Amount o f drug incoporated in the trans f erosome
× 100 (1)

In a similar process, the drug release from the transferosomes was determined, using
a modified USP dissolution apparatus, commonly applied as an in vitro drug release test
for colloidal drug carriers [24]. Briefly, one end of a glass tube (open at both ends) was
covered with dialysis tubing (12,000–14,000 MWCO), which had initially been equilibrated
in ATF at 37 ◦C. The prepared transferosome dispersion in ATF (1 mL) was introduced
from the other open end and suspended in 100 mL of ATF of pH 7.4 as the dissolution
medium. The dissolution medium was stirred at 50 rpm and maintained at 37 ◦C ± 1 ◦C. At
scheduled time intervals, a 1 mL sample was withdrawn from the dissolution medium and
replaced with an equivalent volume of ATF and the drug content subsequently calculated
from the absorbance reading acquired from the Implen NanoPhotometer™ (Implen GmbH,
Munchen Germany).

2.5. Ex Vivo Corneal Permeability of the Transferosomes

The corneal permeability of the formulations was determined, using the cornea from
New Zealand albino rabbits. The rabbits were selected because the size of the rabbits’
cornea is similar to that of humans. The eyes of the rabbits were enucleated, and the cornea
removed accompanied by about 3 mm of scleral tissue. These were immediately rinsed
with ATF and wrapped with film to prevent dehydration. Subsequently, they were stored
at 4 ◦C until used within 4 h of harvest [4,25]. The permeability study was undertaken in
a Franz diffusion cell (PermeGear Inc., Bethlehem, PA, USA) with three cells. The cornea
was used as the separating membrane between the donor and receptor chamber (enclosed
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in silicon rings) with the epithelial surface facing upward to the donor chamber. The
receptor chamber was filled with 12 mL of degassed ATF, stirred at 60 rpm, and the system
temperature maintained at 36 ◦C by means of a circulating water bath. A transferosomal
dispersion in ATF was made and 1 mL introduced into the donor chamber. At 3, 6, and 24 h,
0.4 mL was withdrawn from the receptor chamber and replaced with an equal volume of
degassed ATF. These were subsequently analyzed and the amount of drug that had passed
through was determined from the cyclosporine A calibration curve.

2.6. Cytotoxicity Studies of the Transferosomes in Human Retinal Epithelial Primary Cell Line

The MTT, (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide), assay to
determine the cytotoxicity of the transferosomes was carried out using an ocular cell line,
human retinal epithelial primary (HREP) cells. The HREP cells were grown in DMEM:
HAM’s F12 (50:50) medium supplemented with 10% FBS and 1% penicillin/streptomycin.
The cells were grown until they were 80 to 90% (about 48 h incubation) confluent in an
incubator set at a temperature of 37 ◦C with 5% CO2. Thereafter, the cells were detached
using 2 mL of 1% trypsin. The cells were thereafter seeded in two 96-well plates at a cell
density of 40,000 cells per plate for the HREP cells and further incubated for 24 h. The
plates were thereafter treated with 10 µL of a 5 mg/mL transferosome dispersion. After the
treatment, the plates were incubated at a temperature of 37 ◦C with 5% CO2. At 24 and
48 h, respectively, each well plate was treated with 10 µL of (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) (MTT) at a final concentration of 5 mg/mL. Each plate
was further incubated for 4 h in a humidified atmosphere at 37 ◦C and 5–6% CO2. A
solubilization reagent (100 µL) was then added and the plate allowed to stand overnight in
the incubator. The absorbance of the developed purple formazan crystals was then read
in a VX3 microplate reader at 570 nm. The percent viability of the cells was subsequently
calculated using Equation (2):

% Viability =
Absorbance o f treated well − absorbance o f blank

Absorbance o f control − absorbance o f blank
× 100 (2)

The ATF was used as the negative control, the 5-fluorouracil and DMSO were used as
the positive controls, and the untreated wells were used as the blank.

2.7. Statistical Analysis

The continuous variables with a normal distribution, such as particle size, size distribu-
tion, zeta potential, etc., are reported as mean ± SD. Comparisons to establish the statistical
significance where needed were undertaken using one way ANOVA and Student’s t-test at
p = 0.05. All of the statistical analyses were performed using Microsoft Excel 2016 (Microsoft
Corp., Redmond, WA, USA) and GraphPad by Dotmatics (Boston, MA, USA).

3. Results
3.1. Formulation and Characterization of the Transferosomes

The hydrodynamic diameter, polydispersity index, and zeta potential transferosomes
prepared using 1% v/v Span® 80 or Tween® 80, together with linoleic acid, are displayed
in Table 2. During preliminary studies, the concentration of the surfactants employed
was varied between 1% v/v and 2% v/v to establish a compromise between toxicity,
and elasticity/deformability. A concentration of 1% v/v of Span® 80 or Tween® 80 was
employed in the ensuing investigations, based on the ability to form stable, deformable
transferosomes of adequately low toxicity. The results displayed in Table 2 indicate that
the hydrodynamic diameter of the transferosomes formed using the Span 80® was higher
than that formed by the Tween 80®. Contrary to the norm, loading CysA seemed to yield
smaller sized transferosomes. Most of the studies report an increase in the size of vesicles
after drug loading.
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Table 2. Size distribution and polydispersity of blank and CysA-loaded transferosomes.

Parameter

Non-Lyophilized
Tween® 1%

Lyophilized
Tween® 1%

Non-Lyophilized
Span® 1%

Lyophilized
Span® 1%

Loaded Blank Loaded Blank Loaded Blank Loaded Blank

Size (nm) 64.68 ± 0.14 69.33 ± 0.31 183.67 ± 0.62 243.01 ± 1.61 104.87 ± 0.8 159.37 ± 0.63 246.5 ± 3.09 315.7 ± 4.41
Polydispersity index 0.209 ± 0.005 0.223 ± 0.004 0.367 ± 0.01 0.388 ± 0.01 0.127 ± 0.01 0.244 ± 0.01 0.305 ± 0.02 0.388 ± 0.05

Zeta potential (mV) −18.9 ± 1.6 −26.23 ± 1.3 −24.43 ± 2.88 −20.2 ± 2.90 −35.5 ± 1.26 −43.6 ± 4.29 −24.77 ± 0.58 −35.5 ± 3.05

Lyophilization had a potentially stabilizing effect on all of the vesicles. This is evident
from the results of the zeta potential, which depict the magnitude of charges that tend to
cause repulsion between two vesicles in close proximity. The values above +30 mV and
below −30 mV are considered acceptable for the stability of the colloids [26]. Even though
the zeta potentials for all of the formulations were initially within an acceptable range, they
all somewhat increased after lyophilization. The nanovesicles, by default, are prone to
membrane destabilization that result from the double effect of environmental factors, such
as moisture, oxygen, and the presence of large quantities of unsaturated fatty acids in an
aqueous environment [27]. Lyophilization, which is often employed as one of the methods
to limit this form of instability, can fracture the delicate vesicle membrane as a result of the
effect of ice crystals. The stabilization can, therefore, be the result of an intricate interplay
between the concentration and type of cryoprotectants used and the fracturing effect of
lyophilization [28]. For Tween® 1% formulations, the stabilization effect is noted in the
form of a favorable shift from a value of −18.9 ± 1.6 to −24.43 ± 2.88 for the CysA-loaded
formulation.

To study the effect of linoleic acid, the preliminary formulations were prepared with
and without linoleic acid. In all of the formulations studied, the zeta potential and, thus,
the stability to aggregation was improved by the addition of linoleic acid both for the
CysA-loaded and blank Tween® 80 transferosomes. The size of the transferosomes was also
comparatively reduced. The results from a representative lyophilized Tween® 80 1% v/v
CysA-loaded formulation are shown in Table 3. The two-tailed p-value for size and the zeta
potential comparison between the representative formulations determined by GraphPad
were less than 0.0001 and 0.0002, respectively, thus notably significant.

Table 3. Effect of incorporation of linoleic acid on the stability of transferosomes.

Formulation Size (nm) Polydispersity Index Zeta Potential (mV)

With Linoleic acid 175.33 ± 1.60 0.319 ± 0.32 −23.4 ± 1.00
Without Linoleic acid 200.17 ± 1.20 0.382 ± 0.01 −15.71 ± 0.17

3.2. Physicochemical Characterization of the Transferosomes

Fourier-transform infrared spectroscopy is usually used to study and characterize
the nature of functional groups occurring at molecular surfaces. The results displayed
in Figure 1 depict the FTIR fingerprints for pure CysA, blank transferosomes, and CysA-
loaded transferosomes. The FTIR of both the blank and CysA-loaded transferosomes are
identical, showing the same band intensities for identified functional groups occurring
at the same wave numbers. None of the characteristic bands for CysA could be detected
in the CysA-loaded transferosomes. This confirms the encapsulation of CysA within the
transferosome vesicles and that no new bonds were formed when CysA was loaded into
the transferosomes [29].
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Figure 1. FTIR analysis of drug-free and drug-loaded transferosomes.

Figure 2 depicts the thermograms derived from the differential scanning calorimetric
analysis performed on pure CysA, the unloaded transferosomes prepared with and without
linoleic acid, and the transferosomes loaded with CysA. DSC was applied to characterize
the thermal transitions between phases that occur in materials, resulting from temperature
changes as directed by heat flow. The thermogram of bilayers of pure lipids generally
depicts the transition temperature at which the lipid transforms from gel to a liquid
crystalline phase [30].
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Figure 2. Differential scanning calorimetry of pure CysA, drug-free (with and without linoleic acid),
and CysA-loaded transferosomes.

In Figure 2 the thermal transitions occurring in the lipid vesicles prepared in this study
are evident. These vesicles were cryo-protected with a 2% sucrose solution before being
lyophilized. The exothermic peaks that occurred at ~132 ◦C in all of the transferosomes
represented the glass transition temperature. In the melting peaks occurring at 170.97 ◦C
and 172.50 ◦C, respectively, for the transferosomes with and without linoleic acid; there
was a slight depression in the melting temperature with respect to the transferosomes
without linoleic acid. Londoño and co-workers [31] studied the thermal transitions in

108



Pharmaceutics 2022, 14, 1695

soy phosphatidylcholine-based ethosomes and observed peaks at 187.5 ◦C, which they
attributed to the interdigitation of lipid chains that represents the presence of crystalline
structures through which the heat flux is constant. The peaks, observed between 170.97 ◦C
and 172.50 ◦C for the vesicles in the current study, can thus be attributed to such interdigi-
tation of the vesicle chains. The melting endotherm for pure CysA in this study was found
at ~130 ◦C (the melting point is reported as 148–151 ◦C [32]) and the decomposition started
at 226.80 ◦C. These peaks, however, disappeared completely from the thermogram of the
CysA-loaded transferosome, thus indicating the efficacy and stability of the encapsulation
process. Similar observations were previously reported [29].

The representative SEM images shown in Figure 3 confirm the poly-dispersed nature
of the prepared transferosomes obtained during DLS size analysis. The approach employed
for the incorporation of the edge activators was explored for the possible effects on the
morphology of the transferosomes. The morphology of the transferosomes prepared with
Span® 80 as part of the hydrating fluid is shown in Figure 3a. The stabilizing effect of
CysA loading into the transferosomes (Figure 3b) is noted as more uniformly distributed
spheres of smaller diameters when compared with the blank. This effect corroborated the
reduction in the hydrodynamic size with CysA loading, observed following the DLS size
analysis. While Figure 3c represents the transferosomes prepared via the incorporation of
Tween® 80 as a constituent of the hydration fluid, Figure 3d depicts the morphology of the
CysA-loaded Tween® 80 transferosomes, resulting from incorporating the edge activator,
Tween® 80, into the film-forming solution. Apart from a visually imperceptible difference
in the size, the morphology is the same. This indicates that the method of incorporation of
the edge activator had a minimal impact on the size and size distribution. A representative
image of the morphology of the lyophilized samples is depicted in Figure 3e. The effect
of lyophilization and the cryoprotectant used were obvious, as the spheres developed an
elongated shape. This morphology was also observed in the TEM images obtained for the
lyophilized samples prepared with Tween® 80.
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Figure 3. SEM images of transferosomes reflecting the impact of drug loading on the polydispersity
and size for. (a) blank Span® transferosomes; (b) CysA-loaded Span® transferosomes; (c) blank
Tween® transferosomes; (d) CysA-loaded Tween® transferosomes; and (e) lyophilized Tween®

transferosomes. Scale bar represents 1 µm.
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The TEM images depicted in Figure 4 were obtained from the lyophilized samples
reconstituted in PBS and dried on a copper grid. The images highlight the spherical nature
of the transferosomes. The mean sizes, determined from an analysis of the TEM images for
the drug-loaded Span® 80 transferosomes, were about 200 nm, while the sizes of the blanks
were in the range of 300 to 400 nm. The TEM-determined sizes for the blank Tween® 80
transferosomes were between 100 and 150 nm for the lyophilized samples, while that of
the drug-loaded un-lyophilized sample was in the range of 100 nm. The TEM images in
Figure 4 corroborate the morphology observed from the SEM. The samples also showed a
somewhat elongated morphology approaching cuboids for the non-lyophilized Tween®

samples, as observed in the SEM images.
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Figure 4. TEM images of lyophilized (a) blank Span 80® transferosomes; (b) CysA-loaded Span 80®;
(c) blank Tween 80® transferosomes; and (d) un-lyophilized Tween 80® transferosomes. The scale
bars for (a,d) are 500 nm, while those for (b,c) are 200 nm.

Table 4 shows the results of the stability evaluations obtained from the representative
Tween®-based transferosome samples. The differences in the size, size distribution, and zeta
potential were statistically different, but all in favor of stability. Even though the average
hydrodynamic size of the transferosomes was smaller at the beginning, the polydispersity
index was high, showing a high variability in the size distribution. The presence of
polydisperse vesicles could have resulted from the method of vesicle formation, since the
thin film method is known for the production of multilamellar vesicles [26].

Table 4. Stability profile of transferosomes.

Time (Months) Size (nm) Polydispersity Index Zeta Potential (mV)

0 76.91 ± 0.81 0.504 ± 0.005 −15.93 ± 0.69
4 113.17 ± 1.11 0.277 ± 0.003 −12.7 ± 1.85
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This trend was later reversed, however, evident in the presence of more uniformly
distributed larger spheres, that could be due to the effect of annealing that results from
the reassembly into bigger vesicles following the disruption in the lamellar membrane by
the ice crystals during freezing [33]. The contributions of drug loading towards stability
were also observed in terms of increased zeta potential values (−19.07 ± 1.22 mV) when
compared to the blank vesicles. This corresponds with previous investigations involving
lipid nanocapsules [34].

The results of the flexibility studies undertaken with both blank and CysA-loaded
transferosomes are shown in Table 5. Jain and coworkers [22] had previously established
the inverse relationship that exists between the volume reduction after extrusion and
flexibility. Even though the percentage reduction in size for the drug-loaded vesicles was
high, these results represent some degree of fluidity when the molecular size cut-off of
the polycarbonate membrane (100 µm) used in the extrusion is considered. Statistically
significant differences were obtained (p < 0.05) when the means of the percent decrease in
the size of the blank and drug-loaded vesicles were compared, indicating that the CysA-
loaded vesicles were in a more fluid state than the blank vesicles for both of the surfactants
studied. The size and stability of the lipid vesicles were shown to depend on membrane
packing, and this in turn depends on the interaction of the proteins and peptide molecules
with the lipid bilayer [24]. Likewise, the blank vesicles based on Tween® 80 were more
deformable than those based on Span® 80 for the blank vesicles based on consideration of
the percent decrease in the size of vesicles. This observation is further confirmed by the
volume reduction result, which showed a statistically insignificant difference. On the other
hand, the difference in size reduction between the CysA-loaded transferosomes based on
Tween 80® and those based on Span 80® were statistically not significant. This observation
may have serious implications for the contributions of the drug to the membrane stability
and fluidity, as was also observed from the dynamic light scattering experiments.

Table 5. Flexibility analysis of transferosomes.

Formulation Size before
Extrusion (nm)

Size after
Extrusion (nm)

% Decrease
in Size

Volume Loss
(%)

Blank Span® 80 315.77 ± 4.41 140.07 ± 2.08 55.60 ± 0.78 8 ± 1.58
CysA-loaded Span® 80 246.57 ± 3.65 158.8 ± 0.59 35.72 ± 1.38 13 ± 1.05

Blank Tween® 80 243.07 ± 1.61 132.77 ± 0.37 45.37 ± 0.25 6 ± 2.02
CysA-loaded Tween® 80 183.17 ± 0.62 120.13 ± 0.90 34.42 ± 0.34 14 ± 1.02

3.3. Ocular Cytocompatibility of Transferosomes

In order to evaluate the safety of use of the prepared transferosomes in the eye, a
toxicity assay was undertaken in a human retinal epithelial primary cell line (HREP).
This cell line was selected because of the very high sensitivity of retinal epithelial cells to
exogenous substances. The viability of the cells tested with 3.5 mg/mL stock dispersions of
the transferosomes hydrated with surfactant concentrations of 1% v/v were similar to the
viability of the negative control, as displayed in Figure 5. The % viability of the Tween®-
based transferosomes was higher than the % viability of the Span®-based transferosomes at
all of the concentrations tested. The viability of the HREP cells to the blank transferosomes
was, likewise, similar to the viability of the CysA-loaded transferosomes. Figure 6 shows
the morphology of the HREP cells treated with the dispersions of the Span® 80 and Tween®

80-based transferosomes. The morphology of the cells reflects the environment in which
the cells are growing. The abnormalities in the morphology can thus be a stress response
to the toxic elements in the growth medium [35]. The morphology of the cells shown in
Figure 6 was normal and thus confirms the safety of the transferosomes. Therefore, at the
concentrations evaluated, the transferosomes formulated in this study can safely be applied
to ocular cells.
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Figure 5. Viability of HREP cells against CysA-loaded transferosomes and blank transferosomes.
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3.4. Encapsulation Efficiency and In Vitro Release Profile of CysA from Loaded Transferosomes
Prepared with Tween® 80

The encapsulation efficiency is a measure of the amount of drug loaded into the
vesicles and represents the ability of the nanocarriers to encapsulate the enclosed drug.
The encapsulation efficiency obtained from the transferosomes prepared using Tween® 80
included in the hydrating fluid was 52.05% ± 2.06%, while that obtained when the Tween®

was included in the lipid film former before evaporation was 44.06% ± 3.01%. The edge
activators were incorporated using two different approaches to delineate the effect of the
incorporation method on the properties of the formed transferosomes. The EE% obtained
by including the Tween® 80 in the hydrating fluid was much higher than that from the
alternate method. Increasing the cholesterol content, which is important for maintaining
the rigidity and hence, the stability of the vesicles, has been shown to decrease the inclusion
of CysA into the phospholipid membrane [36]. Additionally, CysA has been shown to
partly partition between the aqueous core and the phospholipid membrane [37].

The in vitro release profile (Figure 7a) of the transferosomes was obtained for the
Tween®-based formulation since it had a more favorable toxicity profile. In vitro release
studies have variously been applied as an indication of the potential performance of a
delivery system in vivo [38]. The release of CysA was initially rapid with over 15% of the
loaded drug being released in the first 24 h. After this phase, there was a steady gradual
increase over the next 72 h up to the time the release study was terminated. Other investiga-
tors have made similar observations with regards to the drug release behavior from other
vesicle-based delivery systems [39]. The release data were fitted to different dissolution
models and the Korsmeyer–Peppas model, which describes the release mechanism from
polymeric systems, was selected as the best fit, based on the Akaike Information Criterion
(AIC) and the Model Selection Criterion (MSC). The calculated Korsmeyer–Peppas constant,
Kkp, was 4.106 while the n factor for the release data was 0.36, signifying that a Non-Fickian
diffusion was the release mechanism from the transferosomes [35]. Figure 7b shows the
predicted and the observed release data after fitting into the Korsmeyer–Peppas model.
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Figure 7. Release profile from transferosomes: (a) In vitro release of CysA from transferosomes;
(b) The predicted release profile based on the Korsmeyer–Peppas model.

3.5. Ex Vivo Corneal Permeability and Flux across Rabbits’ Cornea

Figure 8 shows the results of the corneal permeability studies represented as the
cumulative amount of CysA diffusing per unit area plotted against time. In this study,
the cumulative amount diffused per unit area increased over time during the 24 h pe-
riod of investigation. The values were higher for the Tween® based formulation, though
the similarity factor between the permeability profiles of the two formulations was close
(F2 = 69.05). Agarwal and colleagues [40] similarly determined the permeability of CysA
across the rabbit cornea, though using formulations based on semi-fluorinated alkanes.
According to their study, the best formulation based on perfluorobutylpentane demon-
strated a cumulative CysA permeation of 15 µg/g of the cornea over a 4-h period. Even
though this is similar to the value obtained in this study for the Tween® 80 formulation,
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the volatility of the semi-fluoroalkanes used as a solubilizer in their formulation can lead
to precipitation of the dissolved drug. According to Fick’s laws of diffusion, that govern
the transport of molecules across the corneal surface, the flux across the cornea depends
upon the concentration gradient across the corneal barrier and the diffusion or permeability
coefficient [41]. The maximum flux is usually determined from the slope of the curve for the
cumulative amount permeated/unit area versus the time for the formulations not enclosed
in reservoirs. The slope of the linear part of the curve for the Tween®- and Span®-based
transferosome formulations were 0.78 µg/cm2/h and 0.912 µg/cm2/h, respectively, which
represents the flux. The Span® 80 transferosomes had a higher flux than the Tween® for-
mulation, even though the cumulative amount permeated per unit time for the Tween®

was initially higher. A higher flux from Span® formulation indicates that, over time and at
a steady state, the Span® formulation will enable the permeation of higher quantities of
CysA. Despite the higher flux from the Span® formulation, the Tween® formulation may
still be preferred, considering that this difference in flux is not significant (p > 0.05). In
addition, the Tween® formulation had a more favorable toxicity profile.
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Figure 8. Corneal permeability of the transferosomes prepared with 1% of the edge activators
(a) Span® 80 transferosomes; (b) Tween® 80 transferosomes.

4. Discussion

The hydrodynamic diameters obtained in this study are congruent with those ob-
served in previous studies [42]. The linoleic acid was incorporated to replace a portion of
the cholesterol as part of the lipid concentration for the membrane stabilization. Choles-
terol is known to contribute to the membrane thickness and hence the increased size of
the vesicles [43]. The replacement of a part of the cholesterol with linoleic acid and the
CysA-loading that improves membrane fluidity all contributed to a reduction in the hydro-
dynamic size of the prepared transferosomes. Most of the studies report an increase in the
size of the vesicles after drug loading. Shen and co-workers reported a slight decrease in
the size of paclitaxel-loaded micelles, although this decrease was not consistent across all
of their formulations [44]. The reduction in size observed in this study may have resulted
from an effect of the CysA on the membrane packing. The defects in the lipid membrane
are an important factor modulating the binding of different peripheral proteins [45], that in
turn affects fluidity, and membrane thickness [46]. Pezeshky and co-workers [47] described
the effect of cholesterol, for example, on the size of vesicles after 30 days of storage. The
membrane thickness has been identified as one parameter that affects the size of vesi-
cles [46]. According to Huang and co-workers, an increase in the membrane thickness leads
to an increase in the vesicle size [48]. It can be inferred that CysA, being hydrophobic, is
loaded into the lipid bilayer and facilitates the compact packing that reduces the thickness
of the membrane, and therefore the vesicles size. The level of surfactants incorporated into
ophthalmic products is critical for both the ocular cell toxicity and formulation stability. In
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transferosomes, an additional demand is placed on the surfactant for effective flexibility
and deformability. The transferosomes enable the effective deposition of the contained
drug at the site of physiological action possessing the potential to migrate through orifices
smaller than their size. Tween® 80 was selected because it has found use in ophthalmic
products on the market due to its acceptable safety profile.

For the soy phosphatidylcholine employed in this investigation, the phase transition
temperature was previously determined to be 58.1 ◦C in other studies [31]. Shalaev and
Steponkus [49] had earlier studied the influence of sugar concentration and hydration
states in DOPE-based vesicles and found that both the presence of sucrose and hydration
states modified the phase transition temperature. In addition, they found that the physical
state of the sugar matrix at the transition point affected the temperature of the transition
and that the depression of the transition temperature for lipid vesicles always occurred if
the glass transition temperature of the sugar is higher than that of the lipid used [49]. The
peaks observed between 170.97 ◦C and 172.50 ◦C for the vesicles can thus be attributed to
such an interdigitation of the vesicle chains. The melting endotherm for pure CysA was
found at ~130 ◦C and the decomposition started at 226.80 ◦C. These peaks disappeared
completely from the thermogram of the CysA-loaded transferosomes, thus indicating
the efficacy and stability of the encapsulation process. Wagh and colleagues [29] made
a similar observation while working with CysA nanoparticles prepared with PLGA and
Eudragit 100®. The melting peak that appeared in the thermogram of CysA completely
disappeared from the thermogram of the optimized formulation, signifying the efficacy of
the encapsulation process.

The size measurements from TEM varied slightly from the DLS-determined sizes. The
dehydration process may have accounted for the slight disparity in size obtained from the
DLS, TEM, and SEM, as observed by Carreras and co-workers [50].

The dissolution of pure CysA was discussed and characterized in other investigations,
where the poor solubility of CysA was demonstrated. For example, Dubey et al. [51]
compared the drug release profiles for the CysA/micelle incorporated nanofibers with
that from the corresponding quantity of pure crystalline CysA, which highlighted that
there was a complete release of CysA from the nanofiber after 14 min, whereas there
was negligible dissolution of the pure drug [52]. Nano-systems, such as those discussed
by Dubey et al. [52] and presented herein, serve to improve the dissolution rate of the
poorly soluble CysA through various mechanisms (i.e., solubilization, high surface area,
improved wetting, and molecular dispersion of the drug); however, the transferosome
system also serves to control the release of the drug, thus providing effective CysA levels
for an extended period.

The studies that quantitate the amount of CysA released from topical formulations are
limited. Most of the studies generally focus on the efficacy of CysA in the ocular condition
being targeted for treatment. One study, however, evaluated the blood concentrations of
CysA following the topical application of the usually administered topical doses of 0.05%
and 0.1% [52]. Although the ocular concentrations of CysA were not measured, the study
established that, at these doses, the 0.05% formulation was below the limit of detection
while only 5.5% of the population treated with the 0.1% formulation showed detectable
levels of CysA in the blood. Another study evaluated the corneal penetration of CysA from
polymeric micelles in a Lewis and Brown Norway rat model [5]. The corneal CysA levels
in the transplanted and healthy rats were 11710 ± 7530 ng/g and 6470 ± 1730 ng/g of
tissue, respectively, and implied a superior corneal penetration performance to both a CysA
oily solution and normal saline. A similar study compared a CysA micellar formulation
with an emulsion formulation [23]. In their study, and over a 7-day period, 78.36% and
88.87% were released, respectively, from the emulsion and micellar formulation in vitro.
The pharmacokinetic profile showed that both of the formulations displayed a similar
bioavailability, but with significantly different elimination profiles, resulting in a slower
elimination from the micelles. The micellar formulation was thus shown to contribute
to maintaining the presence of CysA over a longer period. Even though the current
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transferosomal formulation presented in this investigation exhibited similar drug delivery
profiles, their safety profile was improved, which was also a result of the exclusion of the
toxic solvents.

The corneal epithelium has been identified as the strongest barrier limiting the passage
of topically applied drugs to molecules less than 500 Da and various nano-systems have
been explored to overcome this barrier. The contributions of these nano-systems towards
overcoming the corneal epithelial barrier have mainly been based on the size advantage.
However, evidence is also emerging to underscore the nature of the components of the
nano-system viz-à-viz their interaction with the epithelial layer [7], such as interactions
with the cholesterol and lipid components of the corneal epithelium, rendering it more
permeable to exogenous substances [53].

5. Conclusions

The potential for the ocular delivery of CysA using transferosomes was explored in this
investigation. The toxicity of the developed transferosomes, which is of major concern, was
within acceptable limits. The transferosomes showed potential for sustaining the release of
the incorporated CysA in vitro over the time period investigated in this study. The possible
interaction of the loaded drug with the lipid membrane, as well as the presence of linoleic
acid, may have contributed to the stabilizing effect on the size of the transferosomes over
time. The corneal permeability and flux from the Span® and Tween® formulations were
similar. A future assessment of the in vivo performance of the developed transferosomes,
in terms of toxicity and therapeutic efficacy, is proposed.
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Abstract: Bacterial conjunctivitis is a worldwide problem that, if untreated, can lead to severe
complications, such as visual impairment and blindness. Topical administration of ciprofloxacin
is one of the most common treatments for this infection; however, topical therapeutic delivery to
the eye is quite challenging. To tackle this, nanomedicine presents several advantages compared to
conventional ophthalmic dosage forms. Herein, the flash nanoprecipitation technique was applied
to produce zein and hyaluronic acid nanoparticles loaded with ciprofloxacin (ZeinCPX_HA NPs).
ZeinCPX_HA NPs exhibited a hydrodynamic diameter of <200 nm and polydispersity index of <0.3,
suitable for ocular drug delivery. In addition, the freeze-drying of the nanoparticles was achieved
by using mannitol as a cryoprotectant, allowing their resuspension in water without modifying
the physicochemical properties. Moreover, the biocompatibility of nanoparticles was confirmed by
in vitro assays. Furthermore, a high encapsulation efficiency was achieved, and a release profile with
an initial burst was followed by a prolonged release of ciprofloxacin up to 24 h. Overall, the obtained
results suggest ZeinCPX_HA NPs as an alternative to the common topical dosage forms available on
the market to treat conjunctivitis.

Keywords: flash nanoprecipitation; conjunctivitis; nanoparticles; zein; hyaluronic acid; ciprofloxacin

1. Introduction

Conjunctivitis affects many people worldwide and consists of the inflammation and
swelling of the conjunctival tissue, as well as dilation of the blood vessels, ocular discharge,
and discomfort. Conjunctivitis can be divided into four main groups based on the etiol-
ogy: bacterial, viral, allergic, and irritant [1,2]. Bacterial conjunctivitis is the second-most
common infectious conjunctivitis and is more frequent in children [3]. Further, bacterial
conjunctivitis is one of the most common ophthalmic diseases in developed countries [4].
Several bacterial are etiological agents of conjunctivitis, the most common of which being
Streptococcus pneumoniae, Haemophilus influenza, Moraxella catarrhalis, and Staphylococcus
aureus; the last is more common in adults [5]. Ciprofloxacin (CPX) is one of the most-used
antibiotics in the treatment of bacterial conjunctivitis [6], and is a broad-spectrum antibiotic
that belongs to a class of antibiotics designed by fluoroquinolones [7]. Fluoroquinolones
have excellent antibacterial effects against Gram-negative and many Gram-positive bacte-
ria [8]. Nevertheless, commercial CPX eye drop solutions have an acidic pH, which causes
local burning and itching [9,10]. Furthermore, the low solubility of CPX under ocular
physiological conditions (pH ≈ 7) leads to a lower drug bioavailability [9].

Up to the present, topical dosage forms were elected as a less invasive administra-
tion route to the ocular mucosa. However, obstacles such as tear fluid production and
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the corneal barrier limit drug bioavailability. To tackle this challenge, researchers have
proposed nanoparticles (NPs)-based systems for treating ocular infections, as reviewed by
Liu et al. [11]. These systems can increase the retention time of the drugs on the ocular sur-
face and protect them from enzymatic degradation, while simultaneously contributing to
the decrease of the drug concentration administered to assure the therapeutic effect [12–14].
In addition, other authors demonstrated that by incorporating drugs into NPs, there is an
enhancement of corneal permeability [11,15]. Hence, flash nanoprecipitation (FNP) is a
simple and effective approach to producing NPs with high drug-encapsulation efficiency
(EE) [16]. The FNP technique is based on a rapid mixing that creates high-supersaturation
conditions, leading to the precipitation and encapsulation of both hydrophobic and hy-
drophilic drugs into polymeric NPs [16–18]. Several studies demonstrated that FNP allows
the encapsulation of hydrophobic and hydrophilic drugs with high EE, as we have previ-
ously reported [18,19].

Herein, ZeinCPX_HA NPs were prepared using the FNP technique. Zein is a water-
insoluble protein extracted from corn and is generally recognized as safe (GRAS) by the
FDA [20]. In fact, zein has been widely explored in biomedical applications, namely in the
field of pharmaceuticals, due to its physicochemical and biological properties [21]. Further,
zein has been widely applied as a drug carrier due to its biocompatibility and amphiphilic
nature which promote the self-assembly process [18,22–24] and the encapsulation of poorly
water-soluble compounds [25]. On the other hand, hyaluronic acid (HA) is a polysaccharide
selected due to its mucoadhesive character so that it will increase the pre-corneal residence
of the drug [26]. Therefore, the pre-corneal clearance will be reduced by using HA, and
consequently, a higher cellular interaction and ocular bioavailability will be attained [27].
Moreover, HA is a ligand for the CD44 receptor, which is present in the human cornea and
conjunctiva. Under some pathological and inflammatory conditions, the CD44 receptor
number increases, prompting the interaction with HA [28–31].

To the best of our knowledge, this is the first report of ZeinCPX_HA NPs produced by
FNP. In the first instance, the polymer ratio (zein and HA) and cryoprotectants (glucose and
mannitol) were optimized to obtain stable lyophilized NPs suitable for ocular drug delivery.
These cryoprotectants can act as protective agents during freezing due to an increase in the
surface tension of the water molecules, and can also work as cryoprotectants by preventing
stress during the drying phase [32,33].

Thus, the main purpose of this study was to develop biocompatible polymeric NPs
suitable for CPX ocular delivery with enhanced bioavailability and stability under long-
term storage.

2. Materials and Methods
2.1. Materials

Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM-F12), phosphate-
buffered saline (PBS) solution, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), trypsin, D(-)-Glucose, and high-performance liquid chromatography (HPLC)
grade ciprofloxacin 98% were acquired from Sigma-Aldrich (Lisboa, Portugal). Ethanol
(99.9%), glacial acetic acid, D(-)-Mannitol, dimethyl sulfoxide (DMSO) ≥ 99.9%, and HPLC-
gradient grade acetonitrile were purchased from VWR Chemicals (Radnor, PA, USA).
Normal human dermal fibroblasts (NHDFs) were purchased from PromoCell (Labclinics,
S.A., Barcelona, Spain). Hydrochloric acid (HCl) was bought from Panreac (Barcelona,
Spain). HPLC-grade ortho-phosphoric acid was acquired from Fisher Scientific (Oeiras,
Portugal). Hyaluronic acid (MW: 1.0–2.0 Million Da) was purchased from Carbosynth
(Bershire, UK). Zein (purified) was obtained from Acros Organics (Waltham, MA, USA).
Fetal bovine serum (FBS) was obtained from Biowest (Riverside, MO, USA). Cell culture T-
flasks were supplied by Orange Scientific (Braine-l’Alleud, Belgium). Ultrapure water was
obtained by using a Q-POD® dispenser (Merck Millipore, Burlington, MA, USA) (0.22 µm
filtered; 18.2 MΩ/cm at 25 ◦C). Sodium bicarbonate ≥ 99% and ethanol were acquired from
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José Manuel Gomes dos Santos, LDA (Odivelas, Portugal). Sodium chloride 99.5% and
potassium chloride ≥ 99.5% were purchased from Honeywell Fluka (Charlotte, NC, USA).

2.2. Production of the Zein and HA-Based NPs

The production of the Zein_HA NPs was achieved by the FNP technique using a
confined impinging jets mixer (CIJM), which was produced at Fablab-IPG according to the
model described by Han et al. [34]. Zein and HA (with pH ≈ 7) solutions were prepared,
under agitation, in ethanol (80% v/v) and ultrapure water, respectively. Before mixing, the
concentration of the zein solution was set at 2.5 and 5 mg/mL and the HA solution was
set to 1 and 2.5 mg/mL. Briefly, the solution of zein (2.5 mL) was mixed against an equal
volume of the HA solution. The NPs were collected in a solution of 45 mL of ultrapure
water (pH ≈ 11).

2.3. Screening of Cryoprotectants

It is well documented that the long-term storage of the NPs is preferable under dried
solid forms to liquid forms [35]. This way, glucose and mannitol (5 and 10% w/v) were
added to the NPs solution before the freeze-drying process. Briefly, 1 mL of NPs solution
with or without cryoprotectant (in a 1:1 ratio) were placed into glass vials and frozen at
−80 ◦C for 12 h. Then the samples were lyophilized for 24 h in a Telstar LyoQuest −85 ◦C
(Telstar, Madrid, Spain) operating a condenser at −67 ◦C and pressures below 0.05 mbar
and lyophilized. After lyophilization, NPs were rehydrated by adding ultrapure water and
left under static conditions for 10 min at room temperature before being fully reconstituted
by manual shaking.

To evaluate the protective effect exerted by the cryoprotectants (5 and 10% w/v), the
redispersibility index (RDI) was calculated according to the following Equation (1) [36]:

RDI (%) =
D
D0

× 100 (1)

where D is the rehydrated NPs hydrodynamic diameter (Dh), and D0 is the Dh of fresh NPs.
RDI values close or equal to 100% mean that samples can be appropriately resuspended.

2.4. Characterization of the NPs
2.4.1. Particle Dh, Zeta Potential and Polydispersity Index (PDI) Measurements

Zein_HA NPs’ Dh, zeta potential, and PDI were determined by dynamic light scatter-
ing (DLS) using Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). These parameters
were also assessed for fresh and rehydrated NPs at room temperature.

2.4.2. Fourier Transform Infrared (FTIR) Analysis

The FTIR spectra of the lyophilized NPs, drug, polymers, and cryoprotectant were
acquired on a Nicolet iS10 spectrometer, with a 4 cm−1 spectral resolution from 500 to
4000 cm−1 and 128 scans per run (Thermo Scientific Inc., Waltham, MA, USA).

2.4.3. Thermogravimetric (TGA) and Differential Scanning Calorimetry (DSC) Analysis

TGA and DSC analyses were carried out on a STA 7200 Hitachi® (Fukuoka, Japan).
Briefly, both freeze-dried NPs formulations were heated up to 400 ◦C, at a heating rate of
10 ◦C/min under nitrogen atmosphere (20 mL/min).

2.5. Production of ZeinCPX_HA NPs and Stability Studies

The production of ZeinCPX_HA NPs was performed by following the methodology
described in Section 2.2, where the CPX (4 mg/mL in 0.1 N HCl) was dissolved in the
zein solution in a volume ratio of 1:10 (CPX and zein). Then, the characterization of
ZeinCPX_HA NPs was conducted by using the same procedures outlined in Section 2.4.

Further, the stability studies were performed on both NPs (Zein_HA NPs and ZeinCPX_HA
NPs). Briefly, NPs were rehydrated, after lyophilization, by adding ultrapure water and
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left under static conditions for 10 min at room temperature (22 ± 2 ◦C) before being
fully reconstituted by manual shaking. Then, the lyophilized NPs were stored at room
temperature for 28 days, redispersed in ultrapure water every 7 days and characterized as
described in Section 2.4. Additionally, the RDI of the ZeinCPX_HA NPs was also calculated
according to Equation (1) of Section 2.3.

2.6. Encapsulation Efficiency and Loading Capacity

The EE and drug loading (DL) of CPX into the NPs were assessed in the supernatant
after centrifuging the NPs (4000× g; 10 min), using a 10 kDa Amicon® Ultra-2 Centrifugal
Filter Device (Merck Millipore, Darmstadt, Germany). Then, the CPX was quantified by
HPLC as previously described by [37]. The chromatographic analysis was performed using
an UltiMate 3000 HPLC chromatography device (Thermo Scientific, Waltham, MA, USA)
with a column C18 (Acclaim™ 120 Reversed-Phase Columns C18, 5 µm, 4.6 × 150 mm,
Thermo Scientific, Waltham, MA, USA) at a temperature of 40 ◦C. The mobile phase
consisted of 0.025 M ortho-phosphoric acid and acetonitrile (87:13 v/v) with a flow rate
of 0.9 mL/min, and the injection volume was 20 µL. The run time cycle was completed in
20 min. CPX was detected at 278 nm with a retention time of ≈11 min. All experiments were
carried out in triplicate. The standard calibration curve was obtained (y = 2.5253x − 0.707;
R2 = 0.9993).

The EE was calculated by using the following Equation (2)

EE (%) =
A1 − A2

A1
× 100 (2)

where A1 is the total amount of CPX added into NPs and A2 is the amount of drug in
the supernatant.

The DL was determined using the following Equation (3)

DL (%) =
Weight of the drug in NPs

Weight of the NPs
× 100 (3)

2.7. In Vitro Drug Release of CPX-Loaded NPs

The in vitro release of CPX from lyophilized NPs was performed in simulated tear
fluid (STF), which contains 0.22 g of sodium bicarbonate, 0.68 g of sodium chloride, 0.008 g
of calcium chloride dehydrate, and 0.14 g of potassium chloride, dissolved in 100 mL
of distilled deionized water to mimic ocular physiological conditions [38,39]. In brief,
ZeinCPX_HA NPs were immersed in STF (pH 7.4) at 600 mg/mL, and then 1 mL was
collected in microcentrifuge tubes at different time points for 24 h, under continuous
agitation at 37 ◦C. At precise time points (0, 1 h 30 min, 2 h 30 min, 4 h 30 min, 6 h
30 min, 8 h 30 min and 24 h), the corresponding microcentrifuge tube was centrifuged
(4000× g, 10 min, 25 ◦C) through a 10 kDa Amicon® Ultra-2 Centrifugal Filter Device
(Merck Millipore, Darmstadt, Germany), and the CPX remaining in the supernatant was
quantified by HPLC-UV (Thermo Scientific, Waltham, MA, USA). All experiments were
performed in triplicate. Zein_HA NPs without CPX were used as a control.

Furthermore, the drug-release kinetics displayed by the NPs was also character-
ized by applying the zero-order Equation (4), first-order Equation (5), Peppas–Korsmeyer
Equation (6) and Higuchi model Equation (7):

Zero order: Dt = D0 + k0t (4)

First order: log C = log C0 −
Kt

2.303
(5)

Korsmeyer-Peppas:
Mt

M∞
= Ktn (6)

Higuchi: Qt = KH t1/2 (7)
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where Dt is the amount of drug released at time t, D0 is the initial drug amount in the
solution, and k0 is the constant release rate. C0 is the initial drug concentration, K is the
first-order rate constant. Mt is the cumulative amount of drug released at time t, M∞ is the
initial drug loading, K is a constant characteristic of the drug-polymer system, and n is the
diffusion exponent, indicating the release mechanism. Qt is the amount of drug dissolved
in time t, and KH is the Higuchi dissolution constant.

2.8. Biocompatibility Assay

The biocompatibility of both NPs (with and without CPX) was assessed on normal
human dermal fibroblasts (NHDF) cells by the MTT assay, according to the ISO 10993-5 “Bi-
ological evaluation of medical devices—Part 5: Tests for in vitro cytotoxicity”. Briefly, NHDF cells
were seeded in 96-wells plates (6000 cells/well) and maintained in DMEM-F12 medium
supplemented with 10% FBS and 1% penicillin–streptomycin–amphotericin B at 37 ◦C in
5% CO2 humidified atmosphere. After 24 h of incubation, the culture medium was replaced
by NPs solutions cryopreserved with 5% of mannitol (with and without CPX) at different
concentrations (12.5, 25, 50, 100 and 125 mg/mL). Following 24 h of incubation, the medium
in each cell was replaced by a mixture of 50 µL of MTT solution (5 mg/mL) and incubated
for 4 h at 37 ◦C and 5% CO2. Then, the MTT solution was removed, and cells were treated
with 100 µL of DMSO (0.04 N) for 30 min. Afterwards, the absorbance of the wells (n = 5)
was determined at 570 nm using a microplate reader (Thermo Scientific Multiskan GO
UV/Vis microplate spectrophotometer, Waltham, MA, USA). Cells incubated with ethanol
(96%) were used as a positive control (K+), whereas untreated cells were used as negative
control (K−).

3. Results and Discussion
3.1. Effect of Polymers’ Concentration on Their Properties

NPs produced with lower concentrations of HA and zein resulted in smaller NPs with
low PDI (Table 1).

Table 1. Dh and PDI of the NPs with different polymer concentrations. Data are presented as
mean ± SD (n = 3).

Polymers Dh (nm) PDI

HA (2.5 mg/mL) + Zein (2.5 mg/mL) 146.1 ± 7.4 0.523 ± 0.019
HA (2.5 mg/mL) + Zein (5 mg/mL) 230.3 ± 15.1 0.853 ± 0.056
HA (1 mg/mL) + Zein (2.5 mg/mL) 86 ± 14 0.21 ± 0.07

When zein and HA had a concentration of 5 and 2.5 mg/mL, respectively, the produced
NPs had a Dh higher than 200 nm, which is unsuitable to permeate the mucus [40]. On the
other hand, when zein concentration decreased to 2.5 mg/mL the resulting NPs had a lower
Dh, but with a PDI over 0.5. So, the NPs produced with 1 mg/mL of HA and 2.5 mg/mL
of zein, presented the most suitable Dh and PDI, being selected for subsequent analysis.

3.2. Selection of the Cryoprotectant

The freeze-drying process was conducted to evaluate the stability of the nanosystem
for long-term storage. The lyophilization process strongly affected the Dh and PDI of
Zein_HA NPs, as shown in Figure 1. As for, glucose and mannitol were used at different
concentrations (5 and 10% w/v) as cryoprotectants.
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Figure 1. Evaluation of the physicochemical properties of Zein_HA NPs with and without cry-
oprotectants. Data are presented as mean ± standard deviation (n > 3), * < p = 0.05, ** < p = 0.01,
*** < p = 0.001, **** p < 0.0001.

As shown in Figure 1, the addition of cryoprotectant affected the NPs physicochemical
properties, namely Dh, PDI and zeta potential. The use of mannitol at 5% w/v does not
affect the physicochemical properties; however, the Dh of the Zein_HA NPs increased from
≈86 nm to ≈160 nm after using the mannitol at 10% w/v, whereas when used glucose as a
cryoprotectant, the Dh increased to ≈589 nm and ≈236 nm at 5 and 10% w/v, respectively.
These results are in accordance with the findings presented by Wang et al., where the
authors also denoted an increase in the NPs after lyophilization [41]. Further, results show
that NPs cryoprotected with mannitol resulted in NPs with a Dh, PDI, and zeta potential
more similar to the fresh NPs. In light of these findings, the RDI values were calculated
for mannitol at 5 and 10% since these cryoprotectants did not affect the Dh and PDI of
Zein_HA NPs (Table 2).

Table 2. RDI of the Zein_HA NPs after lyophilization with different cryoprotectants. Data are
presented as mean ± standard deviation (n = 3).

Cryoprotectant RDI (%)

Mannitol 5% 116 ± 32
Mannitol 10% 187 ± 72

The RDI obtained for mannitol at 5 and 10% was 116 ± 32 and 187 ± 72%, respectively.
Taking into account the results obtained, the Zein_HA NPs produced and freeze-dried
with mannitol at 5% were selected for the subsequent studies. This result is in accordance
with those previously obtained for cryoprotected zein NPs [36]. Moreover, Gagliadri et al.
demonstrated that the protective effect of mannitol on zein NPs could be related to its
physicochemical properties, which can prevent Maillard reactions that commonly occur
when subjected to freeze-drying [25]. Additionally, Feng et al. suggest using mannitol
once it crystalizes around the NPs, forming a protective shell and ultimately preventing
aggregation [42].

3.3. Characterization of NPs Incorporating CPX

Initially, the successful production of both NPs was also confirmed by FTIR analysis
after the freeze-drying process (Figure 2).

The FTIR spectrum of zein is in line with previous reports, exhibiting its characteristic
peaks at 3292 cm−1 (–OH stretching), 1643 cm−1 (C–O stretching and C–N stretching,
amide I), and 1515 cm−1 (C–N stretching and N–H bending, amide II) [43–45]. The HA
spectrum displays its characteristic peaks at 3200–3650 cm−1 (O–H stretching), 2900 cm−1

(CH2 vibration), 1607 cm−1 (carboxyl group in the glucuronic unit), and 1035 cm−1 (C–O–C
stretching) [43,46,47]. The typical band of CPX was displayed at 1612 cm−1 (vibration
of phenyl structure conjugated to –COOH), 1282 cm−1 (C–F bond stretching), 3044, and
2844 cm−1 (C–H stretching from the phenyl ring) [48–50]. In turn, mannitol FTIR spectrum
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presents its characteristic peaks between 3386 and 2902 cm−1 (O–H and C–H stretching
vibration) and at 1417, 1280, and 1077 cm−1 [51].

Figure 2. FTIR spectra of the NPs and raw materials: (A) spectra of the raw materials (zein, HA, CPX,
and mannitol) used for the production and lyophilization of the NPs; (B) spectra of the Zein_HA NPs
and ZeinCPX_HA NPs.

The FTIR spectrum of ZeinCPX_HA NPs displays high similarity with the Zein_HA
NPs spectrum, without relevant peak shifts or new peaks. According to Cacicedo et al., this
can be due to the low ratio of CPX in NPs compared to the polymers and cryoprotectants, or
the overlap of peaks between CPX and the other compounds [52]. Concerning the presence
of both polymers in the NPs, there was a slight shift in the NPs spectra from 3292 cm−1

(zein) and 3200–3650 cm1 (HA) to 3186 cm−1.
As shown in Figure 3A, the TGA thermogram representing HA weight loss exhibits a

water loss of about 12% up to 220 ◦C, in the second step occurs a weight loss of approx-
imately of 55.2% at 220–280 ◦C due to the polysaccharide degradation, and at the end
there is a linear weight loss of close to 10% up to 400 ◦C [53,54]. CPX TGA thermogram
(Figure S1) presents a significant weight loss at 250–450 ◦C, which is in accordance with
the melting point of ≈280–290 ◦C presented in the DSC thermogram (Figure S2).

Figure 3. TGA (A) and DSC (B) analysis of the raw materials (zein, HA and mannitol), Zein_HA NPs
and ZeinCPX_HA NPs.

Regarding zein, it presents two decomposition steps. The first step of about 9% weight
loss occurs due to the water loss between 100–250 ◦C. The second step shows a weight loss of
79%, at 250–500 ◦C due to the degradation of peptide bounds [55]. On the DSC thermogram
(Figure S2), zein endothermic peak is 115 ◦C. As for mannitol, TGA thermogram revealed a
weight loss of higher than 90% between 250–400 ◦C, and regarding the DSC thermogram
(Figure S2) mannitol endothermic peak registered at 170 ◦C [56].
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The Zein_HA NPs exhibit a weight loss of −84.1% at 200–320 ◦C. On the other hand,
ZeinCPX_HA NPs have a weight loss of 96% at 199–340 ◦C; this slight shift can be due the
encapsulation of CPX. As shown on the DSC thermogram, Zein_HA NPs and ZeinCPX_HA
NPs present an endothermic peak at 165.5 ◦C and 163 ◦C, respectively. The endother-
mic peak of CPX does not appear in the ZeinCPX_HA NPs, so CPX can be dispersed in
amorphous state, which can enhance the solubility of the drug and consequently, their
bioavailability [57,58].

Ocular drug delivery is challenging due to physiological barriers, limitations associ-
ated with conventional ocular therapy (i.e., blurred vision and frequent administration),
and NPs’ properties, such as Dh, charge, and hydrophilicity. It is extremely important to
overcome the challenges mentioned above [59–61]. The Dh of the fresh NPs suffered a
significant increase upon the encapsulation of CPX from 86 ± 14 nm to 109 ± 10.2 nm, as
shown in Figure 4. This increment can be due to the incorporation of the drug, which is in
accordance with other authors’ findings. For instance, Nunes et al. demonstrated that the
Dh of zein NPs increased from 129 ± 3 nm to 141 ± 7 nm, with the augment of resveratrol
loading [20]. Ye et al. also reported an increase in the Dh of polysaccharide/zein NPs after
the encapsulation of doxorubicin [44]. The Dh of ZeinCPX_HA NPs is suitable for ocular
drug delivery, given that NPs with Dhs between 50 and 200 nm can permeate through
the ocular mucous [40]. Furthermore, the incorporation of HA is expected to improve
the cellular uptake by ophthalmic cells, as described by Apaolaza et al. for HA-coated
gold NPs [62]. In addition, HA is present in the eye constitution [63,64] and described as
promising mucoadhesive polymer for ocular drug delivery systems development [65,66].
Thus, this mucoadhesiveness property results on an increase of drug ocular residence
time [63,67].

Figure 4. Evaluation of morphological properties of Zein_HA NPs and ZeinCPX_HA NPs: determi-
nation of the hydrodynamic diameter values (A), PDI (B), and zeta potential (C). Data are presented
as mean ± standard deviation, n = 5, ** < p = 0.01, ****p < 0.0001.

Moreover, PDI is another crucial characteristic in assessing the successful production
of NPs, indicating the formulations’ homogeneity [68]. There was a slight increase in the
PDI (from 0.21 ± 0.07 to 0.27 ± 0.03) after the loading with CPX; however, it remains below
0.3, which indicates that ZeinCPX_HA NPs are monodisperse.

The surface charge of the NPs also plays an important role in the stability and cell
interaction. The ZeinCPX_HA NPs presented a zeta potential of −33 ± 4.2, which is
considered suitable for achieving colloidal stability [69]. Since ocular mucosa has an anionic
character, HA can bind to the negatively charged mucin in the corneal and conjunctival
epithelium [27].

Next, the stability of lyophilized NPs with 5% mannitol was evaluated for 28 days, as
shown in Figure 5.
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Figure 5. Stability of Zein_HA NPs (A–C) and ZeinCPX_HA NPs (D–F), after lyophilization, for
28 days. Data are presented as mean ± standard deviation, n = 5, ns p > 0.05, * < p = 0.05, ** < p = 0.01,
*** p < 0.001, ****< p = 0.0001, values marked with asterisks are statistically different from Day 0
(immediate re-hydration of the NPs upon lyophilization).

During the 28 days, the Dh of ZeinCPX_HA NPs remained stable, and the PDI of both
NPs did not suffer significant differences.

Furthermore, during the 28 days, there were no changes in the zeta potential of
Zein_HA NPs and ZeinCPX_HA NPs, which means that the nano-formulations are chemi-
cally stable [51]. Besides, the obtained zeta potential values are close to –30 mV, so according
to the literature, nano-formulations with zeta potential values more than +30 mV and less
than −30 mV are considered stable [70].

Moreover, the RDI values were also calculated, corroborating the efficiency of the NPs
reconstitution, given that the RDI value of the ZeinCPX_HA NPs was 92 ± 13%.

3.4. Encapsulation Efficiency and Drug Loading

In the clinic, the concentration of ciprofloxacin on eye drops used for topical treatment
of ocular infections is around 3000 mg/L. This treatment implies the administration of
1–2 drops every 15–30 min (initially) in acute infections and 1–2 drops application 6 times
per day, or more, in severe conditions [71–73]. On the other hand, the incorporation of
ciprofloxacin into polymeric drug delivery system will allow to decrease the drug concen-
tration to be used, and will assure a controlled drug release and a prolonged therapeutic
effect, as has been demonstrated by Günday et al. for ciprofloxacin-loaded poly(DL-lactide-
co-glycolide) NPs with a CPX concentration of 20 µg/mL [74]. This CPX concentration
was incorporated into ZeinCPX_HA NPs, with an EE of 69 ± 5% and a loading content
of 3.7 ± 1.4%, indicating that CPX was successfully encapsulated through the FNP tech-
nique. To the best of our knowledge, this is the first report on encapsulating CPX into
zein nanosystems. Fu et al. (2009) obtained an EE between 4.97% and 8.29% and a drug
loading ranging from 0.87 to 2.41%, when encapsulating CPX (2 to 5 mg/mL) into zein (8 to
20 mg/mL) microspheres [75]. Furthermore, the EE of ZeinCPX_HA NPs is in line with
other studies with polymeric NPs, which reported an EE of CPX ranging between 51.8 and
82.7% [74,76,77]. For CPX-loaded PLGA and PEG NPs produced by nanoprecipitation,
there was an EE of 25 ± 9% and a loading rate of 3.6 ± 1.3% [78]. Additionally, Xu et al.,
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reported low EE of CPX in PLA-DEX NPs (1.1 ± 0.04% (CPX at 4 mg/mL) and a mass
loading of 8.45 ± 0.31%) in PLGA-PEG NPs the EE was 1.35 ± 0.07% with a loading of
10.79 ± 0.59% [79]. Furthermore, the encapsulation of other lipophilic compounds into zein
NPs is comprehended between 47.80 and 98% [18,24,80–83].

3.5. CPX Release Profile from ZeinCPX_HA NPs

After assessing the drug encapsulation and loading, the in vitro release of CPX from
lyophilized ZeinCPX_HA NPs was studied in STF. As shown in Figure 6, the release
profile of CPX displays an initial burst release in the first 1 h and 30 min of incubation,
followed by a prolonged release for at least 24 h. This initial burst release can be due to
the hydrophilic nature of HA, which rapidly dissolves in STF and releases the drug [84].
Then, the decrease of the released drug can be attributed to the CPX entrapment in the
hydrophobic core (zein) of the ZeinCPX_HA NPs [22,85]. This is in accordance with
previous reports on improved ability of nanosystems for ocular drug delivery; however, a
formulation providing a sustained release for CPX is not available as commercial dosage
form. This was already discussed in a comparative analysis of commercial topical dosage
forms (e.g., 0.3% CPX-hydrochloride Ciloxan® drop, Alcon Laboratories Inc., Fort Worth,
TX, USA) with drug release carriers, highlighting that: (i) the MIC of CPX incorporated into
liposomal formulations was lower, and with an increased antibacterial effect; (ii) the ocular
bioavailability of CPX was improved in comparison with Ciloxan® ophthalmic drops; and
(iii) the drug residence time on corneal surface was improved by the surface properties of
the nanosystem [10].

Figure 6. Release profile of ZeinCPX_HA NPs in STF at 37 ◦C, pH = 7.4 for 24 h (non-cumulative).
Results are presented as mean ± SEM (n = 3).

Furthermore, applying mathematical models also assessed the kinetics of CPX release.
The release of CPX by the NPs follows Korsmeyer–Peppas kinetic model (R2 = 0.9505 and
n < 0.43), since this model presents the correlation coefficient (R2) closer to 1 (Table 3). The
coefficient value was acquired by plotting the log of the percentage of drug release versus
log time [84]. The Korsmeyer–Peppas results also indicated that the CPX release occurs
due to a Fickian diffusion process (n ≤ 0.45), resulting from the swelling of the polymeric
matrix [19,86,87].
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Table 3. Regression coefficients of mathematical models fitted to the release of CPX from
ZeinCPX_HA NPs.

Mathematical Model R2 n

Zero order 0.7657 -
First order 0.5791 -

Higuchi 0.9269 -
Korsmeye–Peppas 0.9505 0.2635

3.6. Characterization of NPs’ Biological Properties

The biocompatibility of both NPs (with and without CPX) was confirmed on NHDF
cells (Figure 7). NHDF cells were used as a cell model, given that these cells are constituents
of the subepithelial layer of the conjunctiva [88]. Additionally, these cells recruit neutrophils
and monocytes at an early stage of infection regardless of the type of microorganism [89].

Figure 7. Characterization of the biocompatibility of (A) Zein_HA NPs cryoprotected with 5% man-
nitol and (B) ZeinCPX_HA cryoprotected with 5% mannitol NPs in contact with NHDF cells during
24 h, 48 h and 72 h. Data are presented as mean ± SEM, n = 5, ns—not statistically significant,
** < p = 0.001, **** < p = 0.0001, values marked with asterisks are statistically different from the
mean of K−.

Our results demonstrated that the NPs are biocompatible, which is expected consider-
ing the reported results in other studies for zein and HA NPs. Our results demonstrated that
the NPs are biocompatible, which was expected considering the reported results in other
studies for zein and HA NPs, as well as their approval by the FDA and wide application in
the pharmaceutical field [20,21,44,46]. Furthermore, HA is widely employed in commercial
dosage forms for ocular disorders treatment, such as Healon®, Amvisc®, Provisc® and
AMO Vitrax® [26]. These results highlighted that the ZeinCPX_HA NPs could act as a
drug delivery system. However, in further studies assuring the translation potential of
this formulation, additional assays (preclinical and clinical evaluation) would be extremely
important to assure a complete characterization of this new therapeutic system for clinics.

4. Conclusions

In this study, zein and hyaluronic acid were used for the first time to produce nanopar-
ticles by the flash nanoprecipitation technique aimed to encapsulate ciprofloxacin to work
as a topical drug delivery system to treat ocular mucosa disorders, such as bacterial con-
junctivitis. The obtained results demonstrate that the nanoparticles cryoprotected with
5% mannitol were stable upon the freeze-drying process, as corroborated by the RDI, size,
PDI, and zeta potential values.

Overall, our results support the application of ZeinCPX_HA NPs as a possible alter-
native to the current antibacterial topical dosage forms available on the market to treat
conjunctivitis. In the future, the investigation of antibacterial and ex vivo assays can be
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achieved to evaluate further the potential of these nanosystems for translation to the clinical
management of bacterial conjunctivitis.
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Abstract: This study aimed to develop a chemically stable niosomal eye drop containing fosinopril
(FOS) for lowering intraocular pressure. The effects of cyclodextrin (CD), surfactant types and
membrane stabilizer/charged inducers on physiochemical and chemical properties of niosome were
evaluated. The pH value, average particle size, size distribution and zeta potentials were within the
acceptable range. All niosomal formulations were shown to be slightly hypertonic with low viscosity.
Span® 60/dicetyl phosphate niosomes in the presence and absence of γCD were selected as the
optimum formulations according to their high %entrapment efficiency and negative zeta potential
values as well as controlled release profile. According to ex vivo permeation study, the obtained
lowest flux and apparent permeability coefficient values confirmed that FOS/γCD complex was
encapsulated within the inner aqueous core of niosome and could be able to protect FOS from its
hydrolytic degradation. The in vitro cytotoxicity revealed that niosome entrapped FOS or FOS/γCD
formulations were moderate irritation to the eyes. Furthermore, FOS-loaded niosomal preparations
exhibited good physical and chemical stabilities especially of those in the presence of γCD, for at
least three months under the storage condition of 2–8 ◦C.
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1. Introduction

Glaucoma is a multifactorial long term ocular neuropathy, which is associated with a
progressive loss of visual field, structural abnormalities of retinal nerve fiber and cupping
of the optic nerve head [1,2]. Recently, it has become the second leading cause of blindness
worldwide after cataracts [3]. It was estimated that the primary open angle glaucoma
cases in adult population will be risen up to 79.76 million in 2040 [4]. Many predictors for
glaucoma have been identified, including age, positive family history, race, myopia and
exfoliation syndrome [5]. Currently, intraocular pressure (IOP) is a major known risk factor
for glaucoma. To lower IOP, treatment options involve oral and topical medications, laser
therapy and surgical operation. Effective drug therapies include the drugs that reduce
the rate of aqueous humor production and/or enhance its drainage. Several classes of
drugs are available in managing long-term treatment of glaucoma, such as prostaglandin
analogues, carbonic anhydrase inhibitors, α-adrenergic agonists, β-adrenergic blockers,
and cholinergic agonists [1,2].
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Angiotensin-converting enzyme (ACE) inhibitors have recently received attention
as a new class of drug possessing the ability to lower IOP to treat glaucoma [6–8]. ACE
is responsible for the conversion of the biologically inactive angiotensin I to the potent
vasopressor, angiotensin II as well as the breakdown of bradykinin. Inhibition of ACE
leads to the accumulation of bradykinin and promote the synthesis of prostaglandins,
which could in turn lower IOP by increasing the uveoscleral outflow [9]. They also have
a beneficial effect on retarding the progression of diabetic retinopathy in type II diabetic
patients [10,11]. Moreover, ACE inhibitors showed beneficial effect in age-related macular
degeneration [12]. Of these, fosinopril (FOS), the ester prodrug of fosinoprilat, and the first
orally active phosphorus-containing ACE inhibitor, is an interesting compound to be used
for lowering IOP. However, hydrolysis degradation of FOS was found in all conditions, i.e.,
acidic, basic and neutral, whereas the greater extent in basic condition [13]. Our previous
study reported that the application of γ-cyclodextrin (γCD) as an inclusion complex could
be able to enhance the solubility and chemical stability of FOS in aqueous solution [14].

Recently, colloidal drug delivery has been introduced as an alternative formulation
approach for problematic drug candidates. Numerous colloidal carriers such as liposomes,
niosomes, nanoparticles, microemulsions and micelles have been developed, which are
applicable not only to solving the problems of poor solubility and stability but also to pro-
viding specific drug targeting, optimizing drug release properties and reducing toxicity [15].
As a vesicular carrier, niosome has gained attention because of its advantages including:
(i) enhanced solubility and permeability; (ii) improved chemical stability; (iii) simple and
cost-effective fabrication and (iv) low toxicity and high compatibility because of their
nonionic nature [16].

Niosomes are nonionic surfactant vesicles, rising from the self-assembly of nonionic
amphiphiles in aqueous media. The spherical shaped niosomes are capable of entrapping
lipophilic molecules within the lipid bilayer by interacting with alkyl chains of nonionic
surfactants, whereas hydrophilic drug molecules are located within an aqueous core by
interacting with polar head groups of nonionic surfactants [17,18]. Numerous studies
have reported the successful use of niosomes as ocular drug delivery carriers [19–23].
Vesicular delivery systems used in ophthalmic applications offer targeting at the site
of action, improving chemical stability of encapsulated drugs and providing controlled
release action at the corneal surface [24,25]. Vyas et al. (1998) reported that the ocular
bioavailability of niosome entrapped water-soluble drugs, i.e., timolol maleate, increased
as compared with timolol maleate solution [19]. This can be explained in that surfactants
behave as penetration enhancers by removing the mucus layer and breaking junctional
complexes [26].

In this study, niosomal eye drop preparations containing FOS alone or FOS/γCD
inclusion complex were developed. The combined strategies, i.e., CD inclusion complex
incorporated into a niosomal vesicle was applied to increase the chemical stability and to
provide controlled drug release action. The physicochemical and chemical properties of
niosomal formulations were evaluated. In addition, in vitro release, ex vivo permeation,
in vitro cytotoxicity, and physical and chemical stability studies were also determined.

2. Materials and Methods
2.1. Materials

Fosinopril sodium (FOS) was purchased from Dideu Industries Group, Ltd. (Shaanxi,
China). γ-Cyclodextrin (γCD) was purchased from Cyclolab (Budapest, Hungary). Poly-
oxyethylene 10 stearyl ether (Brij® 76) was distributed by The East Asiatic Public Company
Ltd., (Bangkok, Thailand). Sorbitan monostearate (Span® 60) and poly-24-oxyethylene
cholesteryl ether (Solulan® C-24, SC24) were kindly donated by Chemico Inter Corporation
Ltd. (Bangkok, Thailand). Cholesterol, dicetyl phosphate (DCP) and stearylamine (STA)
were received from Sigma-Aldrich (St. Louis, MO, USA), ethylenediamine tetra-acetic acid
disodium salt (EDTA) and sodium metabisulfite (Na-MS) from Ajax Finechem Pty Ltd.
(Taren Point, Australia). Semi-permeable cellophane membranes (SpectaPor®, molecular
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weight cut-off (MWCO) 12–14,000 Da) were obtained from Spectrum Europe (Breda, The
Netherlands). All other chemicals used were of analytical reagent grade purity. Milli-Q
(Millipore, Billerica, MA, USA) water was used to prepare all solutions.

2.2. Preparation of Niosomal Formulations Containing FOS

Niosome was prepared using thin-film hydration method. The niosome formulations
were composed of nonionic surfactant, cholesterol, and membrane stabilizer/charged
inducer at the mole ratio of 47.5: 47.5: 5. This ratio was optimized and shown to possess
relatively good physicochemical characteristics obtained from blank niosome preparations.
The total lipid composition was prepared at 100 µM in 5 mL of hydration medium (10 mM
phosphate-buffered saline (pH 7.4) containing 1% (w/v) FOS, 0.1% (w/v) EDTA and 0.1%
(w/v) Na-MS). The surfactants used in this study included Span® 60 and Brij® 76. Nonionic
SC24 was used as a steric stabilizer, while positively charged STA and negatively charged
DCP were used to provide the electrostatic stabilization of vesicles. Briefly, accurately
weighed amounts of nonionic surfactant, cholesterol and membrane stabilizer/charge
inducer were dissolved in 10 mL of chloroform in a 1 L round-bottom flask. The lipid
mixture was slowly evaporated under reduced pressure at 40 ◦C using a rotary evaporator
(Rotavapor R-200, BÜCHI Labortechnik AG, Flawil, Switzerland) with a constant rotation
speed. The flask was partially immersed in a water bath and evaporated until a dried
thin film appeared on the inner wall of the flask. Then, the formulation was kept in a
desiccator under vacuum for 2 h to ensure the total removal of trace solvents. After that,
dried lipid film was hydrated with 5 mL of hydration medium with and without 5% (w/v)
γCD. Our previous work reported that EDTA and Na-MS are powerful antioxidants to
protect FOS degradation [14]. The hydration of dried film was carried out by rotating the
flask in a water bath at 60 ◦C for 30 min using a rotavapor under normal pressure. The size
reduction was made by sonicating in an ultrasonic bath (GT sonic, GT SONIC Technology
Park, Guangdong, China) at 60 ◦C for 30 min. To complete annealing and partition of the
drug between the lipid bilayer and the aqueous phase, the formulation was left overnight
at room temperature and then stored at 4 ◦C until subjected to analysis. The compositions
of niosome formulae are shown in Table 1.

Table 1. Compositions of FOS-loaded niosomal formulations.

Formulation a Span® 60-Niosome Brij® 76-Niosome

Sp-
SC24

Sp-
DCP

Sp-
STA

Sp-
SC24+γCD

Sp-
DCP+γCD

Sp-
STA+γCD

Br-
SC24

Br-
DCP

Br-
STA

Br-
SC24+γCD

Br-
DCP+γCD

Br-
STA+γCD

Ingredients in organic phase (µM) b

Span® 60 47.5 47.5 47.5 47.5 47.5 47.5 - - - - - -
Brij® 76 - - - - - - 47.5 47.5 47.5 47.5 47.5 47.5

Cholesterol 47.5 47.5 47.5 47.5 47.5 47.5 47.5 47.5 47.5 47.5 47.5 47.5
SC24 5 - - 5 - - 5 - - 5 - -
DCP - 5 - - 5 - - 5 - - 5 -

STA - - 5 - - 5 - - 5 - - 5
Ingredients in aqueous phase (% w/v) c

FOS 1 1 1 1 1 1 1 1 1 1 1 1
γCD - - - 5 5 5 - - - 5 5 5

a SC24, Solulan®C24; DCP, dicetylphosphate; STA, stearylamine; FOS, fosinopril sodium, b solubilized in 10 mL
of chloroform, c solubilized in 5 mL of phosphate-buffered saline pH 7.4 containing 0.1% (w/v) EDTA and 0.1%
(w/v) sodium metabisulfite.

2.3. Physicochemical and Chemical Characterizations
2.3.1. Osmolality, pH and Viscosity Determination

The pH values of all formulations were measured using a pH meter (SevenCompact
S220-Micro, Mettler Toledo, Gießen, Germany) at 25 ◦C. The viscosity was determined
by viscometer (Sine-wave Vibro SV-10, A&D Company, Limited, Tokyo, Japan) using the
tuning-fork vibration method with frequency of 30 Hz at 25 ◦C and 34 ◦C. The osmolality
was determined by osmometer (OSMOMAT 3000 basic, Gonotec GmbH, Berlin, Germany)
at room temperature using the freezing point depression principle. All measurements were
determined in triplicate.

137



Pharmaceutics 2022, 14, 1147

2.3.2. Particle Size, Size Distribution, and Zeta Potential

The particle size, size distribution and zeta potential of FOS-loaded niosome formu-
lations were measured using the dynamic light scattering (DLS) technique (Zetasizer TM

Nano ZS with software, Version 7.11, Malvern, UK). The measurements were carried out at
a scattering angle of 180◦ and a temperature of 25 ◦C, a medium viscosity of 0.8872 mPa.s
and a medium refractive index of 1.330. The concentration of niosome preparation was
20 µM. The particle size distribution was expressed as polydispersity (PDI). The particle
size, size distribution and zeta potential were automatically calculated and analyzed using
the software included within the system. Each measurement was performed in triplicate.

2.3.3. Determining Drug Content and Entrapment Efficiency (EE)

The FOS was quantitatively determined using a reversed-phase HPLC component
system from Agilent 1260 Infinity II consisting of a liquid chromatography pump (quater-
nary pump, G7111A), diode array UV-Vis detector (DAD, G7115A), auto sampler (G7129A)
with Chem Station Software, Version E.02.02 and Phenomenex Kinetex 5 µm C18 reverse-
phase column (150 × 4.6 mm) with C18 guard cartridge column MG II 5 µm, 4 × 10 mm.
The HPLC conditions were as described below. The mobile phase comprised aqueous
solution containing 1% (v/v) tetrahydrofuran and 0.05% (v/v) phosphoric acid: acetonitrile
(30:70 volume ratio); a flow rate of 0.9 mL/min; wavelength of 205 nm; injection volume of
20 µL; column oven temperature of 40 ◦C; and run time of 6 min. The analytical method
validation was performed to satisfy the validation criteria.

Total FOS content in niosomal preparation was determined by dissolving 100 µL of
the sample in 10 mL of methanol:water (50:50 v/v). After proper dilution, the solution
was filtered through a 0.45 µm nylon filter and analyzed using HPLC. To determine the
percentage of EE (%EE), the sample was ultra-centrifuged (CP100NX, Hitachi Koki Co.,
Ltd., Tokyo, Japan) at 18,000 rpm at 4 ◦C for 1 h. Then, the content of unentrapped drug in
the supernatant was diluted with methanol: water (50:50 v/v) and quantified by HPLC. All
samples were performed in triplicate. The %EE was calculated as Equation (1):

%EE =
(Dt−Ds)

Dt
× 100 (1)

where Dt is the total FOS content and Ds is the FOS content in the supernatant.

2.3.4. Transmission Electron Microscopy (TEM) Analysis

The morphologic examinations of selected FOS-loaded niosomes with or without
γCD were performed using the TEM technique. Initially, the sample was placed on a
formvar-coated grid. After blotting the grid with a filter paper, the grid was transferred
onto a drop of negative stain. Aqueous 1% phosphotungstic acid solution was used as a
negative stain. The sample was air dried at room temperature and finally the samples were
examined by TEM (Model JEM-2100F, JEOL, Peabody, MA, USA).

2.4. In Vitro Release Study

The in vitro release study was performed using a modified Franz diffusion cell ap-
paratus consisting of donor and receptor chambers (NK Laboratories Co., Ltd., Bangkok,
Thailand). These two chambers were separated by a semipermeable membrane (MWCO
12,000–14,000 Da). The membrane was presoaked overnight in the receptor phase con-
sisting of phosphate-buffered saline (PBS, pH 7.4). The receptor phase was degassed to
remove dissolved air before being placed in the receptor chamber. The sample (1.5 mL)
of each niosomal formulation was placed in the donor chamber. The receptor phase was
continuously stirred at 150 rpm throughout the experiment and a controlled temperature
was maintained at 34 ± 1 ◦C by a thermostated circulating bath (GRANT W6, Akribis
Scientific Limited, Cheshire, UK). A 150 µL aliquot of the receptor medium was withdrawn
at timed intervals and replaced immediately with an equal volume of fresh receptor phase.
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The FOS content in the receptor medium was determined using HPLC and the amount of
cumulative drug release was calculated. Each formulation was performed in triplicate.

2.5. Ex Vivo Permeation Study

The ex vivo permeation study was performed across the cornea and sclera of porcine
eyes obtained within 4 h after the death of pigs from a slaughterhouse. In this study, the
cornea and sclera were dissected from porcine eyes and replaced with the semipermeable
cellophane membrane as previously described in in vitro release study. The selected FOS-
loaded Span® 60-niosomal formulations and an aqueous saturated solution of FOS/γCD
complex used as a control were conducted at least in triplicate. The FOS content in the
receptor phase at timed intervals was determined using HPLC. The steady state flux was
calculated as the slope of linear section of the amount of drug in the receptor chamber (q)
versus time (t) profiles, and the apparent permeability coefficient (Papp) was calculated
from the flux (J) according to Equation (2):

J =
dq

A · dt
= Papp · Cd (2)

where A is the surface area of the mounted membrane (1.7 cm2) and Cd is the initial
concentration of the drug in the donor chamber.

2.6. Cell Viability and Short Time Exposure (STE) Test

In vitro cytotoxicity test was determined using the methylthiazolyl-diphenyl-tetrazolium
bromide (MTT) assay [27,28]. Briefly, the niosomal formulations containing FOS without
and with γCD (Sp-DCP and Sp-DCP+γCD, respectively) including their respective blank
samples, i.e., B-Sp-DCP and B-Sp-DCP+γCD were evaluated for their toxicity to the rabbit
corneal fibroblasts, i.e., the SIRC (rabbit corneal cell line) cells (CCL-60; ATCC, Manassas,
VA, USA). Each sample was diluted to the concentration of 0.5, 1, 2, 5 and 10% (v/v) of the
test samples by a complete medium that contained Eagle’s Minimum Essential Medium
and fetal bovine serum (FBS). FOS concentrations in the tested samples ranged from
0.005 to 0.1% w/v. The cells were cultured in the complete medium and maintained at
37 ◦C under 5% CO2 atmosphere. They were seeded in 96-well plates with a density of
1 × 105 cells/well/100 µL and incubated for 24 h. Thereafter, each test sample (100 µL)
was added to the well. The cells were incubated for 24 h and washed twice with PBS
(pH 7.4) at the end of incubation period. MTT solution in PBS (pH 7.4) was added to
each well and incubated for 4 h. The formazan crystals were dissolved using 0.04 M HCl
in isopropanol (100 µL/well). The optical density (OD) of each well was measured at
570 nm by a microplate reader (Fluostar Omega, BMG Labtech, Ortenberg, Germany). The
experiments were performed in four replications, and cell viability (CV) was calculated
following Equation (3). The test samples were considered to be toxic to the cells if the
CV (%) was less than 70%.

CV(%) =
ODsample

ODcontrol
× 100 (3)

where the ODsample and ODcontrol are an OD of the media from the wells containing the SIRC
cells incubated with the samples and MTT solution, and an OD of media from the wells
containing the cells incubated with MTT solution without the samples, respectively.

The eye irritation potential of those test samples was further evaluated based on the
MTT reduction assay [29]. The in vitro eye irritation test was performed according to the
procedure of the STE test proposed by Takahashi et al. (2008) [30]. The CV of SIRC cells
was determined after they were exposed to 200 µL of either 5% or 0.05% of the test samples
dispersed in normal saline for 5 min. The eye irritation potential from the STE test was
scored following the criteria for STE irritation scoring. Then, the obtained scores from the
5% and the 0.05% tests were summed up to rank the eye irritation potential. The total scores
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were ranked as 1, 2 and 3, defined as minimal ocular irritant, moderate ocular irritant, and
severe ocular irritant, respectively.

2.7. Physical and Chemical Stability Studies

To investigate the effect of γCD on stability of FOS in niosomal vesicles, selected opti-
mal FOS-loaded niosomal formulations (in the presence and absence of γCD) and aqueous
solution of FOS/γCD complex (as a control) were evaluated using the ongoing stability
program following International Conference on Harmonization (ICH) guidelines [31]. The
samples were stored in tightly closed glass vials at 4 ◦C, long term condition (30 ± 2 ◦C,
75 ± 5% relative humidity (RH)) and accelerated condition (40 ± 2 ◦C, 75 ± 5% RH).
Physical appearance was assessed, and formulations were analyzed with respect to pH,
particle size and size distribution, zeta potential and the FOS content at timed intervals of
0, 1, 3 and 6 months.

2.8. Statistical Analysis

All quantitative data were presented as means ± standard deviation (SD). The data
were statistically calculated using one-way ANOVA (SPSS Software, Version 16.0, SPSS Inc.,
Chicago, IL, USA). The p < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Physicochemical and Chemical Characterizations of Niosomal Formulations Containing FOS
3.1.1. Osmolality, pH and Viscosity

Table 2 shows the osmolality, pH and viscosity values of FOS-loaded niosomal for-
mulations. The pH values of all formulations were in the range of 6.7 to 7.2, which was
acceptable and very close to the ideal pH for the eye drop, i.e., 7.2 ± 0.2 [32]. The slightly
lower pH values were found by adding γCD but without significance (p > 0.05). All
niosomal preparations were at a low viscosity of about 1 to 2 mPa.s. The low viscosity
preparation is expected to easily spread on the eye surface and not affect the vision, and
it is unlikely to cause any lacrimation or blurredness [33]. Conversely, due to the absence
of viscosity-inducing agents, instillation of eye drops may be required several times a day.
As expected, the viscosity measured at 34 ◦C was slightly lower than that measured at
25 ◦C [34]. All formulations were slightly hypertonic and beyond the acceptable values
(within 260 to 330 mOsm/kg). Due to the osmotic property of CDs, osmolality was found
to be higher in preparations containing γCD. However, hypertonic eye drops are better
tolerated than hypotonic eye drops and they also provide short term discomfort due to
dilution with lachrymal fluid taking place rapidly after administration [35].

Table 2. Osmolality, pH and viscosity values of the FOS-loaded niosomal formulations (n = 3, mean ± SD).

Formulation pH Osmolality
(mOsm/kg)

Viscosity (mPa.s)

25 ± 1 ◦C 34 ± 1 ◦C

Span® 60-Niosome
Sp-SC24 7.02 ± 0.05 358 ± 5 1.48 ± 0.01 1.18 ± 0.01
Sp-DCP 6.73 ± 0.04 364 ± 6 1.81 ± 0.02 1.30 ± 0.01
Sp-STA 7.26 ± 0.03 366 ± 8 1.38 ± 0.02 1.12 ± 0.01

Sp-SC24+γCD 6.83 ± 0.03 372 ± 5 1.76 ± 0.02 1.50 ± 0.01
Sp-DCP+γCD 6.70 ± 0.03 374 ± 6 1.98 ± 0.02 1.72 ± 0.02
Sp-STA+γCD 6.75 ± 0.01 382 ± 5 1.75 ± 0.01 1.52 ± 0.01

Brij® 76-Niosome
Br-SC24 6.91 ± 0.01 346 ± 6 1.43 ± 0.01 1.21 ± 0.01
Br-DCP 6.95 ± 0.01 354 ± 8 1.64 ± 0.02 1.34 ± 0.01
Br-STA 7.22 ± 0.03 359 ± 10 1.41 ± 0.01 1.15 ± 0.01

Br-SC24+γCD 6.87 ± 0.02 364 ± 8 1.68 ± 0.02 1.34 ± 0.02
Br-DCP+γCD 6.78 ± 0.08 378 ± 3 1.86 ± 0.01 1.56 ± 0.01
Br-STA+γCD 6.86 ± 0.05 379 ± 9 1.65 ± 0.02 1.38 ± 0.01
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3.1.2. Particle Size, Size Distribution and Zeta Potential

The particle size and size distribution of FOS-loaded niosomal formulations measured
by DLS technique are shown in Table 3. The average particle size was found to range
from 190 to 270 nm, and PDI values were found between 0.1 and 0.5. This demonstrated
polydisperse sample with heterogenous population of particles. In lipid-based nanoparti-
cles, a PDI value of 0.3 and below indicates a homogenous population and is considered
to be an acceptable nanocarrier for drug delivery systems [36]. Thus, further steps in
the manufacturing process, such as extrusion or high-pressure homogenization, may be
necessary to lower the PDI values for monodispersed systems. In most cases, the size of
niosomes with Span® 60 (HLB 4.7) were larger than those of Brij® 76 (HLB 12.4). Vesicle
size is generally known to be directly dependent on HLB value of the surfactant used where
higher HLB produces larger size vesicles [37–40]. However, several studies have inversely
reported that lower HLB values produce larger size vesicles [22,41,42]. This discrepancy
is probably due to differing preparation methods, differing physiochemical properties of
loaded drugs and the effect of membrane additives.

Table 3. Mean particle size, size distribution, zeta potential and %EE of FOS-loaded niosomal
formulations (n = 3, mean ± SD).

Formulation Z-Average
(d.nm)

Size Distribution
(PDI)

Zeta Potential
(mV) %EE

Sp-SC24 245.1 ± 5.02 0.46 ± 0.03 −32.70 ± 1.64 21.34 ± 0.42
Sp-DCP 262.4 ± 5.00 0.45 ± 0.01 −37.70 ± 1.15 28.68 ± 0.77
Sp-STA 250.4 ± 6.31 0.35 ± 0.03 −15.43 ± 1.46 9.20 ± 0.30

Sp-SC24+γCD 198.0 ± 4.50 0.52 ± 0.01 −20.27 ± 0.67 25.99 ± 0.78
Sp-DCP+γCD 246.8 ± 3.71 0.42 ± 0.01 −27.17 ± 1.63 34.43 ± 0.80
Sp-STA+γCD 229.1 ± 5.16 0.36 ± 0.06 −13.40 ± 1.91 11.30 ± 0.85

Br-SC24 257.2 ± 4.29 0.32 ± 0.01 −24.30 ± 2.01 10.70 ± 0.27
Br-DCP 212.0 ± 0.72 0.36 ± 0.03 −34.97 ± 0.35 12.94 ± 0.57
Br-STA 214.8 ± 4.01 0.37 ± 0.02 −7.41 ± 0.40 7.73 ± 0.97

Br-SC24+γCD 246.0 ± 0.96 0.11 ± 0.02 −21.20 ± 1.04 12.58 ± 0.85
Br-DCP+γCD 200.0 ± 1.87 0.32 ± 0.01 −23.73 ± 1.97 14.02 ± 0.10
Br-STA+γCD 211.6 ± 1.52 0.34 ± 0.05 −6.94 ± 0.43 8.09 ± 0.80

The addition of a membrane charge was observed to influence particle size (Table 3).
Incorporating DCP in Span® 60-niosome, i.e., Sp-DCP, produced relatively larger average
particle sizes than those of STA followed by SC24 (Sp-STA and Sp-SC24, respectively).
This could be explained by the similar charge of DCP, Span® 60 and cholesterol head
groups producing electrostatic repulsion among them, decreasing membrane curvature;
and therefore, increasing particle size [43]. In contrast, in the case of Brij® 76, vesicle
size was found in the trend of SC24 > STA > DCP. This might be due to differences in
the accommodating ability of surfactants among the membrane additives. Incorporating
SC24 in hydrophilic Brij® 76 surfactant led to increased membrane permeability and
interstitial spaces between the bilayer membranes due to its bulky structures with long and
highly hydrophilic poly-24-oxyethylene chains, resulting in increased in size [44].

Compared with the formulations with or without γCD, the preparations containing
γCD displayed smaller mean particle size than those of the corresponding pure FOS-
loaded niosomes. CDs form hydrophobic interactions with a hydrophobic tail as well as
hydrogen bonding with the polar head group of nonionic surfactants [45]. Therefore, the
complexation of CD with hydrophobic tails of surfactants resulted in lower packing density
of incorporated surfactant and thereby decreased membrane thickness [46]. Additionally,
the adsorption of γCD on surface modified niosomes also decreased vesicle size. This was
due to CD interacting with polar head groups of surfactants through hydrogen bonding,
leading to increased area of the polar head groups at the interphase as well as altering the
radius of the curvature [47].
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All FOS niosomal formulations exhibited negative zeta-potential values (Table 3).
This might have been due to free hydroxyl groups present in cholesterol and surfactant
molecules [48]. Because of the contribution of a negative charge due to ionization of
the acidic (–HPO4) group by DCP, it produced a higher negative zeta potential value.
The resultant electrostatic repulsion was likely to account for reducing the tendency of
niosome aggregation. Conversely, STA introduced a positive charge via the protonation
of the basic-NH2 group which adsorbed on the surface of niosome and exhibited lower
negative zeta potential values through charge neutralization than the uncharged one, i.e.,
SC24 [49]. SC24 has no net charge and does not provide additional ions in dispersion
media. It enhances membrane physical stability by providing steric stabilization [17].
It has been concluded that the highest negative zeta potential obtained by adding DCP
could be of great importance to increase the stability and restraining niosomal dispersions
from coalescence and aggregation during storage. Regarding niosomal formulations in
the presence of γCD, lower zeta potential values were observed than those observed for
corresponding nonCD-based niosomes. This was due to CD acting as a shell on the surface
charge of niosome by hydrogen bond formation between the hydrophilic head group of
surfactants with hydroxy groups on the exterior of CD [46,47,50,51].

3.1.3. %EE of FOS-Loaded Niosomal Formulations

Lipophilic drugs are well known to be preferentially taken up by niosome compared
with hydrophilic ones due to higher partitioning through the lipid phase of the vesicles [52].
The %EE values of 21 to 35% were obtained in Span® 60-niosomes, which were relatively
superior to those prepared with Brij® 76 (Table 3). This might have been due to the lower
HLB value of Span® 60 (HLB 4.7) in contrast to Brij® 76 (HLB 12.4). In addition, Span®

60 has a higher transition temperature (Tc), i.e., 53 ◦C, compared with Brij® 76 (34 ◦C) [53].
The surfactant with higher Tc usually forms less leaky vesicles; and thus, results in higher
drug entrapment of water-soluble solutes [23,38].

The effect of stabilizer on %EE was found in the trend of DCP > SC24 > STA. The
presence of double hydrocarbon chains in DCP imparted a greater packing of the bilayer
membrane resulting in higher %EE. Due to the presence of highly hydrophilic poly-24-
oxyethylene chains of SC24, the membrane becomes more flexible and permeable; thus
decreasing %EE [44]. The lowest %EE by STA could be explained by an electrostatic induced
chain tilt which subsequently changes the lateral packing of the bilayers [54]. This result
was similar to the observation of the rupture of vesicles by the aggregation and fusion of
vesicles under the polarized light microscope (data not shown).

According to our knowledge base, few studies have reported CD inclusion complex
in niosome vesicles [47,55–60]. Our data results have shown that %EE of FOS increased
when incorporating the FOS/γCD inclusion complex in niosomal preparations. This
finding was similar to related reports [58,61]. The higher %EE in niosome containing
γCD might have been because CD forms hydrogen bonds interacting with the polar head
group of nonionic surfactants. The stronger the hydrogen binding intensity, the greater
%EE was obtained [45,62]. Moreover, complexation of free CD with hydrophobic tails of
surfactants creates a more internal aqueous space by decreasing membrane thickness [46,47].
However, all niosomal formulations have poor %EE of FOS (<40%). Remote loading
method and changes to the formulation variables (i.e., surfactant/cholesterol ratio and their
concentrations, buffer molarity and pH, hydration time, etc.) can be applied to optimize
%EE. Due to the lower %EE of Brij® 76-niosomes (stabilized by SC24 and DCP) and the
evidence of the particle aggregation with the lowest %EE among the groups in all niosomes
using STA as stabilizer, these formulations were excluded from further studies.

3.1.4. TEM Analysis

The TEM micrographs of FOS-loaded Span® 60-niosomes are shown in Figure 1. It
demonstrated that the vesicles were well identified and presented in a nearly spherical
shape. TEM images of niosomal formulations in the presence of γCD showed smaller
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particle size which corresponded to those determined by DLS measurement (Table 3). It
has been observed that the small white spots distributed in niosome were stabilized by
SC24 in the presence and absence of γCD (Figure 1a,c). Interestingly, in the case of DCP
in the presence of γCD (Sp-DCP+γCD), the larger internal aqueous core was detected
(Figure 1d) when compared with the one without γCD (Sp-DCP) (Figure 1b). The wider
the hydrophilic core of niosome, the more capacity it could accommodate, including both
hydrophilic drugs and water-soluble drug/CD complexes. Therefore, TEM micrographs
showed a good correlation with the higher %EE of FOS-loaded Span® 60/DCP niosome
containing γCD (Table 3).

Figure 1. TEM micrographs of FOS-loaded Span® 60-niosomes (a) Sp-SC24; (b) Sp-DCP; (c) Sp-SC24+γCD
and (d) Sp-DCP+γCD.

3.2. In Vitro Release Study

The in vitro release profiles of selected FOS-loaded Span® 60-niosomes are shown
in Figure 2. Notably, a more controlled release manner was obtained from FOS-loaded
niosomes stabilized by DCP than that obtained from those stabilized by SC24. Due to
the parallel alignment of double hydrocarbon chains of DCP to the hydrocarbon chains
of Span® 60 as well as its parallel orientation of polar phosphate groups to the polar
heads of Span® 60, DCP provided more packing and filling in of any irregularities through
the bilayer membrane. Such enhancement in the packing properties could render less
membrane permeability to the entrapped water-soluble molecules and retard the drug
release [44]. In both cases, FOS/γCD complexes that were entrapped niosomal formulations
showed slower release rates than those of only FOS-loaded niosomes. Similar results have
been reported with methotrexate where niosome with drug/βCD inclusion complexes
produced relatively slower release pattern of the entrapped drug compared with both free
drug incorporated niosome and drug/CD complex preparation [61]. Sheena et al. (1997)
compared the release profiles of pilocarpine/βCD loaded and nonCD-based niosomal
preparations. The result revealed that βCD-based niosomal formulations showed slower
and more sustained release than that of conventional niosomes [58].
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Figure 2. The release profiles of FOS-loaded Span® 60-niosomes through semipermeable membrane
with MWCO 12,000–14,000 Da; (#) Sp-SC24; (�) Sp-DCP; (•) Sp-SC24+γCD and (�) Sp-DCP+γCD.

An important issue in evaluating reduced IOP among patients with glaucoma is 24 h
control [63]. The more controlled release pattern of FOS niosomal preparation provides
greater benefit for targeted glaucoma treatment. In contrast, the slow drug release may
affect the insufficient therapeutic drug level in the ocular tissues. Niosomes have been
investigated to enhance the poorly absorbed drug molecules by binding to the corneal
surface and improving the contact time, thereby increasing the ocular bioavailability of
drugs. To evaluate the FOS permeation through the ocular membranes, the optimum
formulations, i.e., Sp-DCP and Sp-DCP+γCD were selected for further ex vivo permeation
and stability studies.

3.3. Ex Vivo Permeation Study

The flux and Papp values of FOS-loaded Span®/DCP niosomal preparations in the
presence and absence of γCD including aqueous solution containing FOS/γCD complex
are displayed in Table 4. Notably, Papp level through sclera was higher than that of the
cornea in all tested preparations. This might be due to the loose structural matrix and less
complicated tissue layer of sclera [64,65]. According to the literature, the permeability of
sclera is approximately 10 times greater than that of the cornea [66]. Thus, the scleral route
is an alternative pathway to deliver drugs in both anterior and posterior segments of the
eye. Loch et al. (2012) showed that the Papp values of ciprofloxacin, timolol and lidocaine
for sclera are higher than those for the cornea [67]. Ahmed and Patton (1985) also revealed
that intraocular penetration of a large molecule weight, i.e., insulin across the sclera was
higher than those through the cornea [68].

Table 4. Flux and apparent permeation coefficient (Papp) of FOS-loaded Span® 60/DCP niosomal
formulations in the presence and absence of γCD and aqueous FOS/γCD complex solution, through
porcine cornea or sclera (n = 4, Mean ± SD).

Formulation
Cornea Sclera

Flux ± S.D.
(µgh−1 cm−2)

Papp ± S.D.
(×10−6 cms−1)

Flux ± S.D.
(µgh−1 cm−2)

Papp ± S.D.
(×10−6 cms−1)

Sp-DCP 31.086 ± 6.32 0.920 ± 0.18 40.066 ± 40.35 1.155 ± 0.11
Sp-DCP+γCD 22.843 ± 7.95 0.635 ± 0.21 33.092 ± 2.38 0.927 ± 0.08

FOS/γCD complex 62.794 ± 6.23 a 1.870 ± 0.18 a 86.762 ± 5.25 a 2.583 ± 0.16 a

a Statistically significant difference compared with FOS-loaded niosomal formulations (p < 0.05).
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In both cases of cornea and sclera, the flux and Papp values of FOS from niosomal
preparations were significantly lower than those for the FOS/γCD complex preparation
(p < 0.05) (Table 4). As expected, the FOS-loaded niosomes exhibited a more controlled drug
release manner than that of the FOS/γCD complex preparation because the free drug or
drug/CD inclusion complex had to be diffused from the inner aqueous core of the niosome
through the lipid bilayer and then permeated through the membrane [69]. It has been
supported and confirmed that FOS molecules in both free and inclusion complex forms
were deposited in the inner core of niosomes. Regarding the effect of CD incorporated
in niosomal formulations, both flux and Papp of niosome containing γCD (Sp-DCP+γCD)
were lower than those without γCD (Sp-DCP). Again, it has been emphasized that most
FOS molecules were included in the γCD cavity as inclusion complexes and were localized
in the inner core of the niosome, i.e., high %EE. In addition, CD forms a strong hydrogen
bonding interaction with the polar head group of nonionic surfactants, resulting in lower
flux and Papp values of FOS-loaded niosome containing γCD.

3.4. Cell Viability and STE Test

Figure 3 shows the viability (%) of SIRC cells against the concentrations of unloaded
and FOS-loaded Span® 60/DCP niosomal formulations. As expected, the test samples at
high concentrations were toxic to the SIRC cells. However, unloaded FOS Sp-DCP niosomes
(blank) were safer than other formulations because the cell viability of the SIRC cells was
greater than 70% at the entire concentrations around 5 to 0.5% v/v. Further, the others were
safe to the SIRC cells at a concentration around 0.5% v/v only.

Figure 3. In vitro cytotoxicity test of FOS-loaded niosomal formulations, ( ) Sp-DCP and ( )
Sp-DCP+γCD, and, ( ) blank Sp-DCP and ( ) blank Sp-DCP+γCD, at various concentrations in
the SIRC cells (n = 4, mean ± SD).

The in vitro irritation test was further evaluated. The STE test could provide represen-
tative information to the animal testing that involves the Draize test in rabbits [30]. The
%CV of SIRC cells after exposure to 5% and 0.05% concentrations of niosomal formulation
with loaded and unloaded FOS for 5 min are shown in Table 5. Notably, the total scores of
eye irritation potential of both niosomal formulations entrapped FOS or FOS/γCD and
their respective blank formulations were equal to 2. Thus, these formulations were defined
as a moderate ocular irritant. On the other hand, this result demonstrated that FOS-loaded
niosomal preparations could be conditionally accepted as safe for ophthalmic use. These
observations might be due to the hyperosmolar solutions of the eye drop preparations.
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Table 5. Scores obtained from the short time exposure (STE) test of the test samples.

Concentration of
the Test Samples Test Samples %CV of the

SIRC Cells Criteria for Scoring Obtained
Scores

(I) 5% (1) Blank Sp-DCP 67 ± 5 If CV >70%: scored 0 1
(2) Blank Sp-DCP + γCD 63 ± 3 If CV ≤ 70%: scored 1 1

(3) Sp-DCP 52 ± 4 1
(4) Sp-DCP + γCD 47 ± 4 1

(II) 0.05% (1) Blank Sp-DCP 87 ± 6 If CV >70%: scored 1If
CV ≤ 70%: scored 2

1
(2) Blank Sp-DCP + γCD 85 ± 4 1

(3) Sp-DCP 83 ± 4 1
(4) Sp-DCP + γCD 81 ± 2 1

Total score (I and II)

(1) Blank Sp-DCP 2
(2) Blank Sp-DCP+γCD 2

(3) Sp-DCP 2
(4) Sp-DCP+γCD 2

3.5. Physical and Chemical Stability Studies of FOS

The pH, particle size, size distribution, zeta potential and percent drug content were
used as the parameters to evaluate the stability of FOS in niosomal formulations. In this
study, two selected formulations, i.e., FOS-loaded Span® 60/DCP niosomal formulations in
the presence and absence of γCD were evaluated, and the aqueous solution of FOS/γCD
complex was used as a control. The physical stability, i.e., pH, mean particle size, size
distribution and zeta potential, of FOS after storage at 4 ◦C, in long term and accelerated
conditions at various time intervals is shown in Tables S1 and S2.

In the case of the aqueous solution of the FOS/γCD complex, the pH value slightly
decreased at 4 ◦C but more obviously at higher temperatures. The particle size was
significantly increased at all storage conditions and PDI values were out of specification at
30 and 40 ◦C. The zeta potential values also decreased under all conditions and significantly
decreased at storage condition at 40 ◦C. It was concluded that FOS in the complexing
aqueous medium exhibited low physical stability, especially the particle size growth upon
storing for six months.

After storing for six months at 4 ◦C, a slightly decreased pH was found in both nioso-
mal formulations; however, at higher storage temperatures of 30 and 40 ◦C, significantly
reduced pH was detected (p < 0.05). This might have been due to a progressive increase in
the hydrolysis of fatty acid in niosome with increasing temperature [70]. Regarding vesicle
sizes and size distribution, both FOS-loaded niosomes had no appreciable changes at 4 ◦C,
indicating a good physical stability. As expected, larger differences in these parameters
were observed at higher temperatures of 30 and 40 ◦C. The particle size was exponentially
increased and the PDI values were out of specification at 30 and 40 ◦C (PDI > 0.7) over the
six-month period. The aggregation or fusion of vesicles generally occurred as molecular
mobility increased and transformed to larger ones [71,72]. While particle size and size
distributions indicate stability for particle-based formulations, %EE is considered as a
stability-indicating parameter for this study in direct comparison to its non-particulate
counterparts. Decreasing zeta potential values were found in all storage conditions but
more significantly at higher temperatures. This lower zeta potential directly correlated to
lower electrostatic repulsion and as a result, aggregation or fusion of vesicles resulted in
increased particle size.

According to the six-month chemical stability data (Table 6), the drug content was
significantly decreased in the aqueous solution consisting of the FOS/γCD complex rep-
resenting 51, 8 and 3% at 4, 30 and 40 ◦C, respectively. Notably, FOS could not withstand
an aqueous solution containing γCD. On the other hand, the CD inclusion complex was
insufficient to enhance the chemical stability of FOS. We have found that the niosomal
preparations revealed greater chemical stability than nonvesicular preparations, i.e., aque-
ous solutions containing the FOS/γCD complex at all storage conditions. Regarding the
effect of γCD on chemical stability of FOS in niosome, Sp-DCP+γCD niosome showed
relatively greater stability than Sp-DCP niosome at all storage temperatures. Under the

146



Pharmaceutics 2022, 14, 1147

refrigerated condition of 4 ◦C, 92% of FOS remained in Sp-DCP+γCD niosome, whereas
only 88% remained in Sp-DCP niosome after storing for six months. Incorporating γCD as
FOS/γCD complex in niosome showed relatively more stability than in that without CD.

Table 6. Total FOS content (%) of FOS-loaded niosomal preparations and FOS/γCD complex storage
at 4 ◦C, 30 ± 2 ◦C (75 ± 5% RH) and 40 ± 2 ◦C (75 ± 5% RH) for 0, 1, 3 and 6 months (n = 3,
mean ± SD) The % FOS content was calculated based on 100% as initial drug content at 0 month.

Time (Month)
Formulations

Sp-DCP Sp-DCP+γCD FOS/γCD Complex

5 ± 3 ◦C
1 Month 97.95 ± 0.70 98.44 ± 0.64 81.09 ± 0.92
3 Months 93.72 ± 0.73 95.21 ± 0.39 73.84 ± 0.68
6 Months 88.33 ± 0.54 92.75 ± 0.83 51.10 ± 1.18

30 ± 2 ◦C (65 ± 5% RH)
1 Month 93.32 ± 0.53 95.13 ± 0.86 28.72 ± 0.30
3 Months 83.40 ± 0.78 87.37 ± 0.57 20.94 ± 0.73
6 Months 17.17 ± 0.59 23.67 ± 0.57 8.49 ± 0.70

40 ± 2 ◦C (75 ± 5% RH)
1 Month 46.09 ± 0.88 56.34 ± 0.82 19.95 ± 0.60
3 Months 27.88 ± 0.71 36.70 ± 1.08 12.26 ± 0.36
6 Months 7.75 ± 0.83 10.68 ± 1.06 3.59 ± 0.70

From the overall data results, the proposed drawings of FOS-loaded niosomes are
shown in Figure 4. Niosomal platform could protect chemically unstable drug molecule,
FOS by entrapping its inner the aqueous core. Additionally, the effect of γCD inclusion
complex formation is the predominant factor to provide higher %EE of FOS in niosomal
formulations by preventing the drug degradation via hydrolysis and consequently enhances
the chemical stability of FOS in aqueous solution.

Figure 4. Proposed drawing of (a) FOS-loaded niosomes and (b) FOS/γCD loaded noisome.

4. Conclusions

To enhance the chemical stability of FOS in aqueous solution, niosomal formulations
were developed. The effects of CD, surfactant type and membrane stabilizer/charged
inducers on physiochemical and chemical properties of niosome were characterized. The
average particle size was detected within the nanometer range and PDI values were within
an acceptable range. The slow permeation rate of FOS through excised porcine cornea and
sclera was obtained in γCD-loaded Span® 60/DCP niosomal formulation. The chemical
stability of FOS in the formation of γCD inclusion complex could not withstand the aqueous
solution. Niosomal preparations with moderate irritation could prevent FOS degradation
and they exhibited physical and chemical stability for at least three months at 4 ◦C. The
optimum formulation to enhance the chemical stability of FOS consisted of FOS/γCD
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complex loaded niosome. To increase the shelf-file of the FOS niosomal formulation,
the conversion to lyophilized powder for reconstitution is considered for further studies.
Our studies successfully investigated the preformulation and ophthalmic formulation
development of FOS. However, to demonstrate a clinically viable formulation, the in vivo
pharmacokinetic in rabbit eye was considered for future perspective studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14061147/s1, Table S1: pH and zeta potential
values of FOS niosomal preparation and FOS/γCD complex storage at 4 ◦C, 30 ± 2 ◦C (75 ± 5% RH)
and 40 ± 2 ◦C (75 ± 5% RH) for 0, 1, 3 and 6 months; Table S2: Average particle size and size
distribution (PDI) of FOS niosomal preparation and FOS/γCD complex storage at 4 ◦C, 30 ± 2 ◦C
(75 ± 5% RH) and 40 ± 2 ◦C (75 ± 5% RH) for 0, 1, 3 and 6 months.
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Abstract: Glaucoma is a degenerative, chronic ocular disease that causes irreversible vision loss. The
major symptom of glaucoma is high intraocular pressure, which happens when the flow of aqueous
humor between the front and back of the eye is blocked. Glaucoma therapy is challenging because of
the low bioavailability of drugs from conventional ocular drug delivery systems such as eye drops,
ointments, and gels. The low bioavailability of antiglaucoma agents could be due to the precorneal
and corneal barriers as well as the low biopharmaceutical attributes of the drugs. These limitations
can be overcome by employing nanoparticulate drug delivery systems. Over the last decade, there
has been a lot of interest in chitosan-based nanoparticulate systems to overcome the limitations
(such as poor residence time, low corneal permeability, etc.) associated with conventional ocular
pharmaceutical products. Therefore, the main aim of the present manuscript is to review the recent
research work involving the chitosan-based nanoparticulate system to treat glaucoma. It discusses
the significance of the chitosan-based nanoparticulate system, which provides mucoadhesion to
improve the residence time of drugs and their ocular bioavailability. Furthermore, different types of
chitosan-based nanoparticulate systems are also discussed, namely nanoparticles of chitosan core
only, nanoparticles coated with chitosan, and hybrid nanoparticles of chitosan. The manuscript also
provides a critical analysis of contemporary research related to the impact of this chitosan-based
nanomedicine on the corneal permeability, ocular bioavailability, and therapeutic performance of
loaded antiglaucoma agents.

Keywords: glaucoma; chitosan; nanoparticles; mucoadhesion; ocular bioavailability; therapeutic
efficacy

1. Introduction

Glaucoma is a degenerative disease that requires lifetime drug treatment and can
be acute or chronic [1]. A blockage in the flow of aqueous humor between the front and
back of the eye causes intraocular pressure to rise quickly, retinal degeneration, and optic
neuropathy, all of which are signs of acute glaucoma [2,3]. If left untreated, acute glaucoma
can cause permanent vision loss within hours or days. Acute glaucoma is more severe and
causes serious visual loss in three times as many people as chronic glaucoma does, even
though the former is more common (23.4 vs. 52.7 million occurrences in 2020) [4]. The
schematic illustration in Figure 1 represents the pathophysiology of glaucoma. It illustrates
the normal mechanism of ocular fluid production and drainage channels for its normal
flow compared to the obstruction of flow drainage leading to an increase in intraocular
pressure (IOP), ultimately affecting the vision due to optic nerve damage. The ocular fluid
is produced in the posterior chamber of the eyes at the ciliary body behind the iris and flows
through the anterior chamber of the eye to ultimately come out through the uveoscleral
pathway. The rise in IOP and oxidative stress in the glaucoma-conditioned eye finally led
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to damage to retinal ganglion cells and optical nerves [4,5]. Neurovascular dysfunction and
neuroinflammation of the eye have also been implicated in the pathogenesis of glaucoma.
It is very well reported that oxidative stress and choroidal vascular dysfunction are mainly
involved in the pathogenesis of age-related macular degeneration [2,3]. In addition, the
poor bioavailability of presently marketed medications necessitates frequent doses and
low patient compliance, putting the vision of patients at further risk. Ninety percent of
commercial ocular drugs are available as eye drops, which is a simple and effective way to
administer a drug. However, corneal permeability limits the absorption, bioavailability,
and therapeutic activity of ocular drugs [6]. Ocular barriers, such as the precorneal, corneal,
and conjunctival layers, limit drug diffusion in ocular tissues. The precorneal barriers
include blinking reflexes, lacrimal turnover, nasolacrimal drainage, efflux transporters,
and drug metabolism by lysozymes present in tears. Furthermore, ocular absorption of
drugs is poor due to drug binding to or repulsion from the conjunctiva and tight junctional
complexes in the corneal epithelium [7]. In recent years, several novel ocular drug delivery
systems were investigated utilizing nanotechnology-mediated drug delivery strategies to
overcome the pre-corneal and corneal barriers to enhance the ocular absorption and hence
therapeutic efficacy of drugs [8,9].Pharmaceutics 2023, 15, x FOR PEER REVIEW 3 of 21 
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Figure 1. Schematic illustration presenting the pathophysiology of the eye in glaucoma compared to
normal eyes. (i) Normal drainage channel in healthy eye. (ii) Blocked drainage channel in glaucoma.
(iii) Normal IOP in a vitreous cavity and normal optical nerve in a healthy eye. (iv) Rise in IOP
in a vitreous cavity and changes in the optical nerve in glaucoma. (v) Ocular fluid is produced in
a posterior chamber at the ciliary body behind the iris and flows through the anterior chamber of
the eye to ultimately come out through the uveoscleral pathway (highlighted by the black arrow).
(vi) Rise in IOP and oxidative stress in the glaucoma-conditioned eye finally led to damage to retinal
ganglion cells and optical nerves. Reproduced from Patel et al. [10], Elsevier, 2022.
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Nanotechnology-mediated drug delivery approaches involved the delivery of loaded
therapeutics employing nano drug carriers of polymeric, lipidic, inorganic, and biological
origin [11,12]. Nano drug carriers prepared from the polymer entail a nanoparticulate
system of natural/synthetic origin and are biodegradable/nonbiodegradable in nature
such as chitosan, poly lactic-co-glycolic acid (PLGA), polycaprolactone (PCL), etc. [13,14].
Nano drug carriers prepared from lipids are nanoparticulate/nanovesicular systems of
natural/synthetic lipids of a biodegradable/nonbiodegradable nature such as phospho-
lipid (lecithins), stearic acid, glycerol monostearate, compritol®, etc. [15,16]. Furthermore,
nano drug carriers prepared from inorganic materials are a nanoparticulate system of
metallic/nonmetallic origin such as gold, silver, mesoporous silica, carbon, etc. [17,18].
Similarly, erythrocytes (red blood cells) are also utilized as drug carriers for the administra-
tion of loaded therapeutics in a biological system to achieve efficacy in different disease
conditions [19,20]. Among the various drug carrier systems utilized to improve disease
conditions in glaucoma, chitosan is a nanomaterial widely explored for ocular drug admin-
istration, particularly in the management of glaucoma [21,22]. The specific characteristics
of chitosan (such as mucoadhesion to the cornea, biodegradability in nature, antimicrobial
properties, etc.) [23] make it a promising nanomaterial to design a nanomedicine for ocular
drug delivery in the management of glaucoma (Schematic illustration in Figure 2). The
comparative advantages of nanotechnology-mediated ocular drug delivery with respect to
conventional ocular drug delivery are summarized in Table 1.
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Figure 2. Nanotechnology-mediated drug delivery approach particularly regarding a chitosan-based
nanomedicine employed to improve the biopharmaceutical attributes and therapeutic efficacy of a
loaded drug in glaucoma. (↑) indicates improvement/increase.
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Table 1. Comparative advantages of nanotechnology-mediated ocular drug delivery in respect to
conventional ocular drug delivery.

Conventional Ocular Drug Delivery Nanotechnology-Mediated Ocular Drug Delivery

Limited aqueous solubility Improved aqueous solubility
Limited ocular/corneal permeability Improved ocular/corneal permeability
Immediate effects Sustained/prolong effects
Nonspecific Specific
Low bioavailability and intersubject variability Improved bioavailability and minimized intersubject variability
Limited drug efficacy Improved drug efficacy
Possibility of untoward effects Minimized possibility of untoward effects

The present manuscript provides a detailed discussion of the recent advancement of
chitosan-based nanomedicine for its utilization to improve the efficacy of loaded therapeu-
tics in better glaucoma management. The manuscript also discusses the significance of
chitosan-based nanomedicine for its ocular delivery in glaucoma along with main emphasis
on recent research carried out in the last 2 years in this area.

2. Significance of Chitosan-Based Nanomedicine to Overcome Drug Delivery
Challenges in Glaucoma

Chitosan is a biodegradable natural polymer that has been investigated extensively
due to its strong mucoadhesive qualities [24]. The drug’s mucoadhesion and retention time
on the ocular surface are enhanced by the ionic interactions enabled by its positively charged
nature with the anionic ocular mucosa [25]. As a result, a chitosan-based nanoparticulate
system can lessen the number of ocular injections required and boost long-term patient
compliance [26]. Chitosan improves permeability by relaxing the tight connections between
cells [27]. Furthermore, it is produced from crustacean exoskeletons and fungal cell walls via
deacetylation, so its production cost is low and its ecological impact is minimal. Chitosan,
in particular, demonstrates remarkable swelling behaviors in a variety of physiological
environments, making it a potentially useful platform for research into stimuli-responsive
biological delivery systems.

In recent times, mucoadhesive nanoparticulate systems particularly, chitosan-based
nanomedicines, have been widely explored for their specific characteristics (illustrated in
Figure 3) in terms of their ocular application to overcome the challenges of ophthalmic drug
delivery. It is interesting to note that chitosan immune-modulating capabilities minimize
specific inflammatory responses through intracellular signaling pathways (cGAS-STING,
and NLRP3) [24]. This signify the possible role of chitosan in the treatment of age-related
diseases and its effect on inflammatory cytokines.

The chitosan-based nanomedicine is helpful in protecting loaded therapeutics from
unintended drug release, degradation/instability, and making it easier to cross through
different ocular barriers (illustrated in Figure 4) in drug absorption [6].

Chitosan-based nanomedicine has a wide utility in biomedical applications including
therapeutic, diagnostic, and theranostic purposes in different disease conditions [28]. The
literature survey using the keywords “chitosan” and “ocular drug delivery” in the SCOPUS
database indicated exponential growth in publications during the last 20 years (1993–2022)
as shown in Figure 5.

Furthermore, the analysis of the results showed that out of nearly 4500 publications in
the last 20 years, more than 1100 publications had been added to the SCOPUS database in
just these two years. Therefore, in the present review, the research papers in these two years
that explored chitosan for the ocular delivery of drugs, particularly in the management of
glaucoma, were discussed in detail. The different types of chitosan-based nanomedicine
employed for ocular drug delivery are discussed in the subsequent section.
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3. Different Types of Chitosan-Based Nanomedicine for Ocular Application

Different types of chitosan-based nanomedicines (such as chitosan NPs, chitosan-
coated NPs, and chitosan-based hybrid NPs) have been widely explored in recent years for
their ocular applications in glaucoma (Illustrated in Figure 6).
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The different characteristics of the chitosan polymer such as molecular weight and
deacetylation degree impacted the mucoadhesion to ocular tissues [29]. It is reported in the
literature that increasing the chitosan deacetylation degree from 60.7% to 98.5% leads to
slower degradation, low drug entrapment, and prolonged drug release profile [30]. Further-
more, chitosan oligosaccharide coated NPs help to delay the clearance of ocular formulation
and significantly enhance the AUC of a loaded drug due to improved transcorneal penetra-
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tion compared to noncoated NPs [31]. The detail related to different types of chitosan-based
nanomedicines are discussed in the subsequent section.

3.1. Chitosan Nanoparticles

The chitosan nanoparticles are fabricated by ionic or covalent crosslinking, emulsi-
fication, precipitation, or combinations thereof [32]. It is a convenient carrier for drugs
and is bioactive. Recently, Mohamed et al. fabricated meloxicam-loaded chitosan nanopar-
ticles using the “polyelectrolyte complexation” method [33]. Chitosan (0.25–0.5% w/v)
was first dissolved in an aqueous acetic acid solution (0.5–1% v/v), and the pH was ad-
justed to 4.7 using a molar solution of sodium hydroxide. Meloxicam particles were then
dissolved in either a tripolyphosphate aqueous solution (0.25% w/v) or PEG 400 (100%
v/v). Meloxicam-loaded chitosan nanoparticles can be produced spontaneously by adding
meloxicam solution drop by drop to a magnetically agitated chitosan solution (10 mL) for
30 min, followed by probe sonication for 10 min.

In another investigation, Ricci et al. prepared chitosan nanoparticles containing
indomethacin by the “ionotropic gelation” method [34]. The amine group of chitosan,
which has a positive charge, reacts with the sulfonic group of sulfobutyl ether cyclodextrin
complexed with indomethacin. The chitosan nanoparticles were stabilized by polysorbate
80 (0.5% w/v) as a nonionic stabilizer. Furthermore, the prepared nanoparticles were coated
with a thiolated derivative of low molecular weight hyaluronic acid. It was also reported
in an earlier investigation [35]. The significance of this investigation is that only a small
amount of the drug was lost during nano-encapsulation.

3.2. Chitosan Coated Nanoformulation System

A chitosan coated nanoformulation system was designed by the coating of chitosan
over different nanoparticulate-based drug delivery systems such as liposomes, inorganic,
polymeric, and lipidic nanoparticles to impart additional physicochemical characteristics
(such as improving the residence time, corneal penetration, and ultimately ocular bioavail-
ability of loaded therapeutics) for ocular drug delivery [36,37]. Recently, Badran et al.
prepared metoprolol-loaded liposomes coated with chitosan for ocular application [38].
The metoprolol-loaded liposomes were added dropwise to the chitosan solution at different
concentrations (0.25–1% w/v) in an equivalent volume under probe ultrasonication for
3 min, and the resulting suspension was kept on a magnetic stirrer for 2 h at an ambient tem-
perature to achieve successful coating. The study indicated that increasing the amount of
chitosan enhanced the vesicle size of liposomes. Moreover, the zeta potential of metoprolol-
loaded liposomes was found to change from negative to positive after coating with chitosan.
In addition, it was found that the positive charge increased upon increasing the amount of
chitosan from 0.25% w/v to 1% w/v. The change in size morphology of metoprolol-loaded
deformable liposome and metoprolol-loaded chitosan-coated deformable liposome was
examined through transmission electron microscopy (TEM) and shown in Figure 7.

The positive charge could be attributed to the presence of an amine group on chitosan
molecules [39]. In another investigation, pilocarpine-loaded ceria nanocapsules were
modified with chitosan of different amination levels [40]. Amination levels are critical and
may affect the pH-responsive release because free amine groups on the chitosan backbone
considerably affect the swelling behavior of chitosan [41].

Ceria nanocapsules werechosen as the carriers for drug delivery because they have
a huge cavity inside that can load a significant amount of drugs. It also has strong bioac-
tive properties that help to reduce inflammation, which is a major risk factor for acute
glaucoma [42,43]. The rate at which pilocarpine is released from ceria nanocapsules is
controlled by the acetylation and deacetylation of the functional chitosan coatings with
acetic anhydride and sodium hydroxide, respectively. The surface of the ceria nanocapsule
was modified with chitosan using a conjugation method. Briefly, the ends of “phosphonate
polyethylene glycol with a carboxylic acid group” can be added to the surface of nanoceria
materials so that they can bond with chitosan. Phosphonate groups have a high affinity
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for cerium surfaces, whereas COOH groups can chemically conjugate with amino groups
on the chitosan backbone. The study showed that higher levels of amination can lead to
more positive charges on the surface, likely because there are more amino groups [44].
Similarly, chitosan-coated tetrandrine containing bovine serum albumin nanoparticles were
formulated and optimized for the concentration of BSA, chitosan, glutaraldehyde, and
pH to achieve the desired physiochemical properties for the effective treatment of ocular
glaucoma [45]. At pH levels above the isoelectric point (pH > 5) of bovine serum albumin,
the net charge of a developed nanoparticle is very negative. This causes molecules and
smaller nanoparticles to stick together minimally. The study found that as glutaraldehyde
decreased from 8% to 4%, particle size and the polydispersity index decreased significantly,
while the zeta potential increased. The coating of chitosan on the nanoparticle is meant
to enhance ocular residence and transcorneal penetration of the drug with poor aqueous
solubility. The developed system caused the drug to be released over a longer period.
Compared to tetrandrine suspension, drug release was much slower in the case of albumin
nanoparticles. The drug release was further suppressed by the chitosan coating on albumin
nanoparticles. However, the drug release differential between the chitosan-coated albumin
nanoparticles and the uncoated albumin nanoparticles disappeared in the later phase,
possibly because of water uptake and swelling of the chitosan coat over time [46,47].
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3.3. Chitosan-Based Hybrid Nanoparticles

Chitosan-based hybrid nanoparticles may be prepared by a single step emulsion-sonication
process employing a combination of polymers such as polycaprolactone, hyaluronic acid,
polylactic-co-glycolic acid, etc., for ocular drug delivery [48,49]. Recently, Silva et al. prepared
epoetin-β loaded chitosan-based hybrid nanoparticles in combination with a hyaluronic acid
polymer to improve their mucoadhesion and residence time in the ocular tissues to improve
their ocular absorption [50]. Epoetin-β, which is a recombinant form of human epoetin, was
chosen as the active ingredient because it might protect and repair nerve cells, which could
help to treat glaucoma. Ionotropic gelation was used to make hybrid nanoparticles using
different hyaluronic acids. Out of six hyaluronic acids with different molecular weights
(50–3000 kDa), one is in crystal form, and another is eye-grade hyaluronic acid. Further
research is being conducted on nanoparticles with particle sizes of less than 300 nm, zeta
potentials around +30 mV, and a low polydispersity index. It was observed that the high
molecular weight hyaluronic acid had the highest entrapment efficiency (39.9 ± 0.6%) and
drug loading (18.1 ± 0.3%), respectively. In another investigation, using a quality-by-design
(QbD) approach and the ionotropic gelation process, Saha et al. created resveratrol-loaded
mucoadhesive lecithin/chitosan hybrid nanoparticles. These nanoparticles were mucoad-
hesive [51]. Lecithin-chitosan hybrid nanoparticles were made by combining negatively
charged lecithin with positively charged chitosan and allowing them to interact with each
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other to design a hybrid nanoparticulate system. The study utilized poloxamer 407 to dis-
solve chitosan, while resveratrol was dispersed in an ethanolic solution of lecithin. Subse-
quently, the alcoholic solution of resveratrol was rapidly injected into the aqueous chitosan-
poloxamer 407 solutions under continuous stirring at 1500 rpm to develop chitosan-based
hybrid nanoparticles. Chitosan-based hybrid nanoparticles are prepared for various thera-
peutics including melatonin [52], quercetin [53], insulin [54], diflucortolone valerate [55], and
paclitaxel [56].

Different types of chitosan-based nanomedicines (such as chitosan nanoparticles, mu-
coadhesive chitosan-coated nano drug delivery systems, chitosan-based hybrid nano drug
delivery systems, etc.) were explored for ocular applications to improve the biopharma-
ceutical attributes (such as aqueous solubility, corneal permeability, drug stability, and
ocular pharmacokinetic, etc.) and pharmacodynamics performance of loaded therapeutics
in glaucoma. The contemporary research carried out in this area in recent times is discussed
in a subsequent section.

4. Chitosan-Based Nanomedicine for Ocular Application in Glaucoma:
Contemporary Research
4.1. Improvement in Biopharmaceutical Attributes of Loaded Drugs

Chitosan-based nano formulation systems were investigated for various drugs to
improve corneal penetration and residence time on the cornea, thus leading to enhanced oc-
ular bioavailability of antiglaucoma drugs and improving their therapeutic efficacy [57–59].
One of the recently published investigations reported that the negatively charged mucus
layer on the surface of the eye interacts with cationic chitosan-coated ceria nanocapsules
through electrostatic forces [60]. This makes the ceria nanocapsules more resistant to tears
and blinks, which means they remain adhered on the cornea surface for a longer period.
Chitosan-coated ceria nanocapsules with strong amination diminish negative charges of
mucin. The tight connections can be opened with the help of chitosan coatings, as proposed
by Nguyen et al. [40], and this ability can be improved by raising the amination level of
chitosan. Immunofluorescence labeling of ZO-1 in SIRC cells was used to examine the
amination level’s effect on opening the epithelial tight junctions in chitosan-coated ceria
nanocapsules. ZO-1 is a crucial cytoplasmic protein involved in membrane activities; it
can connect to transmembrane barrier proteins and stabilize tight junctions. At the edges
of the SIRC cells, there was a distinct arrangement of ZO-1 in both the control and ce-
ria nanocapsule groups, which showed that Ce-NCs could not open the tight junctions
(Figure 8).

As shown in Figure 6, the ZO-1 patterns changed in response to the amination levels
of the chitosan coatings for the groups that were treated with low (L), medium (M), and
high (H) levels of amination. Chitosan-coated ceria nanocapsules lost pattern integrity and
cellular boundaries as amination increased. The result shows that coatings made of chitosan
can help ceria nanocapsules to open tight junctions. Furthermore, the ability to open the
tight junctions can be increased by adding more amination levels. This study also indicated
that the pilocarpine concentrations in the anterior chamber of the eye for the group treated
with chitosan-coated ceria nanocapsules with varying amination levels (6.14 ± 2.14 (L),
12.56 ± 1.21 (M), and 25.72 ± 1.68 (H) µg/mL, respectively) were observed to be signifi-
cantly higher compared to conventional eye drop formulations (0.93 ± 0.64 µg/mL) and
the group treated with pilocarpine-loaded ceria nanocapsules (0.58 ± 0.71 µg/mL). The
results suggest that the absorption of pilocarpine in the aqueous humor can be enhanced
44-fold by utilizing the chitosan covering with the highest amination level [40].

Tetrandrine shows promise as a prospective glaucoma therapy [61]. However, its
restricted ocular bioavailability is a result of its poor aqueous solubility. After 6 h, merely
2.21 ± 0.7% of the tetrandrine suspension had penetrated the cornea. The apparent perme-
ability coefficient for tetrandrine-loaded albumin nanoparticles increased by a factor of 2.3,
and the amount of tetrandrine that was able to pass through the membrane increased to
4.72 ± 0.29%. Furthermore, chitosan coating of albumin nanoparticles showed a signifi-
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cant increase (11-fold and 5-fold) in the percentage of tetrandrine permeated compared to
tetrandrine suspension and tetrandrine-loaded albumin nanoparticles, respectively. The
developed system helps to improve (4-fold and 1.7-fold) the apparent permeability coeffi-
cient compared to tetrandrine suspension and tetrandrine-loaded albumin nanoparticles,
respectively. The study also indicated a two-times increase in ocular bioavailability of
tetrandrine from developed chitosan-coated albumin nanoparticles compared to tetran-
drine suspension and tetrandrine-loaded albumin nanoparticles [45]. In another study,
trimethyl chitosan-coated lipid nanoparticles significantly prolonged the residence of tetran-
drine in tears and enhanced ocular absorption as compared to tetrandrine solution [62]. In
addition, when compared to a pure drug solution, the area under the curve (AUC), elimi-
nation half-life, and mean residence time (MRT) of the developed system were increased
by 2, 3, and 1.67-fold, respectively.
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In another investigation, Badran et al. indicated the enhanced penetration of meto-
prolol from the chitosan-coated flexible liposomes [38]. The enhanced permeability of
metoprolol from liposomes could be due to the nanoscale dimension and flexible mem-
brane of liposomes due to the presence of Tween 80 [63]. Furthermore, the cationic nature of
chitosan on the liposome surface provided electrostatic interactions and hydrogen bonding
with mucin on the ocular surface [64,65]. Hence, it demonstrated better permeation across
the cornea compared to uncoated liposomes. In addition, chitosan coating over the surface
of various nanodrug carriers was shown to promote corneal permeability by relaxing intra-
cellular or tight connections between corneal epithelial cells [64]. Contemporary research
related to chitosan-based nanomedicine utilized to increase the biopharmaceutical qualities
of loaded drugs for glaucoma is summarized in Table 2.

Table 2. Chitosan-based nanomedicine utilized to improve the biopharmaceutical attributes of loaded
therapeutics.

Type of Nanomedicine Therapeutics Composition Biopharmaceutical Attributes Ref.

Chitosan-coated NPs Metoprolol
Chitosan,

phosphatidylcholine,
cholesterol

- Developed system exhibited extended drug release
and significant mucin mucoadhesion resulting in
an increase in residence time after ocular
administration.

- It has shown a 4.4-fold increase in ocular
permeability compared to pure metoprolol.

[38]
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Table 2. Cont.

Type of Nanomedicine Therapeutics Composition Biopharmaceutical Attributes Ref.

Chitosan-coated NPs Pilocarpine Chitosan, silica, ethylene
glycol, cerium nitrate

- High amination level of chitosan is helpful to
enhance the corneal permeability of the developed
system by 43-fold compared to medium and low
amination levels.

- Developed system exhibited a sustained drug
release profile.

[40]

Chitosan-coated NPs Tetrandrine Chitosan, bovine serum
albumin, glutaraldehyde

- Developed system exhibited sustained drug release
(19.65% in 2 h) compared to the tetrandrine
suspension (35.6% in 2 h).

- Corneal permeation profile of the developed
system was 23.79% compared to 2.21% for the
tetrandrine suspension after 6 h.

- Developed system has shown a two-times increase
in ocular bioavailability in rabbits compared to the
tetrandrine suspension.

[45]

Chitosan-coated NPs Tetrandrine
Chitosan, glyceryl

monooleate, poloxamer
407, kolliphor® HS 15

- Trimethyl chitosan-based hybrid systems exhibited
sustained drug release and improvement in
pharmacokinetic parameters (AUC0→∞, T1/2,
MRT0→∞) compared to the tetrandrine solution.

[62]

Chitosan-based hybrid
NPs Latanoprost Chitosan, hyaluronic acid,

sodium tripolyphosphate

- The developed system may enhance the retention
time on the corneal and conjunctiva of loaded
therapeutics.

[66]

Chitosan-based hybrid
NPs

Epoetin beta
(EPOβ)

Chitosan and hyaluronic
acid

- Developed system efficiently delivered EPOβ to the
retina after administration through the
subconjunctival route in immunofluorescence
investigation in rats.

[67]

Chitosan-based hybrid
NPs Dorzolamide

Chitosan,
polycaprolactone,
polyvinyl alcohol

- Developed system exhibited a significant
improvement in mucoadhesion to the cornea and
an enhancement in permeation across goat cornea
compared to dorzolamide solution as a control.

[68]

Chitosan-based hybrid
NPs Brinzolamide Chitosan, pectin, Tween 80

- Developed system exhibited extended drug release
for 8 h and a significant increase in corneal
permeability compared to the marketed product.

[69]

4.2. Improvement in the Therapeutic Efficacy of Loaded Drugs

Acute glaucoma is often caused by inflammation, and nanoceria is very good at reduc-
ing inflammation [70]. Recently, the impact of chitosan coating on the anti-inflammatory
characteristics of ceria nanocapsules was investigated [40]. Previous research has shown
that this nanoparticulate system helps to remove the free radicals and reduce the generation
of inflammatory cytokines such as TNF-α, IL-6, and MCP-1 [71–73]. This makes them po-
tent anti-inflammatory agents. LPS control intracellular signaling pathways and were used
to cause inflammation [74]. The mitogen-activated protein kinase (MAPK) signaling process
can control inflammation by boosting the levels of specific mediators such as Interleukin-6
and Prostaglandin E2, which are common in glaucoma [75,76]. The study showed similar
levels of these biomarkers in ceria nanocapsules and chitosan-coated ceria nanocapsules.
The investigation also reported that the functionalization of the nanoceria did not affect its
ability to fight inflammation. The pharmacological effectiveness of chitosan-coated ceria
nanocapsules containing pilocarpine was evaluated in an acute glaucoma model in rabbits.
Pilocarpine was used because it makes the ciliary muscles tighten and the pupils constrict,
which ultimately lowers the intraocular pressure (IOP) [77]. Notably, the investigation
demonstrated that chitosan-coated ceria nanocapsules composed of high amination lev-
els exhibit significant improvements in reducing intraocular pressure in comparison to
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the marketed pharmaceutical formulation (eye drops of pilocarpine) and uncoated ceria
nanocapsules. The drug release profile was maintained for an extended period of time
in all chitosan-based formulations. However, only the chitosan-coated ceria nanocapsule
with a high amination level was able to reduce and maintain healthy IOP. This is due to the
exceptional ability of high-amination chitosan-coated ceria nanocapsules to penetrate the
corneal epithelium and lead to improved ocular absorption.

Li et al. found in their investigation that tetrandrine can protect ganglionic cells in the
retina from the damage caused by ischemia [61]. Research has shown that tetrandrine, at a
concentration of 0.3%, reduces intraocular pressure in hypertensive rats. Tetrandrine at a
topical dosage of 0.3% was shown to be effective in reducing intraocular pressure [78]. IOP
was reduced by tetrandrine suspensions in the period of 0.5–4 h, with a maximum decrease
of 25.1 ± 3.8% at 4 h, although this effect was short-lived, perhaps because the drug was
rapidly removed from the corneal surface [59]. Tetrandrine-loaded albumin nanoparticles
are helpful to reduce the IOP by 26.1 ± 1.08% after 4 h of ocular administration similar to
tetrandrine suspension, while chitosan-coated albumin nanoparticles are more helpful to
reduce the IOP compared to the tetrandrine suspension and uncoated albumin nanoparticle.
Figure 9 presents the reduction in IOP of the eye of a rabbit after a single instillation of
tetrandrine suspension, a tetrandrine-loaded uncoated albumin nanoparticle, and/or a
tetrandrine-loaded chitosan-coated albumin nanoparticle. It showed a successful reduction
in IOP after the instillation of all three types of ocular formulation but the chitosan-coated
nano formulation system was more effective in the reduction of IOP compared to other
ocular formulations.
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(TET: Tetrandrine suspension; TET-BSA-NPs: Tetrandrine loaded bovine serum albumin nanoparti-
cles; CS-TET-BSA-NPs: Chitosan-coated bovine serum albumin nanoparticles containing tetrandrine).
It highlights that the coating of chitosan over the bovine serum albumin nanoparticles is further
helpful to reduce the IOP in rabbit glaucoma model compared to bovine serum albumin nanoparticles
and tetrandrine suspension. Reproduced from Radwan et al. [45], Informa UK Limited, 2022.

As shown in Figure 9, the chitosan-coated nano formulation system is helpful to
reduce the IOP by 49.35 ± 2.13% after 4 h of ocular administration. It was observed that
the developed delivery system remains effective until 8 h after the ocular administration.
It might be because chitosan interactions with mucin facilitate nanoparticle binding to
the corneal membrane, extension of the corneal absorption of the drug, and ultimately
improvement of the ocular efficacy of loaded therapeutics [79].

In another investigation, Badran et al. evaluated the lowering effect of plain metopro-
lol, metoprolol encapsulated liposome, and chitosan-coated liposome containing metopro-
lol on IOP using rabbits as an animal model [38]. The IOP-lowering impact of metoprolol
was not fully evident after 1 h of metoprolol-loaded in situ gel instillation, but it was
observed after 2, 3, 4, and 5 h following ocular application. In contrast, metoprolol-
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encapsulated uncoated and coated liposomes incorporated in in situ gels reduced IOP
within the first hour after ocular application. Its impact lasted longer than that of a plain
metoprolol-loaded in situ gel system. This investigation is in accordance with the pre-
vious investigation who reported that metoprolol ophthalmic gels extended the ocular
residence time for >5 h [80]. After 6 h of ocular application, chitosan-coated metoprolol
containing liposome incorporated in an situ gel system showed a 73.6 ± 4.13% decrease in
IOP while metoprolol containing liposome incorporated in an situ gel system showed a
62.3 ± 6.28% decrease in IOP. Moreover, metoprolol-containing in situ gel systems showed
only a 54.7 ± 3.15% reduction in IOP after 6 h of ocular application. This sustained effect
on lowering IOP is the consequence of the greater corneal permeability of metoprolol upon
administration of a chitosan-coated liposome formulation, which may result in increased
contact duration and drug retention. Similarly, coating of glyco–chitosan on enalaprilat
containing calcium phosphate nanoparticles significantly lowered the IOP for a longer
period compared to the pure enalaprilat. The developed enalaprilat nanoparticulate system
had a much greater influence on IOP. This effect could be due to the higher zeta potential
of glycol–chitosan coated calcium phosphate nanoparticles, which impart a greater affinity
towards negatively charged ocular corneal cells and hence provide better penetration [81].
Recently, Rubennicia et al. investigated the IOP lowering effect of latanoprost containing
the chitosan–hyaluronic acid hybrid system in albino rats and compared its effect to the
latanoprost alone [66]. The study indicated that the developed chitosan-based hybrid
system has a significant improvement in the IOP lowering effect compared to that of plain
latanoprost.

The neuroprotective effects of epoetin-β in glaucoma are encouraging. Silva et al.
prepared a chitosan–hyaluronic acid hybrid system containing epoetin-β to improve their
ocular bioavailability through increased mucoadhesion and prolonged residence in the
ocular tissues [50]. The study evaluated the possibility of delivering epoetin-β to the
ocular tissues through subconjunctival administration. The study found that the designed
system could transport epoetin- β to the retina effectively. It was concluded that chitosan-
based nanomedicine is thought to be safe for the in vivo system and could be a promising
approach to treat retinopathy, such as glaucoma-related optic nerve degeneration. Radwan
et al. proved in their investigation that chitosan coating over the nanoformulation system
(such as bovine serum albumin nanoparticles) is helpful in further reducing the ocular
irritation potential of the nanoformulation system (Illustrated in Figure 10) [45].
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Figure 10. Illustration showed results of the hen’s egg test-chorioallantoic membrane (HET-CAM)
investigation after different treatments (TET: Tetrandrine suspension; TET-BSA-NPs: Tetrandrine
loaded bovine serum albumin nanoparticles; CS-TET-BSA-NPs: Chitosan-coated bovine serum
albumin nanoparticles containing tetrandrine). It highlights that the coating of chitosan over the
bovine serum albumin nanoparticles is further helpful to reduce the ocular irritation index value
compared to bovine serum albumin nanoparticles and tetrandrine suspension. Reproduced from
Radwan et al. [45], Informa UK Limited, 2022.

The summary of current research on chitosan-based nanomedicines used to augment the
therapeutic efficacy of loaded drugs for the management of glaucoma is presented in Table 3.
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Table 3. Chitosan-based nanomedicine utilized to improve the pharmacodynamics performance of
loaded therapeutics.

Type of Nanomedicine Therapeutics In Vivo Model Pharmacodynamics Performance Ref.

Chitosan-coated NPs Metoprolol Albino rabbits

Developed system exhibited a 73.6% decrease in IOP
compared to a 54.7% decrease in IOP by the pure drug in
a thermosensitive in situ gel after 6 h of ocular
administration.

[38]

Chitosan-coated NPs Pilocarpine Acute glaucoma rabbit
model

Developed system highly effective in decreasing the
extremely high IOP (92 mmHg) to a normal level
(20 mmHg) until 4 h of instillation.

[40]

Chitosan-coated NPs Tetrandrine Rabbits
Developed system exhibited a 49.35% decrease in IOP
compared to a 25.1% decrease in IOP by a pure drug after
4 h of ocular administration.

[45]

Chitosan-based hybrid
NPs Latanoprost Normotensive albino

rabbits

A developed system is more effective in reducing the IOP
than by a drug alone.IOP reduction during the treatment
period was 27.3% by the developed chitosan-based
system compared to 19.3% and 20.3% for the plain
latanoprost and marketed product (Xalatan), respectively.

[66]

Chitosan-based hybrid
NPs Brinzolamide Albino rabbits

Developed system exhibited significant improvement in
% decrease in IOP and prolonged IOP lowering effect
compared to the marketed product.

[69]

Chitosan-based hybrid
NPs Enalaprilat Normotensive rabbits

Chitosan-calcium phosphate hybrid system exhibited a
significant decrease in IOP after single instillation
compared to enalaprilat in solution.

[81]

5. Conclusions

The chitosan-based nanoparticulate system indicated promising results in enhancing
the biopharmaceutical attributes of various ocular therapeutics through the loosening of
tight junctions present on the corneal epithelium. The chitosan nanoparticles or nanoparti-
cles coated with chitosan showed a prolonged release of the drug and also offered mucoad-
hesion, which helped to augment the residence time of loaded therapeutics in different
regions of the ocular tissues. The current review concluded that the chitosan nanoparticles
and chitosan coating over different vesicular carrier systems (such as liposomes, micelles,
and nanoemulsions) and nanoparticles showing advanced biocompatibility with chitosan,
such as mesoporous silica nanoparticles [82], hypercrosslinked polymers [83], and polypep-
tides [84], have a significant impact to improve the residence time, corneal penetration, and
ultimately ocular bioavailability of loaded therapeutics. Moreover, the research showed a
significant improvement in the antiglaucoma activity of loaded therapeutics employing
chitosan-based nanomedicine in preclinical investigations. However, the literature reveals
that the clinical performance of chitosan-based nanomedicines through ocular drug deliv-
ery for glaucoma has yet to be addressed in detail. Furthermore, the safety perspectives
of the chitosan-based nanomedicine in glaucoma should also be addressed systematically
in future studies as it could increase the accumulation of the drug in the ocular tissues
for a prolonged period, which could also increase the chances of therapeutic/adverse
effects. In-depth molecular mechanisms of chitosan-coated NPs as anti-inflammatories
to reduce neuroinflammation should be elucidated in future studies. In addition, ideal
physicochemical characteristics (such as the molecular weight, degree of deacetylation, and
level of amination) of chitosan being a nanomaterial for drug delivery in glaucoma should
also be elucidated in future studies.
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Abstract: Therapeutic proteins, including monoclonal antibodies, single chain variable fragment
(ScFv), crystallizable fragment (Fc), and fragment antigen binding (Fab), have accounted for one-third
of all drugs on the world market. In particular, these medicines have been widely used in ocular
therapies in the treatment of various diseases, such as age-related macular degeneration, corneal
neovascularization, diabetic retinopathy, and retinal vein occlusion. However, the formulation of
these biomacromolecules is challenging due to their high molecular weight, complex structure,
instability, short half-life, enzymatic degradation, and immunogenicity, which leads to the failure
of therapies. Various efforts have been made to overcome the ocular barriers, providing effective
delivery of therapeutic proteins, such as altering the protein structure or including it in new delivery
systems. These strategies are not only cost-effective and beneficial to patients but have also been
shown to allow for fewer drug side effects. In this review, we discuss several factors that affect
the design of formulations and the delivery of therapeutic proteins to ocular tissues, such as the
use of injectable micro/nanocarriers, hydrogels, implants, iontophoresis, cell-based therapy, and
combination techniques. In addition, other approaches are briefly discussed, related to the structural
modification of these proteins, improving their bioavailability in the posterior segments of the eye
without affecting their stability. Future research should be conducted toward the development
of more effective, stable, noninvasive, and cost-effective formulations for the ocular delivery of
therapeutic proteins. In addition, more insights into preclinical to clinical translation are needed.

Keywords: ocular diseases; sustained ocular delivery; therapeutic proteins; barriers of corneal tissues;
nanocarriers; microcarriers; cell-penetrating peptides; hydrogels

1. Introduction

Millions of people worldwide are affected by the diabetic retinopathy (DR), a neu-
rodegenerative disorder of retina, which is one of the most common causes of blindness
involving other complications, such as retinal vein occlusion (RVO) and corneal neovascu-
larization (CNV) [1].

DR is caused by the damage of blood vessels at the back of the eye and does not show
initial symptoms that lead to early DR or nonproliferative DR, where no new blood vessel
growth occurs and patients have dilation of pre-existing capillaries, oedema, capillary
occlusion, microaneurysms, and intraretinal neo-angiogenesis, leading to tortuous blood
vessels formation [2]. Such proliferative vascular changes subsequently turned to severe-
type damage to blood vessels and showed growth of fragile leaky blood vessels (neo-
angiogenesis) in the retina called proliferative DR that leak a jelly-like substance, filling the
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center of the vitreous, leading to detachment of the retina from the back of the eye. Patients
might observe black spot or floating strings in the vision, blurring or fluctuating vision,
dark or empty areas in the vision, hemorrhage in the vitreous, and glaucoma, leading to
gradual weakening of the vision [1–3].

A common cause of vision loss in older people is age-related macular degeneration
(AMD), in which patients show degeneration of the retinal pigment epithelial cells and
choroidal neovascularization [3]. In dry AMD, the macula thins (atrophic) with age in
some patients. In wet AMD, known as neo-vascular AMD, the new vessel growth is the
major cause that occurs with abrupt onset of central RVO, leading to capillary occlusion
and inducing tissue hypoxia, increasing vascular endothelial growth factor (VEGF) ex-
pression and resulting in retinal proliferation of new vessels [3–5]. Thus, researchers are
investigating new therapies that involve the use of monoclonal antibodies, vascular growth
factors, oligonucleotides, genes, and anti-VEGF agents (e.g., ranibizumab, bevacizumab,
aflibercept), for the prevention of neo-angiogenesis and stabilization of vascular leakage
and, thereby, reducing the oedema.

Several therapeutic proteins have recently been approved on the market for the treat-
ment of ocular diseases (Table 1). Although many of these proteins have low molecular
weight (<50 kDa) and short half-life, the physiological and anatomical barriers of the ocular
tissues limit their efficacy when administered to the posterior segments of the eye. In
addition, the ocular environment makes them unstable and inactive, leading to the failure
of the treatment. Among the factors that contribute to this is the presence of proteolytic
enzymes, such as trypsin, in the vitreous, which can increase with aging, resulting in degra-
dation of injectable proteins Moreover, various static, dynamic, and metabolic barriers are
responsible for short half-lives of therapeutic proteins [6,7].

Anti-VEGF delivery to the posterior segment of the eye by the intravitreal route is
very painful, involving the use of a needle to penetrate the globe and release the drug into
the vitreous. Moreover, repeated injections are required during the treatment, leading to
increased further complications such as cataracts, retinal tears, endophthalmitis, and retinal
detachment [7].

Thus, the research focus should be directed at reducing the dosing frequency (e.g.,
novel prolonged release formulations) and development of novel noninvasive methods or
devices for drug administration (e.g., through nonparenteral routes). So far, researchers
worldwide have investigated several strategies for the treatment of retinal diseases to
minimize the limitations or gap within the current therapies involving therapeutic proteins,
reducing patient administration pain while improving compliance. The use of depot for-
mulations of injectable carriers containing drug-loaded micro- or nanoparticles, injectable
in situ hydrogels, implants, and cell-based systems are among the most useful approaches
to provide safe and sustained ocular delivery of therapeutic proteins [8]. These formula-
tions can improve the ocular drug bioavailability and help reduce the frequency of drug
administration, providing an increased drug residence time within the intraocular tissues
and improving the treatment efficacy with good patient compliance. In addition, cell-based
systems and cell-penetrating peptides (CPPs) are also offering good ocular bioavailability
indicated from the phase III clinical trials on an anti-inflammatory peptide conjugated CPP
delivery [9].

Ideal therapeutic protein ocular delivery systems should provide stable delivery of
encapsulated proteins, sustained release, maintenance of effective concentrations at the
target tissues, and minimal invasiveness with low systemic exposure. A usual practice is
to combine technologies, such as injectable hydrogels containing nano- or microparticles,
liposomes, or nanoparticles containing therapeutic proteins coated with bioadhesive poly-
mers [8,9]. Advantages of sustained delivery of therapeutic protein formulations include
improved patient compliance, adherence to chronic therapy, and local delivery with fewer
side effects and a reduction in dosage and dosing frequency [10].
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Currently, great attention is being focused on the development of a more effective
noninvasive, sustained drug delivery in the treatment of ocular disorders for the anterior
and posterior segments of the eye.

In this review, we discuss the recent approaches for protein delivery to the ocular
tissues with a view to increase the patient compliance by increasing bioavailability for
longer duration with minor side effects. Different approaches, which include injectable
micro/nanocarriers injectable hydrogels, ocular implants, iontophoresis, and periocular
injections, are addressed, with a view to improve the ocular bioavailability and provide sus-
tained release to the ocular tissues in posterior segments of the eye of therapeutic proteins.

2. Routes of Ocular Drug Administration

Achieving an efficient ocular bioavailability of different therapeutic proteins remains
a challenge due to presence of multiple ocular barriers (Figure 1). Moreover, diseases
such as age-related macular degeneration, diabetic retinopathy, and cytomegalovirus
(CMV) retinitis require therapeutic proteins to be delivered to the back of the eye. Herein,
static barriers (different layers of cornea, sclera, and retina including blood aqueous and
blood–retinal barriers), dynamic barriers (choroidal and conjunctival blood flow, lymphatic
clearance, and tear dilution), and efflux pumps, in combination, constitute a significant
challenge for drug delivery to the posterior segment of the eye [35].
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Figure 1. Schematic representation of various formulation approaches and routes of administration
to the ocular tissues. 1. Transcorneal permeation into the anterior chamber, 2. Noncorneal drug
permeation across conjunctiva to sclera into anterior uvea, 3. Drug distribution into anterior chamber
from blood stream through blood aqueous barrier, 4. Drug elimination from anterior chamber by
aqueous humor to trabecular meshwork and Schlemm’s canal, 5. Elimination of drug from aqueous
humor into systemic circulation across blood aqueous barrier, 6. Distribution of drug from blood
into posterior segment across the blood retinal barrier, 7. Intravitreal route, 8. Drug elimination from
vitreous via posterior route across blood retinal barrier, 9. Elimination of drug from vitreous via
anterior route to posterior chamber, 10. Intracameral route, 11. Intrastromal route, 12. Subconjunctival
route, 13. Subtenon route, 14. Suprachoroidal route, 15. Subretinal route.
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The elimination of therapeutic proteins from the body is similar to the endogenous
peptide molecules, i.e., enzymatic cleavage from liver, kidney, blood, and small intestine,
although those that show enzymatic resistance can be eliminated via liver or kidney based
on their lipophilicity. Only less than 1% of therapeutic proteins with molecular weight
>4000 Da show undesirable immune response after administration, which led to the failure
of some clinical trials [36].

Among the main barriers present in the eye that hinder the ocular delivery of ther-
apeutics are static barriers and dynamic barriers. Static barriers include different layers
of cornea, sclera and retina, and blood aqueous barriers (BAB) (Figure 2), while dynamic
barriers comprise tear film, choroidal and conjunctival blood flow, and lymphatic clear-
ance, which hinder the movement of drug molecules from the anterior part of the globe
to the posterior tissues [36,37]. High selectivity of blood retinal barriers (BRB) limits the
movement of topically instilled drugs to the posterior segment. Moreover, systemically
administered drugs have to cross the blood ocular barriers, i.e., BAB and BRB, to reach
the retina (Figure 2). The use of the systemic route for the delivery for ocular therapeutics
has several limitations related to the need of high doses due to systemic metabolism and
poor permeability across the BRB. Moreover, exposure to nontargeted organs may cause
systemic toxicity and severe adverse effects [37].
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Figure 2. Different routes for ocular drug clearance/elimination.

The topical route is preferred for the delivery of drugs to the anterior chamber of the
eye for the treatment of cataract, dry eye, and corneal and conjunctival inflammatory and
infectious diseases [37]. The topical ocular delivery route is not commonly used for the
delivery of therapeutic proteins for retinal tissues due to the presence of ocular barriers;
only <5% of the instilled dose enters through anterior segment to the posterior segment via
the tear film and cornea (epithelium, endothelium, and stroma) to the anterior chamber of
the eye [8–10,38,39]. The extent of absorption of drug molecules from the corneal surface is
severely limited by different physiological barriers, such as:
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(1) Corneal epithelium that selectively inhibits the diffusion of hydrophilic and high
molecular weight molecules such as proteins and peptides through the paracellular route,
and it selectively prevents ion transport. Permeability of macromolecules is severely
limited by the presence of tight junctions of the cornea and the lipophilic nature of the
corneal epithelium.

(2) The endothelium, which is responsible for corneal hydration.
(3) Inner stroma, which presents a hydrophilic nature and inhibits the permeation of

more lipophilic molecules [39,40].
These barriers protect the eyes from the entry of toxic entities and pathogenic sub-

stances and maintain homeostasis. Moreover, due to the high shear rate, tear turnover, and
tear dilution, most (>95%) of the instilled dose is eliminated via the nasolacrimal duct to
the gastrointestinal tract, leading to other systemic side effects (Figure 1). The presence
of enzymes in the ciliary body digest the drug from the aqueous humor, and the corneal
permeability is also limited depending on molecular size, surface charge, and hydrophilic-
ity of drugs [41]. Large and hydrophilic drugs showed poor permeability compared to
small and lipophilic peptides from the corneal epithelial tight junction (about 2 nm) [41].
Positively charged molecules can pass easily due to binding with the negatively charged
corneal membrane [39].

Lipophilic drugs are distributed to corneal tissues via the transcorneal pathway (i.e.,
cornea > aqueous humor = iris = ciliary body > anterior sclera > lens), while hydrophilic
drugs tend to move toward the posterior chamber via the conjunctival–sclera pathway.
Large molecular drugs that show poor corneal permeability bypass the corneal epithelium
penetration route and undergo noncorneal absorption [42]. Lipophilic peptides with
molecular size >700 Da exhibit good membrane permeability [43,44].

2.1. Intraocular

Intraocular delivery involves delivery through injection or implants of sterile solutions
or devices in the ocular tissues via (1) intravitreal, (2) subretinal, or (3) suprachoroidal routes.

(a) Intravitreal

The intravitreal route targets drugs to the retina, providing higher drug bioavailability
directly into the posterior segment, avoiding several ocular barriers, and eliminating
problems associated with systemic toxicities.

The vitreous has a mesh size of 500 nm that provides a loose barrier and allows
diffusion and convection of large and small molecules as well as nanoparticles [45–47].
Molecular mobility in the vitreous also depends on the charge of the protein molecules,
i.e., neutral and anionic molecules can diffuse more easily compared to cationic ones
due to electrostatic interactions with the anionic hyaluronic acid polymer network in
the vitreous [48]. Metabolic activity in the RPE determines the bioavailability of protein
molecules injected intravitreally due to degradation by the presence of enzymes, i.e.,
cytochrome P450 and esterases [49]. PEGylation attachment of a high molecular weight
hydrophilic moiety to the drug molecules, i.e., polyethylene glycol, either by covalent or
noncovalent linkage or encapsulation in the nanoparticles, can dramatically reduce the
enzymatic degradation [46].

Clearance observed between the posterior segment and anterior segment after intravit-
real injection depends on the size, property, and concentration gradient. Molecules from the
posterior segment diffuse to the inner limiting membrane (ILM) and finally reach to retina
(Figure 2). The clearance efficiency also depends on penetration efficiency through the tight
junction of RPE as the small and lipophilic ones can be transported easily compared to
large and hydrophilic proteins [50]. From the retinal layer, the molecules pass through the
choroidal blood vessels to the systemic circulation. Molecules that diffuse toward anterior
side can be drained away into blood or lymphatic vessels via trabecular meshwork or
Schlemm’s canal [50].
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(b) Subretinal

From subretinal injection, direct administration of molecules to the retina can be possi-
ble, so it is the most preferable and efficient route for the delivery of therapeutic proteins
with low membrane permeability and of retinal gene therapy [51]. Drugs administered
via this route to the inner layer of the retina are cleared via the anterior segment and not
through choroidal vessels as RPE tight junctions limit the movement of drugs toward the
outer layer of the retina and lead to damage to the RPE and retina (Figure 2) [52].

(c) Suprachoroidal

With the help of microneedles or cannulas, drugs can be administered via this route
beneath the sclera into the suprachoroidal space, allowing the drug to be available at the
choroidal site. Drug distribution is uneven due to restricted movement from ciliary arteries
of the choroid. Moreover, due to high blood flow in the choroidal blood vessels, most of
the administered drug is lost to the systemic circulation, which leads to short half-lives.

Macromolecules such as dextran of molecular weight 40 kDa have an experimental
half-life of 3.6 h compared to 5.6 h obtained with a molecular weight of 250 kDa [52].
Bevacizumab (149 kDa) showed even greater half-life (7.9 h) indicating that, apart from
molecular weight the charge, flexibility and lipophilicity can also affect the clearance [52].
Through rapid clearance, the particles containing therapeutic proteins form injectable
implants with a long retention time that can last up to months. Thus, the suprachoroidal in-
jections of implants containing therapeutics exhibit great scope for effective retinal delivery.

2.2. Periocular

It is a less invasive method where drugs are administered directly into the eye via
injection into the subconjunctival, subtenon, peribulbar, retrobulbar, and posterior juxtascle-
ral spaces, without any risk of cataract and endophthalmitis. Compared to the topical route,
this route provides excellent drug bioavailability by avoiding corneal barriers. Injected
drugs reach the posterior segment through the conjunctival sclera, but the bioavailability
is much lower (0.1%) than that of the topical route (Figure 2) [53]. Drugs rapidly clearing
(80–95%) into systemic circulation through choroidal vessels and multiple barriers between
the retina and subconjunctival space leads to poor bioavailability. This route is less invasive
and eliminates the drug permeation through sclera. Moreover, in the case of retinal diseases,
for drug administration in large volumes, this route is preferred due to the high volume of
the injection (100–500 µL) compared with the suprachoroidal route (50–200 µL) [54].

3. Ocular Barriers and Approaches to Ocular Administration
3.1. Ocular Barriers

Ocular distribution of protein therapeutics to the eye depends on several factors such
as membrane permeability, ocular elimination, nontarget binding, and degradation by
proteolytic enzymes. Membrane permeability and ocular elimination closely depend on
their size, surface charge, and hydrophilicity and lipophilicity [55]. However, complexity
of the ocular tissues in deciding parameters for ocular pharmacokinetics is a major obstacle
in the designing of an effective delivery system for therapeutic proteins due to the presence
of various ocular barriers.

3.1.1. Tissue Conditions

Collagen fibers from the hydrophilic stroma also limit the penetration of therapeutic
proteins, which usually takes place via pinocytosis or endocytosis (active transport mech-
anism) [55,56]. The tight junctions present in the cornea, sclera, and retina significantly
prevent the diffusion of hydrophilic large macromolecules [56,57]. The tight junctions in
the conjunctival epithelium are usually wider than those in the corneal epithelium but are
still unable to provide penetration of large molecules [58,59].
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The vitreous humor is a highly viscous fluid-like gel composed of 98 to 99% w/v
water content, salts, sugars, a network of collagen-type II fibrils with hyaluronan, gly-
cosaminoglycan, and a wide array of proteins located in the posterior segment of the ocular
globe [60]. Drugs administered intravitreally will have direct access to the vitreous cavity
and retina and may take several hours to diffuse across the entire vitreous humor. The
clearance of macromolecules from the vitreous cavity is very slow due to hindrance by
RPE, whereas diffusion from the vitreous to the retina is restricted by ILM [61]. Because
several other factors are involved such as initial dose, volume of distribution, and the rate
of elimination [62,63], it also depends on size, surface charge, and characteristics of the
macromolecules injected [64–67]. The vitreous can allow the diffusion of small, anionic
macromolecules, restricting the bigger size or cationic macromolecules that exhibit non-
diffusion kinetics and distribution profile. Molecules can be eliminated through anterior
and/or posterior routes [], which is influenced primarily by volume of distribution and
elimination half-life [63].

A large number of diseases uveitis, cytomegalovirus retinitis, and retinitis and prolif-
erative vitreoretinopathy affect the ocular pharmacokinetics of various topically instilled
molecules and their formulations. The diseased conditions produce certain physiological
changes in the corneal stroma composed of collagen and water, leading to poor bioavail-
ability of hydrophobic molecules [68]. Fungal keratitis involving chronic inflammation of
corneal tissues leads to poor permeation [69]. To solve this problem, drugs are adminis-
tered with a vehicle/emulsion to avoid evaporation of the limited natural tears in dry-eye
patients, as well as the use of the iontophoretic technique to permeate the ionized molecules
into ocular tissues.

BRB breakdown as well as choroidal and retinal neovascularization were observed in
glaucoma, leading to blindness in a large population. Pharmacokinetic parameters need to
be determined in such conditions using animal models to prove efficacy. In one study [70]
of measuring the pharmacokinetic parameters, using healthy and diseased animal models,
it was observed that the AUC and Cmax were significantly lower in diseased models
compared to normal animal models due to BRB breakdown and exposure of drugs to ocular
tissues. Therefore, dose calculation needs to be performed to avoid dose-related toxicity.

3.1.2. Physicochemical Characteristics of Drug Molecules

Various physicochemical parameters of macromolecules such as solubility, hydrophilic-
ity/lipophilicity, molecular weight, size and shape, surface charge, and degree of ionization
affect the selection of the route and rate of drug permeation through the cul-de-sac [71].
Small and lipophilic molecules can diffuse and distribute rapidly and largely through RPE,
inner limiting membrane (ILM), and outer limiting membranes (OLM), exhibiting efficient
distribution to (and even faster elimination from) ocular tissues. Large and lipophilic
molecules have poor membrane permeability, showing relatively longer retention time at
the site of injection with poor ocular tissue distributions [72,73]. For example, the particles
with a size of 200 nm were found to be retained in the retinal tissues for two months
after injection [72,73]. The vitreal clearance rate is rapid for smaller particles and can also
be observed from their half-lives, i.e., particles of size 50 nm, 200 nm and 2 µm showed
half-lives of 5.4 ± 0.8, 8.6 ± 0.7, and 10.1 ± 1.8 days, respectively [74].

Most of the therapeutic proteins have complex structure, large size with molecular
weight > 1000 Da, and large hydrogen bonding donor/acceptor groups and show poor
membrane permeability across the ocular tissues and barriers [75]. Human retinal tissues
prevent the permeation of macromolecules of size > 76 kDa due to inner and outer plexi-
form layers. Macromolecules greater than 150 kDa cannot reach the inner retinal tissues,
while molecules such as brolucizumab (smaller size) can penetrate the retina and choroid
tissues more effectively than other anti-VEGF [57,76]. Brolucizumab showed 2.2-fold higher
concentrations in the retinal tissues and 1.7-fold higher concentrations in RPE/choroid
tissues than ranibizumab in rabbits [77]. These macromolecular proteins, when traversing
through the choroid, may wash out through the choriocapillaris, leading to a reduction
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in therapeutic concentrations, and, due to the large complex molecular structure, may
increase the risk of their degradation at the physiological environment of pH and tempera-
ture resulting into shorter half-lives. Macromolecules showed half-life in the range of days
to a week (Table 1) in the vitreous humor, i.e., bevacizumab had a half-life of 4.32 days
with a minimum concentration of 162 µg/mL in the vitreous [78]. Frequent intravitreal
injections of ranibizumab 0.3–2.0 mg/eye biweekly or monthly is required to maintain
the therapeutic levels as it showed vitreous elimination of 9 days and intrinsic systemic
elimination half-life of 2 h, making it noncompliant and often associated with other compli-
cations such as cataract, retinal hemorrhage, and detachment and endophthalmitis [79,80].
One comparative study showed brolucizumab clearance from the ocular tissues with a
mean terminal half-life of 56.8 ± 7.6 h; ranibizumab took 62 h, and aflibercept was cleared
with a half-life of 53 h in the same model [81–83]. The rapid clearance is presumed to be
due to smaller molecular size and absence of the Fc domain in the case of brolucizumab.
Unlike aflibercept, which has full-length antibodies, leading to the conservation mecha-
nism, molecules without the Fc region are more prone to degradation and do not show a
cumulative effect even after multiple injections [84].

The surface charge being a complex and heterogenous property of amino acid se-
quence of the therapeutic proteins along with pH of the surroundings are important criteria
to be considered. Deamination, isomerization, or post-translational modification of the
therapeutic proteins in a particular environment lead to formation of charge variant species
in a mixture of therapeutic proteins [85]. Most therapeutic proteins are found to be posi-
tively charged at an isoelectric point (pI) of 7–9, leading to charge interactions with other
molecules and ocular membranes and showing good penetration compared to negatively
charged proteins [85]. Although the undesired entrapment of the polymeric network of
the vitreous (negatively charged) should not be ignored, positively charged molecules
tend to remain clumped in the vitreous without diffusion, while anionic particles diffuse
to the retina [86,87]. The effect of surface charge on the particles was studied on human
serum albumin (HSA) and showed that anionic particles of size 114 nm with an overall zeta
potential of −33.3 mV can easily diffuse through the vitreal collagen fibrils to the retina
within 5 h after injection, while cationic particles of size 175.5 nm with mean zeta potential
of +11.7 mV showed aggregation in the vitreous [87]. An inflammatory condition of the
vitreous showed accelerated diffusion and clearance of HSA [88].

3.1.3. Viscosity and pH of the Formulation

Most of the protein formulations are available with high and variable viscosity as
sustained release of therapeutic proteins for longer duration needs very high quantities
to be injected in single-dose administration, which is often associated with high viscosity
and difficulty of the syringe to handle the formulation and is not allowed by FDA. A high
concentration of therapeutic proteins is very difficult to pass through an 18 mm, 27–30 G
needle [89]. Use of viscosity builders required in the formulation of small molecules helps
the proteins reach the anterior chamber of the eye in contrast to macromolecules, which
helps provide sufficient viscosity to the formulation up to 20 cps, prolong the corneal
residence time, enhance the transcorneal absorption into the anterior chamber, and thereby
increase bioavailability [90].

pH and osmolarity play a vital role in the ocular therapeutics. For drug delivery to
the anterior segment, maximum therapeutic benefits can be achieved when the pH of the
formulation matches the lacrimal fluid. The pH of the formulation is a critical parameter
that needs to be observed as proteins become denatured and unstable due to irreversible
conformational changes at both high and low pH values. Apart from pH, the type and
concentration of buffer used can also influence the protein degradation pathways, i.e.,
deamination, disulfide bond formation/exchange, isomerization, and fragmentation [91,92].
A weak acidic buffer is optimal for the storage of antibodies, i.e., adalimumab (pH 5.2),
ranibizumab (pH 5.5), and bevacizumab (pH 6.2), below their isoelectric points (~8.3–8.8)
for ocular treatments [93,94]. Though buffers play a crucial role in providing stability and
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preservation of macromolecules, their use must be carefully considered to avoid associated
complications such as immunogenicity and local toxicity [95]. Buffers used also must be
within the osmolarity range (280–300 mOsm/kg) to be compatible with ocular tissues as
they also impair tonicity. Moreover, hypotonic solutions originate clouding and cause
edema of the corneal tissues, while hypertonic solutions desiccate the corneal tissues in the
anterior chamber [96]. Therefore, to facilitate protein delivery, proper understanding of the
formulation pH and viscosity, selection of buffer system, and use of chemical chaperones
are of the utmost importance. This helps to control the behavior and characteristics of the
therapeutic proteins and also avoid protein misfolding [97,98].

3.1.4. Protein Binding

Protein binding shows less effect on ocular distribution of therapeutic proteins as the
level of protein in the eye (0.5–1.5 mg/mL) is significantly less compared to that of plasma
(60–80 mg/mL) [99,100]. Vasotide® administered in genetically modified mouse model
showed significant reduction in retinal angiogenesis in AMD [101].

Intravitreally administered molecules required to cross the ILM to reach the retina after
diffusion through the vitreous body, which contains a high-density extracellular matrix
made up of collagen, laminin, and heparin sulphate proteoglycan (composition changes
with age), affect the drug permeability [102]. Higher drug penetration was observed with
high binding affinity to the extracellular matrix, which led to effective penetration to the
ILM, making the drug available to the retina. For example, adeno-associated virus serotype-
2 showed excellent transduction to the retina after intravitreal injection due to high heparin
sulphate proteoglycan binding affinity, while other serotypes and modified serotypes failed
to transfect (low affinity with proteoglycan) [103].

3.1.5. Enzymatic Degradation

Different metabolic pathways also cause the loss of therapeutic activity or inactivation
of the macromolecules by protein denaturation, aggregation, precipitations, adsorption,
and proteolytic degradation, denaturation by temperature, pH, salt or ionic concentrations,
and complexations with enzymes/coenzymes. Enzymatic degradation by proteolytic
enzymes depends on concentrations of the enzymes in the vitreous (levels may rise with
age and tissue conditions) and on the hydrolytic enzymes and esterases in retina [104,105].

Structural changes in the active form of complex primary, tertiary, or quaternary
structures of protein molecules or chemical modification lead to irreversible aggregation
and finally inactivation. The main routes of drug administration and fate from ocular
tissues are shown schematically in the Figures 1 and 2, respectively.

Peptides are highly susceptible to enzymatic degradation (proteolytic cleavage) [106].
The proteolytic cleavage and breakdown to small peptides leads to lower half-lives. The
drug pharmacokinetic properties and thereby therapeutic efficacy can be achieved by
improving bioavailability to the ocular tissues, and that can be achieved by chemical or
physical modification of the molecules using various formulation strategies, i.e., coadminis-
tration, conjugation of functional moieties, particle formulation, encapsulation into implant
or hydrogel, and chemical modification/substitutions. Proteolytic stabilization of macro-
molecules and membrane permeability can be achieved by a prodrug approach or using
biological analogues [55,107,108]. Similarly, lipophilicity or hydrophobicity can also be
increased by covalent conjugation with hydrophobic moiety or by noncovalent interactions
with any hydrophobic compound. Solubility improvements can also be achieved using a
conjugation with cyclodextrin and PEG, eliminating enzymatic degradation [39,40,56,75].
Thus, the pharmacokinetic properties of therapeutic proteins can be optimized, keeping in
mind these changes must not affect their biological efficacy.

Therapeutic proteins need protection against enzymatic attack from the various prote-
olytic enzymes present in the vitreous such as matrix metalloproteinase and serine/cysteine
protease. The level of enzyme concentration in the vitreous changes with the age and dis-
ease conditions, so the formulation targeted to the retinal diseases needs to be optimized
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against such enzymatic attack [109,110]. Use of D-form peptides or peptoid type has been
shown to have good enzymatic resistance [111] in addition to chemical modifications at the
N and C terminus; for example, C-terminal amidation or N-terminal acetylation will make
the peptides more difficult to be recognized and targeted by the enzymatic attack [112,113].
Apart from proteolytic enzymes, certain metabolic enzymes such as cytochrome P450
reductases and lysosomal enzymes are also found in large amounts in the ocular tissues
that maintain homeostasis and protect the ocular tissues [114–116]. Encapsulation of retinal
drugs in a nanoparticulate system or implant matrix can improve the protection against
the enzymatic degradation [117], as discussed later in formulation approaches.

3.2. Use of Penetration Enhancers

Different therapeutic approaches have been investigated for the improvement of drug
bioavailability and providing sustained drug release to the corneal tissues. Bioavailability
improvement to the anterior segment of the eye can be achieved by maximizing corneal
absorption and reduction in precorneal drug loss, which can be achieved by using viscosity
enhancers, penetration enhancers, and prodrug approaches [80–82].

The presence of tight junctions in the stratified epithelium allows only ions to be
transported across the tissues, offering high resistance to therapeutic proteins; thus, the
addition of absorption promotors or penetration enhancers can be more helpful to improve
the permeability across the corneal tissues or membrane [53,81,118]. Permeation enhancers
alter the integrity of the corneal epithelium, leading to the promotion of the corneal
uptake and thus a rate-limiting step in the transport of macromolecules from the corneal
tissues to the receptor site [82]. Inclusion of cetylpyridinium chloride [119], lasalocid [120],
benzalkonium chloride [76], parabens [118], tween® 20, saponins [64], Brij® 35, Brij® 78,
Brij® 98 ethylenediaminetetraacetic acid, bile salts [83], bile acids (such as sodium cholate,
sodium taurocholate, sodium glycodeoxycholate, sodium taurodeoxycholate, taurocholic
acid, chenodeoxycholic acid, and ursodeoxycholic acid), capric acid, azone, fusidic acid,
hexamethylene lauramide, saponins [84], hexamethylene octanamide, and decyl methyl
sulfoxide [121] in different formulations has shown a significant enhancement of corneal
drug absorption. Moreover, the ability to catalyze the degradation of hyaluronic acid by
hyaluronidase is also utilized since it has taken decades to improve the permeability across
the ocular tissue barriers [122]. In the vitreous, hyaluronic acid provides a key role in
maintaining structural integrity, volume expansion, and viscosity of the vitreous body [123].
Keeping in mind the associated toxicity and irritation, penetration enhancers should be
used precisely and carefully.

4. Conjugation Approaches

Therapeutic proteins are very potent and offer advantages related to specific mecha-
nisms of action. Despite these benefits, therapeutic proteins have shown several drawbacks,
including high molecular weight, short half-lives, instability, and immunogenicity, which
must be kept in mind when developing a delivery system. Among the several strategies
discussed above, there are few conjugation approaches that are being used to improve
the stability and overcome the limitations, called second-generation therapeutic proteins.
Change in formulations (i.e., using liposomes and polymeric micro/nanoparticles) or
change in the protein itself (i.e., changing the protein structure by attaching covalently
some moiety to the protein molecule) are among the few conjugation approaches (Table 2).
The covalent conjugation of therapeutic proteins with PEG, hyaluronan, lipid deriva-
tives, and melanin are also better alternatives to modifying the protein moiety itself, as
discussed below.
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Table 2. Examples of different approaches used to improve the bioavailability of ocular therapeu-
tic proteins.

Approaches Remarks

Use of penetration enhancers Increases corneal permeability.

Improve enzymatic resistance Avoids degradation by enzymes present in ocular tissues.

Conjugation Approaches

Conjugation with ligands Tissue-specific delivery with minimal toxicity and
minimal systemic exposures.

Conjugation with ligand, lipids,
melanin, hyaluronan, and PEG

Improves half-lives or reduces immunogenicity, protects
macromolecules, prevents proteolytic degradation, and
provides long-term stability/stability. Improves
membrane penetration.

Formulation Approaches

Hydrogels Protect molecules from degradation and provide
long-term release.

Micro/Nanocarriers

Protect molecules from enzymatic degradation. Enhance
permeation. Restrict drug release to the desired area of eye.
Provide depot and prolonged retention of the formulation.
Improve physical stability. Increase drug permeability.

Mucoadhesive polymeric system Achieve site-specific drug delivery. Improves permeation.

Cell-Penetrating Peptides
Improve penetration overcoming ocular barriers and
provide sustained release by preventing degradation and
increasing the drug residence time.

Encapsulated Cell Technology Enzyme protection, stability, long-term release.

Iontophoresis
Improves permeation, provides transfer of ionized
molecules through biological membranes using low
electric current to the ocular tissues.

Microneedles

Provide passive diffusion of therapeutics, overcoming the
transport barriers of epithelial tissues, eliminating
clearance by conjunctival mechanisms, and minimizing
retinal damage.

Implants
Protect from degradation and provide depot with
slow and sustained release at constant rate over
extended period.

4.1. Conjugation with Ligands

Receptor-mediated drug delivery can be used for improvement in drug permeation at
the target tissue with a high selectivity, specificity, and efficiency. Delivering therapeutic
proteins to the ocular tissues with minimum systemic exposure or minimal toxicity is a
great benefit obtained by using receptor/ligand-binding. It also enhances the membrane
permeability of most biopharmaceuticals/macromolecules, making the intracellular de-
livery convenient by enhancing receptor/ligand mediated endocytosis. Few example,
transferrin-receptor-specific monoclonal antibody on the surface of transgene-containing
liposomes, when introduced into retina-specific drug delivery for CNV treatment, showed
expression of transgenes throughout the RPE and multiple areas of ocular tissues [124].
Another study in which an RPE-specific drug delivery platform was used in AMD and
vitreoretinopathy as a conjugate (in vitro) observed that CD44-specific RNA aptamer-FITC
conjugates were efficiently taken up by the RPE-overexpressing CD44 receptors via a
receptor-mediated endocytosis pathway [125].
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4.2. Conjugation with Lipid Derivatives

Self-assembled peptides modulated via intermolecular (hydrophobic, hydrogen) inter-
actions or conjugation with polymers can be used along with lipidic derivatives [126]. These
self-assembled particles can be applied through intravitreal injection using 27–30 gauge
needles, which is less invasive compared to those used in implants (25 G) [127,128].

4.3. Conjugation with Melanin

A macromolecule derived from tyrosine known as melanin, a polyanionic pigment,
showed good affinity with most drugs, exhibiting high retention in ocular tissues [129].
Drugs bound to melanosomes (a form of melanin found in choroid and RPE) found in very
high concentrations formed a reservoir and showed slow release over a longer duration,
evidence of the good binding affinity of melanin with the drug and the intracellular
permeability of drugs. Melanin bound to lipophilic pazopanib and GW771806 showed
effective drug retention for several weeks in rat eyes with an ocular half-life of 18 days after
a single oral dose of 100 mg/kg [130,131]. Thus, melanin drug binding can be used as a
potential carrier for sustained release with extended half-life, facilitating delivery to the
posterior segment via noninvasive topical or oral administration. Thus, this can be another
potential strategy for delivering fast-eliminating peptides (anti-VEGF proteins), providing
good ocular retention and prolonged therapeutic effect.

4.4. Conjugation with Hyaluronan

Apart from melanin binding, combining the hyaluronan-binding peptide with anti-
VEGF is another approach in which an anti-VEGF protein, when combined with hyaluronan,
results in high residence time with a longer sustained release in the vitreous, providing
3–4-fold longer therapeutic effect in corneal neovascularization tested in rabbits and mon-
keys [131]. These hyaluronan-binding peptides can be used as prodrugs with extended
vitreous retention an alternative to frequent intravitreal injections.

4.5. Conjugation with Polyethylene Glycol

PEGylated peptides are more preferable for slow release and long retention time in
the vitreous. Pegatinib, an anti-VEGF aptamer of RNA combined with high molecular
weight PEG (40 kDa), showed prolonged retention due to high molecular size when applied
in the treatment of neovascular age-related macular degeneration. Similar results were
observed with PEGylated-complement C3 inhibitor-Pegcetacoplan [132]. The vitreous con-
tains a high number of proteolytic enzymes, so ocular delivery of peptides needs protection
against such enzymatic degradation for long-term delivery [49,133,134]. PEGylation can
shield macromolecules such as peptides and genes and reduces the chances of enzymatic
attack [135]. However, no studies have been reported so far for the proteolytic degradation
and resistance of drugs in the vitreous. The use of the D-form of peptides instead of the
L-form or chemical modification of the C and N terminus of peptides by amidation or acety-
lation increases the enzymatic resistance, as enzymes do not recognize the peptide [136].
Encapsulation of peptides in nanoparticles or implants can help in minimizing enzymatic
degradation during delivery [137].

5. Formulation Approaches

Formulation approaches are based on providing sustained drug release to the anterior
and posterior segments of the eye, which can be achieved by providing continuous and
controlled delivery to the ocular tissues using hydrogels, micro- and nanocarriers, implants,
inserts and some modern approaches as CPPs, encapsulated cell technology, iontophoresis,
and microneedle formulations [138–142].

Table 2 shows examples of approaches used to improve the bioavailability of ocular
therapeutic proteins, and Table 3 describes the most relevant results observed with different
formulation approaches used to improve the ocular delivery of therapeutic proteins.
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5.1. Hydrogels

One of the most promising categories of delivery systems for safe and sustained ocular
delivery of therapeutic proteins that is gaining popularity is injectable hydrogels. They are
aqueous, highly soft and elastic in nature, and have physicochemical similarities with ocular
fluids, being adequate for intraocular use. Moreover, a mild crosslinking of polymers is
enough to preserve the biological activity of therapeutic proteins in the hydrogels [143–145].
Hydrogels are preferable over other dosage forms for the delivery of proteins, peptides, and
antibodies, as the formation of the hydrogel can occur at ambient temperature conditions.
These systems can be administered in the vitreous cavity via injection through small
gauge needle, as “in situ”-forming aqueous dispersion, which is turned immediately into
gel in response to internal or external stimuli mediated by changes in the physiological
environment, i.e., pH, temperature, ions, or enzymes [144]. The sol-gel phase transition
occurs within seconds to minutes, entrapping and stabilizing the therapeutic proteins in an
aqueous polymeric network [146–148]. Several in situ gelling polymeric systems prepared
with hyaluronic acid, chitosan, poloxamer, HPMC, and polycaprolactone have exhibited
safe use as depot systems in the ocular environment. After injection, the hydrogel forms
a reservoir, allowing continuous release of loaded protein molecules over time, which
restricts their mobility in the polymeric network after the sol-gel phase transition in the
ocular tissues. The drug release occurs via different mechanisms from the reservoir, i.e.,
diffusion-controlled and degradation-controlled [149,150]. The hydrogel’s properties can
be modulated for setting the diffusion rate and permeability of entrapped molecules in the
hydrogel by different process parameters, such as time, type and degree of crosslinking,
and the polymers-to-crosslinker ratio. The level of crosslinking aids in determining the
diffusion rate and mechanism of therapeutic proteins from the hydrogels. It also depends
on the degree of polymer modification, molecular weight, concentration, density, and
polymer architecture [151].

(a) Hydrogels

For decades, tremendous efforts have been made by the formulators to develop bio-
compatible, biodegradable, fast-gelling hydrogels to overcome challenges such as initial
burst release, initial gel viscosity, hydrogel turbidity, crosslinking strategies, sterilization
procedures, storage conditions and long-term intraocular stability and safety to facilitate
their clinical translation. Many thermosensitive hydrogels become turbid on gelation at
body temperature after administration. Moreover, the use of high concentrations in solu-
tions/dispersions for the formulation of long-term depot hydrogels results in formulations
too viscous to inject via 22–31 G needles [152–155].

An injectable hydrogel of PLGA in N-methyl pyrrolidone and sucrose acetate isobu-
tyrate showed sustained release of proteins [147]. Polysaccharide crosslinked hydrogels
exhibited sustained release of bevacizumab for three days with a low initial burst, while
thermosensitive hydrogels exhibited sustained release of bevacizumab for 18 days [152].
Intravitreal administration of bevacizumab in situ gel of hyaluronic acid-vinyl sulfone and
dextran-thiol (HA-VS/Dex-SH) showed controlled release of bevacizumab when tested us-
ing rabbit eye model [146,156,157]. In situ hydrogel of bevacizumab administered in a single
injection intravitreally in a rabbit eye showed therapeutic concentration (>50 ng/mL) for up
to six months with specific binding to VEGF measured using a specific quantification tech-
nique, i.e., ELISA assay, at different time intervals [157,158]. A hydrogel formulation with
bevacizumab prepared with methoxy-poly(ethylene glycol)-block-poly(lactic-co-glycolic)
acid crosslinked with 2,2-bis(2-oxazoline) showed sustained release up to one month using
in vivo rabbit model without any cytotoxicity [159].

Another study using a thermosensitive hydrogel of triblock copolymer of poly(2-ethyl-
2-oxazoline)-b-poly(e-caprolactone)-b-poly(2-ethyl-2-oxazoline) containing bevacizumab
showed good biocompatibility even two months after intravitreal injection, exhibiting
sustained release properties [160]. A silk hydrogel containing anti-VEGF therapeutics
formulated using silk fibroin as the vehicle for delivery and bevacizumab-loaded hydrogel
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formulations showed sustained release for three months both in vitro and in vivo in Dutch-
belted rabbit eyes when injected intravitreally [161].

A light-activated polycaprolactone dimethacrylate and hydroxyethyl methacrylate
in situ hydrogel showed stable and sustained release of bevacizumab for up to four
months [162].

A biodegradable thermosensitive poly(N-isopropyl)acrylamide hydrogel showed sus-
tained release of insulin without retinal damage or any inflammatory reactions seven days
after subconjunctival injection of the hydrogel [163]. Another study of subconjunctival
injection of a biodegradable thermosensitive hydrogel prepared with triblock copolymer
of PLGA and PEG containing ovalbumin protein showed 14 days of concentration of the
drug in the sclera, choroid, and retina [164]. Bevacizumab released from poly(ethylene
glycol)-poly-(serinol-hexamethylene urethane) thermal hydrogel after intravitreal injection
in a rabbit eye was observed with sustained release up to nine weeks, which was 4- to
5-fold longer than that observed with free protein injections (2 weeks). The rheological
studies conducted using phosphate-buffered saline exhibited a phase transition at 32 ◦C
with maximum elastic modulus at 37 ◦C [165–167].

(b) Combined Hydrogel Systems

Today, nanoparticles have been combined with hydrogels to form a hybrid system for
the controlled delivery of therapeutics, especially for localized application and to increase
the therapeutic efficacy. Tremendous research has been carried out to show the efficacy of
injectable nanocarriers for ocular delivery of therapeutics along with hydrogel systems.
A thermo-gelling hydrogel for administration to the eye has been prepared by Cho et al.
using thermosensitive hexanoyl glycol chitosan [168]. A nano formulation containing
thermosensitive penta-block gelling copolymer for ocular delivery of therapeutic proteins
was cited as the platform technology for the ocular delivery of therapeutic proteins via
intravitreal injection providing continuous zero-order release without any side effects or
potential toxicity associated with targeted ocular tissues [169]. An injectable thermosen-
sitive poly(N-isopropyl acryl amide) hydrogel containing PLGA nanoparticles of protein
(ranibizumab/aflibercept) showed an initial burst release followed by sustained release of
ranibizumab (0.153 g/day) and aflibercept (0.065 g/day) for up to 196 days [170].

One comparative study of nanoparticles with a nanoparticulate thermoreversible
hydrogel containing PLGA-PEG-PLGA polymers showed 1.53 ± 11.1 % reduction in VEGF
production in a human RPE cell line in plain drug nanoparticles in comparison with
43.5 ± 3.9% observed with nanoparticulate hydrogel formulation [171]. About 12 weeks
of successful long-term in vitro release was observed when encapsulated macromolecules
in nanoparticles dispersed in a thermosensitive hydrogel [169]. Overall, the injectable in
situ gelling depot system has emerged as a novel and attractive tool for sustained and
stable protein delivery to the segment of the eye for as little as a few weeks up to as long as
several months.

5.2. Particulate Carrier Systems
5.2.1. Microcarriers

The most preferable and useful strategy to provide slow, sustained, and prolonged
release of drugs is the use of injectable colloidal particulate scaffolds.

Microparticles are micron-sized carriers that carry active drug molecules and are
usually suspended in a liquid media. Several polymeric microspheres are being devel-
oped for ocular delivery of therapeutic proteins, and few have reached early stages of
clinical trials. The use of biodegradable or biocompatible polymers in the formulation
of microparticles, i.e., poly(lactic-co-glycolic acid) (PLGA) [172], polyanhydrides [173],
and cyclodextrins [174], eliminates the problems of generating toxic products. These non-
toxic products generated can be eliminated easily from the systemic circulation and, thus,
cleared safely from the ocular environment [172]. Nonetheless, it is too early to say that
microspheres are providing sustained release of macromolecules, maintaining therapeutic
levels for longer durations of up to a week or months in ocular tissues. The release of
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macromolecules from the microparticles is closely associated with the structural properties,
surface charge, porosity, size and shape, degradation rate, entrapment efficiency, and molar
ratio of the polymers used and the diffusion rate of macromolecules [175]. Additionally,
the method of preparation requires caution to protect the structural integrity of protein
molecules and preserve their biological activity [176,177].

PLGA microspheres containing pegatinib showed sustained release of up to
20 days when injected via the transscleral route and up to several weeks from intrav-
itreal route [178,179]. Sustained release of ranibizumab (0.153 µg/day) and aflibercept
(0.065 µg/day) for 196 days was observed after initial burst release of 22.2 ± 2.1 and
13.10 ± 0.5 µg, respectively, when suspended in poly(N-isopropylacrylamide) injectable
thermosensitive hydrogel [180]. Moreover, various techniques have been used to control
the degradation and burst release of macromolecules from the microspheres. Using hy-
drophobic ion-pairing complexation, biocompatible block copolymers that can sustain the
drug release for up to three months using stimuli sensitive hydrogel (pH, temperature,
enzyme, light, ultrasound, and multiresponsive)-based formulations for ocular delivery
of therapeutics are the examples discussed in the final section of this review [181,182].
PLGA microspheres containing interferon-alpha (IFN-α) provide sustained release and an-
tiproliferative efficacy [183,184]. PLGA microspheres with anti-VEGF aptamer EYE001 has
been tested in humans and showed sustained release over a period of 20 days [178]. PEG-
bevacizumab conjugate, bevacizumab encapsulated with PLGA, and free bevacizumab
when studied for reduction in experimentally induced choroidal neovascularization (CNV)
showed no significant difference between all three formulations [185]. Sustained release
of polylactic acid microparticles with a diameter of 7.6 µm, encapsulating TG-0054 (a
hydrophilic drug intended for neovascularization and related diseases) for up to 3 months,
was observed in rabbit model. After 3 months, the drug level in the choroid-RPE, retina,
and vitreous was similar to that after one month [185]. In another case, the intravitreal
injection of the plain injection of the same drug showed low intraocular levels after one
month, with no detectable levels after three months [186]. PLGA is a well-known choice
for the preparation of microparticles but offers several drawbacks, including poor pro-
tein stability, ineffective loading, and fast release profile [22]. A “system-within-system”
matrix has been developed to transport ranibizumab to the vitreous for the treatment
of age-related macular degeneration [187]. Chitosan-based microparticles in PLGA orig-
inated the highest ranibizumab-loading percentage and release when examined along
with ranibizumab nanoparticles. Additionally, chitosan-tripolyphosphate-hyaluronic acid
microparticles demonstrated antiangiogenic activity owing to hyaluronic acid, which was
an advantageous property but one that was regrettably offset by the quick disintegration of
the matching PLGA microparticles [188].

5.2.2. Nanocarriers
Polymeric Nanoparticles

Polymeric nanocarriers are particles with dimensions between 10 nm and 1000 nm
loaded with drug molecules dissolved, entrapped, encapsulated, or adsorbed in natural or
synthetic polymers. According to the distribution of the drug molecules in the polymeric
matrix, these nanocarriers are categorized as nanospheres (drug molecules are homoge-
neously dispersed or dissolved in the polymer matrix) and nanocapsules (drug molecules
are in the core, which is covered by a polymeric shell) [138]. Injectable nanocarriers have
potential for ocular delivery because they provide increased stability to the encapsulated
molecules, good ocular residence time, and adherence, leading to excellent bioavailability
in the ocular tissues [189–191].

Among the different routes for ocular delivery of therapeutic proteins via nanocarri-
ers are topical, periocular, suprachoroidal, and intravitreal routes. As shown in Table 1,
injectable polymeric nanoparticles play a significant role in delivering therapeutic proteins
via the intravitreal route. More effective and long-term inhibition of corneal neovascu-
larization was observed with intravitreally injected nanoparticles, as compared to other
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peptides [192–194]. The efficient corneal neovascularization inhibition may be due to
enhanced pharmacokinetic properties, including prolonged retention time, formation of
nanosized depots intravitreally, and avoidance of enzymatic degradation [192,193].

The polymers used provided several benefits such as chemical stability, biocompati-
bility, tunable degradability, and flexibility in designing the formulation. The polymeric
nanoparticles exhibited light-scattering properties, which may cause clouding of the vitre-
ous, loss of bioactivity, and low stability of therapeutic proteins, and need proper attention
to the selection of the polymer matrix and nanoencapsulation technique for their delivery
through the ocular route [194].

The parameter that determines the stability, particle size, surface charge, or zeta poten-
tial of the nanoparticles is the composition of the nanoparticles, i.e., lipidic or polymeric.
In addition, this parameter does not affect only at the intravitreal level but also topically
and subretinally. Moreover, the use of ligands is important before formulating injectable
nanocarriers for the delivery of therapeutic proteins to the ocular tissues (see Figure 3).
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A study related to ocular tissue distribution of nanoparticles with different surface
modifications (positive and negative charges and PEGylated) using ex vivo bovine vitreous
was carried out and showed that particles sized greater than 1000 nm can be used for sus-
tained release of retinal drugs due to the slower clearance from the vitreous [45]. Moreover,
high and hindered movements of negatively charged and PEGylated particles and marginal
mobility of positively charged nanoparticles were observed. Positively charged particles of
size around 200 nm showed marginal mobility when compared to negatively or PEGylated
particles of size 500–1000 nm. The mobility of positively charged particles was also affected
by the presence of negatively charged hyaluronic acid in the vitreous [195].

Surface charge of the nanoparticles needs to be considered for ocular penetration of
therapeutics as higher diffusion in the vitreous was observed with negatively charged
human serum albumin compared with positively charged [196]. Thus, negatively charged
polymeric nanocarriers are more useful in delivering cationic therapeutic proteins as
observed with the delivery of IgG containing gold nanoparticles to the retinal pigment
epithelium and photoreceptor cells through subretinal injection [197].

Montmorillonite-chitosan nanoparticles loaded with Betaxolol developed for the treat-
ment of glaucoma showed a positive surface charge of 29 ± 0.18 mV and mean size of
460 ± 0.6 nm and provided strong contact with the negatively charged mucin layer of the
corneal membrane. Thus, it was concluded that the developed nanoparticles could provide
drug release for longer duration with improved bioavailability [198].

Having the ability to provide sustained drug release, low cytotoxicity, and fewer side
effects, PLGA, one of the most commonly used materials among the preferred synthetic
or natural biodegradable polymers, has been studied extensively for ocular delivery of
therapeutics [199]. For instance, PLGA nanoparticles loaded with dexamethasone after
intravitreal injection in rabbits showed 50 days of sustained release with constant drug
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levels for more than 30 days with a mean concentration of 3.85 mg/L [200]. Based on the
areas under the curve (AUC), the bioavailability of dexamethasone in the experimental
group was found to be significantly (4.96, 4.15, and 6.35 times) higher than the control
group injected with free dexamethasone solution [200].

Both hydrophobic and hydrophilic molecules can be loaded in PLGA nanoparti-
cles [201]. For example, bovine serum albumin, a hydrophilic serum protein, was encap-
sulated with high efficiency using PLGA nanoparticles [202,203]; lysozyme and human
pigment epithelium-derived factor beta 1 separately encapsulated in PLGA nanoparticles
provided sustained release across 30 days [204]; in vitro sustained release of the antian-
giogenic pigment epithelium-derived factor from PLGA nanoparticles was obtained over
40 days with 70% release within 10 days [205]. The vitreous concentration of bevacizumab
was above 500 ng/mL for up to 8 weeks after intravitreal injection of PLGA nanoparticles
in rabbits [206]. In the treatment of wet AMD using nano or microspheres of poly(ethylene
glycol-b-poly(DL-lactic acid) as the delivery vehicle loaded with bevacizumab, a sustained
release of up to 90 days was observed. Moreover, the drug/polymer ratio can be changed to
control the drug release rate, and thus, the release rate and bioavailability can be improved
as needed [207]. In the treatment of neovascular diseases, nanoparticle-mediated pathway
control and expression of natural antiangiogenic factors were found to have significant
therapeutic potential in which a proteolytic fragment plasminogen Kringle 5 was found to
exhibit sustained angiogenic impact with reduced CNV regions and vascular leakage for
two weeks, as observed in CNV models [208,209]. VLN, a low-density lipoprotein receptor
extracellular domain, encapsulated in PLGA nanoparticles, exhibited excellent expression
of VLN, both in cultured cells and the retina for up to 4 weeks [210]. Another study car-
ried out for the treatment of AMD using anti-inflammatory and antiangiogenic drugs to
retinal pigment epithelium showed an antiangiogenic effect for up to three weeks [211].
The PLGA nanoparticles were easily and effectively internalized by ARPE-19 cells via
folate receptor-mediated endocytosis, forming a depot and thus providing the sustained
effect by downregulating VEGF and upregulating pigment epithelium-derived factor [212].
Aflibercept-loaded PLGA nanoparticles showed 75% drug release in one week, and it
has been concluded that it can be more patient-compliant compared to frequent intrav-
itreal injection of plain aflibercept [213]. It was observed that the PLGA microparticles
and polylactic acid nanoparticles showed sustained release of bevacizumab (of up to two
months) intravitreally in rat model as compared to the effect (of up to two weeks) observed
with plain bevacizumab solution when injected intravitreally in rat model [214]. Similarly,
PLGA microparticles containing ranibizumab entrapped in chitosan-based nanoparticles
for ocular delivery of ranibizumab showed quantifiable release of up to 12 days [215].

Micelles

A subclass of amphiphilic nanocarriers that self-assemble in an aqueous environ-
ment, producing supramolecular structures in the size range of 10 to 1000 nm known as
micelles, has been studied extensively for delivery of small molecules to the ocular tis-
sues [216]. They offer several advantages such as controlled release, reduced toxicity, high
drug-loading capacity, and enhanced stability, with highly changeable surfaces, providing
high patient compliance [216]. Micelles are prepared using different polymers such as
Pluronic F127/F68, N-isopropyl acrylamide, polyhydroxy-ethyl-aspartamide, methoxy-
poly(ethylene glycol)-poly(e-caprolactone), and poly(butylene oxide) [196]. Polymeric
micelles provide excellent ocular residence time due to their mucoadhesive properties
and, having nanosized range, are an excellent system for drugs with poor permeability.
Thus, ocular delivery of therapeutics using polymeric micelles showed significant improve-
ment in antiangiogenic therapy for retinal and choroidal vascular diseases and diabetic
retinopathy. Anti-Flt1 peptide of GNQWFl, an antagonist for vascular endothelial growth
factor (VEGFR1 or Flt1) receptor, (inhibits VEGFR1-mediated cell migration and tube for-
mation), was chemically conjugated to tetra-n-butyl-ammonium modified hyaluronate via
amide bond formation in dimethyl sulfoxide using benzotriazolel-1-yloxy-tris(dimethyl
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amino)phosphonium hexafluorophosphate successfully. It self-assembled itself to form
micelle-like nanoparticles in an aqueous solution, showing significant reduction in reti-
nal vascular permeability and deformation of the retinal vascular structure in diabetic
retinopathy and effectively inhibiting the CNV in laser-induced CNV in rat model, and it
increased the mean residence time of the macromolecule by more than two weeks [207].
Further encapsulation of this conjugated antagonist (anti-Flt1 peptide-HA conjugate) to
genistein (tyrosine-specific protein kinase inhibitor) when used as combination therapy in
corneal neovascularization showed sustained delivery of more than 24 h with an excellent
inhibitory effect both on CNV and vascular hyper permeability [216].

Dendrimers

Dendrimers are branched nanosized polymeric carriers, which are layered like li-
posomes and used extensively for the delivery of ocular therapeutics. Compared to
linear polymeric particles, they exhibit high concentrations of payloads of therapeutic
proteins. They are monodispersed, having a tree-like architecture based on the polymers,
i.e., polyamidoamiones, polyamides, poly (aryl ethers), polyesters, and carbohydrates [217].
The pattern of release, absorption, and elimination of the therapeutics are dependent on
the surface charge and molecular weight of the dendrimers, i.e., absorption is at its maxi-
mum with cationic charge, and rapid clearance is observed with high molecular weight
(>40 kDa) [218]. When using several copies of therapeutics, dendrimers are very useful in
controlling the functionality by providing numerous functional groups, which hasten the
stimuli responsive ability of dendrimers and help in targeting the connected components
and providing binding strength of the ligand to the receptors [218]. A polyamidoamiones
hydrogel containing a dendrimer was prepared by crosslinking stimuli-responsive acry-
late groups using PEG–acrylate chains activated by UV light and was found to be highly
mucoadhesive and nontoxic to the corneal epithelial cells, with high cellular uptake and
enhanced corneal bovine transport [217]. Similarly, the polyamidoamiones/PLGA nanopar-
ticulate dendrimer hydrogel was also found to be nontoxic, highly effective, and able to
provide the sustained release of the drug on the ocular surface of a rabbit eye [219]. Use
of proper conjugation techniques to design different dendrimer conjugates can help in
understanding the mechanism of protein adsorption on the surface of dendrimers, also
known as “protein corona”, for the use as carriers in ocular delivery of therapeutics [218].

Lipid-Based Nanocarriers

Among the injectable colloidal drug delivery systems, the lipid-based nanocarriers are
the more interesting and emerging systems also known as “nano-safe carrier systems” for
delivering drugs to the ocular tissues due to their excellent biocompatibility, biodegradabil-
ity, and ability to improve the bioavailability and thereby therapeutic efficacy.

(a) Solid Lipid Nanoparticles (SLNs) and Nanostructured Lipid Carriers (NLCs)

Solid lipid nanoparticles, nanostructured lipid carriers, and liposomes are promising
approaches for the safe, sustained, and targeted delivery of therapeutic proteins in many
locals, including the ocular tissues. These nanocarriers provide nontoxic, stable, controlled,
scalable, and targeted delivery of therapeutic proteins [220]. For example, a sustained
release and new synthesis of cytokines in corneal tissues with long-term anti-inflammatory
effects can be achieved from p-IL10 containing solid lipid nanoparticles [221]. Recently,
a lactoferrin-based nanostructured lipid carrier was evaluated for its stability, cytotoxic-
ity, entrapment efficiency, loading capacity, ocular surface retention, surface charge, and
morphology [222]. The results showed nanostructured lipid carriers with an average
size around 119.45 ± 11.44 nm, a PDI value of 0.151 ± 0.045, and a surface charge of
17.50 ± 2.53 mV [208]. Moreover, regulated release of lactoferrin, high entrapment effi-
ciency, and lipid content (up to 75%) can be achieved [222]. Nonetheless, more research
work is required for understanding the use of solid lipid nanoparticles and nanostructured
lipid carriers for the ocular delivery of therapeutics.
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(b) Niosomes

There is another self-assembling, nonionic carrier system of lipid-based nanocarriers
capable of encapsulating both lipophilic and hydrophilic molecules in their bilayered struc-
tured nanovesicles known as niosomes. They release the drug independent of pH, resulting
in enhanced ocular bioavailability. Though, similar to liposomes, they are biodegradable,
biocompatible, nontoxic, nonimmunogenic, and have good chemical stability, the efficacy
of the niosomes as carriers for protein delivery to ocular tissues is still under investiga-
tion [223]. Discosomes, another modified version of niosomes, are an excellent strategy
for ocular delivery. They are prepared using nonionic surfactants, with a size range of
12–16 nm, and prevent systemic drainage and, thus, improve the ocular residence time;
however, they are nonbiodegradable and nonbiocompatible in nature [223]. Persistent
protein expression after transfection of pDNA containing niosomes intravitreally for at
least one month after injection was found to provide protection against enzymatic digestion
and broad surface transfection in inner layer of retina with no cytotoxicity [224].

(c) Liposomes

Liposomes are very small nano- or microsized vesicles containing one or more concen-
tric amphiphilic lipid bilayers and are nontoxic, biodegradable, and biocompatible [225].
The surface charge of the liposomes is very important as positively charged liposomes
can make intimate contact with the corneal (negatively charged) and conjunctival surfaces
compared to neutral or negatively charged liposomes [226,227]. Bevacizumab-containing li-
posomes were prepared from PC-PS (cholesterol) to be 100 nm in size using the dehydration–
rehydration technique and were coated with annexin successfully for intravitreal admin-
istration [226]. The highest transfection effect was observed in low quantities of plasmid
DNA in liposomes, with the peak level being reached within 3 days after intravitreal
injection of pDNA containing liposomes [228]. In another study, sustained release in
the vitreous and retina–choroid from intravitreal injections of liposomal oligonucleotides
showed a protective effect against enzymatic degradation [229]. Significant improvement
in mean residence time of bevacizumab after intravitreal injection of liposomes [230] and
sustained release of bevacizumab from the liposomes were observed for up to 42 days after
intravitreal injection [221]. Significantly reduced inflammation with prolonged protection
of peptides of up to 14 days in vivo after intravitreal injection of vasoactive intestinal
peptide-containing liposomes was also observed [225].

5.3. Microbubbles Technology

A new ocular delivery technology using the microbubble, a stimuli-responsive intelli-
gent polymeric carrier system easily converted to nanoscale microbubble vesicles in the
presence of stimuli such as pH, temperature, and magnetic field, was found to deliver the
therapeutic proteins effectively to the anterior as well as posterior segments of the eye [231].

5.4. Nanofibers and Amphiphiles

Self-assembling peptide nanofibers and peptide amphiphiles are also under investiga-
tion for use as carriers for ocular delivery of therapeutics. After subconjunctival injection,
nanofibers containing LPPR peptide bind to VEGFR1 and NRP1 and significantly inhibit
endothelial cell proliferation and cell migration; in addition, abnormal capillary synthesis
showed a significant reduction (81.3%) in corneal neovascularization in 14 days in rat as
compared to bevacizumab (51.2%), justifying its efficiency to cure angiogenesis-related
diseases [232–235].

5.5. Nanowafers

A tiny, transparent circular disc-type or rectangular membrane-shaped nanoreservoir
type known as a nanowafer is applied easily with the fingertips and is synthesized using
different polymers (e.g., polyvinyl pyrrolidone, carboxymethyl cellulose, hydroxypropyl-
methylcellulose, and polyvinyl alcohol) and provides sustained release for a few hours to
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several days as it remains on the ocular surface for a long period of time [236]. Axitinib
nanowafers were tested in ocular burn-induced murine model and observed for inhibitory
effects on CNV in mouse model. The results were compared with twice-daily axitinib
eye drops (0.1% w/v) and showed that corneal treatment with nanowafers significantly
reduced the proliferation of limbal blood vessels as compared with the corneal treatment
with the conventional axitinib eye drops. From the reverse transcriptase polymerase chain
reaction study, it was found that the Axi-nanowafer is more effective in downregulating the
drug target proteins, i.e., vascular endothelial growth factor (A, R1 and R2), PDGFR-A, and
bFGF, compared to that of the conventional eye drop treatment. Thus, once-a-day axitinib
nanowafers are more effective than twice-a-day conventional eye drops [236].

5.6. Cell-Penetrating Peptides

With excellent membrane modulating ability, cell-penetrating peptides are widely
used as penetration enhancers to overcome ocular junction barriers and provide effective
drug delivery to ocular tissues. These compounds consist of natural and synthetic amino
acid sequences, which facilitate the delivery of peptides, proteins, and genes to intracellular
ocular tissues [237,238]. Involving noninvasive or minimally invasive treatments capable
of crossing biological membranes, the use of cell-penetrating peptides for ocular delivery
has gained increasing attention these days.

Quick translocation of the conjugated protein molecules through the cell membranes
into mammalian cells using CPPs as nanocarriers is possible through energy-dependent
pinocytosis/endocytosis/direct translocation, which make this an effective strategy for the
ocular delivery of therapeutic proteins [238]. CPPs can be integrated within the dosage
form, providing sustained release by preventing degradation and increasing the drug
residence time.

Intravitreal injection of bevacizumab linked to CPPs (5(6)-carboxyfluorescein-RRRRRR-
COOH) with anti-VEGF, topical bevacizumab-CPP with anti-VEGF (twice daily), or dex-
amethasone gavage (every day) for 10 days revealed a significant reduction in corneal
neovascularization areas in all mice for all with in vivo and ex vivo rabbit model [239].

Low cytotoxicity and enhanced permeability of CPPs were reported by Liu et al. [240],
who studied the uptake, permeability, and toxicity of various CPPs on human epithelial cells
including transactivating transcriptional activator (TAT), penetratin, poly (arginine), low
molecular weight protamine, and poly (serine). All the CPPs showed efficient membrane
permeability of topically delivered drugs to the posterior segments [240]. In another
study, researchers found that the penetratin showed the most efficient distribution of
peptides in both anterior and posterior segments of eye as compared to all other CPPs,
indicated from significantly higher concentrations of penetratin-conjugated polyarginine
(R8) in corneal epithelium and the retina for up to six hours [241]. Topical administration
of bevacizumab/ranibizumab conjugated with polyarginine (R6) in a rat eye showed
effective concentration of a drug in the retina/vitreous and aqueous humor, which indicated
that CPP-conjugated macromolecules showed significantly higher penetration through
corneal epithelium and RPE cells, providing effective therapeutic treatment in CNV mouse
model [242,243].

Fibroblast growth factor (FGF) administered topically after conjugation with TAT
showed effective concentration in the retina for up to 8 h [244]. Similarly, endostatin, an
antiangiogenetic protein in conjugation with TAT (22 kDa), when administered topically
in mouse eyes, showed significant protein expression resulting in inhibition of CNV [245].
PLGA nanoparticles loaded with macromolecules with TAT linked in the surface showed
an excellent efficient delivery in the posterior segment after topical administration [244].

Poor serum stability and toxicity from the CPPs of nonhuman origin were observed
in a study performed with CPPs of human and nonhuman origin to overcome immuno-
genicity [238]. Proteolytic enzymes metabolize noncovalent constraints rapidly, while
covalent constraints are proteolyzed by crosslinking with disulfides and amides [246].
Thus, the stability can be improved by increasing the binding affinity of peptides with
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antibodies using different crosslinks, i.e., lactam, triazole, or thioether group at the helix of
peptides [246,247]. The confirmational stabilization of long-chain helix using macrocyclic
bridging features or mutagenesis can also be utilized to improve the hydrophobicity and
enhanced binding of both covalent and noncovalent constraints [248].

Efficient retinal delivery was achieved for apoliporotein-A1 when fused with pene-
tratin and phospholipids containing high-density lipoprotein particles [249]. Significant
therapeutic effect was observed in AMD murine model when pazopanib (an antiangio-
genetic therapeutic) contained high-density lipoproteins microparticles along with pene-
tratin [249–251].

5.7. Encapsulated Cell Technology

Encapsulated cell technology can become the alternative to intravitreal therapy, which
uses the expression of protein molecules by providing continuous local production of
proteins. Encapsulated cell technology uses permeable materials that allow the diffusion
of nutrients, therapeutic factors, and waste products out of cells, thus protecting the cells
from digestion by the host immune response. Prolonged release of vascular endothelial
growth factor receptor protein (NT-503) and CNTF from implants encapsulating genet-
ically altered human retinal pigment epithelial cells was observed without any retinal
degeneration [252–254].

A study on long-term cell therapy on mouse eyes using genetically engineered mi-
croencapsulated ARPE-19 cells in alginate developed to produce complement receptor-2
fragment (CR2-fH) showed reduced corneal neovascularization and lesion size intravit-
really and showed the presence of CR2-fH in the retinal pigment epithelial/choroid of
treated mice with systemic expression of fusion proteins without producing any immune
response [255,256].

5.8. Iontophoresis

Another noninvasive technique to transfer ionized molecules through biological mem-
branes to the ocular tissues using a low electric current is iontophoresis, where the drugs can
be transported across the membrane by migration or electro-osmotic processes. Dexametha-
sone phosphate [257], methylprednisolone [258], carboplatin [259], and methotrexate [260]
showed successful delivery through the ocular iontophoretic technique via ocular tissues
except therapeutic proteins. Using proper design of devices and probes, one can use ion-
tophoretic technique via the transcorneal, corneoscleral, or transscleral route [261]. As
the sclera has more surface area (17 cm2) than the cornea (1.3 cm2) and is more hydrated,
presents fewer cells, and is more permeable to macromolecules having high molecular
weight, the transscleral route is the preferred route for ocular delivery of macromolecules
to the posterior segment. Moreover, the transscleral route is simple, nonintrusive, has a
wide application, reduces the risk of toxicity, and is well tolerated by the patients [262].

The device used for the iontophoresis is flexible and placed under the eyelid to deliver
ions through a small area of the eyeball, avoiding tissue damage [263]. Devices such as
OcuPhoreTM release the drug into the retina and choroid using an applicator, dispersive
electrode, and a dose control for the transscleral iontophoresis; VisulexTM is used for
the transscleral transport of ionized molecules such as dexamethasone and antisense
oligodeoxynucleotides [264–266].

5.9. Ocular Microneedles

Ocular microneedles are popular delivery techniques exhibiting passive delivery of
molecules via arrays of solid microneedles coated with drug formulations that dissolve
a few minutes after insertion [267,268]. This technique is used as routine in clinic and is
gaining popularity among formulators for having the potential to deliver ocular thera-
peutics, overcoming the transport barriers of epithelial tissues, eliminating clearance by
conjunctival mechanisms, and minimizing retinal damage. For example, sunitinib malate
containing microneedle pens showed suppression of corneal neovascularization [269].
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5.10. Injectable Implants

With the aim of achieving sustained release in the vitreous and providing a long-
term therapeutic effect from the polymeric network, intraocular implants are gaining
popularity as drug delivery systems. Though it is an intrusive procedure, implants have
shown several benefits such as bypassing the blood retinal barrier, avoiding burst release,
reduction of the dose, and delivering therapeutics with a constant rate directly at the
ocular site [230]. Nonbiodegradable and biodegradable implants are available in the
market (see Table 3 and Figure 4) and can have a tunable delivery rate by changing
the type and composition of the polymers or the delivery form, i.e., solid, semisolid,
or a particulate-based system [270–272]. The mechanism of drug release from implants
showed three phases, i.e., an early burst, a middle diffusive phase, and a final burst.
Different polymers such as polylactic acid, polyglycolic acid, and polylactic-coglycolic
acid are being used to prepare implants. Among the advantages of using implants are
the no need to perform repeated injections intravitreally, increased half-life, reduced peak
plasma level, and improved patient compliance. Nonetheless, the use of this type of
device requires surgery or invasive implantation, which sometimes exerts certain ocular
side effects. Incorporation of PEG400 and different block copolymers such as PLGA
improves the burst release and provides prolonged release of therapeutic proteins [270,271].
Biodegradable implants offer several benefits, such as high payload, prolonged drug release,
and minimal burst release, but a minor surgical procedure involves a skilled professional,
leading to high treatment cost [273].
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FDA-approved biodegradable implants, namely, Ozurdex® based on PLGA and
Iluvien® based on polyvinyl alcohol/fluocinolone acetonide in a polyamide tube, used
for macular edema and noninfectious posterior uveitis showed sustained release of dex-
amethasone (0.7 mg) for up to 6 months in the vitreal cavity [274,275]. The short half-life
(~3 h) of the corticosteroids leads to faster elimination from the vitreous, which can easily
be administered by formulating into implants [276]. So far, no ocular implants have been
approved for the delivery of ocular therapeutic proteins, but preclinical studies with hu-
man recombinant tissue plasminogen activator showed a release rate of 0.5µg/day in the
vitreous for 14 days [277–281].
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Nonbiodegradable implants provide more accurate, zero-order, and have longer
release rates compared to biodegradable ones, but they require a surgical procedure for
their removal, which involves associated risks.

An osmotic implant inserted into the subcutaneous region connected to the sclera
using a brain infusion kit delivered IgG for up to 28 days [282]. Another nonbiodegradable
implant containing a ranibizumab port delivery system from Genentech showed extended
release in the vitreous [283].

Table 3. Examples of the most relevant results obtained with different formulation approaches used
to improve the ocular delivery of therapeutic proteins.

Delivery System Material Molecule Remarks References

Microparticles PLGA Anti-VEGF aptamer
EYE001 In vitro drug sustained release up to 20 days. [178]

Microparticles
PLA nanoparticles

in porous PLGA
microparticles

Bevacizumab In vivo sustained release after intravitreal
injection in rats. [214]

Microparticles PLGA Bevacizumab In vitro drug sustained release for up to 91 days
from the microparticles. [284]

Microparticles PLGA Bevacizumab In vivo sustained release after intravitreal
injection to rabbit. [285]

Microparticles Silicon dioxide Bevacizumab In vitro sustained release for up to 165 days.
From the porous silicon dioxide microparticles. [286]

Microparticles/
Nanoparticles PLGA-albumin Bevacizumab

In vivo and ex vivo rabbit vitreous injection
showed sustained release for up to 165 days
from the developed PLGA-albumin
microparticles (~197 nm).

[287]

Nanoparticles HSA-PEG Apatinib

Reduced leakage in vascular tissues with
significant inhibition of hyperpermeability in
streptozotocin-induced diabetic mice after
intravitreal injection of apatinib-HAS-PEG
nanoparticles.

[288]

Nanoparticles Albuminated
PLGA Bevacizumab

Sustained release with antibody protection
obtained with its stability intravitreally for
about 8 weeks with vitreous concentration
maintained above 500 ng/mL from the
coumarin-6-loaded albuminated-PLGA-NPs.

[289]

Nanoparticles CS-PLGA Bevacizumab

Sustained and effective delivery of
bevacizumab to posterior ocular tissues after
subconjunctival administration and more
reduction in VEGF level in retina than the
topical or intravitreal administration.

[290]

Nanoparticles CS-HA, Zinc
sulphate Bevacizumab

Sustained release for up to two months with
reduced CNV from CS-loaded bevacizumab
nanoparticles containing implants, when
administered intravitreally.

[291]

Nanoparticles PLGA Connexin43mimetic
peptide

Improved light sensitivity and suppression of
inflammatory areas showing high concentration
in ganglion cell layer and choroid within half
an hour after intravitreal injection.

[292]

Nanoparticles PLGA Bevacizumab
Enhanced antiangiogenic effect and reduced
toxicity of tissues after intravitreal injection
in vivo

[293]
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Table 3. Cont.

Delivery System Material Molecule Remarks References

Nanoparticles ALBUMIN Connexin43
mimetic peptide

Significant enhancement in protection against
degradation and high retention in vitro with
expression of CD44 cells in both retina
and choroid.

[294]

Nanoparticles CHITOSAN Bevacizumab VEGF expression inhibition after
intravitreal injection. [295]

Nanoparticles PLA/PLA-PEO C16Y Peptide

Sustained release and prolonged effect on
suppression of CNV from NPs due to
significant permeation to targeted tissues and
reduced toxicity as compared to simple peptide
solution after intravitreal injection.

[296]

Nanoparticles 12-7NH-12, DOPE,
DPPC Cy5-DNA

Concentration of drug found within 4 h
postinjection intravitreally from nanoparticles
located in NFL.

[297]

Nanoparticles Chitosan pDNA Effective transfection in INL, IPL, and RGC
layers after intravitreal injection. [298]

Nanoparticles PLGA pDNA, shRNA

GFP expression effect is persistent with
significant reduction in CNV, lesion thickness,
and retinal damage for 4 weeks after
intravitreal injection.

[299]

Nanoparticles PLGA pDNA

Significant reduction of vascular leakage CNV
induced diabetic rats without tissue damage
and effective K5 expression in the retinal layer
for up to 4 weeks after intravitreal injection.

[300]

Nano-balls bPEI siRNA

Sustained release, longer retention with
effective concentration in choroid and RPE
target tissues for up to 2 weeks after
intravitreal injection.

[301]

Nanoparticles DOTAP, DOPE pDNA
Transfection effect is increased significantly up
to 6-fold in RPE as well as 2-fold in in vitro
after intravitreal injection.

[302]

Lipid-
nanoparticles

DOTAP,
Cholesterol,
PEG-DSPE

siRNA
VEGFR1 expression inhibited in ARPE-19
cell-lines showing no tissue damage and
reduced CNV areas after intravitreal injection.

[303]

SLN
Precirol (ATO5),

DOTAP, Tween 80
Dextran, HA

pDNA
High transfection efficiency in both PR and INL
showing improvement in retinal structure after
2 weeks after intravitreal injection.

[304]

NLC

Monolaurin,
Monostearin,

Glyceryl
tripalmitate,

Palmitin Glyceryl
stearate

Sorafenib

Demonstrated excellent physicochemical
properties and good tolerance, sustained
release, and enhanced ocular bioavailability in
CNV after topical administration.

[305]

NLC
Glyceryl

monostearate,
lipoplysaccharides

Dasatinib

Observed sustained release, reduced ocular
toxicity, and facilitated penetration into cornea
via topical administration with effective
inhibition of CNV.

[306]

Dendrimer Lecithin Anti-VEGF Plus
Oligonucleotide 1

Topical delivery of dendrimers plus ODN-1 to
the eyes of rats and inhibited laser-induced
CNV for up to 6 months.

[307]
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Table 3. Cont.

Delivery System Material Molecule Remarks References

Niosomes DOTAP, squalene,
Polysorbate 80 pDNA

Persistent protein expression after transfection
intravitreally for at least 1 month after injection.
Protection against enzymatic digestion,
providing broad surface transfection in inner
layer of retina with no cytotoxicity.

[224]

Liposomes DOTMA,
Cholesterol, DOPE pDNA

Highest transfection effect with lower quantity
of plasmid DNA in liposomes reached peak
level within 3 days after intravitreal injection.

[228]

Liposomes PC, Cholesterol,
PEG-DSPE Oligonucleotide

Sustained release in vitreous and
retina–choroid from intravitreal injection of
liposomal oligonucleotides showing protective
effect against enzymatic degradation after
intravitreal injection.

[229]

Liposomes DPPC, EPC,
Cholesterol Bevacizumab Significant improvement in mean residence

time of bevacizumab after intravitreal injection. [308]

Liposomes EPC-Chol and
DPC-Cholesterol Bevacizumab Showed sustained release of drug for up to

42 days after intravitreal injection. [221]

Liposomes PC-
PS(Cholesterol)Toc

Bevacizumab-
(annexin)

Liposomes showed 100 nm of size prepared
with dehydration–rehydration technique and
coated with annexin after intravitreal injection.

[220]

Liposomes PC, Cholesterol Vasoactive
intestinal peptide

Reduced inflammation significantly with
prolonged protection of peptide up to 14 days
in vivo after intravitreal injection.

[225]

Biodegradable
Implants

Molded hydrogel
matrix Bevacizumab

Implants prepared using PRINT technology
from molded hydrogel showed sustained
release of bevacizumab for 2 months after
intravitreal administration.

[159]

Biodegradable
implants PCL Ranibizumab

Film device containing nanopores on PCL
provided sustained release of ranibizumab for
3 months after intravitreal injection.

[309]

Nonbiodegradable
implants

Programmable
micropump device Ranibizumab

Micropump for posterior segment prepared
using nonbiodegradable polymers showed
long-term release of ranibizumab after
intravitreal administration.

[310]

Implants Port delivery
system Ranibizumab

Semipermeable refillable membrane providing
long-term release of ranibizumab for 1 year
after intravitreal administration.

[311]

Non-
biodegradable

implants
NT-503 VEGFR-Fc

Increased specific VEGFR binding observed
with encapsulating cell showing continuous
production of therapeutic proteins for two
years after intravitreal administration.

[312]

Verisome IB20089
Biodegradable
implant with

liquid gel

Triamcinolone/
Ranibizumab

The formed spherules provided long term
sustained release up to 1 year after
intravitreal injection.

[313]

Microsphere in
hydrogel PNIPAAm Ranibizumab and

aflibercept

Sustained in vitro release for up to 196 days
from thermosensitive hydrogel after
intravitreal injection.

[180]

In situ hydrogel HA(DEX) Bevacizumab

Hydrogel formed by chemical crosslinking
showed sustained release for up to 6 months
in vivo administered intravitreal in
rabbit model.

[146]
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Table 3. Cont.

Delivery System Material Molecule Remarks References

Hydrogel
Alginate(Chitosan)

hydrogel/PLGA
microspheres

Bevacizumab/
Ranibizumab

Sustained release from intravitreally
administered hydrogel observed for both
bevacizumab and ranibizumab for up to
3 months.

[158]

Hydrogel PLGA-mPEG Bevacizumab Sustained release for up to 1 month via
intravitreal route in rabbits. [159]

Hydrogel PEOz(PCL)PEOz Bevacizumab Sustained release for up to 20 days in vitro. [160]

Silk based
hydrogels Silk fibroin Bevacizumab

Sustained release of bevacizumab from
intravitreally administered hydrogel for
90 days in vitro as well as in vivo in
Dutch-belted rabbits.

[161]

In situ gel PCM(HEMA) Bevacizumab Provided in vivo retention for up to 2 months
in SD rats via suprachoroidal route. [162]

Hydrogel PNIPAAm Insulin Sustained release of insulin for up to 30 days
in vitro. [163]

Hydrogel PLGA–PEG Ovalbumin (model
protein)

Provided sufficient protein concentration for up
to 14 days in ocular tissues via subconjunctival
route.

[164]

Hydrogel ESHU Bevacizumab Sustained release for up to 9 weeks via
intravitreal route in rabbits. [166]

Hydrogel PEG-(ESHU) Bevacizumab Showed good in vitro and in vivo
biocompatibility after intravitreal injection. [167]

Hydrogel PNIPAAm Bevacizumab/
Ranibizumab

Provided good mechanical properties,
biocompatibility from thermosensitive
hydrogel after intravitreal injection.

[170]

Diels-alder
hydrogels

PEG
Macromonomers Bevacizumab

Provided mechanical stability and long-term
release for up to 6 weeks from the chemically
crosslinked hydrogel after intravitreal injection.

[314]

Encapsulated cells Polysulfone CNTF Continued clinical trials. [315]

Retinal cells HAS Connexin43
mimetic peptide

Sustained release and prolonged retention with
suppression of RGC and inflammation
observed when intravitreally injected NPs
encapsulating Cx43 MP were evaluated in a rat
model of retinal ischemia-reperfusion injury.

[316]

Abbreviations: bPEI: Branched polyethylenimine; CNV: corneal neovascularization; CNTF: ciliary neurotrophic
factor; DA: dexamethasone acetate; DDS: drug delivery systems; DEX: dexamethasone; DOPC: 1,2-Dioleoyl-sn-
glycero-3-phosphocholine; DOPE: 1,2-Dioleoyl-sn-glycero-3-phospho-ethanol-amine; DOPG: 1,2-Dioleoyl-sn-
glycero-3-phospho (10-rac-glycerol); DOTAP: 1,2-Dioleoyl-3-trimethyl-ammonium-propane; DOTMA: 1,2-Di-o-
octadecanyl-3-tri-methyl-ammonium-propane; DPPC: 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine; DR: diabetic
retinopathy; DSPE (PEG): 1,2-Distearoyl-SN-Glycero-3-phosphoethanolamine-n(amino-polyethylene glycol); EAU:
experimental autoimmune uveitis; EIU: endotoxin-induced uveitis; EPC: egg phosphatidylcholine; HA: hyaluronic
acid; HAS: human serum albumin; HSPC: 1 (a)-Phosphatidyl-Choline-Hydrogenated soy; INL: inner nuclear layer;
IPL: inner plexiform layer; mPEG (PCL): monomethoxy poly-ethylene glycol-poly-e-caprolactone; NDPR: nonpro-
liferative diabetic retinopathy; NPs: nanoparticles; PCL: polycaprolactone; PC-PS-Toc: egg phosphatidylcholine-
porcine brain phosphatidylserine-tocopherol; pDNA: plasmid deoxy-ribonucleic acid; PEG: polyethylene glycol;
PEG-PHDC: poly(methoxy-poly(ethylene glycol)-cyanoacrylate-co-hexadecyl cyanoacrylate); PEO-PCL-PEO:
poly(2-ethy-2-oxazoline)b-poly(caprolactone)-b-poly(2-ethyl-2-oxazoline); PLA: polylactic acid; PLA–PEO: poly
lactic acid-polyethylene oxide; PLGA: poly-(lactide-coglycolide); PNIPAAm: poly (n-isopropylacrylamide); PSHU:
poly (serinol hexamethylene urethane); RGC: retinal ganglion Cell; RPE: retinal pigment epithelium; RVO: retinal
vein occlusion; SDS: Prague-Dawley; siRNA: small interfering ribonucleic acid; SLN: solid lipid nanoparticles;
STZ: streptozotocin; VEGF: vascular endothelial growth factor; VIP: vasoactive intestinal peptide.

6. Conclusions

Recent developments in the medical biotechnology area promoted the use of ther-
apeutic proteins to treat different ocular diseases and have changed the scenario in the
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research work carried out in last few decades. Optimal efficacy can be achieved with proper
knowledge of ocular barriers, nature, and pharmacokinetics of therapeutic proteins along
with reduction of the dosing frequency and use of novel or combination of technologies
(e.g., nanocarriers included in hydrogel-based systems) or by adding penetration enhancers
or enzyme inhibitors to the formulations. Future research must be conducted toward the
development of more efficient, stable, noninvasive, and cost-effective formulations for
ocular delivery of therapeutic proteins.

The development of effective delivery systems containing stable therapeutic proteins
that can reach the eye topically, subconjunctivally, or periocularly remains challenging.
There is a need to establish pharmacokinetic models that provide useful insights into
the development of these ocular delivery systems, which can aid in preclinical to clinical
translation and in predicting the dosing regimen.

Author Contributions: D.H.S. wrote the manuscript. A.C.S. and H.A. revised the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Applied Molecular Bio-sciences Unit-UCIBIO, which is
financed by national funds from Fundação para a Ciência e a Tecnologia-FCT (UIDP/04378/2020
and UIDB/04378/2020) and CIBB (UIDB/04539/2020).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are thankful to the Journal for inviting them to contribute the article.

Conflicts of Interest: The authors declared no conflict of Interests.

References
1. Sharma, D.S.; Wadhwa, S.; Gulati, M.; Ramanunny, A.K.; Awasthi, A.; Singh, S.K.; Khursheed, R.; Corrie, L.; Chitranshi, N.;

Gupta, V.K.; et al. Recent advances in intraocular and novel drug delivery systems for the treatment of diabetic retinopathy.
Expert Opin. Drug Del. 2021, 18, 553–576. [CrossRef]

2. Kim, H.M.; Woo, S.J. Ocular Drug Delivery to the Retina: Current Innovations and Future Perspectives. Pharmaceutics 2021,
13, 108. [CrossRef]

3. Bourne, R.R.A.; Flaxman, S.R.; Braithwaite, T.; Cicinelli, M.V.; Das, A.; Jonas, J.B.; Keeffe, J.; Kempen, J.H.; Leasher, J.; Limburg,
H.; et al. Vision Loss Expert Group. Magnitude, temporal trends, and projections of the global prevalence of blindness and
distance and near vision impairment: A systematic review and meta-analysis. Lancet Glob. Health 2017, 5, e888–e897. [CrossRef]
[PubMed]

4. Claudio, F.; Francesco, B.; Michele, R.; Giovanni, A. Intravitreal Therapy for Diabetic Macular Edema: An Update. J. Ophthalmol.
2021, 2021, 6654168. [CrossRef]

5. Aiello, L.P. The potential role of PKC b in diabetic retinopathy and macular edema. Survey Ophthalmol. 2002, 47 (Suppl. S2),
263–269. [CrossRef]

6. Alqahtani, F.Y.; Aleanizy, F.S.; El Tahir, E.; Alquadeib, B.T.; Alsarra, I.A.; Alanazi, J.S.; Abdelhady, H.G. Preparation, charac-
terization, and antibacterial activity of diclofenac-loaded chitosan nanoparticles. Saudi Pharm. J. 2019, 27, 82–87. [CrossRef]
[PubMed]

7. Hu, J.; Zhang, Y.; Li, X.; Han, W.; Zheng, J.; Yang, G.; Xu, A. Combination of Intrastromal and Intracameral Injections of
Amphotericin B in the Treatment of Severe Fungal Keratitis. J. Ophthalmol. 2016, 2016, 3436415. [CrossRef]

8. Patel, P.B.; Shastri, D.H.; Shelat, P.K.; Shukla, A.K. Ophthalmic drug delivery system: Challenges and approaches. Syst. Rev.
Pharm. 2010, 1, 113–120.

9. Liu, W.; Borrell, M.A.; Venerus, D.C.; Mieler, W.F.; Kang-Mieler, J.J. Characterization of Biodegradable Microsphere-Hydrogel
Ocular Drug Delivery System for Controlled and Extended Release of Ranibizumab. Transl. Vis. Sci. Technol. 2019, 8, 12.
[CrossRef]

10. Narayana, S.; Ahmed, M.G.; Gowda, J.B.H.; Shetty, P.K.; Nasrine, A.; Thriveni, M.; Noushida, N.; Sanjana, A. Recent advances in
ocular drug delivery systems and targeting VEGF receptors for management of ocular angiogenesis: A comprehensive review.
Future J. Pharm. Sci. 2021, 7, 186. [CrossRef]

11. Karasavvidou, E.M.; Tranos, P.; Panos, G.D. Brolucizumab for the Treatment of Degenerative Macular Conditions: A Review of
Clinical Studies. Drug Des. Devel. Ther. 2022, 16, 2659–2680. [CrossRef] [PubMed]

12. Rosenfeld, P.J.; Brown, D.M.; Heier, J.S.; Boyer, D.S.; Kaiser, P.K.; Chung, C.Y.; Kim, R.Y.; Group, M.S. Ranibizumab for neovascular
age-related macular degeneration. N. Engl. J. Med. 2006, 355, 1419–1431. [CrossRef] [PubMed]

196



Pharmaceutics 2023, 15, 205

13. Bakri, S.J.; Snyder, M.R.; Reid, J.M.; Pulido, J.S.; Ezzat, M.K.; Singh, R.J. Pharmacokinetics of intravitreal ranibizumab (Lucentis).
Ophthalmology 2007, 114, 2179–2182. [CrossRef] [PubMed]

14. Krohne, T.U.; Liu, Z.; Holz, F.G.; Meyer, C.H. Intraocular pharmacokinetics of ranibizumab following a single intravitreal injection
in humans. Am. J. Ophthalmol. 2012, 154, 682–686.e682. [CrossRef]

15. Gaudreault, J.; Fei, D.; Beyer, J.C.; Ryan, A.; Rangell, L.; Shiu, V.; Damico, L.A. Pharmacokinetics, and retinal distribution of
ranibizumab, a humanized antibody fragment directed against VEGF-A, following intravitreal administration in rabbits. Retina
2007, 27, 1260–1266. [CrossRef]

16. Niwa, Y.; Kakinoki, M.; Sawada, T.; Wang, X.; Ohji, M. Ranibizumab and Aflibercept: Intraocular Pharmacokinetics and Their
Effects on Aqueous VEGF Level in Vitrectomized and Nonvitrectomized Macaque Eyes. Investig. Ophthalmol. Vis. Sci. 2015, 56,
6501–6505. [CrossRef]

17. Park, S.J.; Choi, Y.; Na, Y.M.; Hong, H.K.; Park, J.Y.; Park, K.H.; Chung, J.Y.; Woo, S.J. Intraocular Pharmacokinetics of Intravitreal
Aflibercept (Eylea) in a Rabbit Model. Investig. Ophthalmol. Vis. Sci. 2016, 57, 2612–2617. [CrossRef]

18. Bakri, S.J.; Snyder, M.R.; Reid, J.M.; Pulido, J.S.; Singh, R.J. Pharmacokinetics of intravitreal bevacizumab (Avastin). Ophthalmology
2007, 114, 855–859. [CrossRef]

19. Krohne, T.U.; Eter, N.; Holz, F.G.; Meyer, C.H. Intraocular pharmacokinetics of bevacizumab after a single intravitreal injection in
humans. Am. J. Ophthalmol. 2008, 146, 508–512. [CrossRef]

20. Ahn, S.J.; Hong, H.K.; Na, Y.M.; Park, S.J.; Ahn, J.; Oh, J.; Chung, J.Y.; Park, K.H.; Woo, S.J. Use of Rabbit Eyes in Pharmacokinetic
Studies of Intraocular Drugs. J. Vis. Exp. 2016, 113, e53878. [CrossRef]

21. Christoforidis, J.B.; Carlton, M.M.; Knopp, M.V.; Hinkle, G.H. PET/CT imaging of I-124-radiolabeled bevacizumab and
ranibizumab after intravitreal injection in a rabbit model. Investig. Ophthalmol. Vis. Sci. 2011, 5, 5899–5903. [CrossRef]

22. Shelke, N.B.; Kadam, R.; Tyagi, P.; Rao, V.R.; Kompella, U.B. Intravitreal poly(L-lactide) microparticles sustain retinal and
choroidal delivery of TG-0054, a hydrophilic drug intended for neovascular diseases. Drug Deliv. Transl. Res. 2011, 1, 76–90.
[CrossRef]

23. Sinapis, C.I.; Routsias, J.G.; Sinapis, A.I.; Sinapis, D.I.; Agrogiannis, G.D.; Pantopoulou, A.; Theocharis, S.E.; Baltatzis, S.; Patsouris,
E.; Perrea, D. Pharmacokinetics of intravitreal bevacizumab (Avastin(R)) in rabbits. Clin. Ophthalmol. 2011, 5, 697–704. [CrossRef]

24. Nomoto, H.; Shiraga, F.; Kuno, N.; Kimura, E.; Fujii, S.; Shinomiya, K.; Nugent, A.K.; Hirooka, K.; Baba, T. Pharmacokinetics of
bevacizumab after topical, subconjunctival, and intravitreal administration in rabbits. Investig. Ophthalmol. Vis. Sci. 2009, 50,
4807–4813. [CrossRef] [PubMed]

25. Meyer, C.H.; Krohne, T.U.; Holz, F.G. Intraocular pharmacokinetics after a single intravitreal injection of 1.5 mg versus 3.0 mg of
bevacizumab in humans. Retina 2011, 31, 1877–1884. [CrossRef]

26. Center for Drug Evaluation and Research Application Number 761125Orig1s000. Clinical Pharmacology Reviews.
Available online: https://www.accessdata.fda.gov/drugsatfda_docs/nda/2019/761125Orig1s000ClinPharmR.pdf (accessed on
30 June 2022).

27. Ferro Desideri, L.; Traverso, C.E.; Nicolò, M. Abicipar pegol: An investigational anti-VEGF agent for the treatment of wet
age-related macular degeneration. Expert Opin. Investig. Drugs. 2020, 29, 651–658. [CrossRef] [PubMed]

28. Nicolò, M.; Ferro Desideri, L.; Vagge, A.; Traverso, C.E. Faricimab: An investigational agent targeting the Tie-2/angiopoietin
pathway and VEGF-A for the treatment of retinal diseases. Expert Opin. Investig. Drugs. 2021, 30, 193–200. [CrossRef]

29. Wykoff, C.C.; Abreu, F.; Adamis, A.P.; Basu, K.; Eichenbaum, D.A.; Haskova, Z.; Lin, H.; Loewenstein, A.; Mohan, S.; Pearce,
I.A.; et al. Efficacy, durability, and safety of intravitreal faricimab with extended dosing up to every 16 weeks in patients with
diabetic macular oedema (YOSEMITE and RHINE): Two randomised, double-masked, phase 3 trials. Lancet 2022, 399, 741–755.
[CrossRef] [PubMed]

30. Zhou, P.; Zheng, S.; Wang, E.; Men, P.; Zhai, S. Conbercept for Treatment of Neovascular Age-Related Macular Degeneration and
Visual Impairment due to Diabetic Macular Edema or Pathologic Myopia Choroidal Neovascularization: A Systematic Review
and Meta-Analysis. Front. Pharmacol. 2021, 12, 696201. [CrossRef]

31. Zhou, B.; Wang, B. Pegaptanib for the treatment of age-related macular degeneration. Exp. Eye Res. 2006, 83, 615–619. [CrossRef]
32. Kourlas, H.; Schiller, D.S. Pegaptanib sodium for the treatment of neovascular age-related macular degeneration: A review. Clin.

Ther. 2006, 28, 36–44. [CrossRef] [PubMed]
33. Mansour, S.E.; Browning, D.J.; Wong, K.; Flynn, H.W.; Bhavsar, A.R., Jr. The Evolving Treatment of Diabetic Retinopathy. Clin.

Ophthalmol. 2020, 14, 653–678. [CrossRef] [PubMed]
34. Ng, E.W.; Adamis, A.P. Anti-VEGF aptamer (pegaptanib) therapy for ocular vascular diseases. Ann. N. Y. Acad. Sci. 2006, 1082,

151–171. [CrossRef]
35. Chen, W.; Yung, B.C.; Qian, Z.; Chen, X. Improving Long-Term Subcutaneous Drug Delivery by Regulating Material-

Bioenvironment Interaction. Adv. Drug Deliv. Rev. 2018, 127, 20–34. [CrossRef]
36. Renukuntla, J.; Vadlapudi, A.D.; Patel, A.; Boddu, S.H.S.; Mitra, A.K. Approaches for Enhancing Oral Bioavailability of Peptides

and Proteins. Int. J. Pharm. 2013, 447, 75–93. [CrossRef]
37. Faulds, D.; Goa, K.L.; Benfield, P. Cyclosporin. A review of its pharmacodynamic and pharmacokinetic properties, and therapeutic

use in immunoregulatory disorders. Drugs 1993, 45, 953–1040. [CrossRef]
38. Brown, L.R. Commercial Challenges of Protein Drug Delivery. Expert Opin. Drug Deliv. 2005, 2, 29–42. [CrossRef]

197



Pharmaceutics 2023, 15, 205

39. Bhattacharya, M.; Sadeghi, A.; Sarkhel, S.; Hagström, M.; Bahrpeyma, S.; Toropainen, E.; Auriola, S.; Urtti, A. Release of functional
dexamethasone by intracellular enzymes: A modular peptide-based strategy for ocular drug delivery. J. Control. Release 2020, 327,
584–594. [CrossRef]

40. Haddadzadegan, S.; Dorkoosh, F.; Bernkop-Schnürch, A. Oral delivery of therapeutic peptides and proteins: Technology
landscape of lipid-based nanocarriers. Adv. Drug Deliv. Rev. 2022, 182, 114097. [CrossRef]

41. Lin, J. Pharmacokinetics of Biotech Drugs: Peptides, Proteins and Monoclonal Antibodies. Curr. Drug Metab. 2009, 10, 661–691.
[CrossRef]

42. Ahmed, I.; Patton, T.F. Disposition of Timolol and Inulin in the Rabbit Eye Following Corneal versus Non-Corneal Absorption.
Int. J. Pharm. 1987, 38, 9–21. [CrossRef]

43. Donovan, M.D.; Flynn, G.L.; Amidon, G.L. Absorption of Polyethylene Glycols 600 Through 2000: The Molecular Weight
Dependence of Gastrointestinal and Nasal Absorption. Pharm. Res. Off. J. Am. Assoc. Pharm. Sci. 1990, 7, 863–868.

44. Shen, W.; Matsui, T. Intestinal Absorption of Small Peptides: A Review. Int. J. Food Sci. Technol. 2019, 54, 1942–1948. [CrossRef]
45. Xu, Q.; Boylan, N.J.; Suk, J.S.; Wang, Y.Y.; Nance, E.A.; Yang, J.C.; McDonnell, P.J.; Cone, R.A.; Duh, E.J.; Hanes, J. Nanoparticle

Diffusion in, and Microrheology of, the Bovine Vitreous Ex Vivo. J. Control. Release 2013, 167, 76–84. [CrossRef] [PubMed]
46. Xu, J.; Heys, J.J.; Barocas, V.H.; Randolph, T.W. Permeability and Diffusion in Vitreous Humor: Implications for Drug Delivery.

Pharm. Res. 2000, 17, 664–669. [CrossRef]
47. Balachandran, R.K.; Barocas, V.H. Contribution of Saccadic Motion to Intravitreal Drug Transport: Theoretical Analysis. Pharm.

Res. 2011, 28, 1049–1064. [CrossRef]
48. Käsdorf, B.T.; Arends, F.; Lieleg, O. Diffusion Regulation in the Vitreous Humor. Biophys. J. 2015, 109, 2171–2181. [CrossRef]
49. Nakano, M.; Lockhart, C.M.; Kelly, E.J.; Rettie, A.E. Ocular Cytochrome P450s and Transporters: Roles in Disease and Endobiotic

and Xenobiotic Disposition. Drug Metab. Biophys. J. Rev. 2014, 46, 247–260. [CrossRef]
50. Urtti, A. Nanostructures Overcoming the Ocular Barrier: Drug Delivery Strategies; Chapter 4.2.; Royal Society of Chemistry: London,

UK, 2012; pp. 190–204.
51. DiCarlo, J.E.; Mahajan, V.B.; Tsang, S.H. Gene therapy and genome surgery in the retina. J. Clin. Investig. 2018, 128, 2177–2188.

[CrossRef]
52. Sørensen, N.B. Subretinal Surgery: Functional and Histological Consequences of Entry into the Subretinal Space. Acta Ophthalmol.

2019, 97, 1–23. [CrossRef]
53. Subrizi, A.; del Amo, E.M.; Korzhikov-Vlakh, V.; Tennikova, T.; Ruponen, M.; Urtti, A. Design Principles of Ocular Drug Delivery

Systems: Importance of Drug Payload, Release Rate, and Material Properties. Drug Discov. Today. 2019, 24, 1446–1457. [CrossRef]
54. Bachu, R.D.; Chowdhury, P.; Al-Saedi, Z.H.F.; Karla, P.K.; Boddu, S.H.S. Ocular Drug Delivery Barriers-Role of Nanocarriers in

the Treatment of Anterior Segment Ocular Diseases. Pharmaceutics 2018, 10, 28. [CrossRef] [PubMed]
55. Muheem, A.; Shakeel, F.; Jahangir, M.A.; Anwar, M.; Mallick, N.; Jain, G.K.; Warsi, M.H.; Ahmad, F.J. A review on the strategies

for oral delivery of proteins and peptides and their clinical perspectives. Saudi Pharm. J. 2016, 24, 413–428. [CrossRef] [PubMed]
56. Leclercq, B.; Mejlachowicz, D.; Behar-Cohen, F. Ocular Barriers and Their Influence on Gene Therapy Products Delivery.

Pharmaceutics 2022, 14, 998. [CrossRef] [PubMed]
57. Tao, Y.; Li, X.X.; Jiang, Y.R.; Bai, X.B.; Wu, B.D.; Dong, J.Q. Diffusion of macromolecule through retina after experimental branch

retinal vein occlusion and estimate of intraretinal barrier. Curr. Drug Metab. 2007, 8, 151–156. [CrossRef]
58. Jackson, T.L.; Antcliff, R.J.; Hillenkamp, J.; Marshall, J. Human retinal molecular weight exclusion limit and estimate of species

variation. Investig. Ophthalmol. Vis. Sci. 2003, 44, 2141–2146. [CrossRef] [PubMed]
59. Blessing, C.I.; Charis, R.; Roel, F.M.; Mio, T.; Mei, C.; Wim, E.H. Hyaluronic Acid-PEG-Based Diels–Alder In Situ Forming

Hydrogels for Sustained Intraocular Delivery of Bevacizumab. Biomacromolecules 2022, 23, 1525–7797.
60. Burgalassi, S.; Monti, D.; Nicosia, N.; Tampucci, S.; Terreni, E.; Vento, A.; Chetoni, P. Freeze-dried matrices for ocular administra-

tion of bevacizumab: A comparison between subconjunctival and intravitreal administration in rabbits. Drug Deliv. Transl. Res.
2018, 8, 461–472. [CrossRef]

61. Urtti, A. Challenges and obstacles of ocular pharmacokinetics and drug delivery. Adv. Drug Deliv. Rev. 2006, 58, 1131–1135.
[CrossRef]

62. Levison, M.E.; Levison, J.H. Pharmacokinetics and pharmacodynamics of antibacterial agents. Infect. Dis. Clini. N. Am. 2009, 23,
791–815. [CrossRef]

63. Del Amo, E.M.; Urtti, A. Rabbit as an animal model for intravitreal pharmacokinetics: Clinical predictability and quality of the
published data. Exp. Eye. Res. 2015, 137, 111–124. [CrossRef] [PubMed]

64. Sidman, R.L.; Li, J.; Lawrence, M.; Hu, W.; Musso, G.F.; Giordano, R.J.; Cardo-Vila, M.; Pasqualini, R.; Arap, W. The peptidomimetic
Vasotide targets two retinal VEGF receptors and reduces pathological angiogenesis in murine and nonhuman primate models of
retinal disease. Sci. Transl. Med. 2015, 7, 309. [CrossRef]

65. Pescina, S.; Ferrari, G.; Govoni, P.; Macaluso, C.; Padula, C.; Santi, P.; Nicoli, S. In-vitro permeation of bevacizumab through
human sclera: Effect of iontophoresis application. J. Pharm. Pharmacol. 2010, 62, 1189–1194. [CrossRef] [PubMed]

66. Swami, R.; Shahiwala, A. Impact of physiochemical properties on pharmacokinetics of protein therapeutics. Eur. J. Drug Metab.
Pharmacokinetics. 2013, 38, 231–239. [CrossRef] [PubMed]

67. Kuo, T.T.; Baker, K.; Yoshida, M.; Qiao, S.W.; Aveson, V.G.; Lencer, W.I.; Blumberg, R.S. Neonatal Fc receptor: From immunity to
therapeutics. J. Clin. Immunol. 2010, 30, 777–789. [CrossRef] [PubMed]

198



Pharmaceutics 2023, 15, 205

68. Gaudana, R.; Ananthula, H.K.; Parenky, A.; Mitra, A.K. Ocular Drug Delivery. AAPS J. 2010, 12, 348–360. [CrossRef]
69. Edelhauser, H.F.; Rowe-Rendleman, C.L.; Robinson, M.R.; Dawson, D.G.; Chader, G.J.; Grossniklaus, H.E. Ophthalmic drug

delivery systems for the treatment of retinal diseases: Basic research to clinical applications. Investig. Ophthalmol. Vis. Sci. 2010,
51, 5403–5420. [CrossRef] [PubMed]

70. Shen, J.; Durairaj, C.; Lin, T.; Liu, Y.; Burke, J. Ocular pharmacokinetics of intravitreally administered brimonidine and dexam-
ethasone in animal models with and without blood-retinal barrier breakdown. Investig. Ophthalmol. Vis. Sci. 2014, 55, 1056–1066.
[CrossRef]

71. Kim, Y.C.; Chiang, B.; Wu, X.; Prausnitz, M.R. Ocular delivery of macromolecules. J. Con. Rel. 2014, 190, 172–181. [CrossRef]
72. Joseph, R.R.; Venkatraman, S.S. Drug delivery to the eye: What benefits do nanocarriers offer? Nanomedicine 2017, 12, 683–702.

[CrossRef]
73. Raghava, S.; Hammond, M.; Ub, K. Periocular routes for retinal drug delivery. Expert Opin. Drug Deliv. 2004, 1, 99–114. [CrossRef]
74. Puddu, A.; Sanguineti, R.; Montecucco, F.; Viviani, G.L. Retinal pigment epithelial cells express a functional receptor for

glucagon-like peptide-1 (GLP-1). Mediat. Inflamm. 2013, 2013, 975032. [CrossRef] [PubMed]
75. Zelikin, A.N.; Ehrhardt, C.; Healy, A.M. Materials and methods for delivery of biological drugs. Nat. Chem. 2016, 8, 997–1007.

[CrossRef] [PubMed]
76. Chang, J.H.; Garg, N.K.; Lunde, E.; Han, K.Y.; Jain, S.; Azar, D.T. Corneal neovascularization: An anti-VEGF therapy review. Surv.

Ophthalmol. 2012, 57, 415–429. [CrossRef]
77. Vinores, S.A. Pegaptanib in the treatment of wet, age-related macular degeneration. Int. J. Nanomed. 2006, 1, 263–268.
78. Joseph, M.; Trinh, H.M.; Cholkar, K.; Pal, D.; Mitra, A.K. Recent perspectives on the delivery of biologics to back of the eye. Expert

Opin. Drug Deliv. 2016, 14, 631–645. [CrossRef]
79. Xu, L.; Lu, T.; Tuomi, L.; Jumbe, N.; Lu, J.; Eppler, S.; Kuebler, P.; Damico-Beyer, L.A.; Joshi, A. Pharmacokinetics of ranibizumab

in patients with neovascular age-related macular degeneration: A population approach. Investig. Ophthalmol. Vis. Sci. 2013, 54,
1616–1624. [CrossRef] [PubMed]

80. Vaishya, R.D.; Khurana, V.; Patel, S.; Mitra, A.K. Controlled ocular drug delivery with nanomicelles, Wiley interdisciplinary
reviews. Nanomed. Nanobiotechnol. 2014, 6, 422–437. [CrossRef] [PubMed]

81. Moisseiev, E.; Waisbourd, M.; Ben-Artsi, E.; Levinger, E.; Barak, A.; Daniels, T.; Csaky, K.; Loewenstein, A.; Barequet, I.S.
Pharmacokinetics of bevacizumab after topical and intravitreal administration in human eyes. Graefe’s Arch. Clin. Exp.
Ophthalmol. 2014, 252, 331–337.

82. Sharma, Y.R.; Venkatesh, P.; Gogia, V. Aflibercept—How does it compare with other Anti-VEGF Drugs? Aust. J. Clin. Ophthalmol.
2014, 1, 1–8.

83. Neri, P.; Lettieri, M.; Fortuna, C.; Zucchi, M.; Manoni, M.; Celani, S.A. Giovannini, Adalimumab (humira) in ophthalmology: A
review of the literature. Middle East Afr. J. Ophthalmol. 2010, 17, 290–296. [CrossRef]

84. Rodrigues, E.B.; Farah, M.E.; Maia, M.; Penha, F.M.; Regatieri, C.; Melo, G.B.; Pinheiro, M.M.; Zanetti, C.R. Therapeutic
monoclonal antibodies in ophthalmology. Prog. Ret. Eye Res. 2009, 28, 117–144. [CrossRef] [PubMed]

85. Khawli, L.A.; Goswami, S.; Hutchinson, R.; Kwong, Z.W.; Yang, J.; Wang, X.; Yao, Z.; Sreedhara, A.; Cano, T.; Tesar, D. Charge
variants in IgG1: Isolation, characterization, In vitro binding properties and pharma-cokinetics in rats. MAbs 2010, 2, 613–624.
[CrossRef]

86. Maurice, D.M.; Watson, P.G. The distribution and movement of serum albumin in the cornea. Exp. Eye Res. 1965, 4, 355–363.
[CrossRef]

87. Kim, J.H.; Green, K.; Martinez, M.; Paton, D. Solute permeability of the corneal endothelium and Descemet’s membrane. Exp. Eye
Res. 1971, 12, 231–238. [CrossRef]

88. Olsen, T.W.; Edelhauser, H.F.; Lim, J.I.; Geroski, D.H. Human scleral permeability. Effects of age, cryotherapy, transscleral diode
laser, and surgical thinning. Investig. Ophthalmol. Vis. Sci. 1995, 36, 1893–1903.

89. Mitragotri, S.; Burke, P.A.; Langer, R. Overcoming the challenges in administering biopharmaceuticals: Formulation and delivery
strategies. Nat. Rev. Drug Discov. 2014, 13, 655–672. [CrossRef]

90. Duvvuri, S.; Majumdar, S.; Mitra, A.K. Drug delivery to the retina: Challenges and opportunities. Expert Opin. Biol. Ther. 2003, 3,
45–56. [CrossRef] [PubMed]

91. Manning, M.C.; Chou, D.K.; Murphy, B.M.; Payne, R.W.; Katayama, D.S. Stability of protein pharmaceuticals: An update. Pharm.
Res. 2010, 27, 544–575. [CrossRef] [PubMed]

92. Li, S.K.; Liddell, M.R.; Wen, H. Effective electrophoretic mobilities and charges of anti-VEGF proteins determined by capillary
zone electrophoresis. J. Pharm. Biomed. Anal. 2011, 55, 603–607. [CrossRef]

93. Kaja, S.; Hilgenberg, J.D.; Everett, E.; Olitsky, S.E.; Gossage, J.; Koulen, P. Effects of dilution and prolonged storage with
preservative in a polyethylene container on Bevacizumab (Avastin) for topical delivery as a nasal spray in anti-hereditary
hemorrhagic telangiectasia and related therapies. Hum. Antibodies 2011, 20, 95–101. [CrossRef] [PubMed]

94. Gregoritza, M.; Messmann, V.; Abstiens, K.; Brandl, F.P.; Goepferich, A.M. Controlled antibody release from degradable
thermoresponsive hydrogels cross-linked by Diels-Alder chemistry. Biomacromolecules 2017, 18, 2410–2418. [CrossRef] [PubMed]

95. Jani, R.; Lang, J.; Rodeheaver, D.; Missel, P.; Roehrs, R.; Chowhan, M. Design and Evaluation of Ophthalmic Pharmaceutical Products,
Modern Pharmaceutics, 4th ed.; CRC Press: Boca Raton, FL, USA, 2002.

96. Ali, Y.; Lehmussaari, K. Industrial perspective in ocular drug delivery. Adv. Drug Deliv. Rev. 2006, 58, 1258–1268. [CrossRef]

199



Pharmaceutics 2023, 15, 205

97. Subrizi, A.; Toropainen, E.; Ramsay, E.; Airaksinen, A.J.; Kaarniranta, K.; Urtti, A. Oxidative stress protection by exogenous
delivery of rhHsp70 chaperone to the retinal pigment epithelium (RPE), a possible therapeutic strategy against RPE degeneration.
Pharm. Res. 2015, 32, 211–221. [CrossRef]

98. Schymkowitz, J.; Rousseau, F. Protein aggregation: A rescue by chaperones. Nat. Chem. Biol. 2016, 12, 58–59. [CrossRef]
99. Angi, M.; Kalirai, H.; Coupland, S.E.; Damato, B.E.; Semeraro, F.; Romano, M.R. Proteomic Analyses of the Vitreous Humour.

Mediat. Inflamm. 2012, 2012, 148039. [CrossRef]
100. Murthy, K.R.; Goel, R.; Subbannayya, Y.; Jacob, H.K.C.; Murthy, P.R.; Manda, S.S.; Patil, A.H.; Sharma, R.; Sahasrabuddhe, N.A.;

Parashar, A.; et al. Proteomic Analysis of Human Vitreous Humor. Clin. Proteom. 2014, 11, 29. [CrossRef]
101. Babizhayev, M.A.; Burke, L.; Micans, P.; Richer, S.P. N-Acetylcarnosine Sustained Drug Delivery Eye Drops to Control the Signs of

Ageless Vision: Glare Sensitivity, Cataract Amelioration and Quality of Vision Currently Available Treatment for the Challenging
50,000-Patient Population. Clin. Interv. Aging 2009, 4, 31–50. [CrossRef]

102. Peynshaert, K.; Devoldere, J.; Minnaert, A.K.; De Smedt, S.C.; Remaut, K. Morphology and Composition of the Inner Limiting
Membrane: Species-Specific Variations and Relevance toward Drug Delivery Research. Curr. Eye Res. 2019, 44, 465–475. [CrossRef]

103. Boye, S.L.; Bennett, A.; Scalabrino, M.L.; McCullough, K.T.; Van Vliet, K.; Choudhury, S.; Ruan, Q.; Peterson, J.; Agbandje-
McKenna, M.; Boye, S.E. Impact of Heparan Sulfate Binding on Transduction of Retina by Recombinant Adeno-Associated Virus
Vectors. J. Virol. 2016, 90, 4215–4231. [CrossRef]

104. Bisht, R.; Rupenthal, I.D.; Sreebhavan, S.; Jaiswal, J.K. Development of a Novel Stability Indicating RP-HPLC Method for
Quantification of Connexin43 Mimetic Peptide and Determination of Its Degradation Kinetics in Biological Fluids. J. Pharm. Anal.
2017, 7, 365–373. [CrossRef]

105. Stampfli, H.F.; Quon, C.Y. Polymorphic metabolism of flestolol and other ester containing compounds by a carboxylesterase in
New Zealand white rabbit blood and cornea. Res. Commun. Mol. Pathol. Pharmacol. 1995, 88, 87–97. [PubMed]

106. Fosgerau, K.; Hoffmann, T. Peptide Therapeutics: Current Status and Future Directions. Drug Discov. Today 2015, 20, 122–128.
[CrossRef] [PubMed]

107. Ambati, J.; Atkinson, J.P.; Gelfand, B.D. Immunology of age-related macular degeneration. Nat. Rev. Immunol. 2013, 13, 438–451.
[CrossRef] [PubMed]

108. Radhakrishnan, K.; Sonali, N.; Moreno, M.; Nirmal, J.; Fernandez, A.A.; Venkatraman, S.; Agrawal, R. Protein delivery to the back
of the eye: Barriers, carriers and stability of anti-VEGF proteins. Drug Discov. Today. 2017, 22, 416–423. [CrossRef]

109. Vaughan-Thomas, A.; Gilbert, S.J.; Duance, V.C. Elevated levels of proteolytic enzymes in the aging human vitreous. Investig.
Ophthalmol. Vis. Sci. 2000, 41, 3299–3304.

110. Pescosolido, N.; Barbato, A.; Pascarella, A.; Giannotti, R.; Genzano, M.; Nebbioso, M. Role of Protease-Inhibitors in Ocular
Diseases. Molecules 2014, 19, 20557–20569. [CrossRef]

111. Jwala, J.; Boddu, S.H.S.; Shah, S.; Sirimulla, S.; Pal, D.; Mitra, A.K. Ocular Sustained Release Nanoparticles Containing Stereoiso-
meric Dipeptide Prodrugs of Acyclovir. J. Ocul. Pharmacol. Ther. 2011, 27, 163–172. [CrossRef] [PubMed]

112. Brinckerhoff, L.H.; Kalashnikov, V.V.; Thompson, L.W.; Yamshchikov, G.V.; Pierce, R.A.; Galavotti, H.S.; Engelhard, V.H.; Slingluff,
C.L. Terminal Modifications Inhibit Proteolytic Degradation of an Immunogenic MART-127-35 Peptide: Implications for Peptide
Vaccines. Int. J. Cancer 1999, 83, 326–334. [CrossRef]

113. Werle, M.; Bernkop-Schnürch, A. Strategies to Improve Plasma Half Life Time of Peptide and Protein Drugs. Amino Acids 2006,
30, 351–367. [CrossRef]

114. Attar, M.; Shen, J.; Ling, K.H.J.; Tang-Liu, D. Ophthalmic Drug Delivery Considerations at the Cellular Level: Drug-Metabolising
Enzymes and Transporters. Expert Opin. Drug Deliv. 2005, 2, 891–908. [CrossRef] [PubMed]

115. Schwartzman, M.L.; Masferrer, J.; Dunn, M.W.; Mcgiff, J.C.; Abraham, N.G. Cytochrome P450, Drug Metabolizing Enzymes and
Arachidonic Acid Metabolism in Bovine Ocular Tissues. Curr. Eye Res. 1987, 6, 623–630. [CrossRef] [PubMed]

116. Hayasaka, S. Lysosomal Enzymes in Ocular Tissues and Diseases. Surv. Ophthalmol. 1983, 27, 245–258. [CrossRef] [PubMed]
117. Vandervoort, J.; Ludwig, A. Ocular Drug Delivery: Nanomedicine Applications. Nanomedicine 2007, 2, 11–21. [CrossRef]

[PubMed]
118. Ferrara, N.; Adamis, A. Ten years of anti-vascular endothelial growth factor therapy. Nat. Rev. Drug. Discov. 2016, 15, 385–403.

[CrossRef]
119. Traynor, K. Aflibercept approved for macular degeneration. Am. J. Health Sys. Pharm. 2012, 69, 6. [CrossRef]
120. Ng, E.W.; Shima, D.T.; Calias, P.; Cunningham, E.T.; Guyer, D.R.; Adamis, A.P. Pegaptanib, a targeted anti-VEGF aptamer for

ocular vascular disease. Nat. Rev. Drug Discov. 2006, 5, 123–132. [CrossRef] [PubMed]
121. Theodossiadis, P.G.; Markomichelakis, N.N.; Sfikakis, P.P. Tumor necrosis factor antagonists: Preliminary evidence for an

emerging approach in the treatment of ocular inflammation. Retina 2007, 27, 399–413. [CrossRef] [PubMed]
122. Harooni, M.; Freilich, J.M.; Abelson, M.; Refojo, M. Efficacy of hyaluronidase in reducing increases in intraocular pressure related

to the use of viscoelastic substances. Arch. Ophthalmol. 1998, 116, 1218–1221. [CrossRef]
123. Stern, R.; Jedrzejas, M.J. Hyaluronidases: Their genomics, structures, and mechanisms of action. Chem. Rev. 2006, 106, 818–839.

[CrossRef]
124. Zhu, C.; Zhang, Y.; Pardridge, W.M. Widespread expression of an exogenous gene in the eye after intravenous administration.

Investig. Ophthalmol. Vis. Sci. 2002, 43, 3075–3080.

200



Pharmaceutics 2023, 15, 205

125. Chandola, C.; Casteleijn, M.G.; Chandola, U.M.; Gopalan, L.N.; Urtti, A.; Neerathilingam, M. CD44 Aptamer Mediated Cargo
Delivery to Lysosomes of Retinal Pigment Epithelial Cells to Prevent Age-Related Macular Degeneration. Biochem. Biophys. Rep.
2019, 18, 100642. [CrossRef]

126. Diaferia, C.; Morelli, G.; Accardo, A. Fmoc-Diphenylalanine as a Suitable Building Block for the Preparation of Hybrid Materials
and Their Potential Applications. J. Mater. Chem. B 2019, 7, 5142–5155. [CrossRef] [PubMed]

127. Tadayoni, R.; Sararols, L.; Weissgerber, G.; Verma, R.; Clemens, A.; Holz, F.G. Brolucizumab: A Newly Developed Anti-VEGF
Molecule for the Treatment of Neovascular Age-Related Macular Degeneration. Ophthalmologica 2021, 244, 93–101. [CrossRef]
[PubMed]

128. Salazar, M.; Patil, P.N. An explanation for the long duration of mydriatic effect of atropine in eye. Investig. Ophthalmol. 1976, 15,
671–673.

129. Rimpelä, A.K.; Reinisalo, M.; Hellinen, L.; Grazhdankin, E.; Kidron, H.; Urtti, A.; del Amo, E.M. Implications of Melanin Binding
in Ocular Drug Delivery. Adv. Drug Deliv. Rev. 2018, 126, 23–43. [CrossRef]

130. Bernstein, H.; Zvaifler, N.; Rubin, M.; Mansour, A.M. The Ocular Deposition of Chloroquine. Investig. Ophthalmol. 1963, 2,
384–392.

131. Robbie, S.J.; von Leithner, P.L.; Ju, M.; Lange, C.A.; King, A.G.; Adamson, P.; Lee, D.; Sychterz, C.; Coffey, P.; Ng, Y.S.; et al. Assess-
ing a Novel Depot Delivery Strategy for Noninvasive Administration of VEGF/PDGF RTK Inhibitors for Ocular Neovascular
Disease. Investig. Ophthalmol. Vis. Sci. 2013, 54, 1490–1500. [CrossRef] [PubMed]

132. Liao, D.S.; Grossi, F.V.; El Mehdi, D.; Gerber, M.R.; Brown, D.M.; Heier, J.S.; Wykoff, C.C.; Singerman, L.J.; Abraham, P.;
Grassmann, F.; et al. Complement C3 Inhibitor Pegcetacoplan for Geographic Atrophy Secondary to Age-Related Macular
Degeneration: A Randomized Phase 2 Trial. Ophthalmology 2020, 127, 186–195. [CrossRef]

133. Machinaga, N.; Ashley, G.W.; Reid, R.; Yamasaki, A.; Tanaka, K.; Nakamura, K.; Yabe, Y.; Yoshigae, Y.; Santi, D.V. A Controlled
Release System for Long-Acting Intravitreal Delivery of Small Molecules. Transl. Vis. Sci. Technol. 2018, 7, 21. [CrossRef]

134. Mofidfar, M.; Abdi, B.; Ahadian, S.; Mostafavi, E.; Desai, T.A.; Abbasi, F.; Sun, Y.; Manche, E.E.; Flowers, C.W. Drug delivery to
the anterior segment of the eye: A review of current and future treatment strategies. Int. J. Pharm. 2021, 607, 120924. [CrossRef]
[PubMed]

135. Fishburn, C.S. The Pharmacology of PEGylation: Balancing PD with PK to Generate Novel Therapeutics. J. Pharm. Sci. 2008, 97,
4167–4183. [CrossRef] [PubMed]

136. Anand, B.; Nashed, Y.; Mitra, A. Novel dipeptide prodrugs of acyclovir for ocular herpes infections: Bioreversion, antiviral
activity and transport across rabbit cornea. Curr. Eye. Res. 2003, 26, 151–163. [CrossRef]

137. Pudlarz, A.; Szemraj, J. Nanoparticles as Carriers of Proteins, Peptides and Other Therapeutic Molecules. Open Life Sci. 2018, 13,
285–298. [CrossRef]

138. Peyman, G.A.; Ganiban, G.J. Delivery systems for intraocular routes. Adv. Drug Deliv. Rev. 1995, 16, 107–123. [CrossRef]
139. Janoria, K.G.; Gunda, S.; Boddu, S.H.; Mitra, A.K. Novel approaches to retinal drug delivery. Expert Opin. Drug Deliv. 2007, 4,

371–388. [CrossRef]
140. Lambert, G.; Guilatt, R.L. Current ocular drug delivery challenges. Drug Dev. Rep. Ind. Overv. Details 2005, 33, 1–2.
141. Lang, J.C. Recent developments in ophthalmic drug delivery: Conventional ocular formulations. Adv. Drug Deliv. Rev. 1995, 16,

39–43. [CrossRef]
142. Kim, S.H.; GalbáN, C.J.; Lutz, R.J.; Dedrick, R.L.; Csaky, K.G.; Lizak, M.J.; Wang, N.S.; Tansey, G.; Robinson, M.R. Assessment of

subconjunctival and intrascleral drug delivery to the posterior segment using dynamic contrast-enhanced magnetic resonance
imaging. Investig. Ophthalmol. Vis. Sci. 2007, 48, 808–814. [CrossRef]

143. Rong, X.; Ji, Y.; Zhu, X.; Yang, J.; Qian, D.; Mo, X.; Lu, Y. Neuroprotective effect of insulin-loaded chitosan nanoparticles/PLGA-
PEG-PLGA hydrogel on diabetic retinopathy in rats. Int. J. Nanomed. 2019, 14, 45–55. [CrossRef]

144. Vermonden, T.; Censi, R.; Hennink, W.E. Hydrogels for protein delivery. Chem. Rev. 2012, 112, 2853–2888. [CrossRef] [PubMed]
145. Kirchhof, S.; Goepferich, A.M.; Brandl, F.P. Hydrogels in ophthalmic applications. Eur. J. Pharm. Biopharm. 2015, 95, 227–238.

[CrossRef] [PubMed]
146. Yu, Y.; Lau, L.C.; Lo, A.C.; Chau, Y. Injectable chemically crosslinked hydrogel for the controlled release of bevacizumab in

vitreous: A 6-month in vivo study. Transl. Vis. Sci. Technol. 2015, 4, 5. [CrossRef]
147. Buwalda, S.J.; Bethry, A.; Hunger, S.; Kandoussi, S.; Coudane, J.; Nottelet, B. Ultrafast in situ forming poly(ethylene glycol)-

poly(amido amine) hydrogels with tunable drug release properties via controllable degradation rates. Eur. J. Pharm. Biopharm.
2019, 139, 232–239. [CrossRef] [PubMed]

148. Buwalda, S.J.; Vermonden, T.; Hennink, W.E. Hydrogels for therapeutic delivery: Current developments and future directions.
Biomacromolecules 2017, 18, 316–330. [CrossRef]

149. Bae, K.H.; Wang, L.S.; Kurisawa, M. Injectable biodegradable hydrogels: Progress and challenges. J. Mater. Chem. B 2013, 1, 5371.
[CrossRef] [PubMed]

150. Franssen, O.; Vandervennet, L.; Roders, P.; Hennink, W.E. Degradable dextran hydrogels: Controlled release of a model protein
from cylinders and microspheres. J. Control. Release. 1999, 60, 211–221. [CrossRef]

151. Lin, C.C.; Metters, A.T. Hydrogels in controlled release formulations: Network design and mathematical modeling. Adv. Drug
Deliv. Rev. 2006, 58, 1379–1408. [CrossRef]

201



Pharmaceutics 2023, 15, 205

152. Censi, R.; Vermonden, T.; Van, M.J. Photopolymerized thermosensitive hydrogels for tailorable diffusion-controlled protein
delivery. J. Control. Release. 2009, 140, 230–236. [CrossRef]

153. Kirchhof, S.; Abrami, M.; Messmann, V. Diels-alder hydrogels for controlled antibody release: Correlation between mesh size and
release rate. Mol. Pharm. 2015, 12, 3358–3368. [CrossRef]

154. Shastri, D.H.; Patel, L.D.; Parikh, R.K. Studies on in situ hydrogel: A smart way for safe and sustained ocular drug delivery. J.
Young Pharm. 2010, 2, 116–120. [CrossRef]

155. Kanjickal, D.; Lopina, S.; Evancho-Chapman, M.M.; Schmidt, S.; Donovan, D. Effects of sterilization on poly(ethylene glycol)
hydrogels. J. Biomed. Mater. Res. A 2008, 87, 608–617. [CrossRef] [PubMed]

156. Saher, O.; Ghorab, D.M.; Mursi, N.M. Preparation and in vitro/in vivo evaluation of antimicrobial ocular in situ gels containing a
disappearing preservative for topical treatment of bacterial conjunctivitis. Pharm. Dev. Technol. 2016, 21, 600–610. [CrossRef]
[PubMed]

157. Janet, T.; Stuart, W.; Kevin, H.; Gary, O.; Gabe, F.; Nicole, M.; Tomas, N.; Benjamin, M.; Benjamin, Y. In-vitro release of Bevacizumab
from hydrogel-based drug delivery systems. Investig. Ophthalmol. Vis. Sci. 2015, 56, 222.

158. Blessing, C.I.; Arto, U.; Wim, E.H.; Tina, V. Intravitreal hydrogels for sustained release of therapeutic proteins. J. Control. Release
2020, 326, 419–441. [CrossRef]

159. Hu, C.C.; Chaw, J.R.; Chen, C.F.; Liu, H.W. Controlled release bevacizumab in thermoresponsive hydrogel found to inhibit
angiogenesis. Biomed. Mater. Eng. 2014, 24, 1941–1950. [CrossRef]

160. Wang, C.H.; Hwang, Y.S.; Chiang, P.R.; Shen, C.R.; Hong, W.H.; Hsiue, G.H. Extended release of bevacizumab by thermosensitive
biodegradable and biocompatible hydrogel. Biomacromolecules 2012, 13, 40–48. [CrossRef]

161. Lovett, M.L.; Wang, X.; Yucel, T.; York, L.; Keirstead, M.; Haggerty, L.; Kaplan, D.L. Silk hydrogels for sustained ocular delivery of
anti-vascular endothelial growth factor (anti- VEGF) therapeutics. Eur. J. Pharm. Biopharm. 2015, 95, 271–278. [CrossRef]

162. Tyagi, P.; Barros, M.; Stansbury, J.W.; Kompella, U.B. Light activated, in situ forming gel for sustained suprachoroidal delivery of
bevacizumab. Mol. Pharm. 2013, 10, 2858–2867. [CrossRef]

163. Misra, G.P.; Singh, R.S.J.; Aleman, T.S.; Jacobson, S.G.; Gardner, T.W.; Lowe, T.L. Subconjunctivally implantable hydrogels with
degradable and thermoresponsive properties for sustained release of insulin to the retina. Biomaterials 2009, 30, 6541–6547.
[CrossRef]

164. Rieke, E.R.; Amaral, J.; Becerra, S.P.; Lutz, R.J. Sustained subconjunctival protein delivery using a thermosetting gel delivery
system. J. Ocul. Pharmacol. Ther. 2010, 26, 55–64. [CrossRef] [PubMed]

165. Alshaikh, A.R.; Christian, W.; Katie, B.R. Polymer based sustained drug delivery to the ocular posterior segment: Barriers and
future opportunities for the treatment of neovascular pathologies. Adv. Drug Deliv. Rev. 2022, 187, 114–342. [CrossRef] [PubMed]

166. Rauck, B.M.; Friberg, T.R.; Medina Mendez, C.A.; Park, D.; Shah, V.; Bilonick, R.A.; Wang, Y. Biocompatible reverse thermal gel
sustains the release of intravitreal bevacizumab in vivo. Investig. Ophthalmol. Vis. Sci. 2014, 55, 469–476. [CrossRef] [PubMed]

167. Park, D.; Wu, W.; Wang, Y. A functionalizable reverse thermal gel based on a polyurethane/PEG block copolymer. Biomaterials
2011, 32, 777–786. [CrossRef] [PubMed]

168. Cho, I.S.; Park, C.G.; Huh, B.K.; Cho, M.O.; Khatun, Z.; Li, Z.; Kang, S.W.; Choy, Y.B.; Huh, K.M. Thermosensitive hexanoyl glycol
chitosan-based ocular delivery system for glaucoma therapy. Acta Biomater. 2016, 39, 124–132. [CrossRef]

169. Joseph, M.; Patel, S.P.; AGRAHARI, V.; Mitra, A.K. Pentablock Copolymer nano formulation for controlled Ocular Delivery of
Protein Therapeutics. Investig. Ophthalmol. Vis. Sci. 2014, 55, 4629.

170. Alexander, A.; Ajazuddin, J.; Khan, J.; Saraf, S. Polyethylene glycol (PEG)-Poly(N- isopropylacrylamide) (PNIPAAm) based
thermosensitive injectable hydrogels for biomedical applications. Eur. J. Pharm. Biopharm. 2014, 88, 575–585. [CrossRef]

171. López-Cano, J.J.; Sigen, A.; Andrés-Guerrero, V.; Tai, H.; Bravo-Osuna, I.; Molina-Martínez, I.T.; Wang, W.; Herrero-Vanrell, R.
Thermo-Responsive PLGA-PEG-PLGA Hydrogels as Novel Injectable Platforms for Neuroprotective Combined Therapies in the
Treatment of Retinal Degenerative Diseases. Pharmaceutics 2021, 13, 234. [CrossRef]

172. Cohen, S.; Yoshioka, T.; Lucarelli, M.; Hwang, L.H.; Langer, R. Controlled delivery systems for proteins based on
poly(lactic/glycolic acid) microspheres. Pharm. Res. 1991, 8, 713–720. [CrossRef]

173. Ron, E.; Turek, T.; Mathiowitz, E.; Chasin, M.; Hageman, M.; Langer, R. Controlled release of polypeptides from polyanhydrides.
Proc. Natl. Acad. Sci. USA 1993, 90, 4176–4180. [CrossRef]

174. Davis, M.E.; Brewster, M.E. Cyclodextrin-based pharmaceutics: Past, present and future. Nat. Rev. Drug Discov. 2004, 3, 1023–1035.
[CrossRef]

175. Champion, J.A.; Mitragotri, S. Role of target geometry in phagocytosis. Proc. Natl. Acad. Sci. USA 2006, 103, 4930–4934. [CrossRef]
[PubMed]

176. Burke, P.A.; Klumb, L.A.; Herberger, J.D.; Nguyen, X.C.; Harrell, R.A.; Zordich, M. Poly(lactide-co-glycolide) microsphere
formulations of darbepoetin alfa: Spray drying is an alternative to encapsulation by spray-freeze drying. Pharm. Res. 2004, 21,
500–506. [CrossRef]

177. Vaishya, R.D.; Mandal, A.; Gokulgandhi, M.; Patel, S.; Mitra, A.K. Reversible hydrophobic ion-paring complex strategy to
minimize acylation of octreotide during long-term delivery from PLGA microparticles. Int. J. Pharm. 2015, 489, 237–245.
[CrossRef]

178. Carrasquillo, K.G.; Ricker, J.A.; Rigas, I.K.; Miller, J.W.; Gragoudas, E.S.; Adamis, A.P. Controlled delivery of the anti-VEGF
aptamer EYE001 with poly(lactic-co-glycolic)acid microspheres. Investig. Ophthalmol. Vis. Sci. 2003, 44, 290–299. [CrossRef]

202



Pharmaceutics 2023, 15, 205

179. Cook, G.P.; Burgess, L.; Wing, J.; Dowie, T.; Calias, P.; Shima, D.T.; Campbell, K.; Allison, D.; Volker, S.; Schmidt, P. Preparation
and Characterization of Pegaptanib Sustained Release Microsphere Formulations for Intraocular Application. Investig. Ophthalmol.
Vis. Sci. 2006, 47, 5123.

180. Osswald, C.R.; Kang-Mieler, J.J. Controlled and Extended In vitro Release of Bioactive Anti-Vascular Endothelial Growth Factors
from a Microsphere-Hydrogel Drug Delivery System. Curr. Eye Res. 2016, 41, 1216–1222. [CrossRef]

181. Vaishya, R.D.; Mandal, A.; Patel, S.; Mitra, A.K. Extended release microparticle-in-gel formulation of octreotide: Effect of polymer
type on acylation of peptide during In vitro release. Int. J. Pharm. 2015, 496, 676–688. [CrossRef]

182. Mahlumba, P.; Choonara, Y.E.; Kumar, P.; du Toit, L.C.; Pillay, V. Stimuli-Responsive Polymeric Systems for Controlled Protein
and Peptide Delivery: Future Implications for Ocular Delivery. Molecules 2016, 21, 2. [CrossRef]

183. Seah, I.; Zhao, X.; Lin, Q.; Liu, Z.; Su, S.Z.Z.; Yuetn, Y.S.; Hunziker, W.; Lingam, G.; Loh, X.J.; Su, X. Use of biomaterials for
sustained delivery of anti-VEGF to treat retinal diseases. Eye 2020, 34, 1341–1356. [CrossRef]

184. Yang, F.; Pan, Y.F.; Wang, Z.Y.; Yang, Y.Q.; Zhao, Y.M.; Liang, S.Z.; Zhang, Y.M. Preparation and characteristics of interferon-alpha
poly(lactic-co-glycolic acid) microspheres. J. Microencap. 2010, 27, 133–141. [CrossRef]

185. Pan, C.K.; Durairaj, C.; Kompella, U.B.; Agwu, O.; Oliver, S.C.; Quiroz-Mercado, H.; Mandava, N.; Olson, J.L. Comparison of
long-acting bevacizumab formulations in the treatment of choroidal neovascularization in a rat model. J. Ocul. Pharmacol. Ther.
2011, 27, 219–224. [CrossRef]

186. Ramos, T.I.; Villacis-Aguirre, C.A.; Vispo, N.S.; Padilla, L.S.; Santana, S.P.; Parra, N.C.; Alonso, J.R.T. Forms and Methods for
Interferon’s Encapsulation. Pharmaceutics 2021, 13, 1533. [CrossRef] [PubMed]

187. Luaces-Rodríguez, A.; Mondelo, G.C.; Zarra-Ferro, I.; Barcia, M.; Aguiar, P.; Fernández-Ferreiro, A.; Otero-Espinar, F. Intravitreal
anti-VEGF drug delivery systems for age-related macular degeneration. Int. J. Pharm. 2019, 573, 118767. [CrossRef] [PubMed]

188. Harish Prashanth, K.V.; Tharanathan, R.N. Depolymerized products of chitosan as potent inhibitors of tumor-induced angiogene-
sis. Biochim. Et Biophys. Acta 2005, 1722, 22–29. [CrossRef]

189. Khalili, H.; Lee, R.W.; Khaw, P.T.; Brocchini, S.; Dick, A.D.; Copland, D.A. An anti-TNF-alpha antibody mimetic to treat ocular
inflammation. Sci. Rep. 2016, 6, 36905. [CrossRef] [PubMed]

190. Zamboulis, A.; Nanaki, S.; Michailidou, G.; Koumentakou, I.; Lazaridou, M.; Ainali, N.M.; Xanthopoulou, E.; Bikiaris, D.N.
Chitosan and its Derivatives for Ocular Delivery Formulations: Recent Advances and Developments. Polymers 2020, 12, 1519.
[CrossRef] [PubMed]

191. Zalevsky, J.; Chamberlain, A.K.; Horton, H.M.; Karki, S.; Leung, I.W.; Sproule, T.J.; Lazar, G.A.; Roopenian, D.C.; Desjarlais, J.R.
Enhanced antibody half-life improves in vivo activity. Nat. Biotech. 2010, 28, 157–159. [CrossRef] [PubMed]

192. Sasahara, K.; McPhie, P.; Minton, A.P. Effect of dextran on protein stability and conformation attributed to macromolecular
crowding. J. Mol. Biol. 2003, 326, 1227–1237. [CrossRef]

193. Sockolosky, J.T.; Szoka, F.C. The neonatal Fc receptor, FcRn, as a target for drug delivery and therapy. Adv. Drug Deliv. Rev. 2015,
91, 109–124. [CrossRef]

194. Bajracharya, R.; Song, J.G.; Back, S.Y.; Han, H.K. Recent Advancements in Non-Invasive Formulations for Protein Drug Delivery.
Comp. Struct. Biotech. J. 2019, 17, 1290–1308. [CrossRef] [PubMed]

195. Webber, M.J.; Appel, E.A.; Vinciguerra, B.; Cortinas, A.B.; Thapa, L.S. Supramolecular PEGylation of biopharmaceuticals. Proc.
Natl. Acad. Sci. USA 2016, 113, 14189–14194. [CrossRef] [PubMed]

196. Kim, H.; Robinson, S.B.; Csaky, K.G. Investigating the movement of intravitreal human serum albumin nanoparticles in the
vitreous and retina. Pharm. Res. 2009, 26, 329–337. [CrossRef]

197. Hayashi, A.; Naseri, A.; Pennesi, M.E.; de Juan, E., Jr. Subretinal delivery of immunoglobulin G with gold nanoparticles in the
rabbit eye. Jap. J. Ophthalmol. 2009, 53, 249–256. [CrossRef] [PubMed]

198. Zhang, K.; Zhang, L.; Weinreb, R.N. Ophthalmic drug discovery: Novel targets and mechanisms for retinal diseases and glaucoma.
Nat. Rev. Drug Discov. 2012, 11, 541–559. [CrossRef]

199. Swed, A.; Cordonnier, T.; Fleury, F.; Boury, F. Protein Encapsulation into PLGA Nanoparticles by a Novel Phase Separation
Method Using Non-Toxic Solvents. J. Nanomed. Nanotechnol. 2014, 5, 6. [CrossRef]

200. Zhang, L.; Li, Y.; Zhang, C.; Wang, Y.; Song, C. Pharmacokinetics, and tolerance study of intravitreal injection of dexamethasone-
loaded nanoparticles in rabbits. Int. J. Nanomed. 2009, 4, 175–183. [CrossRef]

201. Carroll, R.; Bhatia, D.; Geldenhuys, W.; Bhatia, R.; Miladore, N.; Bishayee, A.; Sutariya, V. Brain-targeted delivery of tempol-loaded
nanoparticles for neurological disorders. J. Drug Target. 2010, 18, 665–674. [CrossRef]

202. Makadia, H.K.; Siegel, S.J. Poly lactic-co-glycolic acid (plga) as biodegradable controlled drug delivery carrier. Polymers. 2011, 3,
1377–1397. [CrossRef]

203. De Negri Atanasio, G.; Ferrari, P.F.; Campardelli, R.; Perego, P.; Palombo, D. Poly (Lactic-co-Glycolic Acid) Nanoparticles and
Nanoliposomes for Protein Delivery in Targeted Therapy: A Comparative In Vitro Study. Polymers 2020, 12, 2566. [CrossRef]

204. Feczko, T.; Toth, J.; Dosa, G.; Gyenis, J. Optimization of protein encapsulation in PLGA nanoparticles. Chem. Eng. Process. 2011,
50, 757–765. [CrossRef]

205. Li, H.; Tran, V.V.; Hu, Y.; Mark Saltzman, W.; Barnstable, C.J.; Tombran-Tink, J. A PEDF N- terminal peptide protects the retina
from ischemic injury when delivered in PLGA nanospheres. Exp. Eye Res. 2006, 83, 824–833. [CrossRef] [PubMed]

206. Nayak, K.; Misra, M. A review on recent drug delivery systems for posterior segment of eye. Biomed. Pharmacother. 2018, 107,
1564–1582. [CrossRef] [PubMed]

203



Pharmaceutics 2023, 15, 205

207. Jin, J.; Zhou, K.K.; Park, K.; Hu, Y.; Xu, X.; Zheng, Z.; Tyagi, P.; Kompella, U.B.; Ma, J.X. Anti- inflammatory and antiangiogenic
effects of nanoparticle-mediated delivery of a natural angiogenic inhibitor. Investig. Ophthalmol. Vis. Sci. 2011, 52, 6230–6237.
[CrossRef] [PubMed]

208. O’Reilly, M.S.; Holmgren, L.; Shing, Y.; Chen, C.; Rosenthal, R.A.; Moses, M.; Lane, W.S.; Cao, Y.; Sage, E.H.; Folkman, J.
Angiostatin: A novel angiogenesis inhibitor that mediates the suppression of metastases by a Lewis lung carcinoma. Cell 1994, 79,
315–328. [CrossRef] [PubMed]

209. Wang, Z.; Cheng, R.; Lee, K.; Tyagi, P.; Ding, L.; Kompella, U.B.; Chen, J.; Xu, X.; Ma, J.X. Nanoparticle-mediated expression of
a Wnt pathway inhibitor ameliorates ocular neovascularization. Arterioscler. Thromb. Vas. Bio. 2015, 35, 855–864. [CrossRef]
[PubMed]

210. Busik, J.V.; Grant, M.B. Wnting out ocular neovascularization: Using nanoparticle delivery of very-low density lipoprotein
receptor extracellular domain as Wnt pathway inhibitor in the retina. Arterioscler. Thromb. Vas. Bio. 2015, 35, 1046–1047. [CrossRef]

211. Agrahari, V.; Hung, W.T.; Christenson, L.K.; Mitra, A.K. Composite Nano-formulation Therapeutics for Long-Term Ocular
Delivery of Macromolecules. Mol. Pharm. 2016, 13, 2912–2922. [CrossRef]

212. Bisht, R.; Mandal, A.; Jaiswal, J.K.; Rupenthal, I.D. Nanocarrier mediated retinal drug delivery: Overcoming ocular barriers to
treat posterior eye diseases. WIREs Nanomed. Nanobiotechnol. 2017, 10, e1473. [CrossRef]

213. Kelly, S.J.; Hirani, A.; Shahidadpury, V.; Solanki, A.; Halasz, K.; Varghese Gupta, S.; Madow, B.; Sutariya, V. Aflibercept
Nanoformulation Inhibits VEGF Expression in Ocular In vitro Model: A Preliminary Report. Biomedicines 2018, 6, 92. [CrossRef]

214. Yandrapu, S.K.; Upadhyay, A.K.; Petrash, J.M.; Kompella, U.B. Nanoparticles in porous microparticles prepared by supercritical
infusion and pressure quench technology for sustained delivery of bevacizumab. Mol. Pharm. 2013, 10, 4676–4686. [CrossRef]
[PubMed]

215. Elsaid, N.; Jackson, T.L.; Elsaid, Z.; Alqathama, A.; Somavarapu, S. PLGA microparticles entrapping chitosan-based nanoparticles
for the ocular delivery of ranibizumab. Mol. Pharm. 2016, 13, 2923–2940. [CrossRef]

216. Kim, H.; Choi, J.S.; Kim, K.S.; Yang, J.A.; Joo, C.K.; Hahn, S.K. Flt1 peptide-hyaluronate conjugate micelle-like nanoparticles
encapsulating genistein for the treatment of ocular neovascularization. Acta Biomater. 2012, 8, 3932–3940. [CrossRef]

217. Mahaling, B.; Katti, D.S. Physicochemical properties of core-shell type nanoparticles govern their spatiotemporal biodistribution
in the eye. Nanomed. Nanotech. Bio. Med. 2016, 12, 2149–2160. [CrossRef]

218. Chis, A.A.; Dobrea, C.; Morgovan, C.; Arseniu, A.M.; Rus, L.L.; Butuca, A.; Juncan, A.M.; Totan, M.; Vonica-Tincu, A.L.; Cormos,
G.; et al. Applications and Limitations of Dendrimers in Biomedicine. Molecules 2020, 25, 3982. [CrossRef] [PubMed]

219. Wang, H.; Huang, Q.; Chang, H.; Xiao, J.; Cheng, Y. Stimuli-responsive dendrimers in drug delivery. Biomater. Sci. 2016, 4,
375–390. [CrossRef] [PubMed]

220. Davis, B.M.; Normando, E.M.; Guo, L.; Turner, A.; Nizari, S.; O’Shea, P.; Moss, S.E.; Somavarapu, S.; Cordeiro, M.F. Topical
delivery of Avastin to the posterior segment of the eye in vivo using annexin A5-associated liposomes. Small 2014, 10, 1575–1584.
[CrossRef]

221. Abrishami, M.; Zarei-Ghanavati, S.; Soroush, D.; Rouhbakhsh, M.; Jaafari, M.R.; Malaekeh-Nikouei, B. Preparation, characteriza-
tion, and in vivo evaluation of nanoliposomes- encapsulated bevacizumab (avastin) for intravitreal administration. Retina 2009,
29, 699–703. [CrossRef]

222. Varela-Fernández, R.; García-Otero, X.; Díaz-Tomé, V.; Regueiro, U.; López-López, M.; González-Barcia, M.; Lema, M.I.; Otero-
Espinar, F.J. Lactoferrin-loaded nanostructured lipid carriers (NLCs) as a new formulation for optimized ocular drug delivery.
Eur. J. Pharm. Biopharm. 2022, 172, 144–156. [CrossRef]

223. Kazi, K.M.; Mandal, A.S.; Biswas, N.; Guha, A.; Chatterjee, S.; Behera, M.; Kuotsu, K. Niosome: A future of targeted drug delivery
systems. J. Adv. Pharm. Technol. Res. 2010, 1, 374–380.

224. Puras, G.; Martínez-Navarrete, G.; Mashal, M.; Zárate, J.; Agirre, M.; Ojeda, E.; Grijalvo, S.; Eritja, R.; Diaz-Tahoces, A.; Avilés-
Trigueros, M.; et al. Protamine/DNA/niosome ternary nonviral vectors for gene delivery to the retina: The role of protamine.
Mol. Pharm. 2015, 12, 3658–3671. [CrossRef]

225. Camelo, S.; Lajavardi, L.; Bochot, A.; Goldenberg, B.; Naud, M.; Fattal, E.; Behar-Cohen, F.; De Kozak, Y. Ocular and systemic
bio-distribution of rhodamine-conjugated liposomes loaded with VIP injected into the vitreous of Lewis rats. Mol. Vis. 2007, 13,
2263–2274.

226. Bochot, A.; Fattal, E. Liposomes for intravitreal drug delivery: A state of the art. J. Control. Release 2012, 161, 628–634. [CrossRef]
[PubMed]

227. Mishra, G.P.; Bagui, M.; Tamboli, V.; Mitra, A.K. Recent applications of liposomes in ophthalmic drug delivery. J. Drug. Deliv.
2011, 2011, 863734. [CrossRef]

228. Kawakami, S.; Harada, A.; Sakanaka, K.; Nishida, K.; Nakamura, J.; Sakaeda, T.; Ichikawa, N.; Nakashima, M.; Sasaki, H. In vivo
gene transfection via intravitreal injection of cationic liposome/plasmid DNA complexes in rabbits. Int. J. Pharm. 2004, 278,
255–262. [CrossRef]

229. Bochot, A.; Fattal, E.; Boutet, V.; Deverre, J.R.; Jeanny, J.C.; Chacun, H.; Couvreur, P. Intravitreal delivery of oligonucleotides by
sterically stabilized liposomes. Investig. Ophthalmol. Vis. Sci. 2002, 43, 253–259.

230. Ben-Arzi, A.; Ehrlich, R.; Neumann, R. Retinal Diseases: The Next Frontier in Pharmacodelivery. Pharmaceutics 2022, 14, 904.
[CrossRef] [PubMed]

204



Pharmaceutics 2023, 15, 205

231. Mandal, A.; Bisht, R.; Rupenthal, I.D.; Mitra, A.K. Polymeric micelles for ocular drug delivery: From structural frameworks to
recent preclinical studies. J. Control. Release. 2017, 48, 96–116. [CrossRef]

232. Patel, S.P.; Vaishya, R.; Patel, A.; Agrahari, D.; Mitra, A.K. Optimization of novel pentablock copolymer based composite
formulation for sustained delivery of peptide/protein in the treatment of ocular diseases. J. Microencapsul. 2016, 33, 103–113.
[CrossRef]

233. Senturk, B.; Cubuk, M.O.; Ozmen, M.C.; Aydin, B.; Guler, M.O.; Tekinay, A.B. Inhibition of VEGF mediated corneal neovascular-
ization by anti-angiogenic peptide nanofibers. Biomaterials 2016, 107, 124–132. [CrossRef] [PubMed]

234. Patel, S.P.; Vaishya, R.; Pal, D.; Mitra, A.K. Novel pentablock copolymer-based nanoparticulate systems for sustained protein
delivery. AAPS PharmSciTech. 2015, 16, 327–343. [CrossRef]

235. Patel, S.P.; Vaishya, R.; Mishra, G.P.; Tamboli, V.; Pal, D.; Mitra, A.K. Tailor-made pentablock copolymer based formulation for
sustained ocular delivery of protein therapeutics. J. Drug Deliv. 2014, 2014, 40174. [CrossRef]

236. Acharya, G.; Yuan, X.; Marcano, D.; Shin, C.; Hua, X. Nanowafer drug delivery to treat corneal neovascularization. Investig.
Ophthalmol. Vis. Sci. 2015, 56, 5032.

237. Roman, V.M.; Peter, W.J.M.; Fraser, S.; Vitaliy, V.K. Penetration Enhancers in Ocular Drug Delivery. Pharmaceutics. 2019, 11, 321.
[CrossRef]

238. Young, K.H.; Yum, Y.S.; Jang, G.; Ahn, D.R. Discovery of a non-cationic cell penetrating peptide derived from membrane-
interacting human proteins and its potential as a protein delivery carrier. Sci. Rep. 2015, 5, 11719. [CrossRef] [PubMed]

239. De Cogan, F.; Hill, L.J.; Lynch, A.; Morgan-Warren, P.J.; Lechner, J.; Berwick, M.R.; Peacock, A.F.A.; Chen, M.; Scott, R.A.H.;
Xu, H.; et al. Topical Delivery of Anti-VEGF Drugs to the Ocular Posterior Segment Using Cell-Penetrating Peptides. Investig.
Ophthalmol. Vis. Sci. 2017, 58, 2578–2590. [CrossRef] [PubMed]

240. Wang, Y.; Lin, H.; Lin, S.; Qu, J.; Xiao, J.; Huang, Y.; Xiao, Y.; Fu, X.; Yang, Y.; Li, X. Cell-Penetrating Peptide TAT-Mediated
Delivery of Acidic FGF to Retina and Protection against Ischemia-Reperfusion Injury in Rats. J. Cell. Mol. Med. 2010, 14, 1998–2005.
[CrossRef]

241. Liu, C.; Tai, L.; Zhang, W.; Wei, G.; Pan, W.; Lu, W. Penetratin, a Potentially Powerful Absorption Enhancer for Noninvasive
Intraocular Drug Delivery. Mol. Pharm. 2014, 11, 1218–1227. [CrossRef]

242. Mitchell, D.J.; Steinman, L.; Kim, D.T.; Fathman, C.G.; Rothbard, J.B. Polyarginine Enters Cells More Efficiently than Other
Polycationic Homopolymers. J. Pept. Res. 2000, 56, 318–325. [CrossRef]

243. Vivès, E.; Brodin, P.; Lebleu, B. A Truncated HIV-1 Tat Protein Basic Domain Rapidly Translocates through the Plasma Membrane
and Accumulates in the Cell Nucleus. J. Biol. Chem. 1997, 272, 16010–16017. [CrossRef]

244. Chu, Y.; Chen, N.; Yu, H.; Mu, H.; He, B.; Hua, H.; Wang, A.; Sun, K. Topical Ocular Delivery to Laser-Induced Choroidal
Neovascularization by Dual Internalizing RGD and TAT Peptide-Modified Nanoparticles. Int. J. Nanomed. 2017, 12, 1353–1368.
[CrossRef] [PubMed]

245. Li, Y.; Li, L.; Li, Z.; Sheng, J.; Zhang, X.; Feng, D.; Zhang, X.; Yin, F.; Wang, A.; Wang, F. Tat PTD-Endostatin-RGD: A Novel Protein
with Anti-Angiogenesis Effect in Retina via Eye Drops. Biochim. Biophys. Acta Gen. Subj. 2016, 1860, 2137–2147. [CrossRef]
[PubMed]

246. Bird, G.H.; Madani, N.; Perry, A.F.; Princiotto, A.M.; Supko, J.G.; He, X.; Gavathiotis, E.; Sodroski, J.G.; Walensky, L.D.
Hydrocarbon double-stapling remedies the proteolytic instability of a lengthy peptide therapeutic. Proc. Natl. Acad. Sci. USA
2010, 107, 14093–14098. [CrossRef] [PubMed]

247. Chu, Q.; Moellering, R.E.; Hilinski, G.J.; Kim, Y.W.; Grossmann, T.N.; Yeh, G.L. Towards understanding cell penetration by stapled
peptides. Med. Chem. Comm. 2015, 6, 111–119. [CrossRef]

248. Ho, J.; Uger, R.A.; Zwick, M.B.; Luscher, M.A.; Barber, B.H.; MacDonald, K.S. Conformational constraints imposed on a pan-
neutralizing HIV-1 antibody epitope result in increased antigenicity but not neutralizing response. Vaccine 2005, 23, 1559–1573.
[CrossRef] [PubMed]

249. Suda, K.; Murakami, T.; Gotoh, N.; Fukuda, R.; Hashida, Y.; Hashida, M.; Tsujikawa, A.; Yoshimura, N. High-Density Lipoprotein
Mutant Eye Drops for the Treatment of Posterior Eye Diseases. J. Control. Release 2017, 266, 301–309. [CrossRef]

250. Tai, L.; Liu, C.; Jiang, K.; Chen, X.; Feng, L.; Pan, W.; Wei, G.; Lu, W. A Novel Penetratin-Modified Complex for Noninvasive
Intraocular Delivery of Antisense Oligonucleotides. Int. J. Pharm. 2017, 529, 347–356. [CrossRef]

251. Jiang, K.; Gao, X.; Shen, Q.; Zhan, C.; Zhang, Y.; Xie, C.; Wei, G.; Lu, W. Discerning the Composition of Penetratin for Safe
Penetration from Cornea to Retina. Acta Biomater. 2017, 63, 123–134. [CrossRef]

252. Emerich, D.F.; Thanos, C.G. NT-501: An ophthalmic implant of polymer-encapsulated ciliary neurotrophic factor-producing cells.
Curr. Opin. Mol. Ther. 2008, 10, 506–515.

253. Kuno, N.; Fujii, S. Biodegradable intraocular therapies for retinal disorders: Progress to date. Drugs Aging 2010, 27, 117–134.
[CrossRef]

254. Barar, J.; Aghanejad, A.; Fathi, M.; Omidi, Y. Advanced drug delivery and targeting technologies for the ocular diseases. BioImpacts
2016, 6, 49–67. [CrossRef] [PubMed]

255. Belhaj, M.; Annamalai, B.; Parsons, N.; Shuler, A.; Potts, J.; Rohrer, B. Encapsulated Cell Technology for the Delivery of Biologics
to the Mouse Eye. J. Vis. Exp. 2020. [CrossRef] [PubMed]

256. Annamalai, B.; Parsons, N.; Brandon, C.; Rohrer, B. The use of Matrigel combined with encapsulated cell technology to deliver a
complement inhibitor in a mouse model of choroidal neovascularization. Mol. Vis. 2020, 26, 370–377. [PubMed]

205



Pharmaceutics 2023, 15, 205

257. Raiskup-Wolf, F.; Eljarrat-Binstock, E.; Rehak, M.; Domb, A.; Frucht-Pery, J. Transcorneal and transscleral iontophoresis of the
dexamethasone phosphate into the rabbit eye. Cesk. Slov. Oftalmol. 2007, 63, 360–368.

258. Eljarrat-Binstock, E.; Orucov, F.; Frucht-Pery, J.; Pe’er, J.; Domb, A.J. Methylprednisolone delivery to the back of the eye using
hydrogel iontophoresis. J. Ocul. Pharmacol. Ther. Off. J. Assoc. Ocul. Pharmacol. Ther. 2008, 24, 344–350. [CrossRef]

259. Eljarrat-Binstock, E.; Domb, A.J.; Orucov, F.; Dagan, A.; Frucht-Pery, J.; Pe’er, J. In vitro and in vivo evaluation of carboplatin
delivery to the eye using hydrogel-iontophoresis. Curr. Eye Res. 2008, 33, 269–275. [CrossRef]

260. Eljarrat-Binstock, E.; Domb, A.J.; Frucht-Pery, J.; Pe’er, J. Methotrexate delivery to the eye using transscleral hydrogel iontophoresis.
Curr. Eye Res. 2007, 32, 639–646. [CrossRef]

261. Molokhia, S.; Papangkorn, K.; Butler, C.; Higuchi, J.W.; Brar, B.; Ambati, B.; Li, S.K.; Higuchi, W.I. Transscleral Iontophoresis for
Noninvasive Ocular Drug Delivery of Macromolecules. J. Ocul. Pharmacol. Ther. 2020, 36, 247–256. [CrossRef]

262. Zhang, Y.; Chen, Y.; Yu, X.; Qi, Y.; Chen, Y.; Hu, Z.; Li, Z. A flexible device for ocular iontophoretic drug delivery. Biomicrofluidics
2016, 10, 011911. [CrossRef]

263. Parkinson, T.M.; Ferguson, E.; Febbraro, S.; Bakhtyari, A.; King, M.; Mundasad, M. Tolerance of ocular iontophoresis in healthy
volunteers. J. Ocul. Pharmacol. Ther. 2003, 19, 145–151. [CrossRef]

264. Vollmer, D.L.; Szlek, M.A.; Kolb, K.; Lloyd, L.B.; Parkinson, T.M. in vivo transscleral iontophoresis of amikacin to rabbit eyes. J.
Ocul. Pharmacol. Ther. 2002, 18, 549–558. [CrossRef] [PubMed]

265. Eljarrat, B.E.; Raiskup, F.; Frucht, P.J.; Domb, A.J. Transcorneal and transscleral iontophoresis of dexamethasone phosphate using
drug loaded hydrogel. J. Control. Release 2005, 106, 386–390. [CrossRef] [PubMed]

266. Stanley, T.C.; Liang, X.H.; Brenda, F.B.; Rosanne, M.C. Antisense technology: A review. J. Bio. Chem. 2021, 296. [CrossRef]
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Abstract: Corneal transplantation is considered a convenient strategy for various types of corneal
disease needs. Even though it has been applied as a suitable solution for most corneal disorders,
patients still face several issues due to a lack of healthy donor corneas, and rejection is another
unknown risk of corneal transplant tissue. Corneal tissue engineering (CTE) has gained significant
consideration as an efficient approach to developing tissue-engineered scaffolds for corneal healing
and regeneration. Several approaches are tested to develop a substrate with equal transmittance
and mechanical properties to improve the regeneration of cornea tissue. In this regard, bioprinted
scaffolds have recently received sufficient attention in simulating corneal structure, owing to their
spectacular spatial control which produces a three-cell-loaded-dimensional corneal structure. In this
review, the anatomy and function of different layers of corneal tissue are highlighted, and then the
potential of the 3D bioprinting technique for promoting corneal regeneration is also discussed.

Keywords: corneal tissue engineering; epithelium; stroma; endothelium; 3D bioprinting

1. Introduction

The cornea, which is located in the anterior part of the eye, is a transparent layer and
acts as the window of the eye [1–3]. The corneal structure contains three transparent layers,
and two membranes [2]. The corneal structure transfers light into the eye’s environment
and protects the eye’s structure from mechanical or chemical environmental injuries, UV
light, and infection [4]. Corneal dysfunction causes corneal visual loss [5].

Corneal surgery and corneal transplantation are well-known therapies for corneal
blindness [5]. According to the World Health Organization (WHO), about 10 million
patients globally need healthy corneal donation [1]. Additionally, over 40,000 corneal
transplantations are carried out in the United States annually [6]. However, corneal trans-
plantation displayed several drawbacks including shortness of high-quality donor corneas,
expensive surgery, and rejected tissue due to the immune system and weakness for long-
term transplantation [7]. In addition, because aging diminishes the function of endothelial
cells, the quality of the transplanted cornea is of utmost importance [8]. Furthermore, the
tissue becomes ineligible for corneal transplantation by therapies that alter the corneal
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structure to improve vision, such as LASIK [9]. Scientists are utilizing stem cells and
tissue-engineering techniques to generate bioengineered cornea, or even individual corneal
layers, to address the shortage of eligible corneas for donation [10–12].

Tissue engineering utilizes cells, bioactive macromolecules, and scaffolds, or a blend of
the mentioned factors [13–17]. Human corneal cell keratoplasty (HCCK) was recently cho-
sen as an advanced corneal surgery technique. The HCCK technique includes transparent
carriers to improve human corneal cell behavior [18–20]. These lamellar keratoplasties and
tissue-engineered full-thickness are recognized as successful transplantations [5]. Although
donor corneas are used in these approaches, they still possess some challenges such as
allograft tissue availability and rejection [21]. Results have shown that the proliferative
ability of cultured human corneal cells can be preserved; thus, cornea tissue engineering
(CTE) is recognized as a suitable approach for reconstructing corneal damage [22]. A recent
study revealed that human corneal cells (HCCs) have adequate efficacy for cell propagation,
but they might show low biocompatibility, weak light transmittance, and poor mechanical
properties [23–25]. There are several methods of producing tissue-engineered scaffolds that
completely resemble corneal structures [9,26–29]. Among them, 3D bioprinting technology
is one of the potential approaches for producing artificial target tissue scaffolds. For exam-
ple, the advantage of choosing this method in scaffold construction is the induction of the
natural process during embryogenetic tissue formation and imitation [30–32]. Overall, 3D
printing is attractive due to its high spatial resolution, and the simultaneous processing of
cells and materials [33]. The conventional 3D printer consists of a classic inkjet, nozzles,
and printer heads with material loaded into the cartridges as bioinks [34–39]. Thus, this
review paper will highlight the corneal anatomy and different corneal layers’ functions,
ocular disorders, and a summary of different approaches in scaffold constructions with a
specific emphasis on 3D printed corneal tissue-engineered scaffolds.

2. Corneal Anatomy and Physiology

The cornea, known as the window of the eye, is optically transparent, including a
special structure that is avascular anatomically. This dome-shaped and specialized tissue
is located in the anterior part of the eye. Two major roles of the cornea are protecting
the eye from harsh environments, and transmitting over 80% of light to inner portions
(Figure 1A) [23]. As is evident in Figure 1B, the cornea is composed of three arranged
and transparent layers, and two membranes: The cornea includes the outermost layer of
epithelium, stroma, and the innermost layer of endothelium. Additionally, the epithelium
and stroma are separated by Bowman’s membrane. However, the stroma and endothelium
are separated by Descemet’s membrane (Figure 1B) [22]. Furthermore, the cornea acts as
the last superficial barrier of the eye, providing safety from external potential dangers,
and infections [40]. Moreover, to maintain and protect the integrity of the eye surface,
corneal nerves play a vital role [23]. Consequently, corneal regeneration is obtained by
nerve density, and corneal sensation factors after transplantation [4].

In addition, the aqueous humor is located at the eye’s surface, and the function of the
cornea depends on its malleability [41]. Moreover, it should be noted that the tear film
is placed in the outermost portion of the eye, and acts as a reservoir for antibacterial and
growth factors [9]. Additionally, one of the most critical roles of tear film in maintaining
homeostasis, proliferation, and repair is covering the corneal surface. The anatomical
importance of the cornea, which includes five transparent and arranged layers, corresponds
to a wide-angle lens [13].
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2.1. Corneal Epithelium

The epithelium is the outermost layer of the corneal tissue, and acts critically in the
refraction of light into the eye [42–44]. The epithelium is a highly innervated tissue with
nerve endings terminating at corneal epithelial layers [45]. The epithelium is a multilayered
tissue and has five cell layers which occupy 10% of the corneal structure, and is about
50 µm thick [22]. The epithelium, a biological barrier, is responsible for the transfer of
all soluble constituents and water out or into the stroma to maintain proper corneal light
transparency, providing a smooth layer [23]. There are three cell types in the epithelial layer
of the cornea. These cell types consist of 3–4 layers of flattened squamous cells, 1–3 layers
of wing cells, and a single layer of columnar basal cells. It should be noted that these cells
are held together by tight junctions [1]. These cell types are regenerated every 7–10 days
continuously by the limbus stem cells (LSCs) [46].

There are some challenges in the regeneration of the epithelial layer by tissue engi-
neering approaches, such as mimicking its arranged complexity, maintaining integrity as a
sufficient barrier, and replacing epithelial cells continually [47–49]. In general, the epithelial
layer, as the outermost layer, can keep the eye safe from mechanical damage, infection, and
injuries [4]. In addition, it has a role in protecting the retina from UV damage [4].

2.2. Corneal Stroma

The stroma occupies 90% of the corneal tissue and 5% of corneal keratocyte cells
(CKCs), and is an acellular layer but also a dense connective layer derived from neural crest
cells [40]. The stroma comprises over 200 noncellular collagenous lamellae that are fully
uniform, small, and aligned collagen fibers [7]. When injuries occur, flattened fibroblasts
are activated. These lie quiescently, typically to produce collagen, then stabilize collagenous
lamellae, and secrete the stromal components [2]. There are two important properties of
a healthy stroma layer: optical transparency, and suitable mechanical strength [12–14].
Optical transparency is needed for biophysical properties, and suitable mechanical strength
can be decreased when this organized structure is disturbed. Light transmittance can
be reduced as a result of stromal damage and disruption. The stroma expresses two
major challenges for the tissue engineer: equal mechanical stability, and high optical
transparency [50].

2.3. Corneal Endothelium

Although the endothelium is the thinnest layer of the corneal tissue, it is important for
maintaining function, and the ability to maintain corneal reproduction [1]. It is necessary
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to maintain dehydration by keeping optimal optical clarity [51]. Originally, the human
endothelial cells (HECs) consist of about 5000 cells/mm2, while the number of HECs shows
loss with increasing age. In general, the major challenge for tissue-engineered transplanta-
tion is the HECs cell number of out 2500 cells/mm2 [52]. The endothelium functions as a
leaking pump of the corneal structure by leaking from the stroma layer in the presence of
excessive stromal hydration (above 80%) [53]. The pumping-leak function process contains
Na+ and K+-ATPase pumps that occupy the basolateral membrane. The main function
of pumping-leak is to maintain stromal relative dehydration through transporting ions
and water from the stroma to the tear film and aqueous humor [54–56]. The main charac-
terization challenge is the efficiency measurement of the transplanted HECs [57]. There
are some selective glucose transporters in this layer, permitting nutrition transformation
from the aqueous humor to feed the epithelial and CKCs. Therefore, the main function of
the endothelial layer is optical transparency with regulated hydrophilic proteoglycan and
collagen interfibrillar spacing. In addition, endothelial distortion might lead to a loss in
pump function [58].

3. Cells
3.1. Epithelium Cells

The corneal epithelial cells function as a physical barrier that resists the outer environ-
ment to maintain a healthy stroma layer. This effective corneal cell layer has a continuous
turnover, with a lifespan of approximately 7 to 10 days (Figure 2). This turnover function is
well described by the XYZ hypothesis [1]: X, the basal epithelial cells form the layer capable
of proliferation properties; Y, migration centripetally of peripheral cells of new basal cells
from the limbus to the cornea; and Z, loss of the epithelial cells from the surface. Generally,
the epithelial cells shed constantly, and are substituted by a new cell sheet [59]. X + Y = Z
describes the corneal epithelium’s maintenance function: cell loss and replacement. These
three stages describe the complete corneal wound healing process: Z represents the epithe-
lial cell loss from the limbus, step Y describes the covering of the surface by the wound
surface, and lastly, in the final step X, proliferation provides cells with the ability to replace
the epithelial tissue. As a result, the intensity of the centripetal movement and enhancement
of proliferation ability are reasons to promote corneal wound healing [60].
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Then, TACs migrate to epithelium which is responsible for producing epithelial cells and is replaced.
Mes = mesenchymal cell, Mel = melanocyte, Fib = fibroblast, Conj = conjunctiva. Adopted and
modified from [1] (Chapter 67) with permission.
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3.2. Stroma Cells

The corneal stroma consists of both extracellular and cellular components [61]. Cellular
components of the mature corneal stroma are CKCs. CKCs have a dendritic morphology
and are responsible for the maintenance of the ECM of the stroma. CKCs generate keratocan
and lumican, and they are the key factors in maintaining the shape and transparency of the
stroma. These small leucine-rich protein family members (keratocan and lumican) are the
most important keratan sulfate proteoglycans in the corneal stroma [62–64]. Keratocan is
solely found as a proteoglycan in the cornea, while lumican may also exist in various tissues
as a glycosylated protein [33]. Both keratocan and lumican interact with collagen fibrils, and
regulate the structure of this tissue to fit within their limits for specific properties [4]. Based
on previous evidence, keratocan plays a crucial role in preserving the corneal structure [9].

Wound healing processes change the dendritic morphology of CKCs to be fibroblastic
in appearance [65]. Two important functions of the keratocyte—the expression of kera-
tocan and keratan sulfate synthesis—are decreased during the fibroblast/myofibroblast
transformation [9]. Both isolated keratocytes from the corneal stroma and cultured kera-
tocytes exhibit fibroblastic/myofibroblast phenotypes, and, meanwhile, show decreased
keratocan expression and keratan sulfate synthesis, similar to in vivo wound healing [66].
This demonstrates that keratocan can be regarded as an indication of the native keratocyte
phenotype [2].

3.3. Endothelium Cells

The key function of the endothelial cells is to pump excess fluid from the stroma and
epithelium into the superficial layer of the cornea to maintain optimum corneal nutrition,
and hydration [67]. This is recognized as the “pump-leak hypothesis”, preserving the
cornea in a dehydrated state. It is worth mentioning that the hydration stage plays an
important role in optical transparency (Figure 3) [60]. Endothelial cells are responsible for
transporting proteins from inner layers using Na/K ATPase pumps. Thus, this gradient
provides an osmotic pressure to maintain corneal stroma hydration, which is essential for
endothelial cell growth [68].
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4. Corneal Scarring

Understanding the processes of deficiency or disease in almost any aspect of the
visual system necessitates an intensive investigation of the structural foundations of the
cornea, hence necessitating a considerable emphasis on individualized medical and surgical
regeneration therapy. Vision impairment and obstruction of light to the eye have revealed a
lot of biological information about ophthalmic diseases, ranging from damaged superficial
layers and limbal cells to corneal injuries [4].

4.1. Keratoconus

Overall, keratoconus involves a general weakness of the connective tissue of the
cornea. It is a progressive, noninflammatory corneal dystrophy resulting in thinning and
protrusion of the cornea, changing it from a dome shape to a conical shape with gradual
bulging [69–71]. Initially, patients experience blurred vision with the same symptoms as
irregular astigmatism and refractive defect [72–74]. Vision is obscured as keratoconus
progresses. The extent of vision impairment is subject to the degree of progression.

As keratoconus progresses it can be more easily diagnosed, as patients experience
impaired night vision, photophobia, severe headaches due to eye strain, and eye itching.
Usually, the condition is bilateral, and begins in the early teenage years. Corneal scarring is
seen in advanced keratoconus stages, and can contribute to further vision loss until it even-
tually progresses to the point that corneal transplantation is critical to repair vision [75–77].
Keratoconus is responsible for stromal scarring, axial thinning, the disintegration of the
epithelial basement membrane, and breaks in the Bowman’s membrane. According to the
reported clinical case studies, the progression of keratoconus typically alters inevitable
astigmatism from regular to irregular [4].

4.2. Dry Eye Disease

Dry eye has a wide range of eye surface diseases. According to a study reported
in the 2007 international dry eye workshop, dry eye is a multidimensional disease, and
its symptoms include tear instability, visual disturbance, eye discomfort, and potentially
ocular surface damage [78]. According to data from previous studies, approximately
4.91 million Americans suffer from dry eye disease. Furthermore, there are tens of millions
of less severe symptoms that can lead to dry eye failure if they are not followed up, which
can trigger irritation—such as extended use of visual display terminals, or contact lens
wear [79]. The pathophysiology involves either increased tear evaporation, decreased
tear secretion, or both, resulting in hyperosmolarity of the tear film, and ocular surface
inflammation. Corneal epithelial integrity can be seen in dry eye disease in its moderate
to severe forms disrupted with punctate epithelial erosions; these erosions are detectable
with fluorescein staining. The most common treatment for moderate to severe dry eyes is
tearing supplementation, anti-inflammatory drops, eyelid hygiene, punctual plugs, and
oral tetracycline [80].

4.3. Bacterial Keratitis

Bacterial keratitis is well-known as a devastating infection of the cornea, which can
occur when the ocular defense is damaged. As a result, its spread causes inflammation,
and gradual loss of vision. It is important to note that epithelial defects and decreased
corneal sensitivity are prompting factors for severe ulcers, stromal necrosis, and bacterial
growth. Failure in the protective mechanism and lack of ocular surface integrity causes
the penetration of bacterial microbes into the cornea [81]. The most common causative
organisms of bacterial keratitis include Staphylococcus aureus, Streptococcus pneumonia, and
Staphylococcus epidermidis [82].

4.4. Light and Chemical Injuries

Clinically, exposure to UV light from a light source can damage the corneal epithe-
lium, and cause fluorescein staining. Snow blindness, tanning bed use, direct lightening,
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and direct observation of the sun are some of the major causes of lesions on the corneal
surface. Other important factors (such as chemical burns) can cause weakness in the cells
of the corneal surface and affect the epithelial regeneration, even leading to potential blind-
ness [83]. There are currently common treatments for superficial diseases that increase the
ability of the corneal epithelium to recover. For extreme cases, cell-based restorative and
repopulation treatments are necessary [21], which include techniques such as stem cell
transplants, allografts, and limbal autografts to promote re-epithelialization [84].

4.5. Corneal Abrasion and Foreign Body

Corneal abrasions are more common in patients with symptoms in the epithelial layer,
as they are more susceptible to injury. Abrasions typically occur with a range of symptoms,
such as foreign body sensation, pain, tearing, sensitivity to light, and decreased vision, and
it should be also noted that patients typically present with a history of trauma [85]. The
presence of a foreign body within the corneal calls for immediate action to avoid permanent
scarring, and serious loss of the epithelial cell surface. A deep wound with infected foreign
material is likely to result in severe complications, initiating traumatic iritis, recurrent
erosion syndrome, bacterial keratitis, and corneal ulcers [86].

5. Three-Dimensional Bioprinting

In general, the created scaffold structure is similar for all 3D printed models (Figure 4).
First, the creation of a high-quality 3D model from the desired object is required. Then, the
3D structure should be printed in 2D layers of thickness, defined by the 3D image. The
data will form the structure for layer-by-layer printing by transferring the command to
the printer’s desktop. The flexible manufacturing process allows it to be provided to the
targeted tissue. In addition, graphical methods can be designed, including computer-aided
design (CAD), and magnetic resonance imaging (MRI) of a structure similar to the data
received from patients [33].
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Another consideration is bioprinting, which uses cellular encapsulated biological mate-
rials as bioinks [87]. Scaffolds printed with a cell are produced in situ. In this circumstance,
the printing process must be carried out in disinfected conditions, and be compatible with
the cell. The importance of maintaining structure and having mechanical properties in
the printed structure are factors that limit the selection of cell-compatible materials [88].
It is also important to select the appropriate rheological parameter to reduce the shear
pressure, which is required for the printing parameters [89]. Nevertheless, cell-loaded
bioprinting reduces the resolution of the printed substrate. Secondly, the need to increase
the cell density ratio relative to the surface area is of critical importance [90]. It should be
noted that a healthy threshold of cell density in solid organs is considered to be about 109
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to 1010 cells per cell culture well. Up until now, bioprinted hydrogel scaffolds only had a
cell density ranging between 105 and 107 cells per cell culture well [91].

Bioprinting methods have successfully been applied by several researchers, and have
demonstrated the reliable properties of bioprinting techniques to generate ex vivo con-
structs and membranes [92]. For example, scientists have obtained noticeable features by a
microextrusion approach to produce a proper replacement for neural studies, generating
3D models of interacting human endothelial cells (HECs), and cancer studies by using a
laser-based method, or even recreation of native ECM of cartilage by a droplet-based tech-
nique [93–95]. As a top-down approach, bioprinted scaffolds are known as a biofabrication
technology for fabricating several types of ex vivo membranes and tissues artificially by
consecutive deposition of cell-loaded layers [96–99]. Different approaches can be applied
for fabricating bioprinted scaffolds such as laser-based, droplet-based, and extrusion-based
techniques (Figure 5) [100]. These bioprinting techniques are compatible with several kinds
of bioinks which can be crosslinked in different ways. However, optimizing bioink, accord-
ing to the requirements of each of these bioprinting techniques, is associated with different
challenges. An extrusion-based method is the most popular in comparison with other types
of bioprinting approaches [101–103], since it is compatible with most injectable hydrogel
platforms for biomedical engineering, and regeneration medicine applications [93,94,104].
In brief, this method contains pre-polymerized bioink which is extruded through a single
nozzle under pressure. The pressurized air can be applied to the printer head to produce a
3D construct by extruding printing material layer by layer.
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Figure 5. Schematic of the basic techniques of 3D printing: Droplet printing (thermal (A), piezoelec-
tric (B)), Extrusion printing (piston (C), pneumatic (D)), and Laser printing (stereolithographic (E)) [100].
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In addition to these three bioprinting methods, recent studies have demonstrated
two more techniques that have illustrated interesting results. These techniques can be
categorized into two major categories. Among these techniques, one involves using pho-
tocurable gels, and another is based on applying thermosensitive and natural (such as
collagen) bioinks [105–108]. As a photocurable gel, both poly (ethylene glycol) diacry-
late (PEGDA) and gelatin methacrylate (GelMA) can be crosslinked using lithium phenyl
(2,4,6-trimethyl benzoyl) phosphinate (LAP) as a crosslinker under visible light. Bernal
et al. [105] fabricated a GelMA-LAP bioink system to produce 3D printed osteogenic models
by employing the volumetric method, setting 2D light with rotating and synchronously
irradiated patterns. It should be noted that the volumetric bioprinting technique enables
geometrically constructed production which aims to create centimeter-scale constructs at
an unprecedented printing rate, opening new possibilities for upscaling the creation of the
hydrogel-based structure. The result showed that the polymer was not cured evenly and
only in some parts of the structure, preventing the gelation threshold as a result of increased
absorption. Looking on the bright side, after fourteen days of continuous cell culturing,
the tissue-engineered construct revealed enhanced alkaline phosphatase (ALP) expression,
and mineral deposition. Another study by Grigoryan et al. [106] generated multi-vascular
and intravascular structures via photopolymerizable gel with the addition of food dye for
the stereolithography approach. Both studies illustrated that it is possible to fabricate a
complex 3D construct via these methods, and demonstrate new possibilities for fabricating
corneal tissue suitable for tissue transplant applications. The second category of bioprinting
methods involves applying thermosensitive and natural bioinks [107,108]. Skylar-Scott
et al. [107] generated a 3D printing scaffold with the sacrificial writing into functional tissue
(SWIFT) approach. In the SWIFT technique, a high volume of cells are transferred into the
engineered ECM during the bioprinting procedure. This technique contains a sacrificial
gel that contains the cells. This gel is printed and after printing it is liquified by melting
at room temperature; thus, the gel is removed creating a path for the medium to flow.
The results have shown that after eight days of cell seeding cardiomyocyte cells showed
a beating function, proving the successful functional application. Another study which
was designed in the reverse order, in comparison to SWIFT, utilized freeform reversible
embedding of suspended hydrogels (FRESH), supporting the 3D printed structure during
the process which revealed positive results after 14 days of cell seeding [108]. Thus, the
obtained results can be used for human corneal generation.

Corneal Bioprinting

In general, corneal bioprinting offers a wide range of possibilities to address current
challenges and requirements of corneal tissue regeneration (i.e., controllable structure and
properties, similar mechanical strength to withstand environmental as well as structural
pressure, and fabricating a fully-organized corneal construct) [100]. As was addressed in
Sections 2 and 3, the corneal structure consists of three transparent layers. The thickest layer
of the cornea is the stromal layer (~500 µm), and the epithelium and endothelium are both
delicate in structure (<50 µm) [109]. The stromal layer occupied over 90% of the corneal
structure, and functionally is the most important tissue in CTE due to its transparency (as a
result of aligned collagen lamellae and proteoglycan expressions) and mechanical perfor-
mance (due to cross-linked collagen fibrils) [110]. In addition, the peripheral and central
sections of the stromal layer show different mechanical properties, which play a crucial role
in the orientation of collagen content, and corneal cell differentiation and alignment [111].
Therefore, to enhance the functionality of the stromal part, it is crucial to simulate the
micro and macrostructure since the physical, mechanical, and chemical properties of the
tissue-engineered structure directly and noticeably affect biological factors [9].

According to current studies, various bioprinting techniques for CTE have been
considered (Table 1) [33,67,112–121]. Sorkio et al. [112] analyzed the feasibility of a laser-
based bioprinting method to generate corneal tissue. In brief, the collagen type-I cell loaded
enhanced LSCs cell attachment and proliferation. Although it is possible to print a tissue-
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like stromal layer, the tissue-engineered structure may not be appropriate in its structure
and mechanical properties because of the very sensitive nature of CKCs. Additionally, the
fabricated scaffold did not have proper transparency for corneal demands. Another study
by Isaacson et al. [33] reported preparing bioink consisting of alginate-collagen type-I and
CKCs. The prepared ink was injected into a 3D mold made by acrylonitrile butadiene
styrene (ABS), and using the FRESH method. The final result was a structure similar to the
3D structure of corneal, with corneal tissue. Even though the produced construct showed
suitable transparency, it could not support CKCs properly and the cells could not reach a
dendritic shape.

Table 1. Summary of different experimental studies based on 3D printing techniques.

Corneal
Layer

Bioprinting
Method Material Cell Source Results Ref.

Stroma

Extrusion ALG, COL bioink,
FRESH support CKCs

â Similar structure to native cornea architecture
encapsulated stromal cells under COL-based bioink

â Stromal cells showed high cell viability [33]

Laser Matrigel,
COL bioink LECs

â Printed membranes showed maintaining good cell
viability and positive labeling for COL

â Suffered from lack of sufficient transparency [112]

Extrusion COL, dC CKCs

â The differentiation potential of hTMSCs just
observed with the Dc-COL membrane

â Proper mechanical flexibility
â Improved transparency properties of COL-Dc in

comparison with COL scaffold

[121]

Droplet COL, AG CKCs

â Keeping native keratocyte phenotype as well as
proper elongation

â Similar transparency in comparison with the
stromal layer

[113]

Extrusion
GelMa, reinforced

with PEG, PCL
Fibers

LSSCs
â Providing an ideal environment for the

preservation of keratocyte phenotype [120]

Extrusion GelMa CKCs

â Keratocytes showed keeping of the phenotype
â Similar transparency with the native cornea
â Adequate mechanical stability [118]

Extrusion dC CKCs

â The optimal nozzle diameter for bioprinting
cornea-like aligned collagen fibrils

â The optimal nozzle diameter to preserve the
morphology and phenotype of keratocytes

â Excellent transparency
â Keeping the keratocyte phenotype

[122]

Endothelium Extrusion
Gelatin, RGD bioink,
amniotic membrane

dC support
CECs â Enhanced cell vitality and proliferation [119]

Epithelium

Extrusion
GelMa bioink,

GelMa
dome-shaped mold

CEpCs
â Extremely transparent curved membrane through

geometric fabricated features [117]

Extrusion ALG, GelMa, COL CEpCs

â Good printability and high transparency
â Enhanced cell viability and proliferation
â Controllable in vitro degradability
â Improved epithelial cells markers

[114]

The vitality and proliferation of CKCs are challenging, since this sensitive type of
cell simply converts to scar-inducing stromal fibroblasts at non-desirable conditions. Re-
cently, this challenge was overcome with the droplet-based printing technique, since it is
more compatible with cells relating to laser-based or extrusion-based printing techniques.
Campos et al. [113] printed collagen-type I-agarose bioink corneal construct with CKCs en-
capsulation to produce a dome-shaped structure in a layer-by-layer manner. The obtained
results illustrated cell vitality and proliferation similar to the control sample, and showed
positive expression for both lumican and keratocan markers.
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From an anatomical standpoint, the stromal layer is difficult to regenerate with cur-
rent techniques due to its highly complex microstructure, and it being made of randomly
oriented collagen lamellae [120]. Additionally, the stromal mechanical strength and light
transmittance performance are completely related to the stromal unique structure, which
is fabricated from randomly oriented collagen fibrils [2]. Current research based on the
fabrication of aligned PCL-PEG fibers with the incorporation of limbal stem cells (LSCs)
and 15% GelMA gel to fabricate corneal tissue-engineered construct showed better me-
chanical strength with improved suture-ability, as well as improvement in expression of
CKCs markers. Moreover, the scaffold illustrated high transparency and similar mechanical
strength, in comparison with the native cornea [120]. Other studies have also been based
on the advancement of bioprinting techniques for CTE by employing decellularized cornea
gel or GelMA, showing improvement in CKCs differentiation, and better tensile strength.
The printed scaffold improved filopodial elongations and phenotype maintenance similar
to CKCs in vivo. The collected results motivated researchers to apply the bioprinting tech-
nique for the generation of CTE scaffolds due to their impact on architecture, transparency,
mechanical strength, and cell/scaffold interactions [118,121].

After examining the aforementioned studies, it can be challenging to introduce the
most promising technique to simulate corneal structure. For instance, enhanced mechanical
features are possible with an extrusion-based approach, or improved elastic modulus can
be achieved with a droplet-based technique; however, mechanical properties with a laser-
based technique are not discussed yet. As reported in recent papers, the corneal stroma
has about a 150–700 kPa elastic modulus [7]. Thus, the extrusion-based method would
be the best candidate if mechanical properties have been chosen as the most important
parameter. However, other properties such as microstructure and geometrical curvature are
also prominent, which can be better satisfied using the droplet-based method. Furthermore,
bioprinting considerably removes the possibility of human error, and it is superior to casting
gels into molds in simulating native curvature of the corneal. Additionally, according to
the microstructure, although it is not addressed by recent studies, future studies may be
focused on the CKCs migration and orientation by employing smart fiber alignment [123].

6. Nanotechnology in CTE

Nanotechnology can be employed for the development of corneal scaffolds to enhance
their physicochemical characteristics [9]. Nano scaffolds offer unique mechanical aspects
that promote cell adhesion, proliferation, and differentiation, in addition to facilitating
gas and nutrient exchange and waste removal [4]. For instance, dendrimers (~10 nm)
are high-contrast polymers with a 3D ionic form, and many end groups [9]. The great-
est benefits of dendritic systems are their high density of functional side chains, their
capacity to manage network crosslinks, and their scalability across a broad range of sizes.
It has been demonstrated that dendrimer-based hydrogels enhance the efficient healing
of corneal fractures, without scarring or inflammation. Due to the ability to modulate
the crosslinking process and alter the chemistry of crosslinking, it is feasible to influence
the duration of resorption, and hence control the wound healing process over a longer
period [124]. Thus, dendrimers are labile “smart” nanomaterials that can be employed for
wound healing during long recovery periods, with a minimal likelihood of triggering an in-
flammatory reaction [124,125]. Combining nanotechnology and corneal tissue engineering
with natural biomaterials could be a potential approach for reaching the current goal in this
category [126]. For instance, to create biomaterials with the appropriate attributes, metal
nanoparticles, graphene oxide, carbon nanotubes, and nanoliposomes can be combined.
Enhancing the proliferation and functionality of additional stem cells is facilitated by their
in situ transformation from sol to gel. Soft nanoparticles can interact with polymer chains
and contribute to the hydrogel grid’s subsequent crosslinking, hence enhancing its mechan-
ical aspects [126–128]. In a study, Tayebi et al. [129] produced chitosan nanoparticles into
chitosan/polycaprolactone membranes yielding a biodegradable, transparent scaffold for
cultivating corneal endothelial cells. The chitosan nanoparticles/polycaprolactone, which
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have the lowest wettability, exhibited transparency comparable to human stromal tissue.
The scaffold was non-cytotoxic, and enhanced the proliferation of CECs. The biophysical
results revealed that CECs adhered to the scaffold, and formed a dense monolayer. Thus,
the created scaffold appears to be appropriate for corneal endothelium regeneration. In
another study, Chang et al. [130] developed a novel ophthalmic formulation based on
moxifloxacin and dexamethasone-loaded nanostructured lipid carriers mixed with colla-
gen/gelatin/alginate for the treatment of a corneal disorder, particularly bacterial keratitis.
The nanoparticles had the following characteristics: average size: 132.1 ± 73.58 nm; zeta po-
tential: 6.27 ± 4.95 mV; entrapment efficiency: 91.5 ± 3.5%; and drug content: 18.1 ± 1.7%.
The findings indicated that the nanoparticles could release an effective working concen-
tration in 60 min, and sustain the drug release for a minimum of 12 h. While the samples
did not show any toxicities, the substrate enhanced the cell numbers of CEpCs. An animal
study confirmed that it inhibits the growth of pathogen microorganisms, and promotes
corneal wound healing. The results suggest that the nanoparticle formulation may be
an effective anti-inflammatory agent for CTE. The application of nanoparticles, through
using the bioprinting technique, permits tailored therapy for more precise and successful
disease treatment [100]. Nanotechnology is predicted to be employed in the future to
personalize regenerative medicine utilizing human stem cells, and to provide therapeutic
tools to maintain a healthy environment for the growth and maturation of stem cells in
the damaged area [131]. However, nanotechnology research in CTE is still in its infancy,
and only limited in vivo investigations are reported. The behavior of corneal cells in tissue
engineering constructions in corneal injury has been widely proven in vitro, but in vivo
proof-of-concept investigations are lacking, leaving many concerns unanswered.

7. Conclusions and Future Progress

Recently, different studies on the advancement of CTE replacements are focused on an-
alyzing various biomaterials, and fabrication methods. Although there are several studies
on this subject, the prior studies displayed a lack of understanding of the corneal function
and its structure; therefore, there is still significant room for progress in mimicking the na-
tive corneal properties, such as corneal physicochemical properties. Even though different
studies have shown that biomaterials might have similar mechanical, optical, and physical
properties to the natural cornea, it is challenging to arrange these biomaterials into the same
well-organized structures as the natural cornea. Bioprinted tissue engineering scaffolds
with proper orthogonal lamellae architecture can be a crucial step for the successful fabrica-
tion of CTE scaffolds. In this regard, the fabrication of a successful CTE scaffold will be
mostly dependent on generating necessary features, such as releasing important functional
biomolecules to improve corneal components, cells, and nerve regeneration. Furthermore,
to produce a tissue-engineered scaffold adjusting mechanical and optical features is crucial
as well. Research shows that bioprinted scaffolds equipped with nanotechnology compo-
nents and nanoscale characteristics can improve the potential of CTE. The ultimate aim of
CTE is to improve, preserve, and restore vision by developing nanotechnology-enabled
regenerative therapies to heal damaged corneal tissues based on unique patient needs.
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Abstract: The greatest challenge associated with topical drug delivery for the treatment of diseases
affecting the posterior segment of the eye is to overcome the poor bioavailability of the carried
molecules. Nanomedicine offers the possibility to overcome obstacles related to physiological mecha-
nisms and ocular barriers by exploiting different ocular routes. Functionalization of nanosystems by
fluorescent probes could be a useful strategy to understand the pathway taken by nanocarriers into
the ocular globe and to improve the desired targeting accuracy. The application of fluorescence to
decorate nanocarrier surfaces or the encapsulation of fluorophore molecules makes the nanosystems
a light probe useful in the landscape of diagnostics and theranostics. In this review, a state of the art
on ocular routes of administration is reported, with a focus on pathways undertaken after topical
application. Numerous studies are reported in the first section, confirming that the use of fluorescent
within nanoparticles is already spread for tracking and biodistribution studies. The first section
presents fluorescent molecules used for tracking nanosystems’ cellular internalization and perme-
ation of ocular tissues; discussions on the classification of nanosystems according to their nature
(lipid-based, polymer-based, metallic-based and protein-based) follows. The following sections are
dedicated to diagnostic and theranostic uses, respectively, which represent an innovation in the ocular
field obtained by combining dual goals in a single administration system. For its great potential, this
application of fluorescent nanoparticles would experience a great development in the near future.
Finally, a brief overview is dedicated to the use of fluorescent markers in clinical trials and the market
in the ocular field.

Keywords: nanotechnology; fluorescence; ocular delivery; probes; diagnostics; PKs

1. Introduction

In recent years, vision-related problems have acquired a greater relevance due to
the ageing of the world’s population, which leads to an increase in visual problems,
such as cataracts, glaucoma, age-related macular degeneration and diabetic retinopathy,
occurring more frequently among over-60s [1,2]. Many visual diseases are associated with
neurodegenerative disorders [3,4]. Young people over the age of 18 also suffer from visual
problems, which increase especially with the growing use of electronic devices [5]. The
rising number of people with vision impairment leads to a greater interest in dedicated
care and treatments. This situation increases the costs in the global economy destined for
the care of these disorders [6]. In addition, ocular therapy is a serious challenge because of
the difficulty in targeting a drug to the appropriate ocular tissues.

In this landscape, technological research is actively involved, with the aim of de-
veloping innovative systems for targeted drug delivery [7]. The eye is a very complex
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structure, both anatomically and physiologically, and the treatment of pathologies affecting
this organ is therefore not simple [8–10]. This is related to the various aspects that limit
the transportation of drugs to the target site: anatomical barriers, physiological processes,
mechanisms and metabolic aspects [11,12]. Reaching the target becomes more complicated
if therapy is addressed to the posterior segment of the eye [13–16]. For this purpose, the
major administration route remains intravitreal injection, which is invasive and produces
undesirable effects such as pain and discomfort, inducing patient noncompliance [17,18].
The preferred route of administration would undoubtedly be the topical one, but conven-
tionally it is used to treat diseases of the anterior eye. In fact, it is estimated that only a
very small percentage of the drug instilled in the eye surface reaches the anterior chamber
(around 5%) and even less in the posterior segment [19–21].

Nanotechnology represents a field of recent interest to overcome these issues. One
potential strategy for improving drug delivery to the different eye tissues uses nanocarriers
with specific size and surface properties, designed to ensure successful achievement of
the drug to the target tissue, as well as the potential for a controlled release of the loaded
drug, reducing the frequency of treatment and improving the retention time on the corneal
surface [22–24]. Currently, the most widely studied nanosystems are used in the treatment
of anterior eye diseases such as cataracts [25], glaucoma [26], dry eye syndrome [27],
keratitis [28], conjunctivitis [29] and uveitis [30], but also posterior eye diseases such as
retinitis [31], macular degeneration [32], endophthalmitis [33] and ocular tumors [34].
Suitable drug nanocarriers possess a mean size in the nanometric range (around 200 nm)
and are classified according to their structural composition and the materials used, which
must be biodegradable and biocompatible [35,36]. Many reviews focus on the development
of nanosystems designed for ocular delivery, but none on the ophthalmic use of fluorescent
nanocarriers. It is not certain that after their administration, the drug effectively reaches
the target site; therefore, during its design, tracking studies are necessary to demonstrate
its distribution and positioning.

One possible strategy is to follow the nanosystem movements using a fluorescent
probe. Fluorescence is a simple and non-invasive way to track the drug through the eye
tissues, and it is also widely used in diagnostics to visualize diseased tissues, lesions
and pathological markers. The development of personalized medicine and the need for
early intervention in the diagnosis and treatment of specific diseases have promoted the
birth and development of a new discipline: theranostics [37]. It can be defined as the
combination of diagnostics with a specific therapeutic treatment. In vitro diagnostics and
prognostics, in vivo molecular imaging, molecular therapeutics, image-guided therapy,
biosensors, nanobiosensors and bioelectronics, system biology and translational medicine
and point-of-care are some recent application examples.

This review deals with the use of fluorescent probes in the last 5 years applied to
nanomedicine in the ophthalmic field. The aim is to illustrate state-of-the-art fluorescent
nanosystems divided according to their application: fluorescent nanosystems for biodistri-
bution studies to clarify the best performing nanoparticle design and delivery strategies
able to address specific ocular diseases, for diagnostics and finally, for the emerging field
of theranostics. PubMed database was used to perform an advanced search. The time
frame included the range from January 2017 to February 2022. The keywords used were
“fluorescence”, “nanoparticles”, “ocular” and “delivery”, “theranostics”, “diagnostics”.
Articles were limited to “Free full text” and “Full text” articles in the English language
published in journals with an impactor factor not less than 4. The same process was
repeated on ScienceDirect database. Reference lists of articles were also reviewed for
additional citations.

General Aspect of the Human Eye

The eyeball consists of three chambers: anterior, posterior (containing the aqueous
humor) and the vitreous chamber (containing the vitreous body). The wall is composed
of three tunics [8,38]. The first, called external, is composed anteriorly of the cornea and
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for the remaining part of the sclera. The middle tunic (uvea) is richly vascularized and
pigmented and includes the iris, the ciliary body and the choroid. Finally, the internal
or nervous tunic is represented by the retina [39]. The sclera is anteriorly lined by the
conjunctiva. Its function is to maintain the shape of the bulb and to provide attachment
to the tendons of the striated muscles of the eye [40]. The cornea is a transparent lamina
without vessels (necessary conditions for the passage of light). A cross-section of the corneal
tissues is shown in Figure 1. Under the cornea, there is the iris, a sphincter of pigmented
smooth muscle that regulates pupillary caliber. Trophism in this district is provided by
the aqueous humor [41]. The ciliary body is an ocular anatomical structure responsible
for both the production of aqueous humor and the control of accommodation. The ciliary
body is located immediately posterior to the iris and anterior to the choroid. Posterior
to the iris and in front of the vitreous body is where the crystalline is situated, which
transmits and focuses light onto the retina. It consists of a single layer of epithelial cells
that, during fetal development, migrate laterally toward the equator of the lens where
it inverts, elongates, synthesizes large amounts of specific proteins and finally, degrades
organelles so as to increase transparency [20]. From a physiological perspective, there are
two reflexes involved in vision: lens accommodation (regulates convexity) and pupillary
reflex (regulates pupil caliber). The accommodation allows the focal point to fall always
at the level of the retina, allowing both short- and long-distance vision. Furthermore,
the pupillary reflex regulates the intensity of incoming light. Finally, the transduction
of light impulses at the retinal level into visual images is mediated by photoreceptors
which generate nerve stimuli that reach the contralateral posterior cortex through the optic
nerve [42–44]. The delivery of a drug into the eye tissues is related to two different routes
of administration, which are divided into invasive and non-invasive routes. A list of these
routes is shown in Table 1.

Table 1. Conventional route of ocular delivery: benefits and limits.

Administration
Route Benefits Limits

Ocular
Anterior/Posterior

Target
References

Oral
• Non-invasive.
• Increased compliance.

• Difficult achievement of the anterior
and posterior tracts of the eye.

• Possible degradation by
digestive fluids.

• Possible low absorption and
bioavailability.

• Hepatic first-pass metabolism.
• Presence of anatomical barriers

(blood-aqueous barrier and the
blood-retinal barrier).

Potentially both [45–48]

Systemic
(Intravenous and

intramuscular)
• Avoided first-pass metabolism.

• Difficult achievement of the anterior
or posterior segment of the eye.

• Lower compliance.
• Presence of anatomical barriers

(blood-aqueous barrier and the
blood-retinal barrier).

• Sterility of the final form

Potentially both [48,49]

Parenteral
(intravitreal,
subretinal,

suprachoroidal,
subconjunctival,

intracameral,
intrascleral, and

intrastromal)

• Deposit of the therapeutic
agent in the eye, in some cases
directly at the site of action.

• Increased local concentration
of the drug.

• Reduced required dose and
avoided off-target actions.

• Bypassing of ocular epithelium
and other barriers, resulting in
increased bioavailability.

• Administration performed by
specialized personnel.

• Invasive technique.
• Short-term complications, including

retinal damage, endophthalmitis,
haemorrhage, intraocular
inflammation, and increased
Intraocular Pressure (IOP).

• Sterility of the final form

Posterior [50–55]
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Table 1. Cont.

Administration
Route Benefits Limits

Ocular
Anterior/Posterior

Target
References

Topical
• Over 90% of the ophthalmic

product on the market.

• Rapid precorneal elimination of the
drug due to eyelid reflex, tear
drainage, dilution by tears, and
systemic absorption from the
conjunctival sac.

• Misapplication of the product to the
ocular surface.

• Presence of corneal epithelial barrier.
• Narrow barriers at the front and back

of the eye (limit and regulate fluid
and solute uptake).

• Complex kinetic processes of
absorption, distribution and
elimination, influenced by
physiology, the physicochemical
properties of the drug (lipophilicity,
charge, size and shape of the
molecule) and the formulation (pH,
buffer, tonicity, viscosity, possible
presence of preservatives
and stabilizers).

• Allowed permeation of small
lipophilic molecules through the
cornea and of larger or hydrophilic
compounds through the conjunctiva
and the sclera.

• Achievement of the anterior segment
for only 1% of the administered dose
segment, and an even smaller
percentage to the posterior segment.

• Sterility of the final form

Both [56–64]
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Figure 1. Cross-section of corneal tissues: barriers to drug penetration after topical instillation.

The corneal epithelium and endothelium (lipophilic in nature) consist of cells con-
nected by tight junctions that limit the passage of large molecules (Figure 1). The hy-
drophilic stroma consists of tightly packed collagen. The epithelium, however, provides
the greatest resistance to diffusion. The paracellular pathway through the intercellular
pores is allowed for small ionic and hydrophilic molecules of size <350 Da, whereas the
transcellular pathway allows the passage of larger lipophilic molecules. The variations
in lipophilicity of the corneal layers allowed the realization of a parabolic relationship

230



Pharmaceutics 2022, 14, 955

between corneal permeability and diffusion coefficient. pH is another important factor in
corneal permeability [38]. Many studies that have examined permeability across conjunc-
tiva, tenon and sclera have shown that the conjunctiva is more permeable to hydrophilic
molecules than the cornea. The greater surface area (in humans, about 17 times bigger
than the cornea) and the presence of larger pore sizes promote increased permeability
compared to the cornea. However, mucus and the presence of lymphatics and vasculature
increases systemic leakage [24,38]. In ocular topical administration, reaching the posterior
portion is size-dependent [65]. Nanocarriers with a diameter of 20–200 nm are suitable
for retinal-targeted delivery. Small nanoparticles (20 nm) are able to cross the sclera and
are rapidly eliminated due to periocular circulation. The larger ones (200 nm) do not
cross the sclera or the sclera-choroid-retinal pigment epithelium (RPE) and remain in the
periocular site releasing their contents even for long periods. Even in the case of intravitreal
administration, the kinetics are size-dependent. Nanocarriers with a diameter of 2 µm
remain in the vitreous cavity or migrate into the trabeculae. Those with a diameter of less
than 200 nm reach the retina [66]. In order to discuss the application of nanosystems in the
ocular field, an emergent role is represented by fluorescent nanosystems. The tailor ability
of design, architecture and photophysical properties has attracted the attention of many
research groups, resulting in numerous reports related to novel nanosensors to analyze a
great variety of biological analytes.

2. Fluorescent Probes in Ocular Applications

Before focusing on the published experimental studies, in this section, a brief discus-
sion on fluorescence and on the molecules applied in the ocular field is given.

Absorption of a photon from a fluorescent chemical species causes a transition to an
excited state of the same multiplicity (spin) as the fundamental state (S0). In solution, Sn
states (with n > 1) rapidly relax to S1 through nonradiative processes. Ultimately, relaxation
from S1 to S0 causes the emission of a photon with an energy lower than the absorbed
photon. The fluorescence quantum yield (ϕ), one of the most important parameters,
provides the efficiency of the fluorescence process; it is defined as the ratio between the
number of photons emitted to those absorbed.

ϕ =
Number o f photons emitted

Number o f photons absorbed

In Figure 2, we reproduce a brief history of the discovery of the fluorescence phe-
nomenon. This discovery enabled the development of fluorescent probes that achieve
single-molecule sensitivity. The figure shows that the first observation of a fluorescence
phenomenon was described in 1560 by Bernardino de Sahagun; the same experiment was
repeated by Nicolas Monardes in 1565. The fluorescence of the infusion known as lignum
nephriticum was observed. This phenomenon was caused by the fluorescence of the oxi-
dation product of one of the flavonoids present in those woods: matlaline. In the middle
of the nineteenth century, George Gabriel Stokes coined the term fluorescence, derived
from fluorite. The knowledge of atomic structure needed to understand and describe the
nature of the phenomenon was not acquired until the beginning of the 20th century. By
providing detailed information, this technique has enormous advantages over classical
microscopy techniques [67]. In fact, literature is plentiful of studies dealing with the design
of new fluorescent probes such as (bio)sensors to detect (even with the naked eye) enzymes,
metals, biomaterials and others. Since 1945, the ability of analytes to promote the opening
of rhodamine spirolactams has been exploited to design probes that detect metal ions and
biological targets [68,69]. The pH sensitivity of fluorescein can be used to detect changes
in a specific environment. By controlling the balance of ring-opening and ring-closing,
following the interaction with specific targets, it can be used to detect metal ions from
industrial and commercial specimens [70]. Curcumin is also widely used as a fluorescent
probe for different applications, from producing drug carriers to the realization of specific
sensors for ions and biomolecules [71,72].
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The following section delineates the family of fluorescent probes reported in reviewed
studies, while Table 2 gathers the probes that are used in the experimental papers cited in
this review.

Table 2. Physico-chemical properties of the main fluorescent probes used in ocular bioimaging.

Probe Chemical Structure Molar Mass
(g mol−1)

Solubility
in Water

Excitation
(nm)

Fluorescence
(nm)

Coumarin-6
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Table 2. Cont.

Probe Chemical Structure Molar Mass
(g mol−1)

Solubility
in Water

Excitation
(nm)

Fluorescence
(nm)
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2.1. The Coumarins Family

Coumarins have a conjugated double ring system. In the industry, coumarins find
application as cosmetic ingredients, perfumers, food additives and in synthetic phar-
maceuticals. In nature, coumarins are found in a wide variety of plants: tonka bean
(Dipteryx odorata), sweet wood (Galium odoratum), vanilla grass (Anthoxanthum odoratum)
and sweet grass (Hierochloe odorata) [73]. Among the different synthetic derivatives,
Coumarin-6 (C6) exhibits acid-base properties. In the study of Duong et al., a mem-
brane with C6 demonstrated to exhibit colorimetric and ratiometric fluorescence properties
with a dynamic pH range between 4.5 and 7.5 (the study uses blue nile in parallel) [74].

2.2. Fluorescein Family

Fluorescein is a xanthene dye with yellowish-green fluorescence. It was firstly syn-
thesized in 1871 by von Bayer via Friedel’s acylation/cyclodegradation reaction using
resorcinol and phthalic anhydride [75]. It has a rigid tricyclic-coplanar structure with two
aryl groups fused to a pyran ring. It has two distinct structures, an open fluorescent ring in
the carboxylic acid form and a closed non-fluorescent ring in the spirocyclic lactone form.
The open-closed equilibrium in the structure of fluorescein makes it sensitive to the pH of
the medium [76]. Among the amine derivatives of fluorescein, those with one or two NH2
groups in the phthalic residue are of particular interest. The corresponding (di)anions do
not show intense fluorescence unless the amine groups are involved in new covalent bonds.
In alcohols, the quantum yield, ϕ, is quite low. In dimethylsulfoxide (DMSO), acetone
and other hydrogen bond donor solvents, ϕ values approach dianionic values [77]. Its
sodium salt form finds wide use in angiography [78,79] and glioma studies [80]. Fluorescein
5(6)-isothiocyanate has been used for fluorescence labeling of bacteria, exosomes, proteins
(immunofluorescence) and H Protein for gel chromatography. The 5-(iodoacetamido)-
fluorescein is used for the synthesis of fluorescently labeled organelles, proteins, peptides
and enzymes. Finally, the 5(6)-carboxyfluorescein, a fluorescent polyanionic probe, was
used to measure changes in intracellular pH and to highlight processes such as dendrimer
aggregation and absorption [81].

2.3. Rhodamine Family

These compounds were discovered in 1887. In the 4–10 pH range, their fluores-
cence spectra are unaffected by changes. The typical chemical structure of rhodamines
involves three benzene rings, whose spirocyclic/open-ring conversion results in their
off/on fluorescence [82]. In nonpolar solvents, they exist as spironolactone forms with
very low ϕ due to disruption of p-conjugation of the xanthene core. In polar solutions, the
lactone form undergoes charge separation to form a zwitterion [68]. In open-loop forms,
rhodamine dyes exist as ammonium cations that can be driven into mitochondria via MMP
(Matrix MetalloProteinase). A famous example is rhodamine 123, which forms the basis of
the Mito-Tracker dye [83]. Lastly, the rhodamine 6G is a rhodamine analog useful in Pgp
(P-glycoprotein) efflux assays, and it has been used to characterize the kinetics of MRP1
(multidrug resistance protein 1)- mediated efflux. An in vivo study of rhodamine B-labeled
polymeric nanoparticles was conducted by Bonaccorso et al. to evaluate the distribution in
brain areas after intranasal administration of the formulation [84].

2.4. Cyanine Family

Cyanine dyes are among the most widely used families of fluorophores. Cyanine
5 (Cy5) has five carbon atoms in the bridge. It becomes reversibly photocommutable
between a bright and dark state in the presence of a primary thiol [85]. Cy5 excited by
visible light undergoes thiolation with a thiol anion and transforms into a non-fluorescent
thiolated Cy5. The thiolated Cy5 returns to the light-emitting dethiolated form simply by
UV irradiation [86]. The photophysical properties of organic dyes with rotatable bonds
are strongly governed by their internal rotation in the excited state since rotation can
greatly affect molecular conformation and bond conjugation [87]. In the biological field, it
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finds use in comparative genomic hybridization, transcriptomics in proteomics, and RNA
localization [88]. Moreover, DiI is a cyanine-derived dialkyl carbon sensitive to the polarity
of the environment. It is weakly fluorescent in water but highly fluorescent in nonpolar
solvents. It is commonly used as a lipophilic marker for fluorescence microscopy in the
biological field. DiI molecules penetrate in cell membranes with the 2 long alkyl chains
(12 carbons) immersed in the bilayer and the rings parallel to the bilayer surface. The dye
emits characteristic bright red fluorescence when its alkyl chains are incorporated into
membranes making it particularly useful for tracking in the biological membrane [89]. In
the study by Musumeci et al. the 1-1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine
iodide dye was used to label polymeric nanoparticles and study their cerebral delivery
after intranasal administration [90].

2.5. Nile Red

Nile red is a hydrophobic dye of recent interest in the identification of microplastics [91].
It is widely used in biophysical studies focusing on proteins, lipids and live-cell analysis.
Depending on the environment, Nile Red shows different absorption and fluorescence
spectra. In particular, in organic solvents or nonpolar environments, it shows strong
fluorescence that changes depending on the environment, presenting shifts toward blue
emission in nonpolar environments [92].

2.6. Curcumin

Curcumin is the main natural polyphenol found in the rhizome of Curcuma longa
(turmeric) and in others Curcuma spp. Its countless benefits in the treatment of inflammatory
states, metabolic syndrome, pain and inflammatory-degenerative conditions of the eyes
are related to its antioxidant and anti-inflammatory effects [93]. Theoretical studies have
predicted that its wide absorption band (410 and 430 nm) is due to the π-π* transition,
while the maximum absorption between 389 and 419 nm is related to the keto and enol
form, respectively [67].

2.7. Toluidine Blue O

Toluidine blue (TB) is a thiazine-based metachromatic dye. It has a high affinity for
acidic tissue components. This characteristic allows colorimetric identification of DNA-
and RNA-rich tissues [94]. In the ocular field, Navahi et al. performed a study on the use
of TB in the diagnosis of ocular surface squamous neoplasm (OSSN) [95]. In the Su et al.
study, in vivo antibacterial efficacy of TB-mediated photodynamic therapy on bacterial
keratitis by Staphylococcus aureus in a rabbit was demonstrated. This provides a new option
for the clinical treatment of bacterial keratitis [96].

3. Fluorescent Nanosystems in Ocular Application

The following section is focused on recently investigated fluorescent nanomaterials
and nanosystems for ocular applications. The reviewed works have been divided according
to the use of such fluorescent nanosystems. Most studies concern the use of probes to assess
nanosystems distribution within the ocular tissues. Among the most investigated fluores-
cent nanosystems, there are lipid-based nanocarriers—such as nanostructured lipid carriers
(NLCs) and solid lipid nanoparticles (SLNs), polymeric nanoparticles and nanocapsules,
hybrid nanoparticles, cubosomes, emulsomes, nanoemulsions, niosomes, liposomes, films,
nanomicelles and hydrogels. Fluorescence is introduced through the methods commonly
used to prepare nanosystems [97,98]. The fluorescent nanosystems are essentially divided
into (i) probe-loaded, in which the dye or probe is encapsulated into the system mostly
during the formulation processes, and (ii) labeled/grafted, in which the probe is covalently
bound to the surface of the nanosystem (often linked to some matrix component, such as
polymers or lipids), always forming an adduct (Figure 3).
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3.1. Biodistribution

As above cited, the tissues that compose the eye are many and with different prop-
erties. The difficulty for a nanosystem to reach the target tissue is high; thus, the profile
of drug delivery is not always predictable. When the target is located in deeper ocular
tissues, it is even more difficult to predict the ideal pathways followed by the carriers
in vivo and through the ocular barriers. Tracking the drug after topical administration is
important for several factors. Firstly, it allows for assessment of the effective achievement
of the target site in order to accomplish the desired therapeutic action. Another factor to
consider is the non-productive distribution of the drug in non-desired tissues, which could
lead to the possible occurrence of side effects in addition to reducing the effective drug
concentration. Furthermore, studying the pathways followed by the nanosystems is neces-
sary to avoid issues related to barriers, tight junctions and physiological phenomena (tear
flow and blinking), which could impair the routes. Size, surface charge and morphology
of the nanocarriers have a great influence on their biodistribution, clearance and cellular
uptake [99–102]. Before performing biodistribution studies, it is important to characterize
the system and to proceed with in vitro and in vivo assays. For instance, mean size mea-
surement, zeta potential, mucoadhesion studies and morphological analyses are, of course,
also required to make the system as conformable as possible to a correct drug release. Track-
ing of nanosystems can be carried out in two ways, invasive and non-invasive; bioimaging
using fluorescent molecules is a non-invasive method [103,104]. Among the most important
characteristics that the nanosystem should have are small size, necessary to enter cells for
allowing bioimaging, high sensitivity for effective detection, fast response, compatibility,
absence of toxicity, good dispersibility in the biological environment and highly selective
detection in the tissues. In Figure 4, a summary is gathered of the fluorescent probes used
in the studied nanosystems discussed in Sections 3.1–3.3.
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3.1.1. Fluorescent Lipid-Based Nanosystems

Lipid systems are of great interest for drug delivery in ocular tissues; their biocompati-
ble and biodegradable composition makes them technologically safe, while their lipidic
nature and structural characteristics allow them to pass through the corneal layers and
achieve an efficient drug dosage even in the deepest tissues of the eye. The distribution of
these systems occurs mainly in lipophilic layers, with minimal involvement of the stroma,
since it has hydrophilic nature, and the lipid systems are difficult to distribute there. This
was confirmed in the work of Namprem et al., in which confocal scanning microfluorometer
(CSMF) analysis confirmed poor penetration of NLC labeled with Nile Red in hydrophilic
compartments such as the stroma compared to corneal layers [105]. Due to eye barriers and
obstacles to ocular administration, understanding the path taken by the designed nanosys-
tem is necessary, especially if it is targeted to the back of the eye. The main route through
which lipid systems reach the deeper tissues is the transcorneal one. There is growing
evidence that successful drug delivery by functionalized nanocarriers depends largely
on their efficient intra/paracellular transport, a process that is not fully understood yet.
Therefore, the development of new imaging and diagnostic techniques is very important,
particularly in a complex biological system such as the eye. Due to its lipophilic nature,
one of the most used dyes for the preparation of fluorescent-lipid nanosystems is Nile Red
(NR) Cubosomes labeled with Nile Red were prepared in the work of El Gendy et al. to
assess the role of nine different lipids as penetration enhancers. The type of lipid used in
the preparation plays an important role in tissue distribution. Among the prepared lipid
systems, fluorescence analysis showed that the combination of oleic acid, Captex® 8000 and
Capmul® MCM improved the penetration of the systems into the mucosa by increasing
diffusivity due to both surfactant properties and the ability to disrupt the organization of
the lipid bilayer [106]. Once again, Nile Red was used in the work of Kapadia et al. in
order to visualize drug-loaded emulsomes. For the physico-chemical characterization and
subsequent analyses, the nanosystems were loaded with triamcinolone acetonide, while for
the studies of precorneal retention and ocular distribution, the fluorescent dye was loaded
instead of the drug. The study revealed that after topical administration, the pathways
taken to reach the back of the eye were basically three: corneal (via the iris and aqueous
humor), conjunctival and systemic. The drug may diffuse through the sclera by lateral
diffusion, followed by penetration of Bruch’s membrane and retinal pigment epithelium
(RPE). To a lesser extent, the drug may be absorbed into the systemic circulation either
through the conjunctival vessels and the nasolacrimal duct, and gain systemic access to
the retinal vessel [107]. Another lipophilic DiI dye (1,1-dioctadecyl-3,3,3 tetramethyl indo-
carbocyanine perchlorate) was used to label lipid nanocapsules (LNCs) fluorescently. An
important finding was made in the study by Eldesouky et al., where, despite the lipophilic
nature of the dye, better penetration was achieved by encapsulation in lipid systems com-
pared to simple dispersion. Fluorescence analysis showed that, without the use of lipid
nanocarriers, the dye is unable to cross the hydrophobic corneal layer [108]. Mucoadhesion
plays a key role in the enhancement of bioavailability. Efforts are made to design systems
that have the ability to improve retention on the ocular surface. In this respect, the use
of chitosan to improve the delivery of drugs into the eye tissues for its properties as a
mucoadhesive agent, controlled drug release and permeation enhancer is interesting [24].
It is used in conjugation with a drug, such as in the study of Dubashynskaya et al., to
improve the intravitreal delivery of dexamethasone [109]. In the major cases, it was used
as a coating of nanocarriers to promote intraocular penetration, as reported by which
designed modified NLCs with three different types of chitosan: chitosan acetyl-L-cysteine
(CS-NAC), chitosan oligosaccharides (COS) and carboxymethyl chitosan (CMCS). The
distribution profile was evaluated by loading the hydrophobic dye C6 into the NLCs. It
was revealed through CLSM analysis that only NLCs modified with COS and CS-NAC
were able to pass the cornea through the opening of tight junctions between epithelial
cells [110]. Rhodamine-labeled NLCs were used to assess the corneal retention of such
lipid nanocarriers, modified with a complex containing boronic acid, which is able to bind
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with high affinity the sialic acids of mucin. The NLCs were loaded with dexamethasone
and designed for the treatment of dry eye syndrome. Fluorescence marking revealed the
increased retention time due to the mucoadhesive property of the nanosystem, which
also proved to be a potential not irritant treatment for dry eye syndrome [111]. Another
key factor that improves retention time on the ocular surface is the positive charge of
nanosystems interacting with the negative charges of mucin. The addition of octa-arginine
(R8) to the nanoemulsions prepared by Liu et al. imparted a positive charge to the system
with the aim of increasing eye retention. Once again, C6 was used to label lipid emul-
sions of disulfiram. In particular, the permeation of these systems under the influence
of particle size and the presence of R8 was investigated and revealed that the addition
of R8 and a size of ~50 nm improved the ocular delivery performance of nanosystems.
In addition, the study showed that C6 passed through the corneal epithelium mainly by
paracellular pathways, but there was also a fluorescent signal in the cytoplasm, indicating
a transport also by transcellular pathways [112]. The internalization of lipid nanoparticles
occurs mainly through an endocytosis mechanism. This is in fact the route taken by the
mRNA-based solid lipid nanoparticles prepared by Gómez-Aguado et al. The SLN were
developed in order to produce IL-10 to treat corneal inflammation and was loaded with
Nile Red to assess cellular uptake in corneal epithelial cells (HCE-2 cells). This platform
could also be used as a theranostic model as GFP (green fluorescent protein) is produced
inside the cells, so the intensity of the fluorescence is indicative of the amount of protein
produced. Since GFP, once produced, remains at the intracellular level, instillation on the
ocular surface of mice of the samples permitted the identification of the corneal layers
where transfection occurred. All the prepared mRNA-based SLN formulations showed
higher fluorescence intensity than naked mRNA, demonstrating the enhancement of their
targeting ability [113]. Fluorescein is one of the most widely used fluorescent dyes for drug
tracking and visualization of ocular damage following treatment. In Section 4, some clinical
trials using fluorescein as a fluorescent in the study will be proposed. Fluorescein was used
by Jounaki et al. for tracking vancomycin loaded NLCs. The aim of the work is the idea that
NLCs for topical use could be a valid substitute of intravitreal injection in the treatment
of bacterial endophthalmitis caused especially by Staphylococcus. Both drug-loaded and
fluorescein-loaded NLCs (0.2 mg/mL) were prepared by cold homogenization technique
and were used to evaluate precorneal retention with an inverted fluorescent microscope.
The increased fluorescence found in the corneal epithelium demonstrated that dye-loaded,
stearylamine-coated NLCs were retained more in the ocular surface. Indeed, the cationic
lipid stearylamine is trapped in the mucin layer and retained due to the interaction be-
tween the fillers, facilitating the penetration and delivery of the drug to the intraocular
tissues [101]. In the work of Kakkar et al., fluorescein was also used in concentrations
almost like the previous work (0.25 mg/mL) to track hybrid nanoparticles. Solid lipid
nanoparticles were prepared and then coated with PEG in order to encapsulate the an-
timycotic fluconazole. Analysis to assess the penetration into the ocular internal layers
revealed that fluorescence was observed in the vitreous humor, retina, sclera and choroid
after instillation of a single drop of Fluconazole-SLNs into the rat eye. In addition, the ex
vivo study showed that the system exhibited a 164.64% higher flux through the porcine
cornea when compared to the commercial drops ZoconVR [114]. In addition to coating the
nanosystems, fluorescein was used to label them binding it covalently to the material of the
nanosystem. In the work of Puglia et al. [66] an adduct is prepared between fluorescein
and stearic acid named ODAF (N-(30,60-dihydroxy-3-oxospiro[isobenzofuran-1(3H),90-
[9H]xanthen]-5-yl]-octadecanamide). In this case, the dye was grafted (and not loaded)
and the conjugation of the lipid with the dye leads to a fluorescent probe. Solvent-diffusion
technique was used to prepare SLNs of about 120 nm. The in vivo distribution from 1 h to
16 h was evaluated in rabbits and the results showed that, after ocular instillation, ODAF
SLNs were mostly located in the cornea (up to 2 h), whereas over a longer time (from
the second hour to the eighth hour) the fluorescent signal gradually extended toward the
back of the eye, confirming the ability of controlled delivery by the lipid nanosystems [66].
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Considering that the influence of blinking and tearing on ocular drug absorption was rarely
evaluated in studies, Pretor et al. evaluated absorption of two lipid-based formulations, a
liposome and a SLN, in presence of these two physiological conditions. The SLNs were also
labeled with a fluorescent phospholipid, thus constituting another example of a grafted
nanosystem. From the study, using C6 as the fluorescent compound, it is evaluated that
liposomes are shown to provide a greater absorption, despite the influence of blinking
(shear stress of 0.1 Pa.) and tear flow. This interesting study was carried out by coupling
the use of microfluidics with channels and cultured HCE-T cells as well as the use of a fluo-
rescent dye to simulate the physiological mechanisms; it could be useful to add this kind
of assay to the basic characterization of the nanosystem addressed to ocular targets [115].
In the rhodamine family, Rhodamine B is widely available and low-cost. The following
two studies promote the use of this molecule for tracking nanosystems. The first is focused
on the preparation of lipid systems (niosomes vesicles) and Eudragit nanoparticles for
the treatment of eye fungal infections. Encapsulation of fluconazole within these systems
resulted in being a good way to increase the bioavailability of the drug compared to free
drugs. The systems obtained were innovative in terms of formulation as there is a triple
step: the drug was first complexed using β-cyclodextrin, then encapsulated into niosomes,
and the niosomes were finally incorporated into an in-situ gelling system made by Polox-
amer, HPMC and chitosan. Niosomes were labeled with Rhodamine B and then were
compared to labeled polymeric nanoparticles. The fluorescent signal of CLSM analysis
increased in intensity when the NPs were incorporated into the hydrogel, whereas the
signal of the pure dye was limited to the superficial epithelial layers, suggesting effective
permeation of the nanosystems into the inner tissues [116]. Rhodamine B was also used
to study the transport of curcumin as a model drug in multilamellar liposomes. These
were coated with sodium alginate grafted acrylic acid conjugated with riboflavin. These
multi-dye vesicles (rhodamine and curcumin), prepared using the lipid film hydration
technique, have proven to be excellent carriers for drug delivery to the retina. The study
evaluated both the encapsulation efficiency of the two dyes and their in vitro release. The
release test in pH 7.4 medium demonstrated time-depended release, which was faster for
rhodamine than for curcumin. An extended-release profile was obtained using fluorescence,
red for rhodamine and green for curcumin, showing greater entrance into the cell at 12 h
than at 3 h, and greater endocytosis for smaller, more spherical particles [117].

3.1.2. Polymer-Based Nanocarriers

Topical delivery of polymeric nanosystems is useful to improve corneal penetration
and prolong the therapeutic response of several drugs. Nanocarriers need to be evaluated
to find clinical application; specifically, their distribution in biological environment should
be examined in order to understand the most appropriate strategy to address specific ocular
pathologies. Plausible routes of topically instilled drug delivery for the treatment of ocular
diseases involving the posterior segment include several pathways, including corneal,
non-corneal and uveal routes. Successful nanocarrier development, therefore, involves
fluorescent labeling useful for investigating mechanisms and biodistribution profiles of
the designed systems. Polymeric nanostructures to be used as imaging diagnostic agents
include various kinds of systems, such as nanoparticles, niosomes, film and nanomicelles
and in-situ gel. The review of Swetledge et al. offers a detailed discussion on the biodistri-
bution of polymer nanoparticles in major ocular tissues [118]. To improve retention time on
the ocular surface, release profile and mucoadhesion performance, nanocarriers are often
coated with polymers. Poly-lactide (PLA), polyglycolide (PGA), poly-lactide-co-glycolide
(PLGA) and chitosan, Eudragit®, but also different copolymers such as PLGA-PEG, poly-
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) constituted by hydroxybutyrate (HB)
and hydroxyvalerate (HV) and chitosan modified copolymer are some of these. Among
them, many polysaccharides are used as a useful coating for nanocarriers. Some of these,
including chitosan, alginate sodium, hyaluronate sodium and cellulose derivatives, are
approved for ophthalmic use by the FDA and are already present in the composition of
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ophthalmic products on the market [119]. Depending on the type of polymer, the most
suitable fluorescent probe should be chosen. A study conducted by Zhukova et al. focused
on understanding the interactions between probes, polymeric nanoparticles and the biolog-
ical environment. Four dyes with different degrees of hydrophobicity were encapsulated
(C6, rhodamine 123, DiI) or covalently bound to the polymer (amine Cyanin 5.5, Cy5.5) in
order to label PLGA nanoparticles. To increase the accuracy of the interpretation of in vivo
biodistribution data, dual-labeled nanoparticles were administered, using C6 as the encap-
sulated label and Cy5.5 as the grafted label. Neuroimaging results showed that the signal
of the nanoparticles bounded with Cy5.5 was detected in retinal vessels, whereas the signal
of the encapsulated C6 was found outside of blood vessels and in tissue background. The
extra vasal distribution of C6 could falsify the data interpretation, leading to erroneous as-
sumptions that the nanoparticles could efficiently cross the blood-retinal barrier. Assessing
the affinity of the dye to the polymer and the lipophilic structures could be useful in scaling
up these issues. Although C6 has not proved to be an ideal label, it aided in explaining the
phenomenon whereby drugs are delivered to tissues through encapsulation in nanocarriers
without involving any nanoparticle penetration [120]. Similar results were obtained by
Zhang et al. tracking in vivo the distribution of PLGA-NPs in the retinal blood circulation
after intravenous injection. NPs were labeled with lipophilic perchlorate carbocyanins (DiI)
or hydrophilic rhodamine 123 (Rho123). DiI fluorescent signal was detected for a long time
(>90 min) in retinal vessels, in contrast with Rho123 whose fluorescence was short (>15 min),
due to diffusion from particles and elimination from the blood circulation. To avoid arte-
facts, dual-labeled nanoparticles were also injected intravenously in rats. Colocalization of
fluorescent markers was performed by conjugating the polymer with Cy5.5 and loading the
systems with probes (DiI/Rho 123). Cy5.5 signal was detected for both cargoes in retinal
vessels for more than 90 min; however, colocalization was observed only for lipophilic DiI
dye, which was more closely related to the hydrophobic polymer matrix. These findings
further confirm that the affinity of the dye for the polymer and cell membranes played a key
role in biodistribution kinetics [121]. The hydrophilic properties of rhodamine B make it a
suitable fluorescent candidate for polymers of a hydrophilic nature such as chitosan, whose
mucoadhesive qualities have been exploited by X et al. for the design of topical films for
the treatment of glaucoma. Corneal permeation studies demonstrated the mucoadhesive
efficacy of polymeric films in transporting rhodamine B molecules through the cornea
with a high permeation rate [122]. A water-insoluble derivative of the rhodamine family is
rhodamine B isothiocyanate, which has affinity for hydrophobic polymers. This dye was
used as a label for nanoparticles consisting of hydrophobic PHBV polymer to obtain infor-
mation regarding the depth and rate of penetration after topical administration. Confocal
analysis showed improved penetration deepness of encapsulated marker compared to the
free one, used as a control [123]. Recently, hydrophobic C6 was doubly used as a model
drug and a fluorescent marker to track surface-modified PLGA-NPs with chitosan, glycol
chitosan and polysorbate 80 in retinal tissues. Tracking of NPs after topical instillation was
performed by fluorescence microscopy, revealing intense staining throughout the whole
eyeball, anterior segment including cornea and conjunctiva, lens, iris/ciliary body and
retina, with a peak at 30 min after administration and the disappearance of the signal
after 60 min. Ocular tissue autofluorescence was distinct around the outer segments of
the photoreceptor. Based on the average size of the NPs (<200 nm), the specific pathway
of the NPs to the retina did not exclude any of the plausible routes of delivery to the
posterior segment (corneal, noncorneal or uveal pathways) [124]. C6 was also used to
label polymeric nanomicelles designed for the topical treatment of fungal keratitis. The
nanomicelles consisted of a chitosan oligosaccharide-vitamin E copolymer conjugated to
phenylboronic acid (PBA-CS-VE) to enhance corneal retention. C6 delivery through a
monolayer of HCE-T cells and 3D cell spheroids demonstrated strong corneal penetration
ability. Several characteristics of the polymer were able to influence nanomicelle uptake,
but the key role in the process of cellular endocytosis was attributed to the high-affinity in-
teraction between the PBA portion and sialic acid on the surface of the cell membrane [125].
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Another study using C6 as a fluorescent probe was reported by Sai et al., aiming to evalu-
ate the corneal transportation of an in-situ gelling system based on mixed micelles. This
formulation designed for curcumin was composed of micelles, consisting of 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (PEG-DSPE)
and poly(oxyethylene) esters of 12-hydroxystearic acid (Solutol HS 15), incorporated in a
gellan gum gel. Incubation of human corneal epithelial cells (HCEC) with the fluorescently
labeled systems showed time-dependent and improved absorption for the encapsulated
dye, compared to free C6. Transcorneal penetration was investigated in vivo by CLSM and
results suggested that curcumin was able to penetrate more effectively when incorporated
into the gelled systems, probably due to the increased retention time conferred by the gellan
gum, which was five-fold higher than the mixed micelles alone [126]. A pilot study with C6
was performed to evaluate the feasibility of the approach in assessing the biodistribution
of PLGA-PEG nanoparticles suspended in hydrogels. The preliminary study showed an
important limitation due to the high green autofluorescence of the examined ocular tissues.
To deal with the drawbacks highlighted by the pilot study, PLGA nanoparticles in the
full study were labeled with Cy-5, a far-red fluorophore that did not overlap with the
natural autofluorescence of the ocular tissues. Results from the full study showed that
topical application allowed the nanoparticles to be distributed into the outer ocular tissues
(cornea, episcleral tissue and sclera) and the choroid was the only internal tissue to show a
slight increased fluorescence, probably attributed to the permeation of [118]. Another dye
recently used as a model drug to label mucoadhesive films with a hydrophilic nature based
on chitosan and poly(2-ethyl-2-oxazoline) is fluorescein sodium. To avoid precipitation
of complexes between the negatively charged dye and the positively charged chitosan
backbones, concentrations less than 0.1 mg/mL were used. Films tested by ex vivo (bovine
cornea) and in vivo (chinchilla rabbits) studies showed excellent corneal adhesion (up to
50 min) [127]. From this review of recently published papers, it emerged that, to ascertain
the applicability of nanosystems to biodistribution studies, it was necessary to (i) take in
account the degree of affinity and interference between probe, polymeric carriers and cell
membranes, and (ii) accurately interpret the data by selecting an effective labeling method
upstream. The most reliable way to track the pathways of the systems remains the conju-
gation of the fluorescent dye to the polymeric core. Therefore, colocalization by double
labeling may be the most appropriate technique to minimize errors in the interpretation
of fluorescence signals. Currently, there is no unique approach to fluorescent polymer
nanosystems that can be used for all types of labeling systems and probes.

3.1.3. Metallic-Based and Inorganic-Based Nanosystems

Inorganic nanodevices became of great interest in ocular delivery due to their unique
properties such as low cost, easy preparation methods, small size, tuneable porosity, high
surface-volume and robust stability. Fluorescent labeling has been applied to these delivery
systems to assess their ability to cross ocular barriers and provide therapeutic efficacy [128].
Corneal barrier functions were investigated by Mun et al. using two types of silica nanopar-
ticles (thiolate and PEGylated) fluorescently labeled with 5-(iodoacetamido)-fluorescein
(5-IAF). Permeation studies were performed in vitro on intact or β-cyclodextrin pretreated
bovine corneas. To provide experimental parameters close to in vivo conditions and to
avoid artifacts such as the potential risk of corneal swelling when using Franz diffusion cells,
the “whole-eye” method was used. 5-IAF-loaded thiolate silica nanoparticles, PEG-grafted
silica nanoparticles (5-IAF-PEG), sodium fluorescein and fluorescein isothiocyanate dex-
tran solutions were tested. It resulted that fluorescein salt (376 Da) did not uniformly
penetrate the cornea; however, the dye was detected in the stroma. Larger molecules
such as FITC-dextran (400 Da) and 5-IAF-PEG formed a layer on the corneal surface with
no permeation of the epithelial membrane. B-cyclodextrin pre-treatment disrupted the
integrity of the cornea by providing homogeneous permeation of the low-molecular-weight
dye, although it did not improve the penetration of larger molecules. Concerning NPs, no
permeation was reported regardless of surface modification, particle size and pre-treatment
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with β-cyclodextrin, thus suggesting that the tight junctions of the corneal epithelium
acted as the main barrier to permeation. The absence of penetration and confinement on
the corneal surface was observed for thiolated NPs because of the formation of disulfide
bonds between the NPs thiol groups and the cysteine domains of the mucus glycoprotein
layer. The interaction between mucin and -SH thiol groups remained a limiting permeation
factor even after the removal of the epithelial layer. NPs PEGylation was able to mask thiol
groups, allowing passage into the stroma [129]. Baran-Rachwalska et al. designed a novel
platform consisting of hybrid silicon-lipid nanoparticles, aiming to deliver siRNA to the
cornea by topical administration. A fluorescent oligonucleotide duplex, siRNA transfection
indicator (siGLO), was employed as a tracking probe to assess in vitro cellular uptake on a
human corneal epithelial cell line (HCE-S) and in vivo corneal penetration on wild-type
mice. Red fluorescence of the oligonucleotide marker allowed detection of nanoparticles in
all layers of the cornea 3 h after instillation, in contrast to the control siGLO. The tracking
of biodegradable nanosystems in corneal tissues was confirmed by the reduction of pro-
tein expression in the corneal epithelium, making them ideal candidates for therapeutic
oligonucleotide delivery [130]. Biodegradable mesoporous silica nanoparticles (MSNs)
loaded with carboplatin were designed by Qu et al. for the treatment of retinoblastoma.
Carboplatin, being an anticancer drug, causes severe side effects; therefore, it is necessary
to focus the action strictly on the target site. For this purpose, MSNs were surface modified
by conjugation with an ideal target, epithelial cell adhesion molecule (EpCAM), in order
to increase specificity as well as therapeutic efficacy. To assess the targeting efficacy of the
designed systems, the authors evaluated the cellular uptake of untargeted and targeted
MSNs in retinoblastoma Y79 tumor cells. Rhodamine B and Lysotracker Green were used
as fluorescent probes to track cellular and subcellular uptake of the vectors. Increased
cellular uptake for targeted MSNs was attributed to EpCAM-specific receptor-mediated
cellular internalization. Lysosomal localization of MSNs confirmed that the nanosystems
followed the endocytosis pathway for drug delivery [131]. A hexa-histidine with metal
ions nanosystem was designed to deliver Avastin in the treatment of corneal neovascular-
ization (CNV). Pre-corneal retention time and ability to cross ocular barriers were studied
on a rat CNV model induced by alkaline burns by FITC labeling the systems. Avastin
encapsulated in the vectors showed a longer precorneal adhesion time compared to the
free drug. These innovative systems have emerged as a promising platform for ocular
topical delivery of protein drugs [132]. An interesting zirconium-porphyrin metal-organic
framework (NPMOF) has been designed for drug tracking and delivery. The bright fluores-
cence self-emitted by the metal-organic framework qualifies the carriers to be applied for
imaging. NPMOF was used as a skeleton for the delivery of methylprednisolone, a very
efficacious corticosteroid in the treatment of retinal degenerative diseases. Adult zebrafish
with photoreceptor degeneration induced by high-intensity light exposure were used to
test in vivo distribution and therapeutic efficacy. Red fluorescence signals were detected in
choroid, retina, photoreceptors and retinal pigment epithelium for up to 7 days. Recovery
of visual function by rapid regeneration of photoreceptors and proliferation of Müller’s glia
and retinal regeneration were reached after a single intravitreal injection. NPMOF vectors
represent a novel delivery system for the treatment of diseases affecting the posterior eye
segment [133].

3.1.4. Protein-Based Nanosystems

Protein-based nanosystems have attracted considerable interest in recent years and
are designed for drug delivery, diagnostics and bioimaging. These highly bio-compatible
systems, which have been extensively studied in the biomedical field, owe their properties
to the protein they are composed of. Among the proteins used in their preparation, there
are antibodies, enzymes, animal and plant proteins, collagen, plasma proteins, gelatin
and proteins derived from virus capsids [134]. Fluorescent proteins are usually used to
monitor protein-protein interactions, protein localization and gene expression. However,
without any carrier, the fluorescent efficiency of a single protein is relatively low. The use
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of fluorescent protein-labeled nanomaterials improves loading due to increased surface
area and allows the development of fluorescent nanosystems useful in bioimaging and
biosensing. In the study carried out by Yang et al., nanoparticles were prepared from
regenerated silk fibroin. This protein, which is the most abundant in silk, is considered
to have high biocompatibility and degradability properties. In the biomedical field, it
has been used for drug delivery in small nanosystems, biological drug delivery, gene
therapy, wound healing and bone regeneration. The formulation is targeted for intravitreal
injection with the aim of increasing the bioavailability of the drug in the retina. Fluo-
rescein isothiocyanate labeled bovine serum albumin (FITC-BSA) has been encapsulated
as a model drug. In vitro cytotoxicity studies were conducted on ARPE-19 cells, show-
ing that these nanosystems were very compatible. In addition, in vivo comparison of
the biodistribution in posterior ocular tissues in rabbits revealed increased retention in
the retina due to encapsulation in the nanosystem rather than with a solution of model
drug [135,136]. Albumin is widely used in the preparation of ocular nanosystems [137]. In
a recent study, bovine serum albumin nanoparticles loaded with apatinib were prepared for
the treatment of diabetic retinopathy. In contrast to the previous study, in this disease, inva-
sive administration has to be avoided, so topical administration is the ultimate goal. The
nanoparticles were coated with hyaluronic acid (HA) to increase mucoadhesion. The biodis-
tribution study in retinal tissue was carried out by preparing fluorescent nanosystems with
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt
(DiD) solution in ethanol (0.5 mg/mL), which was added during the formulation phase.
Through the comparative in vivo biodistribution study, it was shown that HA-coated
nanoparticles demonstrate higher fluorescence in retinal tissue compared to uncoated
nanoparticles, thus representing a viable alternative to intravitreal injection, maintaining
comparable perfusion and bioavailability [138]. Another study involved the preparation
of nanoparticles using pseudo-proteins for the potential treatment of ophthalmic diseases.
Ten types of nanoparticles obtained by precipitation of pseudo-proteins were prepared,
then they were loaded, and some of them were also pegylated; finally, they were labeled
with a fluorescent probe, fluorescein diacetate (FDA) or rhodamine 6G (Rh6G), to assess
ocular penetration. Corneal fluorescence was obtained as expected, while surprising re-
sults were the reaching of tissues such as the sclera and retina. Thus, they proved to be a
promising delivery system for topical use in chronic eye diseases [139].

3.2. Diagnostics

Labeling nanoparticles with fluorescent probes was demonstrated to be a useful
approach to improve the effectiveness of some diagnostic tests aimed to detect ocular
pathologies. In fact, some eye diseases require a prompt diagnosis in order to contain
possible damages related to the ongoing pathways involved. Age-related macular degen-
eration (AMD) is the main cause of vision loss for over-65-year-olds [37]; this pathology
has often been analyzed to improve diagnostic techniques since it has several predispos-
ing factors, and early detection is crucial to avoid degeneration toward blindness [140].
AMD has an unclear etiology, although oxidative stress is considered one of the main risk
factors [141]; as a matter of fact, clinical studies demonstrated the importance of supple-
mentation with antioxidants in order to slow down the progression of AMD [142,143].
Physiological antioxidant patterns involve metallothioneins (MT), low molecular mass
proteins characterized by the presence of cysteine sulfur ligands, which are able to scav-
enge free radicals, thus protecting cells and tissues. The retina is particularly subject to
oxidative stress due to visible and UV light exposure; moreover, age progression involves
a reduction of MT expression, predisposing to AMD [144]. For this reason, bioimaging
these proteins in ocular tissues could be an important tool useful to highlight the tendency
to develop AMD. For this purpose, fluorescent gold nanoclusters involving Cu and Zn
and bioconjugated with specific primary antibodies were developed by Cruz-Alonso and
coworkers [145]. Laser ablation (LA)-inductively coupled plasma (ICP)-mass spectrometry
(MS) technique was used to identify 63Cu+ and 64Zn+ in the retina of post-mortem donors
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since MT bind both Cu and Zn [146]. This method showed results comparable with conven-
tional immunohistochemistry for MT proteins, with amplification of signals related to the
presence of nanoclusters, which allowed the obtainment of higher resolution bioimages. An
in vivo model of human “wet” AMD is laser-induced choroidal neovascularization (mouse
LCNV) mouse, in which the inflammatory biomarker vascular cell adhesion molecule-1
(VCAM-1) is highly expressed. Gold nanoparticles functionalized with anti-sense DNA
complementary to VCAM-1 mRNA were developed by Uddin et al., who aimed to detect
this molecule, thus assessing the occurrence of oxidative stress [147]. The fluorescence
in-situ hybridization (FISH) technique was used to perform photothermal-optical coherence
tomography (PT-OCT) involving a fluorescent probe (Alexafluor-647) bonded to 3′ end of
anti-sense DNA in order to highlight its interaction with the target mRNA. The conjugation
of anti-sense DNA to gold nanoparticles proved to protect from the degradation performed
by DNase while enhancing the uptake, probably through endocytosis, as suggested by
transmission electron microscopic (TEM) images of retinal cells; moreover, it was verified
that no inference in the fluorescence was produced due to low pH, which is characteristic
of inflamed tissues. Compared to the control group, in vivo systemic injection in mice
confirmed the enhancement in the fluorescent signal for anti-sense DNA coupled with
nanoparticles, which mostly depended on VCAM-1 mRNA hybridization, thus demon-
strating the potentiality of the developed platform as a tool to obtain direct images of
endogenous mRNA in a tissue. In some cases, this pathology requires transplantation of
photoreceptor precursors (PRPs) in the subretinal space, which was successfully performed,
guaranteeing a certain vision restoration [148]. For a certain period, monitoring of the
efficiency of the transplantations needs to be performed. As confirmed by Chemla and
coworkers [149], gold nanoparticles could be transplanted together with photoreceptor
precursors cells labeled with a fluorescent probe (Alexa 594) in order to ameliorate the
efficiency of computed tomography (CT) and optical coherence tomography (OCT) in
assessing the success of the transplant. The nanoparticles were firstly characterized in
order to assess their safety, thus demonstrating no toxicity toward the transplanted cells
and no occurrence of inflammation in the retina and vitreous. Furthermore, this platform
demonstrated to enhance X-ray signal detected by CT and related to cell survival without
interference from the particles secreted from the cells [150]; moreover, they were also able
to increase optical signal for OCT by up to 1.4-fold and track cells migration toward layers
deeper than the injection site. These results confirm the efficiency of such a platform in
the monitoring of transplantation but also suggest a potential use for ameliorating existent
molecular imaging in cell therapy and diagnostic. Another important diagnostic test is
fundus fluorescein angiography (FFA), which allows highlighting vascular leakages in
retinal and choroidal pathologies [151]. This clinical tool is useful to diagnose several ocular
diseases: age-related macular degeneration, which is characterized by hemorrhaging and
exudation in the retina [140]; diabetic retinopathy, which involves retinal damages related
to microvascular modification which are clinically not revealable in the early stages [152];
diabetic macular edema, whose pathophysiology implicates modifications of choroidal
and retinal vasculature due to BRB impairment [153]. Furthermore, the aforementioned
diseases are characterized by alterations of ocular vessels, and share the consequent com-
promission of visual activity, if not quickly detected and treated. Fluorescein sodium (FS) is
injected intravenously to perform this analysis, diffusing in the blood vessels, thus allowing
us to observe them through a confocal scanning laser ophthalmoscopy system. Despite
it being considered relatively safe, nausea and vomiting frequently occur, while severe
effects such as anaphylaxis are rare. The main drawbacks are the diffusion of FS into
normal tissues and cellular absorption, with long retention, which were overcome using
nanoparticles. Cai et al. coworkers developed a high molecular weight polyethyleneimine
(PEI) nanoparticles which demonstrated to successfully couple fluorescein [151]; moreover,
in vitro studies showed good cytocompatibility, no significant difference in apoptosis rates
considering various concentration tested, no genotoxicity, and no morphological changes
or significant difference in endothelial tube formation. Cellular uptake assays, carried on
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with different concentrations of free FS and FS-NP, confirmed similar rapid uptake by cells,
with a concentration-dependent and time-dependent fluorescence of main retinal vessels
and microvessels. Furthermore, free FS was longer retained in cells when compared to
FS-NP, as highlighted by in vivo fluorescence studies, suggesting a potential decrease in FS
toxicity. These results confirm the potentiality of this platform as a diagnostic tool to detect
retinal vessels; moreover, PEI enhances fluorescein metabolism, thus reducing its toxicity.
Other polymeric nanoparticles developed as a potential diagnostic tool are composed of
copolymerized glycerol mono methacrylate (GMMA), glycidyl methacrylate (GME) and
ethylene glycol dimethacrylate (EGDMA), which were functionalized with Vancomycin,
Polymyxin B or Amphotericin B, in order to detect the presence of Gram-positive bacteria,
Gram-negative bacteria and fungi through a specific bond with the respective antibiotic
or antimycotic [154]. The occurrence of such bonds was differently highlighted using
fluorescent Vancomycin, and probes such as fluorescein isothiocyanate (FITC) and Cal-
cofluor White. Tests conducted on various microbiological strains showed a proportional
increase in the fluorescence signal with the increase in the number of organisms involved;
moreover, the presence of functionalized polymers favored the microorganism bonding.
Besides the biocompatibility of this platform, another advantage of this platform is the
possibility to be shaped as a contact lens requiring only a 30-min exposure to efficiently
detect the occurrence of infection, thus demonstrating to be a promising approach for an
easy diagnosis of corneal infections.

3.3. Nanotheranostics

The recent development of systems that integrate the treatment of diseases with
their diagnostics is referred to as theranostics. When the system is in a nanoscale range,
it is called nanotheranostics. Figure 5 shows prototypes of nanosystems suitable for
theranostic purposes.
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The development of these applications has given researchers a new way of diagnos-
ing and treating diseases such as cancer, diabetic retinopathy and age-related macular
degeneration [37,155]. Among the major chronic eye diseases, diabetic retinopathy is the
most prevalent. Angiogenesis in the posterior eye segment is the main cause of retinal im-
pairment. Clinical management consists of pathological diagnosis and intravitreal injections
of vascular endothelial growth factor (VEGF) inhibitors to suppress neovascularization.
The development of innovative nanotheranostic systems is emerging to overcome these
critical problems with less invasive methods to diagnose and treat ocular angiogenesis syn-
ergistically. Silicon nanoparticles conjugated to the peptide Cyclo-(Arg-Gly-Asp-d-Tyr-Cys)
(c-(RGDyC)) (SiNP-RGD) were designed by Tang et al. with the dual action of imaging
and treating ocular neovascularization. The effective anti-angiogenic capability of these
biocompatible theranostic nanoprobes was based on the combination of a specific detection
by labeling endothelial cells and angiogenic blood vessels and a selective inhibition of
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neovascularization [156]. Metal NPs are receiving a lot of attention as carriers for the
delivery of biomolecules, among which silver NPs (AgNPs) have found numerous appli-
cations. Stati et al. designed curcumin stabilized AgNPs using a green and cost-effective
method to exploit the promising characteristics of this polyphenol in the in vivo treatment
of human pterygo. Curcumin is a molecule suitable for theranostic application, as widely
reported in the work of Shabbir et al. [157]. Pterygo is a progressive eye disease that could
culminate in an irreversible impairment of visual function. Available treatments require
invasive surgical procedures, such as excision, which often leads to a worsening of the
clinical picture. Spectroscopic techniques revealed a strong plasmonic resonance between
the silver nuclei and the curcumin molecule, demonstrating the presence of the polyphenol
on the surface of AgNPs. The biological efficacy of the formulation was tested in vitro on
human keratinocytes derived from pterygium explants, showing decreased cell viability in
treated samples compared to controls. Although no studies have been conducted to track
the fate of NPs, the fluorescent emission of the samples could be exploited for bioimag-
ing applications [158]. Fluorescent silicon nanoparticles modified with Vancomycin were
designed by Zhang et al. for the simultaneous non-invasive diagnosis and treatment of
keratitis induced by Gram-positive bacteria. These nanotheranostic agents have demon-
strated, in combination with strong antimicrobial activity against Staphylococcus aureus, a
rapid (<10 min) imaging capability both in vitro and in vivo. The rapidity with which
bacterial keratitis was diagnosed at an early stage suggests that these devices may be
useful in preventing the progress of the disease, which could impair visual function if
not treated [159]. Oliveira et al. designed hybrid theranostic systems consisting of a lipid
matrix of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), coated with Pluronic®

F127, covalently bound with the fluorescent probe 5(6)-carboxyfluorescein and loaded
with the photosensitizing agent verteporfin. Preliminary studies on a glioblastoma cell
line (T98G) were conducted to evaluate the potential application as theranostic nanode-
vices. The fluorescence of the systems revealed on the cancer cell membrane and the
98% reduction in cell viability of T98G cells encouraged further investigation of such
multifunctional platforms for the treatment and diagnosis of ophthalmic diseases [160].
Photothermal therapy has been making inroads into the eye sector for a couple of years
now. Heat therapy refers to the use of heat as a therapeutic tool to treat diseases such as
tumors. In the recent work of Li et al., an approach to treat choroidal melanoma using
nanocomposites was designed. Nanosystems were synthesized based on hydrogel, which
is itself based on rare-earth nanoparticles. These platforms emit fluorescence in an NIR-II
region. Characterized by their tiny size of less than 5 nm, they are targeted for the treatment
and simultaneous bioimaging of choroidal melanoma. They have been incorporated into
biodegradable hydrogels based on PNIPAM dual response, which could release the drug
in a controlled manner by responding to heat and glutathione in the tumor microenviron-
ment. The nanocomposites were then further decorated with indocyanine green (ICS) and
folic acid (FA) to enhance therapeutically and to target specificity and the possibility of
achieving photothermal therapy [161]. A lot of studies showed the potential of therapeutic
contact lenses in the management of eye disease [162]. Infectious endophthalmitis is a
growing concern that causes irreversible damage to intraocular tissue and the optic nerve.
The work of Huang et al. focuses on the design of contact lenses consisting of hybrid
hydrogels based on quaternized chitosan composite (HTCC), silver nanoparticles and
graphene oxide (GO). Fungal keratitis infection often leads to the formation of a biofilm,
which is particularly difficult to be penetrated by antifungal agents, especially through
eye drops. In addition, the bioavailability of a drug such as Voriconazole is very limited.
The function of these nanoparticles is not only to deliver Voriconazole in the treatment
of fungal keratitis, but also to act as an antimicrobial agent due to its properties. In fact,
the materials used, such as quaternized chitosan, have inherent antimicrobial capabilities.
The dual functionality makes this system a useful theranostic approach for the treatment
of eye infections [163]. The study by Jin et al. reports a therapeutic nanoplatform based
on UiO-66-NH2 to combine photodynamic therapy (PDT) and targeting lipopolysaccha-
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rides (LPS) through polypeptide modification (YVLWKRKFCFI-NH2). The fluorescent
used was Toluidine blue (TB), which acted as a photosensitiser (PS) and was loaded into
UiO-66-NH2 nanoparticles (NPs). The dye acts both as a tracer and as a therapeutic agent
through photodynamics. The release of the fluorescent is pH-dependent. The study proved
beneficial against Pseudomonas aeruginosa and Staphylococcus epidermidis, and the in vivo
model showed positive results in the treatment of endophthalmitis [164].

4. Fluorescent Status for Ocular Therapies in Clinical Trials and Market

Scientific progress in the field of ocular nanomedicine is constantly advancing, many
nanoformulations for the treatment of ophthalmic diseases have been clinically investigated,
and some have already been introduced to the market. A list of nanomedicines for eye
diseases in clinical trials and approved by the Food and Drug Administration (FDA) is
discussed in the review provided by Khiev et al. [165].

Novel nanosystems on the market included NorFLO, a dietary supplement based
on a patented curcuma-phospholipid formula (iphytoone®). Phospholipids enhanced
the targeted distribution of curcumin in the eye, and the efficacy of the formulation has
been demonstrated in over 40 studies in processes triggered or sustained by chronic
inflammation, found to be the cause of many eye diseases. Prolidofta is another supplement
marketed as an ocular spray to counteract inflammatory processes affecting the palpebral
component and restore any functional and structural changes. This spray consists of small
vesicles (50–500 nm) made up of a double layer of phospholipids surrounding an aqueous
core for the delivery of vitamins A and E. OMK1-LF is an ophthalmic liposomal solution
based on citicolin, an endogenous molecule that restores the damage caused by glaucoma
in the cell membranes and hyaluronic acid, which acts to hydrate, protect and lubricate
the tear film. TriMix is an eye drop with cross-linked Hyaluronic Acid, Trehalose and
Stearylamine Liposome indicated to counteract dryness and eye irritation.

Regarding imaging in surgery, near-infrared fluorescence (NIRF) with the dye indocya-
nine green has been widely used. Indocyanine green (ICG) is a clinically approved NIRF dye
in ophthalmology for imaging retinal blood vessels; an overview of surgical applications
using indocyanine green fluorescence imaging has been proposed by Alander et al. [166].
Based on clinicaltrials.gov, a website database of clinical trials conducted around the world
(as accessed on 1 April 2022), since 2010 fluorescence imaging has been used in clinical
trials to assess the integrity or damage of ocular surfaces after administration of novel
nanosystems. Green dye fluorescein was used in 13 clinical trials for the evaluation of
nanosystems with different ocular indications, from dry eye to autoimmune Sjögren’s
syndrome. The role of the dye and details of the studies are given in Table 3.

Table 3. Use of Fluorescein dye in clinical trials of drug delivery systems for eye diseases.

Role of Molecule
in the Study

Name and Type of
Formulation Tested Name of the Study Pathologies Status

Identified
Number of the

Study

Evaluate corneal and
conjunctival damage

LAMELLEYE
Liposomal suspension

Lamelleye vs. Comparator
for the Treatment of Dry

Eye Disease

Dry Eye
Syndromes Completed NCT03052140

Evaluate tear break up
time and corneal

damage

AQUORAL LIPO
(liposomal solution) in

contact lens

Efficacy of “Aquoral Lipo”
Artificial Tears in Contact

Lens Wearers With
Discomfort

Contact Lens
Complication

New study
(March, 2022)

not yet
recruiting

NCT05290727

Evaluate corneal and
conjunctival damage

LAMELLEYE
Liposomal suspension

LAMELLEYE for the
Treatment of Dry Eye

Symptoms in pSS Patients

Primary Sjögren
Syndrome Unknown NCT03140111

Evaluate corneal
damage

LIPOSIC
AND TEARS NATURALE

FORTE (liposomal
suspension)

Comparison of the Effects
of Two Tear Substitutes in

Patients with Dry Eye
Syndrome

Dry eye Completed NCT03211351

Evaluate ocular surface
damage

TEARS AGAIN (liposomal
spray)

Dry Eye Treatment with
Artificial Tears Dry eye Completed NCT02420834
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Table 3. Cont.

Role of Molecule
in the Study

Name and Type of
Formulation Tested Name of the Study Pathologies Status

Identified
Number of the

Study

Evaluate the absence of
anterior chamber cells

OCS-01 (Dexamethasone
Cyclodextrin Nanoparticle

Ophthalmic Suspension
1.5%)

OCS-01 in Treating
Inflammation and Pain in

Post-cataract Patients
(SKYGGN)

Inflammation
and pain
following

cataract surgery

Completed NCT04130802

Evaluate corneal
damage

Intravenous Administration
of Secukinumab (AIN457)

or Canakinumab (ACZ885)
solution

The Effects of a Single
Intravenous Administration
of Secukinumab (AIN457)

or Canakinumab (ACZ885)
in Dry Eye Patients

Dry eye Completed NCT01250171

Evaluate corneal and
conjunctival damages

Tanfanercept (HL036)
Topical Ophthalmic

Solution

A Study to Assess the
Efficacy and Safety of
Tanfanercept (HL036)

Ophthalmic Solution in
Participants With Dry Eye

(VELOS-3)

Dry eye Recruiting.
Phase III NCT05109702

Evaluate conjunctival
damage

HL036 0.10 percent (%)
ophthalmic solution as

topical ophthalmic drops

A Study to Assess Efficacy
of HL036 in Subjects With

Dry Eyes (VELOS-1)
Dry eye Completed.

Phase II NCT03334539

Evaluate changes in
inferior cornea

NCX 4251 (fluticasone
propionate nanocrystal)

Study Evaluating the Safety
and Efficacy of NCX 4251

Ophthalmic Suspension for
the Treatment of Blepharitis

Blepharitis Completed NCT04675242

Evaluate tear film
break-up time

SYSTANE® Complete
Nanoemulsion ocular
lubricant (Propylene

glycol-based eye drops)

Study of Efficacy and
Tolerability of SYSTANE

Complete in Patients with
Dry Eye Disease

Dry eye Completed NCT03492541

Evaluate corneal
damage

TJO-087 Cyclosporine
ophthalmic Nanoemulsion

(0.08%)

Evaluating the Efficacy and
Safety of TJO-087 in

Moderate to Severe Dry
Eye Disease Patients

Dry eye Recruiting NCT05245604

Evaluate corneal
damage

OCU300
Brimonidine Tartrate

Nanoemulsion

Study of Brimonidine
Tartrate Nanoemulsion Eye

Drops in Patients With
Ocular Graft-vs-Host

Disease

Ocular Graft
Versus Host

Disease
Completed NCT03591874

Fluorescence for the development and clinical investigation of innovative ocular
nanosystems seems to be a promising strategy to increase the number of formulations able
to reach market commercialization. In Table 4, few products with fluorescein approved by
the FDA are reported.

Table 4. FDA-approved products with fluorescein.

Name Active Ingredients Company Description NDA

Altafluor Benox Benoxinate Hydrochloride;
Fluorescein Sodium (0.4%; 0.25%)

Altaire Pharms Inc.
(Aquibogue, NY, USA)

Solution/Drops;
Ophthalmic 208582

Fluorescein Sodium
And Benoxinate
Hydrochloride

Benoxinate Hydrochloride;
Fluorescein Sodium (0.4%; 0.3%)

Bausch & Lomb
(Dublin, Ireland)

Solution/Drops;
Ophthalmic 211039

5. Challenges and Future Perspectives

The growing number of people who have blindness and visual impairment indicates a
continuous increase in the need for care and treatment. Given this evidence, urgent action
is required to address this largely preventable global problem and provide adequate eye
care services. There are still many gaps in the literature regarding optimal design and
traffic pathways within the eye. In particular, further research is needed to unravel the
transport mechanisms across certain barriers in the eye. Moreover, rapid clearance remains
a challenge for nanosystems as they need to release their payload before being eliminated
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from the eye. Many studies focus on assessing the distribution in various tissues once
the formulation has been instilled into the eye [106–132,134,137–139]. Unfortunately, few
studies focus on assessing how mechanisms including blinking, tear drainage and ocular
metabolism may interact with nanosystems [66,115]. Among other things, a very important
aspect is the evaluation of the toxicity and the actual applicability of these systems. In
fact, many of them are quite complex, and the applicability, especially in the theranostic
field, is not entirely easy. The evaluation has to be as precise as possible because many eye
studies use rodent models; this is highly questionable, especially in the quantification of
distribution and kinetic properties of nanoparticles in the eye, as there are many significant
differences between the rodent and human eye. Therefore, the most impactful future
studies on this topic will come from larger animal models with eyes that are physiologically
and anatomically more similar to ours.

The increasing use of fluorescent probes in the realization of biosensors for colori-
metric and radiometric identification of specific targets is a great step forward since the
fluorescence represents a non-invasive diagnostic method. This has important benefits in
early diagnosis through self-medication screening based on membranes or other platforms
containing the appropriate fluorescent probe. These tools are also applicable in epidemics
through the realization of specific self-tests based on ELISA or other strategies able to
identify the etiological agent selectively. A large and growing field is the use of these probes
as part of theranostic photo switch structures, able to change their structure after light
stimulus, releasing the therapeutic agent and activating or switching off the fluorescence
of the probe. Thus, fluorescence allows accurate and quantitative identification (under
certain conditions even by the naked eye as also through in vitro tests) of the drug release
process. Therefore, the use of fluorescent probes is finding increasing use in experimental
and advanced ocular chemotherapy using photo-activated systems.

6. Conclusions

The eye has a complex anatomical structure, representing the main difficulty for drugs
to achieve this target. Nanomedicine has made it possible to overcome several difficulties re-
lated to the administration of this almost isolated compartment. The study of the pathways
followed by the nanosystems makes it possible to assess the effective achievement of the
target site and to consider any non-productive distribution in undesirable tissues with the
possible onset of side effects. The biodistribution study also allows the correlation between
the chemico-physical parameters of the nanosystems (e.g., ZP, size, morphology, mucoad-
hesive properties, etc.) and the paths followed by them. This investigation is also aimed at
evaluating and developing strategies to bypass physiological barriers of the eye, including
tight junctions, tearing and blinking, that could compromise targeting effectiveness. The
development of bioimaging mediated by fluorescent probes has improved the efficiency
of some diagnostic tests for eye diseases. It is known that early (or rather preventive)
diagnosis is a necessity to limit the damage, especially in the long term, caused by specific
diseases. The involvement of fluorescent nanoparticles as diagnostics demonstrated to be
suitable for detecting the occurrence of pathological pathways, ameliorating techniques
already employed in ocular diagnostic, thus providing better results through equipment of
common use (OCT, CT, FFA, etc.). This is where the important contribution of fluorescent
probes to nanotheranostic approaches becomes relevant since, in these systems, diagnostic
and therapy coexist. Tracking the nanoparticles makes it possible to highlight the effective
achievement of the target, thus following the release of the therapeutic agent through an
external stimulus (e.g., ultrasounds, magnetic fields, light, etc.). In conclusion, as high-
lighted in this review, the potential applications of fluorescence in the ocular field have
been demonstrated as a useful strategy for translating nanoformulations into marketable
drug candidates. In addition, to the best of our knowledge, there are no reviews focused on
this topic, so this work aims to raise awareness and summarize the use of fluorescents in
the ocular field.
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